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1 Introduction

The equationsof fluid flow and heat transferdiscussedin this report are applied to problemsin

the transientflow of helium. The objective of this analysisis to developa modelingand computational

systemthat can be applied to a spectrum of problems in helium flow or, more generally, fluid flow

with heat transfer.

The approachis to first require the user to write down a descriptiveset of equationsfor the

problem systemof interest. Theseequationswill typically be ordinary differential equationsODEs

and partial differential equationsPDEs in time, i.e., dynamic ODE/PDEs; algebraicequationscan

also be includedso that differential-algebraicequationsDAEs can also be part of the model.

This equation specification is facilitated through the application of a generic system of

ODE/PDEs that usually can be applied directly to the problem systemof interest, or can directly be

extended for application to the problem system. The generic equations are based on the three

fundamentalprinciples of conservationof mass i.e., the continuity balance, momentum Newton’s

second law applied to fluids and energy; the state variables computed from these three types of

equations are fluid density, mass flow rate and volumetric internal energy, respectively. Other

variables can then be computed from the state variables, usually through an equation of state for

helium, e.g., pressure,temperatureand enthalpy.

Next, the user is required to code the model equationsin a seriesof Fortransubroutines;these

routines are then combinedwith a seriesof library routinesand a library main program to makeup a

complete code that can be compiled and executed to compute numerical solutions to the model

equations. This processof coding the equationsfor the problem systemis facilitated by the availability

of a framework that will accommodatemost problems, and by the availability of two example

programs that most likely can be applied rather directly to the problem system of interest with

possibly somestraightforwardmodificationsand extensions.

Finally, the user is required to executethe code and evaluatethe numericalsolutions that are

produced. This is generally nb less difficult than the two precedingstepsof model formulation and

coding; the evaluationof the model solutionsgenerally requiresthorough testing for spatial and time

convergence,and critical analysis from the perspectiveof physical engineeringprinciples. Clearly, a

solution must makesensemathematicallycomputationally and physically.

We start the discussionof the analysissystemwith the general PDEs, and then illustrate the

use of the systemin termsof some applications.
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2 Basic PDEs

We restrict the discussionof the model PUEsexpressingconservationof mass,momentumand

energy to the one-dimensionalcase.

2.1 Continuity Equation

The masscontinuity balanceis

op 8pv0
+ -

where

p fluid densitykg/m3

v fluid linear velocity mis

t time s

z position along the systemm

Becauseof the usual procedureof expressingheliumflow in massunits, we usein place of v the helium

massflow rateW kg/s-rn2

W=pv 2

Eq. 1 written in termsof W is then

OP+OW_o 3at at

Eq. 3 is the basic continuity balance.

2.2 MomentumEquation

The starting point for the momentumbalanceis

Opv 8pvv OTzz OP -

Oz +--+-Pgz-O 4

where
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componentof the stresstensorgiving the shearforce in the z direction due to flow in the

z direction N/m2

P fluid pressureN/m2

gz gravitationalaccelerationin the z direction m/s2

Eq. 4, which is a precursorof the Navier-Stokesequations,is just a statementof Newton’ssecondlaw

5

Thus, Opv/Ot in eq. 4 is the time rate of changeof momentumpv is the volumetric momentum.

Opvv/Oz is the force due to the net convectionof momentum in the z direction. Orzz/Oz is the

frictional force. OPJOzis the pressureforce and -pg is the gravitational force.

Eq. 4 written in terms of W is

ow t9W2/p °zz OP
- o 6

Oz +j-+jPz-

where

I friction factor dimensionless

channeldiameterm

Eq. 6 is the basic momentum balance. A friction factor is used to compute the frictional force

becausea more fundamentalapproach is generallynot available,particularly in the caseof turbulent

flow.

Before proceeding to the energy balance, we consider an important characteristicof eq. 4

and thus, also, of eq. 6. if the first two LHS terms of terms of eq. 4 are expandedthrough

differentiation of products,we get

or
It + +

Opv
+ + - pgz =

+
+ v/{ + ;çv} + /pZ + 1/p - gz = o 7

The secondterm in bracketsis zero as a consequenceof eq. 1. The group of terms in the first bracket
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is the nonlinear adveciion group, which can produce front flattening and front sharpeningin the

numericalsolution of eq. 4 or 6 [Schiesser1994]. We merely intend to point out this propertyof

eq. 4 since it can have important consequencesfor calculatingnumericalsolutions, particularly in the

front sharpeningcase.

2.3 EnergyEquation

The energyequationis

Opv OWh
k-1 - 0 8at + Oz +Q-

8z2
where

u fluid massinternalenergy5/kg

h fluid massenthalphy5/kg

volumetricheattransfertj/m3-s

k axial thermalconductivity w-m/m2-k

Eqs. 3, 6 and 8 are the basic PDEsthat must be integratednumerically in the analysisof flowing

helium; they produce p, W and pu as solutions which are the dependentvariablesthat appearin the

temporalderivativesof eqs 3, 6 and 8. Auxiliary equationsare then addedto theseequationsto

completethe definition of the model as describednext.

2.4 Eciuationf

The helium massinternal energy,u, is computedsimply as

u = pu/u 9

where pu and p come from eqs.3 and 8 respectively. Then the helium thermodynamicequationof

state is used to calculatethe helium temperature,pressureandenthalpy

P = Pp,u 10

T=Tp,u 11
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h = hp,u 12

Additionally, eqs. 3, 6 and 8 require initial and boundaryconditions,which will be determinedby

the requirementsof the parrticular problem systemthat is to be analyzed. Therefore,the discussionof

theseauxiliary conditionswill be delayeduntil specific applicationsare considerednext.

3 Transientsin a Uniform Channel

To illustrate the use of the precedingequations,and the associatedFortrancoding, we consider

the relatively simple problem of helium dynamics in a uniform channel, as illustrated in Figure la.

Eqs. 3, 6 and 8 are applied to the helium in this channel. If the valves at the two endsof the

channel are identical, and the transient conditions are the sameon the external ends of the valves

away from the channel,then the solution to the model equationsfor the helium in the channelis

l6rn

Figure la: Uniform Channelwith Valve Terminations

symmetrical with respectto the centerpoint of the channel. Therefore, the solution to the model

equationsis requiredfor only half the channel,as depictedin Figure lb

_8m

.latm

PNM
WNM

WNM = WPNM,PØ

PNM PpNM,LJNM

Figure lb: Application of Symmetry to the Uniform Channel
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3.1 Momentum Equation

We now considerthe solution of eq. 6 applied to the systemof Figure ib, starting with the

boundaryconditions. At the left end, the flow is zero due to symmetry at the midpoint in Figure Ia

1 Left end, z =

Wz1,t = 0 13

At the right end of the system of Figure Ib, the flow through the valve serves as the boundary

condition for eq. 6

2 Right end, z = Zr

First the pressuredrop acrossthe right valve in Figure lb is calculated

iSP = PZr,t - Pet 14

where e is the right end pressure. This pressuredrop then sets the flow out of the right end of the

channel

> 0, Wzr,t = Wmax 1 - et/1v5,fx 15

iSP < 0, Wzr,t = Wmax 1- et/T5,fiXi 16

where

Wmax maximummassflow ratefor a given pressuredrop, iSP, kg/m2-s

Ty time constantfor the changein Pet s

Eq. 6 requiresan initial condition

Wz,O = 0 17

i.e., the helium starts from rest. Then the helium is set in motion by a step change in the valve

downstreampressure,e, from 4 atm to 3.8 atm at t = 0, as depictedin Figure lb.

Of course, the solution of eq. 6 also requiresthe simultaneoussolution of eq. 3 and eq. 8.
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However, we consider first the coding of eq. 6, then go on to the final specificationand coding of eqs.

3 and 8.

The temporalderivativesof eqs. 3, 6 and 8 are programmedin subroutineDERV, which

is calledas part of a method of lines MOL code. The initial conditionsfor thesetemporalderivatives

are programmedin subroutineINITAL, and the output numericalsolution of eqs. 3, 6 and 8 is

printedand plotted in subroutinePRINT. We now considerthe coding in subroutineDERV.

The state variables for the model the dependentvariables in the temporalderivativesof eqs.

3, 6 and 8 are p, W and pu. Thesestate variables appearin COMMON/Y/ of the following

COMMON block

C.
C... DEFINE THE CONTINUITY, MOMENTUM AND ENERGY BALANCES ON A SPATIAL
C... GRID OF NM POINTS. UNITS ARE MKS SI EXCEPT FOR PRESSURE WHICH
C... IS IN ATM.
C...
C... COMMON/T/
C... -

C... T INDEPENDENT VARIABLE, TIME 5
C...
C... NSTOP STOPPING VARIABLE SET TO. A NONZERO VALUE WILL
C. -. TERMINATE THE CURRENT RUN
C. -.

C. . - NORUN . RUN COUNTER SET TO 1 DURING THE FIRST RUN, 2
C. . - DURING THE SECOND RUN, ETC., AND CAN THEREFORE
C. -. BE USED TO CHANGE THE CODE FROM RUN TO RUN
C...
C... COMMON/Y/
C...
C... WM MASS FLOW RATE KG/M*sc2-S
C...
C. . - RHOM FLUID MASS DENSITY KG/M**3
C...
C... UMG FLUID INTERNAL ENERGY-DENSITY PRODUCT J/Mscsc3
C...
C... COMMON/F/
C...
C.,. WMT TEMPORAL DERIVATIVE OF WM, I.E., THE FLUID MOMEN
C... TUM PER UNIT VOLUME KG/M.*c.ic2_Ssc.ic2
C...
C... RHOMT TEMPORAL DERIVATIVE OF RHO KG/Ms-s.3-S
C...
C... UMGT TEMPORAL DERIVATIVE OF UMG J/M*sc3-S
C...
C... COMMON/V/
C...

7



C... UM FLUID INTERNAL ENEREGY PER UNIT MASS J/KG
C. -.

C. -. PM FLUID PRESSURE ATM
C...
C... TM FLUID TEMPERATURE K
C...
C... HM FLUID ENTHALPY PER UNIT MASS J/KG
C...
C. -. COMMON/C
C...
C... ZL LEFT HAND SPATIAL COORDINATE M
C...
C... ZR RIGHT HAND SPATIAL COORDINATE M
C.-.
C... DZ GRID SPACING M
C.. -

C... Z SPATIAL GRID RUNNING FROM ZR TO ZL WITH SPACING
C... DZ M
C...
C... TMI INITIAL FLUID TEMPERATURE K
C...
C... PMI INITIAL FLUID PRESSURE ATM
C...
C... WMI INITIAL FLUID-MASS FLOW RATE KG/M*sc2_S
C...
C... QM VOLUMETRIC HEAT INPUT TO THE FLUID ALONG THE
C... SPATIAL GRID J/M**3-S
C-..
C... COMMON/I
C...
C... IP INTEGER COUNTER USED FOR PRINTING AND PLOTTING
C... IN SUBROUTINE PRINT
C...
C. . - COMMON/IMODEL/
C...
C... IMODEL INTEGER VARIABLE TO SELECT THE THERMODYNAMIC
C. - - MODEL ALLOWABLE VALUES ARE 1 TO 4
C...

PARAMETER NM=33
COMMON/T/ T, NSTOP, NORUN

1 /Y/ WMNM, RHOMNM, UMGNM
2 /F/ WMTNM, RHOMTNM, UMGTNM
3 /V/ UMNM, PMNM, TMNM, HMNM
4 /C/ ZL, ZR, DZ, ZNM,
5 R, TMI, PMI, WMI, QMNM
6 /1/ IP

COMMON/IMODEL/ IMODEL

The corresponding temporal derivatives of these state variables appear in COMMON/F/. Thus,
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subroutineDERV computesthe temporalderivativevector in COMMON/F/, and the ODE integrator

in this case, RKF45 returns the dependentvariable vector in COMMONlY!. Time is the first

element in COMMON/T/ and is provided by the ODE integrator as an input to DERV. Thus, the

required COMMON areasfor this MOL codeare IT!, /Y/ and /F/. The other COMMON areasare

optional; their purposeand contentsare explainedin the precedingcomments.

Thus, at the beginning of DERV, we can assume the dependent state variables in

COMMON/Y/ are available for programming again, they are provided by the ODE integrator. We

first perform the algebraof eqs.9 to 12

C...
C... INTERNAL ENERGY, PRESSURE, TEMPERATURE, ENTHALPY, HEAT INPUT
C... FOR THE MAGNETS
C...
C... THE THERMODYNAMIC FUNCTIONS ARE
C...
C... PRHOU DENSITY-INTERNAL ENERGY FLASH TO COMPUTE THE FLUID
C... PRESSURE
C...
C... TRHOU DENSITY-INTERNAL ENERGY FLASH TO COMPUTE THE FLUID
C... TEMPERATURE
C...
C... HRHOU DENSITY-INTERNAL ENERGY FLASH TO COMPUTE THE FLUID
C... ENTHALPY

DO 1 I=1,NM -

UMI:=UMGI/RHQMI
PMI=PRHOURHOMI ,UMI
TMI=TRHOURHOMI ,UMI
HMI=HRHOURHOMI ,UMI

1 CONTINUE

The four lines in DO loop 1 implement eqs.9 to 12, respectively. PRHOU, TRHOU and HRHOU

perform the thermodynamicflashes of eqs. 10 to 12, respectively,by calling the Air Products

APCI model 3 thermodynamiccorrelationfor helium. For example,function PRHOU is

DOUBLE PRECISION FUNCTION PRHOURHO,U
C.. -
C... PRESSURE FROM DENSITY AND INTERNAL ENERGY
C...

IMPLICIT DOUBLE PRECISION A-H,O-Z
COMMON/ IMODEL/ imode 1
integer itdbg3
if ase= 1
ifcodeô
kd=O
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kh=O
ku=0
ks=O
kcp=O

C. -

C... CONVERT DENSITY IN KG/M-.4-3 TO GM-MOL/LITER
dt=RHO/4 . OdO

C-..
C... CONVERT INTERNAL ENERGY

utU-ic4 . OOdO/1000 . OdO
call thermo

+ kd, kh, ku, ks,
+ dt, dv, dl,
+ ht, hv, hi,
+ ut, uv, ui,
+ st, sv, si,
1- cpv, cpl,
+ irnodel, ipert, itdbg, ker

PRHOU=p
RETURN
END

Function PRHOU will not be consideredin detail. The essentialfeature is the call to subroutine

thermo with imodel = 3 APCI model 3 for helium. Subroutine thermo has an extensive set of

documentation comments describing its arguments. Independent testing of subroutine thermo

indicatedthat it gives tle propertiesof helium with sufficient accuracyfor the dynamic models we are

consideringhere. All of the functions called for the evaluationof thermodynamicpropertiesare listed

in Appendix if.

The heat input term of eq. 8, is programmednext in DERV actually, it is included in

DO loop 1 discussedpreviously, right after the programmingof HMI

C...
C... THE HEAT INPUT CAN BE SPECIFIED AS A FUNCTION OF POSITION Z I.E.,
C... GRID INDEX I

IF I.GE. 1 .AND. I. LE.NM-5 THEN
C. - -

THE FOLLOWING Q IS A FUNCTION OF TIME, T, WITH A TIME
CONSTANT OF 0.5 5 AND THE TEMPERATURE DIFFERENCE 10 - TM.
ANOTHER POSSIBILITY WOULD BE TO INCLUDE A HEAT CONDUCTION
MODEL TO DEFINE Q
QMI=1.OD+05s1.000-DEXP-T/O.5D0*1O.ODO_TMI
QMI=O.ODO

ELSE IFI.GT.NM-5THEN
QMI=0.ODO

END IF

IN J/KG TO J/GM-MOL

p , vof , ifase , ifcode
kcp,

C...
C...
C...
C...
C...
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The commentsillustrate how the heat input can be programmedas a function of z along the systemof

Figure Ib; specifically, Q is programmed as a function of t with a 0.5 s time constant and a

temperaturedifferenceof 10 - T for grid points 1 to NM - 5 where NM is the total number of grid

points in z. However, when the programwas executed,Q was set to zero for all of the grid points.

The boundaryconditionsfor eq. 6, eqs.13 to 16 are programmednext

C...
C. . - BOUNDARY CONDITIONS
C-..
C-.. LEFT END, Z = ZL

PLEND=4 . ODO
C...
C.. - PRESSURE DROP

DP=PM1 -PLEND
IFDP .LE.0 .ODOTHEN

C...
C... FLOW RATE FOR NEGATIVE PRESSURE DROP. NOTE THAT THE FLOW
C... IS POSITIVE, AND PROPORTIONAL TO THE SQUARE ROOT OF THE
C... PRESSURE DROP. THE FLOW RATE ALSO CHANGES DYNAMICALLY
C... WITH A TIME CONSTANT OF 0.01 S
C... WM1= 300.ODOsc1O-DEXP-T/0.OlDOfl*DSQRTDABSDP

WM1=0 .ODO
ELSE

C...
C... FLOW BATE FOR POSITIVE PRESSURE DROP. NOTE THAT THE FLOW
C... IS NEGATIVE

WM1=_300.ODO*1.0..DEXP_T/0.O1DO*DSQRTDP
WM1=O .000

END IF
C...
C... RIGHT END, Z = ZR

PREND=3.SDO
C...
C... PRESSURE DROP

DP=PM NM -PREND
IFDP.LE.O.ODOTHEN

C...
C. . - FLOW BATE FOR NEGATIVE PRESSURE DROP. NOTE THAT THE FLOW
C... IS NEGATIVE, AND PROPORTIONAL TO THE SQUARE ROOT OF THE
C... PRESSUREDROP. THE FLOW RATE ALSO CHANGES DYNAMICALLY
C... WITH A TIME CONSTANT OF 0.01 S

WMNM=-300ODOs.1.0-DEXP-T/0.O1DO*DSQRTDABSDP
ELSE

C...
C... FLOW RATE FOR POSITIVE PRESSUREDROP. NOTE THAT THE FLOW
C... IS POSITIVE
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WMNM= 300.ODO*1.0-DEXP-T/0.OlDOfl*DSI4RTDP
END IF

Note that for the left end of the systemof Figure ib, only the statementscorrespondingto zero flow

according to eq. 13 are executedthe other statementsare just commentsto illustrate how a non

zero flow boundarycondition might be programmed. For the right end, the flow, WMNM, increases

with time at a rate correspondingto a time constantof 0.01 s in accordancewith eqs. 15 and 16.

Note also, the necessityto define consistentlythe sign of the flow.

Finally, the programming of eq. 6 over the NM spatial grid points concludes subroutine

DERV

DO 11 I=1,NM
C...
C... LEFT END

IFt.EQ.1THEN
C...
C... MOMENTUM BALANCE DOES NOT SET THE FLOW RATE AT THE LEFT END
C... THE FLOW RATE IS SET BY THE PRECEDING BOUNDARY CONDITION

WMTI= 0.ODO
C...
C... RIGHT END

ELSE IFI.EQ.NMTHEN
C...
C... MOMENTUM BALANCE DOES NOT SET THE FLOW RATE AT THE RIGHT END
C... THE FLOW RATE IS SET BY THE PRECEDING BOUNDARY CONDITION

WMTI= O.ODO
C...
C... INTERIOR POINTS

ELSE
C...
C... CONVECTIVE MOMENTUM FORCE

GIM1=WMI-1-s-2/RHOMI-1
GI =WMI **2/RHOMI
GIP1=WMI+1s-*2/RHOMI+1
CMF=GIP1÷GI/2.ODO-GIM1+GI/2 .ODO/DZ

C...
C... FRICTIONAL FORCE

FF=0.02D0
DC=0 - O3DO
FTFF/2 .ODODC*DABSWMIs.WMI/RHOMI

C...
C... PRESSURE FORCE

DPDZ=1.01325D+O5*PMI÷1÷PMIfl/2.ODO
+ -PMI-1+PMIfl/2 .ODO/DZ

C...
C... LINEAR SPATIAL FILTERING
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EPS=1.OD+O4
DVDZ=EPSsWMI+1/RHOMI+1-2 .000*WMI/RHOMI

+ ÷WMI_1/RHOMI_lfl/DZ**2
C...
C... MOMENTUM BALANCE DM/DT = SUM FORCES IS CENTERED

WMT I =-CMF-FT-DPDZ+DVDZ
C...
C... STORE THE INDIVIDUAL TERMS IN THE MOMENTUM BALANCE AT A PART
C... ICULAR GRID POINT FOR PRINTING IN SUBROUTINE PRINT

IFI .EQ.NM.-1THEN
TERM 1 =-CMF
TERM2=-FT
TERM 3 =-DPDZ
TERM 4 =DVDZ
TERM 5 =WMT I

END IF
END IF

C...
C... NEXT INTERIOR GRID POINT
11 CONTINUE

An IF-THEN-ELSE determineshow the temporalderivativeof eq. 6, WMTO, is computed. For I =

1 and NM, this derivative is zero since the flow at the boundariesis set by boundaryconditions i3,

15 and 16 programmedpreviously. For the interior points, the individual terms in eq. 6 are

computed;these termsare thensummedin accordancewith eq. 6. -

Note that the momemtum equation 6 is approximatedin the coding of DO loop ii by

ceniral differences. The effectivenessof this central differencing is enhancedby the choice of the

smoothingparametere = io in the term E02v/0z2 this value of c was selectedby trial and error as

the minimum value to producesmooth solutions. Also, the individual terms in eq. 6 are stored at

one grid point, in this case, I = NM.l for printing in subroutinePRINT; this output gives a direct

indication of the magnitudeof eachof the forcesin eq. 6.

This completesthe programmingof the momentumequation,eq. 6. We now proceedto the

continuity equation,eq. 3.

3.2 Continuity Equation

The programmingof continuity equation3 is also containedin DO loop ii within subroutine

DERV although the continuity equation programmingwas deleted in the precedingdiscussionof the

momentumequation, and in the following discussion,we delete the programmingof the momemtum

equation to focus on the continuity equation. The approximationof the continuity equationat each
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of the grid points in z is thereforeprogrammedas

DO 11 I=1,NM
C...
C... LEFT END

IFI .EQ. 1THEN
C. -.

C... CONTINUITY BALANCE IS UPWINDED
RHOMTI=-WMI+1-WMIfl/DZ

C...
C... RIGHT END

ELSE IFI.EQ.NMTHEN
C...
C... CONTINUITY BALANCE IS UPWINDED

RHOMTI=-WMI-WMI-lfl/DZ
C...
C... INTERIOR POINTS

ELSE
C...
C... CONTINUITY BALANCE IS UPWINDED
C...
C... NEGATIVE FLOW

IFWMI .LT.0.ODOTHEN
RHOMTI=-WMI+1-WMIfl/DZ

C...
C... POSITIVE FLOW

ELSE IFWMI.GE.0.ODOTHEN
RHOMTI=-.WMI-WMI-lfl/DZ
END IF

END IF
C...
C... NEXT INTERIOR GRID POINT
1]. CONTINUE

Note that at all grid points, the continuity balanceis upwinded; at the interior points, a test is made

for the direction of flow the sign of WMI, and the choice of a two-point approximationfor the

spatial derivative in eq. 3, ÔW/Oz, is madeaccordingly. Note also that a boundarycondition is not

specified for eq. 3, i.e., the specification of W at a boundaryvalue of z. Rather,W is set by one of

the boundaryconditionsfor eq. 6, i.e., eq. 13 or 15 and 16.

3.3 Energy Equation

The programmingof energy equation8 is also contalnedin DO loop 11 within subroutine

DERV although the energy equation programmingwas deleted in the precedingdiscussionof the

momentumand continuity equations,and in the following discussion, we delete the programmingof
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the momentumand continuity equationsto focus on the energy equation. The approximationof the

energyequationat eachof the grid points in z is thereforeprogrammedas

DO 11 I=1,NM
C...
C... LEFT END

IFI.EQ.1THEN
C...
C... ENERGY BALANCE IS UPWINDED

UMGTI=-WMI+1*HMI+1-WMIscHMIfl/DZ+QMI
C...
C... RIGHT END

ELSE IFI.EQ.NMTHEN
C. . -

C... ENERGY BALANCE IS UPWINDED
UMGTI=-WMI*HMI-WMI-1*HMI-lfl/DZ+QMI

C...
C... INTERIOR POINTS

ELSE
C...
C... ENERGY BALANCE IS UPWINDED
C...
C... AXIAL CONDUCTION

DIF=1 .OD+03
DTDZ=DIFTMI+1-2.ODOTMI+TMI-1/DZ..2

C...
C... NEGATIVE FLOW

IFWMI .LT.O.ODOTHEN
UMGTI=-WMI÷1*HMI+1-WMI*HMI/DZ÷DTDZ+QMI

C...
C... POSITIVE FLOW

ELSE IFWMI.GE.O.ODOTHEN
UMGTI=-WMIsHMI-WMI-1*HMI-1/DZ+DTDZ+QMI
END IF

END IF
C...
C... NEXT INTERIOR GRID POINT
11 CONTINUE

Note that at all grid points, the energy balanceis upwinded; at the interior points, a test is madefor

the direction of flow the sign of WMI, and the choice of a two-point approximationfor the spatial

derivative in eq. 8, 8Wh/Oz, is made accordingly. Note also that a boundary condition is not

specified for eq. 8, i.e., the specificationof Wh at a boundaryvalue of z. Rather, W is set by one of

the boundaryconditions for eq. 6, i.e., eq. 13 or 15 and 16, and h is set through the function

HRHOU discussedin the section on algebra. The value of the axial conductivity, DIF, was selected
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arbitrarily just to test the coding.

An entering temperaturecould be specified as a boundary condition, which could then be

converted to an enthalpy for inclusion in the precedingcoding. However, this was not done for this

test problem.

The preceding choice of numerical approximations, i.e., upwinding for the continuity and

energy equations,and central approximationsfor the energy equation, is similar to the approachof

Wong 19891990a1990b1991and Yeaw 1992. In particular the central approximationsused in

the momentum balance, eq. 6, offer the advantagethat the individual terms in the approximating

ODEs defined by WMTI in DO loop 11 neednot be selectedaccordingto the direction of flow. An

alternative, however, would be to upwind the momentum balance as well; this would add to the

complexity of the coding somewhat, but might provide better computational accuracy e.g., less

tendency for numerical oscillation, which is now surpressedby the linear filtering term contalning the

parametere. Other relevant papersfor the modelingand analysisof compressibleflow include those

by Janget al 1991 and Carcagnoet al 1992.

This essentiallycompletes the coding of the continuity, momentumand energy equationsin

DERV for this test problem eqs.3, 6 and 8. A completelisting of DERV is given in Appendix

la; note in particularthat eqs.3, 6 and 8 are all included in DO loop 11.

3.4 Initial Conditions

We now consider the programmingof the initial conditions for eqs. 3, 6 and 8 for the

systemof Figure lb, which is done in subroutineINITAL. The beginning of this subroutinecontains

the sameCOMMON areaas was discussedpreviously for DERV. Since INITAL is called only once

during each run executionof the code, parametersare also be set in this routine

C...
C... SELECT THE THERMO MODEL
C...
C... IMODEL = 3 - MODIFIED MARTIN EQUATION VAN DER WAALS FAMILY
C... -

IMODEL=3
C...
C... LOWER AND UPPER LIMITS OF Z

ZL=O . ODO
ZR=8 - ODO

C...
C... GRID SPACING

DZ=ZR-ZL/DFLOATNM-1

16



C...
C... AXIAL GRID

DO 11 I=1,NM
ZI=ZL÷DFLOATI-1*DZ

11 CONTINUE
C...
C... INITIAL FLOW RATE

WMI=O . ODO
C...
C... INITIAL TEMPERATURE

TMI=4.ODO
C..
C... INITIAL PRESSURE

PM 1=4.ODO

This coding is largely self explanatory. Note in particular that the length of the systemin Figure lb is

set to eight meters. Also, the initial massflow rate, temperatureand pressureare set to 0 kg/m2-s, 4 k

and 4 atm, respectively.

The initial conditionsfor eqs.3, 6 and 8 are thenset in DO loop 1

C...
C... INITIAL CONDITIONS FOR THE 3 X NM DEPENDENT VARIABLES IN
C... COMMON/Y/. RHOPT IS A FUNCTION FOR A PRESSURE-TEMPERATURE
C... FLASH THAT RETURNS THE FLUID DENSITY. UPT IS A FUNCTION FOR
C... A PRESSURE-TEMPERATURE FLASH THAT RETURNS THE INTERNAL ENERGY.
C... NOTE THAT DEPENDENT VARIABLE UMG IS THE PRODUCT OF THE FLUID
C... INTERNAL ENERGY AND DENSITY I.E., THE VOLUMETRIC INTERNAL
C... ENERGY

DO 1 I=1,NM
WMI=WMI

RHOMI=RHOPTPMI ,TMI
UMGI= UPTPMI,TMI*RHOMI

1 CONTINUE

Theseinitial conditionsare for W, p and pu, as required by the temporalderivatives of eqs. 6, 3

and 8, respectively,i.e., the dependentvariablesin COMMON/Y/.

A call to DERV thencomputesthe initial derivativesin COMMON/F/

C.
C... INITIAL DERIVATIVES

CALL DERV
C..
C... INITIALIZE COUNTER FOR PLOTTED SOLUTION

I PO
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Also, a counter, IP, is initialized for use in subroutine PRINT, which is considerednext. A complete

listing of INITAL is given in Appendix lb.

3.5 Outout

The output from the model is produced by calls to subroutine PRINT. The solution for

printing andplotting is transferredthrough COMMON, which is the sameas in INITAL anmd DERV.

The first set of executablestatements:a opensa file TERMS to receive the individual terms of the

momentumbalancestored in array TERM in DERV, b incrementsthe counter IP for subsequentuse

in printing and plotting recall that IP was initialized to zero in INITAL, and c writes IP to the

screen of the terminal used to execute the program so that the progressof the solution can be

monitored.

C...
OPEN A FILE FOR PRINTING THE INDIVIDUAL TERMS IN THE MOMENTUM
BALANCE
OPEN8,FILE=’TERMS’ ,STATUS=’UNKNOWN’

C...
C... INCREMENT THE COUNTER FOR THE PLOflED OUTPUT

IP=IP+1
C. . -

C... MONITOR THE OUTPUT
WRITEs,’icIP

Next, the numericalsolution is printed during eachcall to PRINT

C...
C... WRITE THE NUMERICAL SOLUTION

WRITENO,1T, ZI ,WMI ,PMI ,TMI ,RHOMI ,QMI
1 FORMAT//,’ Time =

+ ‘ rho’,
+ ‘ Q’,/,2F10.2,2F10.3,F1O.2,E12.3

The terms stored in array TERM are then printed to give an indication of the contribution of the

individual terms in the momentumbalanceas the solution evolves

C...
C... WRITE THE
C... INTERIOR

WRITE8 ,2
2 FORMAT

C...
C...

+ P,

,I=1 ,NM

+

INDIVIDUAL TERMS IN THE MOMENTUM BALANCE AT AN
GRID POINT SELECTED IN DERV
T, TERMI ,I=1,5

T =

-DWs2/RHO/DZ =
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+ -FT =

+ ‘ -DP/DZ -

+ ‘ DV/DZ =

+ ‘ DWM/DT = ‘,F9.2,//

The output from thesewrite statementsis rather extensive,and thereforeplotting of the solutionsvia

Top Drawer is also included by a call to subroutine PLOTTD to facilitate visualization of the

solutions.

C...
C... PLOT THE SOLUTION

CALL PLOTTD

SubroutinePLOTTD uses the counterIP to write a seriesof Top Drawer commandsand the numerical

solution to a file for plotting. SubroutinePRINT is listed in Appendix lc. Since subroutinePLOTTD

is rather machinespecific, it is not discussedhere, but rather,only is listed in Appendix id. Also, the

coding in PLOTTD is essentiallyself explanatory.

This essentiallycompletesthe programmingof the model for the systemof Figure lb. A data

file is also provided to control the integration of the ODEs which approximateeqs. 3, 6 and 8

PROTOTYPE VENTING MODEL
0. 0.07 0.01

99 - 0.0001
END OF RUNS -

This datafile contalns:

1 Line 1: A documentationtitle which is merely read,then printed.

2 Line 2: The initial, final and output intervaluesof time. In this case, time runs from 0 to 0.07 s

70 ms, andsubroutinePRINT is called every 0.01 s every 10 ms.

3 Line 3: The numbersof ODEs and the error tolerance. For this problem, we have 3 PDEs each

approximatedover a 33-point grid or 3 x 33 = 99 ODEs, t0 be integrated with an error toleranceof

0.0001.

The final line in the dataset has the charactersEND OF RUNS to terminateprogramexecution. This

data file is read by a main programwhich then calls the ODE integrator, subroutineRKF45 [Forsythe,
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et al 1977] in this case, to integratethe 99 ODEs. The main program is listed in Appendix le.

Finally, to complete the discussionof the Fortran, functions UTP, RHOTP, PRHU, TRHOU

and HRHOU, which are called in INITAL and DERV for the evaluationof thermdynamicproperties,

are listed in Appendix if. In eachcase,subroutineTHERMO is called to executethe APCI model 3

for helium properties.

A sampleof the output from PRINT is listed below

RUN NO. - 1 PROTOTYPE VENTING MODEL

INITIAL T - 0.000D+O0

FINAL T - 0.7000-01

PRINT T - 0.1000-01

NUMBER OF DIFFERENTIAL EQUATIONS - 99

MAXIMUM INTEGRATION ERROR - 0.1000-03

Time = 0.000

z W P T rho Q
0.00 0.00 4.000 4.000 139.79 O.000E+00
0.25 0.00 4.000 4.000 139.79 0.000E+00
0.50 0.00 4.000 4.000 139.79 O.000E+00
0.75 0.00 4.000 4.000 139.79 O.000E+00
1.00 0.00 4.000 4.000 139.79 0.000E+00
1.25 0.00 4.000 4.000 139.79 0.000E+00
1.50 0.00 4.000 4.000 139.79 0.000E+00
1.75 0.00 4.000 4.000 139.79 0.000E+O0
2.00 0.00 4.000 4.000 139.79 0.000E+00

6.00 0:00 4.000 4.000 139:79 0.000E+00
6.25 0.00 4.000 4.000 139.79 0.000E+00
6.50 0.00 4.000 4.000 139.79 0.000E+00
6.75 0.00 4.000 4.000 139.79 0.000E+00
7.00 0.00 4.000 4.000 139.79 0.000E+0O
7.25 0.00 4.000 4.000 139.79 0.000E+00
7.50 0.00 4.000 4.000 139.79 0.000E+00
7.75 0.00 4.000 4.000 139.79 0.000E+00
8.00 0.00 4.000 4.000 139.79 0.000E+00

Time = 0.010
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z W P T rho Q
0.00 0.00 4.000 4.000 139.79 0.000E+00
0.25 0.00 4.000 4.000 139.79 0.000E+00
0.50 0.00 4.000 4.000 139.79 0.000E+00
0.75 0.00 4.000 4.000 139.79 0.000E+00
1.00 0.00 4.000 4.000 139.79 0.000E+00
1.25 0.00 4.000 4.000 139.79 0.000E+00
1.50 0.00 4.000 4.000 139.79 0.000E+00
1.75 0.00 4.000 4.000 139.79 0.000E+00
2.00 0.00 4.000 4.000 139.79 O.000E+00

6.00 15:34 3.977 3.998 139:74 0.000E+00
6.25 21.06 3.967 3.997 139.72 0.000E+00
6.50 27.48 3.955 3.996 139.69 0.000E+00
6.75 34.11 3.941 3.994 139.66 0.000E+O0
7.00 40.38 3.927 3.993 139.63 0.000E+00
7.25 45.77 3.913 3.992 139.60 0.000E+00
7.50 50-05 3.902 3.991 139.57 0.000E+00
7.75 53.28 3.893 3.990 139.55 0.000E+00
8.00 55.76 3.886 3.989 139.54 0.000E+00

Time = 0.020

Time = 0.030

Time = 0.040

Time = 0.050

Time = 0.060

Time = 0.070

z W - P T rho Q
0.00 0.00 3.714 3.973 139.15 0.000E+00
0.25 0.38 3.714 3.973 139.15 0.000E+00
0.50 0.78 3.715 3.973 139.15 0.000E+00
0.75 1.19 3.715 3.973 139.15 O.000E+00
1.00 1.66 3.716 3.973 139.16 0.000E+O0
1.25 2.16 3.716 3.973 139.16 0.000E+00
1.50 2.74 3.717 3.973 139.16 0.000E+00
1.75 3.40 3.718 3.973 139.16 0.000E+00
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2.00 4.15 3.720 3.973 139.17 O.000E+00

6.00 35.54 3.787 3.980 139:32 0.000E+00
6.25 38.18 3.793 3.980 139.33 0.000E+00
6.50 40.73 3.799 3.981 139.34 0.000E+00
6.75 43.18 3.805 3.982 139.36 0.000E+00
7.00 45.47 3.810 3.982 139.37 0.000E+00
7.25 47.59 3.816 3.983 139.38 0.000E+00
7.50 49.52 3.821 3.983 139.39 0.000E+00
7.75 51.22 3.826 3.984 139.40 0.000E+00
8.00 52.68 3.831 3.984 139.41 0.000E+00

We note that the precedingsolution demonstratesthe expecteddrop in pressure,and the increasein

massflow, particularly nearthe end at z = 8 m. Also, the solution is free of oscillation, principally due

to the upwinding of the continuity and energy balances, and the linear filtering term with the

parameterc. . -

The individual terms stored in the array TERM for the point NM - 1, or one point from the

right end of Figure ib is summarizedbelow

T = 0.000
-D Ws*2/RHO /Dz 0.00

-FT 0.00
-DP/DZ 0.00

DV/DZ 0.00
DWM/DT 0.00

T = 0.010
-DW**2/RHO/DZ = -8.67

-FT = -6.78
-DP/DZ 3098.20
DV/DZ -861.52

DWM/DT 2221.23

T = 0.020
-DWsc*2/RHO/DZ = -2.47

-FT = - -9.97
-DP/DZ = 661.88
DV/DZ = -122.22

DWM/DT = 527.23

T = 0.030

-DW**2/RHO/DZ = -0.82
-FT = -10.95

-DP/DZ = 209.11
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DV/DZ = -31.37
DWM/DT = 165.98

T = 0.040
-DWss2/RHO/DZ = -0.30

-FT = -11.27
-DP/DZ = 77.04
DV/DZ = -11.06

DWM/DT = 54.41

T = 0.050
-DW*2/RHO/DZ = -0.32

-FT = -11.33
-DP/DZ = -11.10
DV/DZ = -24.36

DWM/DT = -47.10

T = 0.060
-DWss2/RHO/DZ -2.24

-FT -10.38
-DP/DZ -543.90
DV/DZ -152.94

DWM/DT -709.46

T = 0.070
-D W**2/RHO /DZ -4.63

-FT -6.27
-DP/DZ -2014.69

DV/DZ -276.11
DWM/DT -2301.71

We can conclude from this output that: a the relative contributionsof the individual terms in the

momentum equation change as the solution evolves, and b the pressure term at most times is

relatively large, and often dominatesthe other terms.

The plotted solution producedby the call to PLOTTD in PRINT is in Figure Ic i.e. from file

Pi.TOP produced by PLOTTD. Recall again that this solution is for a step change in the

downstreampressureof Figure lb from 4 atm to 3.8 atm with a time constantof 0.010 s rv = 0.010

in eqs.15 and 16. -

Figure ic demonstratesthe propagationof a pressurewave from z = 8 m to z = 0, followed by

a reflection of the wave. The correspondingplots for massflow rate, temperatureanddensity from

files W1.TOP, T1.TOP and R1.TOP produced by PLOTTD are not included here, but they

demonstratesimilar traveling wave characteristics. The computerrun time was less than one minute

on the SSCL Vax.
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C...

C...
C...

C...
C...
C...
C...
C...

C...
C...
C...

The precedingcalculationwas repeatedwith r.,= 0 in eqs. 15 and 16. The coding for this

condition is

C... RIGHT END, Z = ZR
PREND=3 - 800

PRESSURE DROP
DP=PM NM -PREND
IFDP. LE. 0 .ODOTHEN

FLOW RATE FOR NEGATIVE PRESSURE DROP. NOTE THAT THE FLOW
IS NEGATIVE, AND PROPORTIONAL TO THE SQUARE ROOT OF THE
PRESSURE DROP. THE FLOW RATE ALSO CHANGES DYNAMICALLY
WITH A TIME CONSTANT OF 0.01 5
WM NM =-300 . ODO*DSQRTDABS DP

ELSE

FLOW RATE FOR POSITIVE PRESSURE DROP. NOTE THAT THE FLOW
IS POSITIVE
WMNM= 300.ODO*DSQRTDP

END IF

Note that this coding is the sameas for the previouscase except that the exponentialin time hasbeen

removed.
Fig. ic: Pressure atm v z
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Figure ic: PressureResponseof the System of Figure lb

to a -0.2 StepChangein Pressurewith rv = 0.010s, 33 Grid Points, e = 1O4

t 0, 0.01, 0.02 0.07 s
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We can note the following points about the solution in Figure id:

Fig. ld: Pressureatm vs z

t = 0, 0.01, 0.02 0.07 $

1 A pressurewave againpropagatesright to left, as in Figure lc, but the waves have a somewhat

steeperfront becausethe change in pressureat the right end is faster fr = 0 rather than Tv = 0.010

s; also the wave arrivesat the left endabout 0.010 s 10 ms sooner.

2 If we estimatethe time of arrival of the wave to be approximately0.033 s admittedly, this is

estimatedsomewhatarbitrarily, then we estimatethe speedof soundto be 8/0.033 = 242 m/s. The

tabulatedvalueof the speedof soundat 0.4 MPa and 3.9 k [Arp, et al 1989] is 236.2 rn/s.

3 The right end pressureremains relatively constantat approximately3.85 atm for 0.050 s until the

reflectedwave reachesthe right end, then continuesto decline to the final steadystate pressureof 3.8

atm. This constant pressureat the right end is a result of the uniformly spaced pressurewaves

uniformly spacedalso in time and the requirementof conservedmassimposedby eq. 3 [Carcagno

1993].
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Figure ld: PressureResponseof the Systemof Figure lb

to a -0.2 StepChangein Pressurewith Tv = 0, 33 Grid Points, c = io
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4 During the transient phaseof the solution, the pressure,particularly at the left end, drops below

the external pressure of 3.8 atm. This lower pressureresults from the complex interplay of the

continuity and momentum equations,and the flow actually reversesat times going from right to left

as a result of the reversedpressuregradient but again, this does not happeninstanteouslybecauseof

themomentumeffectsof eq. 6.

5 The solution of Figure ic was allowed to run to steadystate, at which point thepressureassumed

a constantvalue of 3.8 atm and the flow went to zero, as expected.

6 The curves of Figure id display a roughnessdue to the spatial discretization33 points over 8 m

or a grid spacing of 8/33 . 1 = 0.25 m. To demonstratethis effect, the code was executedwith 51

grid point so that the grid spacingis 851 - 1 = 0.16 rn, correspondingto 3 x 51 = 153 ODEs NM

= 51 in the precedingsubroutinesand 153 ODEs specified in the data file rather than 99. The

solution is given in Figure le. We note that the curves are somewhatsmoother than in Figure id as

expectedwith more grid points, andthe fronts are slightly steeperthis canbe seenby overlaying

Fig. te: Pressureatm v z

= 0. 0.01, 0.02 0.07
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Figure le: PressureResponseof the Systemof Figure lb

to a .0.2 atm StepChangewith Tv = 0, 51 Grid Points, e = lO

Figures ld and le due to slightly less numericaldiffusion resulting from the upwinding of eqs. 3 and

8 again, resulting from more grid points. Thus, we can conclude that reasonablespatial
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convergencehas beenachievedwith 33 or 51 grid points. The solutionsof Figures Ic, id and le were

computedwith the smoothingparameterin eq. 6 e = iO which again, was set by trial and error

to producesmoothsolutions with a minimum effect on the shapeof the solutions.

To concludethis prelimnarytesting of the code, a run was also madefor a total length of 90 m

which could represent,for example, a half cell of magnets using 46 grid points so that the grid

spacingwas 90/46 - 1 = 2 m; this is a considerablycoarsergrid than used previously, and the first

thing that was observedwas the requirementto increasethe smoothingparameterto producesolutions

which did not have unrealistic oscillations. Thus we used e = l0 with 46 x 3 = 138 ODEs. The

solution is given in Figure if. We can note the following points aboutthe solution in Figure if:

Fig. if: Pressureatm vs z

t=0.0.1.0.2 0.7s
4.00

3.95

3.90

.j 3.65
0.

3.80

3.75

3.70
0 20 40 60 60

zm

Figure if: PressureResponseof the Systemwith a Length of 90 m

to a -0.2 atm StepChangewith Tv = 0, 46 Grid Points, c = l0

1 The pressurewavesare smooth, and arrive at the left end at an estimatedtime of 0.38 s again,

estimatedsomewhatarbitrarily. Thus, the estimated speedof sound is 90/0.38 = 236.8 mfs the

tabulatedvalue is 236.2 m/s.

2 The right end pressureagain remainsat about 3.85 atm until the reflectedwave reducesit further.

To investigatethe effect of the smoothing parameter,c, we reexecutedthe case of Figure 11

with e = 0.5 x l0 half its previous value. The solution is plotted in Figure 1g. We can note the
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following points about this figure:

1 Numerical oscillation has developedindicating that e = i0 of Figure If is about the mimimum

value to suppressnumericaloscillation.

lg are somewhatsteeperthan in Figure

reducedvalue of e.

if due to the reducednumerical

H

0.
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Figure ig: PressureResponseof the Systemwith a Length of 90 m

to a -0.2 atm StepChangewith r,, = 0, 46 Grid Points, e = 0.5 x 10

Finally, to demonstratethat the smaller value of e can be used if the spatial resolution is

improved through an increasednumber of grid points, the precedingcase of Figure ig was executed

with 91 grid points so that the grid spacingwas 90/91 - 1 = im. The solution is plotted in Figure

ih, and we can conclude the increasednumber of grid points 91 rather than 46 eliminated the

numericaloscillationof Figure ig with little effect on the shapeof the fronts.

More generally,we can concludethat a tradeoff is probably required in selectinga value of e

betweenminimizing numericaldiffusion and minimizing numerical oscillation, and that the optimum

value of c will haveto be selectedby trial and error for each model. Hopefully, the effect of c will not

be detrimentalwith respectto the validity of the model and the conclusionsthat can be drawnfrom it.

2 The fronts in Figure

diffusion resulting from the

Fig. ig: Pressureatm vs z

t=0,0.t.0.2 0.7s
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Also, of course, the numberof grid points is a factor in selectinge.

H

0,
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Fig. lh: Pressureatm vs a

= 0. 0.1. 0.2 0.7 a

Figure ih: PressureResponseof the Systemwith a Length of 90 m

to a-0.2 atm StepChangewith TV = 0, 90 Grid Points, e = 0.5 x 10

4 PrototypeVenting Model

We now considerthe applicationof the preceding ideas to a prototypehelium venting system

depictedin Figure 2a. This systemconsistsof the following components:

1 A string of magnets,90 m in length; the Fortran variablesfor this string are:a p, RHOM, b W

massflow rate, WM and c pu, TJMG. Thesestate variablesare defined over a spatial grid of NM

points and thereforelead to 3 x NM ODEsas explainedpreviously for the systemof Figure lb.

2 A 20 k return line which runs in parallel with the string of magnetsfor which the statevariables

are: a p, RHOR, b W, WR andc pu, URG. Thesestatevariablesare definedover a spatialgrid

of MR points and thereforeleadto 3 x NIt ODEs as expalinedpreviously for the systemof Figure lb.

3 A dewar for which continuity and energy balancesare written in this case, for single phase

helium, althoughtheseequationscould also be written for two phases,leadsto two ODEs.

0 20 40 60 60
zm
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4 Valves in the places indicated in Figure 2a, which are modeled with algebraic equationsthat

include a time constantin an exponentialfunction of time to approximatethe dynamicsof the valves.

Thus, the total number of ODEs is 3 x NM + NIt + 2. For the presentdiscussion,we take NM =

MR = 46 so the numberof ODEs is 3 x 46 + 46 + 2 = 278.

I+1

RHORO
WRQ
URGI

RHOMNM
WMNM
UMGNM

Figure 2a: PrototypeVenting SystemConsistingof a 90 m

String of Magnets,a Parallel 20 k Return Line and a Dewar

4.1 Derivatives DERV’l

SubroutineDERV is structuredthe sameway as subroutineDERV for the systemof Figure lb

and which is listed in Appendix la. The COMMON areanow has statevariables for the string of

magnets,the return line and the dewar

AHOANA AHORI+1
WRNR WRI+l
USGNR URGl+i

NA NR-1 NA2

RHORI.1
WRO-i
URGI-i

‘V
I-i

AHCRO
WR1
URGi

/
321

1 2 3 QMQ.i

,1

AHOMO
WMO

UMGI
NM-2 NM-i NM

__1I-1 /
AHOMi RHOMQ-1 RHOMI+1
WM1 WMl-i WMQ+1
UMG1 UMGQ-1 UMGQ+i
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SUBROUTINE DERV
IMPLICIT DOUBLE PRECISION A-H,O-Z
PARAMETER NM=46 , NR=46
COMMON/T/ T, NSTOP, . NORUN

1 /Y/ WMNM, RHOMNM, UMGNM,
+ RHOD, UDG,
+ WRNR, RHORNR, URGNR
2 /F/ WMTNM, RHOMTNM, UMGTNM,
+ RHODT, UDGT,
+ WRTNR, RHORTNR, URGTNR
3 /V/ UMNM, PMNM, TNINM, HMNM,
+ UD, PD, TD, HD,
+ URNR, PRNR, TRNR, HRNR
4 /C! ZL, ZR, DZ, ZNM,
5 R, TMI, PMI, WMI, QMNM,
+ QD, TDI, PDI, VD, AC,
+ TRI, PRI, WRI, QRNR
6 /1/ IP

COMMON/ IMODEL/IMODEL

We cannote the following pointsabout this COMMON area:

1 The first, second and third lines of COMMON/Y/ have the state variables for the magnets,the

dewarand the return, respectively. The correspondingtemporalderivativesare in the first, secondand

third lines of COMMON/F/ the naming convention for the temporalderivativesis to add a "T" to

the end of the statevariable name, e.g., the magnetdensity,RHOMNM, hasthe temporalderivative

REOMTNM.

2 COMMON/V/ containsother time dependentvariables. Thus, the first line of COMMON/V/ has

the internal energy, IJM, the pressure,PM, the temperature,TM and the enthalpy,EM, of the helium

in the magnets. Similarly, the secondline of COMMON/V/ has the samepropertiesfor the dewar,

and the third line hasthesepropertiesfor the return.

3 COMMON/C/ has various model constantswhich are explainedsubsequently,e.g., ZL is the axial

coordinateat the left end of the magnetstring.

The first executablecode in DERV is for the model algebraas in the previousDERV. Do loop

1 generallycomputesthe thermodynamicpropertiesfor the helium in the magnets

C...
C... INTERNAL ENERGY, PRESSURE, TEMPERATURE, ENTHALPY, HEAT INPUT
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DO 1 I=1,NM
UMI=UMGI/RHOMI
PMI=PRHOURHOMI ,UMI
TMI=TRHOURHOMI ,UMI
HMI=HRHOURHOMI ,UMI
IFI .GE.1.AND.I.LE.NM-5flTHEN

QM I=1. OD+O5* 1. ODO-DEXP-T/O . 5D0 s 10 . ODO=TM I
ELSE IFI.GT.NM-5THEN

qMI=O.ODO
END IF

CONTINUE
C...
C... INTERNAL ENERGY, PRESSURE, TEMPERATURE, ENTHALPY, HEAT INPUT
C... FOR THE RETURN

DO 2 I=1,NR
URI=URGI/RHORI
PRI=PRHOURHORI ,URI
TRI=TRHOURHORI ,URI
HRI=HRHOURHORI ,URI
QRI=O.ODO

2 CONTINUE
C...
C... INTERNAL ENERGY, PRESSURE, TEMPERATURE, HEAT INPUT FOR THE DEWAR

UD=UDG/RHOD
PD=PRHOURHOD , UD
TD=TRHOU RHOD , UD
QD=O.ODO

Then the algebrafor the return is done in DO loop 2, followed by the algebrafor the dewar. Note also

that the heat input to each of these components,is defined in this code, e.g., in eq. 8 for the

magnetsis computedas

QMI=1.0D+O51.0D0-DEXP-T/O.5DO*1O.oDO-TMI

which is an exponentiallyincreasingfunction of time, with a time constantof 0.5 s, and is driven by a

temperaturedifference 10 - TM. This heat input is used at grid points I to NM - 5. Beyond grid

point NM - 5 to NM, the heatinput is zero.

The flow rates into the three units magnets,dewar and return are then set by boundary

conditionsin much the sameway as in the precedingDERV

C...
C... BOUNDARY CONDITIONS
C...
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C... MAGNETS, Z = ZL
DP=PM1-PD
IFDP.LE.O .ODOTHEN

WM1=O.ODO
ELSE

WM1=-3OO.ODO1.O-DEXP-T/O.1DOfl*DSQRTDP
END IF

C...
C... MAGNETS, Z = ZR

DP=PMNM -PR1
IFDP. LE.0.ODOTHEN

WMNM=O .ODO
ELSE

WMNM= 3OO.ODOsc1.O-DEXP-T/O.1DODSQRTDP
END IF

C...
C... RETURN, Z = ZL

DP=PRNR -PD
IFDP . LE. 0. 000THEN

WRNR=O . ODO
ELSE

WRNR= 300 .ODO*1 .0-DEXP-T/O. 1DOsDSqRTDP
END IF

C...
C... RETURN, Z = ZR

DP=PMNM-PR1
IFDP.LE.O.000THEN

WR1=O..ODO
ELSE

WIt 1 =WM NM
END IF

Theseboundaryconditions generally reflect the equality of mass flow rates betweenthe three units.

We shouldnote the following pointsabout this coding:

1 The grid for the magnets,definedby I = ito NM, runs left to right in Figure 2a. The grid for the

return, definedby I = 1 to NR, runs right to left. This chokeof grid definitions is arbitrary, and other

arrangementscould have beenused. However, once the grids are defined, the consistentuse of flows is

essential,including the correct signsof the flows.

2 The flows for the magnetsand the return are set by pressuredrop relationshipsas before but the

externalpressureof the precedingsystemof Figure lb is now the dewar pressure,PD. The flow rates

changeaccording to a time constantof 0.1 s, which could represent,for example, the dynamicsof the

valves.
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3 The oneexception for 2 is the right end flow of the return which is equatedto the corresponding

right end flow of the magnets,

WR1=WMNM

Again, alternative formulations are possible, and this processof writing equations does not lead to

necessarilyuniqueresults.

The PDEs for the magnetsare thenprogrammedin DO loop 11, much the sameway as in the

precedingexampleof Figure lb i.e., as in DERV of Appendix la

C...
C... PDES FOR THE MAGNETS

DO 11 I=1,NM
C...
C... RIGHT END

IFI .EQ.NMTHEN
WMTI=0.ODO

RHOMTI=-WMI-WMI-lfl/DZ
UMGTI=-WMI*HMI-WMI-1*HMI--1/DZ+QMI

C...
C... LEFT END

ELSE IFI.EQ.1THEN
WMTI=0.ODO

RHOMTI=-WMI+1-WMI/DZ
UMGTI=-WMI+1*HMI+1-WMI*HMIfl/DZ+QMI

C...
C... INTERIOR POINTS

ELSE
C...
C... MOMENTUM BALANCE

GIM1=WMI-1*2/RHOMI-1
GI =WMI s.*2/RHOMI
GIP1=WMI+1scsc2/RHOMI+1
DVDZ= WM 1+1 /RHOM 1+1

+ _2.ODO*WMI/RHOMI
+ +WMI-1/RHOMI-1/DZssc2

EPS=1 . OD+05
DPDZ=1 .O13D+05PMI+1+PMI/2.ODO

+ -PMI-1÷PMIfl/2.ODO/DZ
WMTI=-GIP1+GI/2.ODO

+ -GIM1+GI/2.ODO/DZ
+ -DPDZ+EPS*DVDZ

C...
C... MASS BALANCE
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IFWMI .LT.0.ODOTHEN
RHOMTI=-WMI+1-WMIfl/DZ

ELSE IFWMI.GE.0.ODOTHEN
RHOMTI=-WMI-WMI-lfl/DZ

END IF
C...
C... ENERGY BALANCE

DTDZ=TMI+1-2.ODOTMI+TMI-1fl/DZ.c*2
DIF=1 .OD+03
IFWMI .LT.O.ODOTHEN

UMGTI=-WMI+1*HMI+1-WMI*HMIfl/DZ
+ -s-QMI+DIF*DTDZ

ELSE IFWMI.GE.0.ODOTHEN
UMGTI=-WMI*HMI-WMI-1HMI-1fl/DZ

+ +QMI+DIF*DTDZ
END IF

END IF
11 CONTINUE

The three temporal derivatives of eqs. 3, 6 and 8, RHOMTI, WMTI and UMGTI,

respectivelywhich are in COMMON/Y/ are first programmedat grid point I = NM i.e., the right

end of the magnetstring. Then thesederivativesare programmedat I = I the left end of the magnet

string. Finally, the temporalderivativesare programmedat the interior points, I = 2 to NM - 1.

Note again that the momentumbalance is approximatedwith ceneterddifferenceswhile the

massandenergy balancesareupwinded. The smoothingparameter,e, has a value of 10, as suggested

by the earlier value for the 9i point simulation of the systemin Figure lb i.e., the value used to

produceFigure ih.

The programmingthen goeson to the PDEsfor the return line in DO loop 12

C...
C... PDES FOR THE RETURN

DO 12 I=1,NR
C...
C... LEFT END

IFI .EQ.NRTHEN
WRTI=0.ODO

RHORTI=-WRI-WRI-lfl/DZ
URGTI=-WRIs.HRI-WRI-1*HRI-1/DZ+QRI

C...
C... RIGHT END

ELSE IFI.EQ.1THEN
WRTI=0.ODO

RHORTI=-WRI+1-WRIfl/DZ
URGTI=-WRI+1s.HRI+1-WRIscHRI/DZ+QRI

C...
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C. . . INTERIOR POINTS
ELSE

C...
C... MOMENTUM BALANCE

GIM1=WRI-1*2/RHORI-1
GI WRI sc.c2/RHORI
GIP1=WRI+1s-2/RHORI÷1
DVDZ=WRI+1/RHORI+1

+ -2.000*WRI/RHORI
+ +WRI-1/RHORI-lfl/DZ**2

EPS=1 . OD+05
DPDZ=1 .013D+O5PRI÷1+PRIfl/2.OD0

+ -.PRI-1+PRIfl/2.ODO/DZ
WRTI=-GIP1+GI/2.ODO

+ -GIM1+GI/2.ODO/DZ
+ -DPDZ+EPS-DVDZ

C...
C... MASS BALANCE

IFWRI .LT.O.ODOTHEN
RHORTI=-WRI+1-WRIfl/DZ

ELSE IFWRI.GE.0.ODOTHEN
RHORTI=-WRI-WRI-lfl/DZ

END IF
C...
C... ENERGY BALANCE

DTDZ=TRI+1-2.ODO*TRI+TRI-lfl/DZ.4c*2
DIF=1 .OD+O3
IFWRI .LT.O.ODOTHEN

URGTI=_WRI+1.4HRI+1_WRIWcHRI/DZ

+ +QRI+DIF*DTDZ
ELSE IFWRI.GE.O.ODOTHEN

URGTI=_WRIscHRI_WRI-1*HRI_lfl/DZ

+ +QRI+DIF.DTDZ
END IF

END IF
12 CONTINUE

The coding of the PDEs for the return line in DO loop 12 is essentially the sameas for the magnet

string in DO loop 11. The only basic differenceis in the definition of the grid running left to right

for the magnets,and right to left for the return line.

We assumethat the dewar is perfectlymixed so that it is modeled by ODEs in t rather than

by PDEs. The coding follows

C...
C... ODES FOR THE DEWAR

RHQDT=-AC/VD-WM 1
+ +AC/VD*WRNR
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UDGT=-AC/VD..WM 1*HM 1
+ +AC/VD’.WRNR*HRNR
+ +QD/VD

RETURN
END

The first equation is the massbalancewith time derivative RHODT. The signs of the RHS terms are

determinedby the gridding of the magnetand return line PDEs. For example, flow out of the left end

of the magnetsis negativein the negativez direction; see Figure 2a, and thereforeconstitutesflow

into the dewar. Generally, the vector characterof the massflow rate, W, in eqs. 3, 6 and 8 must

be takeninto account.

The second equationis the energybalance for the dewar with time derivative UDGT. Note

that the RHS terms involve the enthalpiesof the flow into or out of the left endsof the magnetsand

return tine, HMi and HRNR, as expected.

This completes the programming of the model temporal derivatives in COMMON/F/ the

completeDEItY is listed in Appendix 2a. Note that a total of 3 x 46 DO loop 11 + 3 x 46 DO

loop 12 + 2 dewar = 278 ODEs havebeenprogrammed. The initial conditionsfor theseODEs must

then be programmedin INITAL, which is discussednext.

4.2 Initial Conditions INTTAL

The COMMON area is the same in INITAL as in DEIty. The programming then closely

resemblesthe previousINITAL in Appendix ib

C...
C... SELECT THE THERMO MODEL
C...
C... IMODEL = 3 - MODIFIED MARTIN EQUATION VAN DER WAALS FAMILY
C...

IMODEL=3
C...
C... LOWER AND UPPER LIMITS OF Z

ZL=O . ODO
ZR=90.ODO

C...
C... MAGNET GRID SPACING

DZ=ZR-ZL/DFLOATNM-1
C...
C... MAGNET AXIAL GRID

DO 11 I=1,NM
ZI=ZL+DFLOATI-1*DZ

11 CONTINUE
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The thermodynamiccorrelation is first selected APCI Model 3. The grid for the magnets is then

defined in array Z. Since the grid for the return line is the same, it is not programmedseparately.

A series of parametersfor the model is then defined and passedthrough COMMON to the

other routineswhich requiretheseparameters

C...
C... DEWAR VOLUME

VD=5 . ODO
C...
C... LINE CROSS SECTIONAL AREA

AC=O . 04D0
C...
C... INITIAL MAGNET FLOW RATE

WMI=1 .ODO
C...
C... INITIAL MAGNET TEMPERATURE

TM 1=4. ODO
C...
C... INITIAL MAGNET PRESSURE

PM 1=4. ODO
C...
C... INITIAL DEWAR TEMPERATURE

TDI=4 . 5D0
C...
C... INITIAL DEWAR PRESSURE

PDI=4.ODO
C...
C... INITIAL RETURN FLOW RATE

WRI=1 .ODO
C...
C... INITIAL RETURN TEMPERATURE

TRI=4 . ODO
C...
C... INITIAL RETURN PRESSURE

PRI=2 . ODO

Note in particular that the initial magnet and return line pressuresare 4 and 2 atm., respectively,

which provide a pressuredriving force for venting into the return line. The initial flow rateswere set

arbitrarily at I kg/m2-s thesecould just as well havebeenzero,for example.

The initial conditions for the 278 ODEs are then set, which is the principal requirementof

INITAL

C...
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C... MAGNET INITIAL CONDITIONS
DO 1 I=1,NM

WMI=WMI
RHOMI=RHOPTPMI ,TMI
UMGI= UPTPMI ,TMI*RHOMI

1 CONTINUE
C...
C... DEWAR INITIAL CONDITIONS

RHOD=RHOPTPDI,TDI
UDG= UPTPDI ,TDI*RHOD

C...
C... RETURN INITIAL CONDITIONS

DO 2 I=1,NR
WRI=WRI

RHORI=RHOPTPRI ,TRI
URGI= UPTPRI,TRIsRHORI

2 CONTINUE

By the end of the executionof DO loop 2, all 278 initial conditionshavebeenset i.e., all of the state

or dependentvariable vectors in COMMON/Y have initial values. Therefore,the initial derivative

vector can be computed by a call to DEItY the initial derivativevectors in COMMON/F/ can be

computed

C...
C... INITIAL DERIVATIVES

CALL DERV
C...
C... INITIALIZE COUNTER FOR PLOTFED SOLUTION

I P=O
RETURN
END

This completessubroutine INITAL a completelisting of INITAL is given in Appendix 2b.

SubroutinePRINT merelyprints tabularoutput plotting could be addedas in PRINT of Appendx lc;

this would be particularly worthwhile to bettervisualizethe large numberof numbersfrom subroutine

PRINT.

4.3 OutDut PRINT

The COMMON areaof PRINT is the sameas in INITAL and DERY. Then a seriesof write

statementsare used to give the numericalsolution in somedetail

C...
C... INCREMENT THE COUNTER FOR THE PLOTTED OUTPUT
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IP=IP+1
C..
C... MONITOR THE OUTPUT

WRITE* ,* IP
C.
C... WRITE THE NUMERICAL SOLUTION FOR THE MAGNETS

WRITENO,1T,ZI,WMI,PMI,TMI,RHOMI,QMI,I=1,NM
1 FORMAT//,’ Magnets, time = ‘,F7.3,//,

+ z’ ,
‘ 4, ,

+ rho’,
+ Q’,/,2F10.2,2F10.3,F1O.2,E12.3

C...
C... WRITE THE NUMERICAL SOLUTION FOR THE DEWAR

WRITENO,2PD,TD,RHOD,WM1 ,QD
2 FORMAT/, ‘ Dewar’,

+ /,‘ PD = ‘,F7.2,’ TD = ‘,F7.3,’ RHOD = ‘,F7.3,
+ ‘ WM = ‘,F7.2,’ QD = ‘,F7.1

C...
C... WRiTE TILE NUMERICAL SOLUTION FOR THE RETURN

WRITENO,3T,ZI,WRI,PRI,TRI,FLHORI,QRI,I=1,NR
3 FORMAT/,’ Return, time = ‘,F7.3,/,

+ ‘ W’,’
+ ‘

+ ‘ Q’,/,2F10.2,2F10.3,F1O.2,E12.3
RETURN
END

SubroutinePRINT is listed in Appendix2c.

Finally, a data file is required to control the numericalintegrationof the 278 ODEs

PROTOTYPE VENTING MODEL
0. 2.0 0.1

278 0.0001
END OF RUNS

Time covers the interval 0 t 2 s with outputevery 0.1 s. The integration is againby R.KF45 the

main programis the sameas in the precedingexamp’e, and is listed in Appendix le. Clearly PRINT

producesmany numbersthe flow rate, pressure,density, and heat input at 278 points for eachof the

21 points in time, t = 0, 0.1, 0.2, . . ., 2 s. We thereforepresentonly some of the highlights of this

output.

The output at t = 0 merely reflects the initial conditionsset in INITAL

RUN NO. - 1 PROTOTYPE VENTING MODEL

INITIAL T - 0.000D+OO
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FINAL T - 0.200D+01

PRINT T - 0.100D+00

NUMBER OF DIFFERENTIAL EQUATIONS - 278

MAXIMUM INTEGRATION ERROR - 0.100D-03

Magnets, time 0.000

z W P T rho
0.00 0.00 4.000 4.000 139.79 0.000E÷oo
2.00 1.00 4.000 4.000 139.79 0.000E+oo
4.00 1.00 4.000 4.000 139.79 0.000E+00
6.00 1.00 4.000 4.000 139.79 0.000E+00
8.00 1.00 4.000 4.000 139.79 0.000E+00

10.00 1.00 4.000 4.000 139.79 0.000E+00

80.00 4.000 4.000 139:79 0.000E+00
82.00 1.00 4.000 4.000 139.79 0.000E+00
84.00 1.00 4.000 4.000 139.79 O.000E+00
86.00 1.00 4.000 4.000 139.79 0.000E+00
88.00 1.00 4.000 4.000 139.79 0.000E+00
90.00 0.00 4.000 4.000 139.79 0.000E+00

Dewar

PD = 4.00 TD = 4.500 RHOD = 131.567 WM = 0.00 QD = 0.0

Return, time = 0.000

z W P T rho Q
0.00 0.00 2.000 4.000 131.13 0.000E+00
2.00 1.00 2.000 4.000 131.13 0.000E+00
4.00 1.00 2.000 4.000 131.13 0.000E+00
6.00 1.00 2.000 4.000 131.13 0.000E+00
8.00 1.00 2.000 4.000 131.13 0.000E+00

10.00 1.00 2.000 4.000 131.13 0.000E÷00

80.00 1:00 2.000 4.000 131:13 0.000E+00
82.00 1.00 2.000 4.000 131.13 0.000E+00
84.00 1.00 2.000 4.000 131.13 0.000E+00
86.00 1.00 2.000 4.000 131.13 0.000E+00
88.00 1.00 2.000 4.000 131.13 O.000E+00
90.00 0.00 2.000 4.000 131.13 0.000E+00
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Although this printing of the initial conditions gives expected and obvious output, the careful

examinationof this output is worthwhile to ensure that all of the initial conditions for the 278 state

variables, and all of the auxiliary variables computed by algebra in DERV are correct and

reasonable.

The responseof the system of Figure 2a to the heat input, Q, in eq. 8 and the pressure

difference betweenthe magnetstring and the return line, begins to evolve from t = 0. For example,

the responseat t = 0.1 abbreviatedis

Magnets, time = 0.100

z W P T rho Q
0.00 -29.62 4.028 4.015 139.67 0.108E+06
2.00 -25.28 4.036 4.016 139.69 0.108E+06
4.00 -21.25 4.044 4.017 139.70 0.108E+06
6.00 -17.53 4.051 4.017 139.72 0.108E+06
8.00 -14.17 4.057 4.018 139.73 0.1OSE+06

10.00 -11.18 4.062 4.019 139.74 0.108E+06
12.00 -8.59 4.067 4.019 139.75 0.108E+06
14.00 -6.41 4.071 4.019 139.76 0.108E÷06
16.00 -4.60 4.074 4.020 139.77 0.108E+06
18.00 -3.16 4.076 4.020 139.77 0.108E+06
20.00 -2.05 4.078 4.020 139.78 0.108E+06
22.00 -1.21 4.079 4.020 139.78 0.108E+06
24.00 -0.59 4.080 4.020 139.78 0.108E+06
26.00 -0.15 4.080 4.020 139.78 0.108E+06
28.00 0.16 4.081 4.020 139.78 0.108E+06
30.00 0.40 4.081 4.020 139.79 0.108E+06
32.00 0.58 4.082 4.020 139.79 0.108E+06
34.00 0.72 4.082 4.020 139.79 0.108E+06
36.00 0.82 4.082 4.020 139.79 0.108E+06
38.00 0.89 4.082.. 4.020 139.79 0.108E÷06
40.00 0.95 4.082 4.020 139.79 0.108E+06

80.00 157:98 3.800 3.994 139:16 0.109E+06
82.00 173.10 3.720 3.974 139.16 0.000E+00
84.00 184.47 3.701 3.972 139.12 0.000E+00
86.00 195.25 3.654 3.967 139.01 0.000E+00
88.00 203.39 3.629 3.965 138.96 0.000E+00
90.00 210.35 3.602 3.962 138.89 0.000E+00

Dewar

PD = 4.00 TD = 4.500 RHOD = 131.575 WM = -29.62 QD = 0.0

Return, time = 0.100
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z w P T rho

We cannote the following points about this output at t = 0.1:

1 Helium flows out of bothendsof the magnetstring; note in particular the split in the flow at

z = 26 and 28.

26.00 -0. 15 4.080 4.020
28.00 0. 16 4.081 4.020

139.78 0.108E+06
139.78 0.108E+06

2 Helium flows out of the right end of the magnet string into the right end of the return line, as

expected,since the pressureof the magnetstring is higher.

3 Helium does not flow out of the left end of the return line into the dewar since the required

pressuredrop has not occurred.

4 The temperatureand pressureat the left end of the magnetstring havestartedto increasedue to

the heat input.

5 The temperatureand pressureat the right end of the magnet string havestartedto decreasesince

there is no heatinput and the helium is expandingas it flows into the return line.

6 The temperaturearid pressureof the helium in the return line havestarted to increasesince helium

is flowing into the return line from the magnetstring.

Q
0.00 210.35 2.371 4.046 132.15 0.000E+00
2.00 199.03 2.371 4.046 132.15 0.000E+00
4.00 185.44 2.315 4.040 131.99 0.000E+00
6.00 169.56 2.305 4.038 131.97 O.000E+00
8.00 153.49 2.260 4.033 131.84 0.000E+00

10.00 135.73 2.232 4.029 131.77 0.000E+00

80.00 0:07 2.002 4.000 131:14 0.000E+00
82.00 0.03 2.002 4.000 131.14 0.000E+O0
84.00 0.01 2.002 4.000 131.14 0.000E+00
86.00 0.00 2.002 4.000 131.14 0.000E+00
88.00 0.00 2.002 4.000 131.14 O.000E+00
90.00 0.00 2.002 4.000 131.14 0.000E+00
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7 The density changesalong the magnet string and return line are small becausethe helium is

relatively incompressibleat the existing conditionsapproximately4 atm and 4 k.

Thesetrendscontinueas the transientproceeds. Thus, at t = 1 s, the output abbreviatedis

Magnets, time = 1.000

z W P T rho Q
0.00 -293.75 5.470 4.797 133.03 0.450E+06
2.00 -276.51 5.476 4.798 133.05 0.450E+06
4.00 -259.21 5.479 4.798 133.06 0.450E÷06
6.00 -241.89 5.485 4.798 133.08 0.450E+06
8.00 -224.50 5.487 4.799 133.09 0.450E+06

10.00 -207.09 5.493 4.799 133.11 0.450E+06
12.00 -189.62 5.495 4.799 133.11 0.450E+06
14.00 -172.12 5.500 4.799 133.13 0.450E+06
16.00 -154.58 5.501 4.799 133.13 0.450E+06
18.00 -137.00 5.506 4.800 133.15 0.450E+06
20.00 -119.37 5.506 4.800 133.15 0.450E+06
22.00 -101.72 5.511 4.800 133.17 0.450E+06
24.00 -83.99 5.511 4.800 133.17 O.450E-4.06
26.00 -66.23 5.515 4.800 133.18 0.450E+06
28.00 -48.45 5.515 4.800 133.18 0.450E+06
30.00 -30.56 5.519 4.801 133.19 0.450E+06
32.00 -12.69 5.517 4.800 133.19 0.450E+06
34.00 5.31 5.522 4.801 133.20 0.450E+06
36.00 23.44 5.520 4.801 133.20 0.450E+06
38.00 41.55 5.524 4.801 133.21 0.450E+06
40.00 59.79 5.523 4.801 133.20 0.450E+06

80.00 434:04 5.539 4.806 133:20 0.449E+06
82.00 444.18 5.359 4.449 138.17 0.000E+00
84.00 444.50 5.512 4.234 141.68 0.000E+00
86.00 439.96 5.399 4.167 142.19 0.000Ei-00
88.00 432.75 5.495 4.133 142.92 0.000E+00
90.00 425.23 5.423 4.136 142.67 0.000E+00

Dewar

PD = 4.51 TD = 4.560 RHOD = 132.878 WM = -293.75 QD = 0.0

Return, time = 1.000

z W P T rho Q
0.00 425.23 3.414 4.168 134.84 0.000E+00
2.00 409.36 3.414 4.168 134.84 0.000E+00
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We cannote the following points about the output at t = 1 s:

1 The split in the flow in the magnetstring now occurs betweenz = 32 and 34 m. Thus, the point

at which this split occurs is traveling left to right in the magnetstring.

32.00 -12.69 5 .517 4.800 133. 19 0.450E+06
34.00 5.31 5 .522 4.801 133. 20 0.450E+06

4.00 393.41 3.420 4.169 134.84 0.000E+00
6.00 377.73 3.423 4.170 134.85 0.000E+00
8.00 362.15 3.427 4.171 134.85 0.000E+00

10.00 346.90 3.431 4.171 134.87 0.000E+00

80.00 27:73 3.510 4.178 135:08 0.000E+00
82.00 22.13 3.510 4.179 135.08 0.000E+00
84.00 16.58 3.511 4.179 135.08 0.000E+00
86.00 11.04 3.511 4.179 135.08 0.000E+00
88.00 5.52 3.512 4.179 135.08 0.000E+00
90.00 0.00 3.512 4.179 135.08 0.000E+00

More generally, the traneisnt responseconsists of traveling wave of pressure,flow, temperatureand

densitywhich canbest be visualizedthroughgraphicaloutput.

2 The pressureand temperaturein the magnetstring are abovetheir initial values,dueprimarily to

the continuingheat input.

3 The pressureand temperaturein the return line also have increasedabovetheir initial values,due

primarily to the flow from the magnetstring.

The transient responsecontinuesto t = 2 the final value of time set in the datafile. The

abbreviatedoutput for t = 2 is

Magnets, time = 2.000

z W P T rho Q
0.00 -364.26 7.256 5.749 123.73 0.417E+06
2.00 -345.54 7.257 5.748 123.74 0.417E+06
4.00 -326.82 7.257 5.748 123.75 0.417E+06
6.00 -308.09 7.259 5.748 123.76 0.417E+06
8.00 -289.36 7.259 5.748 123.76 0.417E+06

10.00 -270.64 7.261 5.748 123.77 0.417E+06
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30.00 -84.47 7.271 5.747 123.84 0.417E+06
32.00 -66.03 7.269 5.747 123.83 0.417E+06
34.00 -47.62 7.273 5.748 123.85 0.417E+06
36.00 -29.29 7.271 5.747 123.84 0.417E+06
38.00 -10.96 7.276 5.748 123.86 O.417E+06
40.00 7.28 7.273 5.748 123.84 0.417E+06
42.00 25.42 7.278 5.748 123.86 0.417E+06
44.00 43.56 7.276 5.748 123.85 O.417E+06
46.00 61.61 7.280 5.748 123.87 0.417E+06
48.00 79.64 7.279 5.748 123.86 0.417E+06
50.00 97.61 7.283 5.749 123.88 0.417E+06

80.00 363:04 7.305 5.753 123:91 0.417E+06
82.00 378.65 7.126 5.327 131.16 0.000E+00
84.00 389.55 7.281 4.909 138.42 0.000E+00
86.00 394.63 7.167 4.616 141.99 0.000E+00
88.00 394.87 7.271 4.416 144.72 0.000E+00
90.00 392.03 7.190 4.335 145.41 0.000E+00

Dewar

PD = 5.78 TD = 4.720 RHOD = 135.639 WM = -364.26 QD = 0.0

Return, time = 2.000

z W P T rho Q
0.00 392.03 5.482 4.379 139.62 0.000E+00
2.00 381.77 5.482 4.379 139.62 0.000E+00
4.00 371.53 5.486 4.379 139.63 0.000E+00
6.00 361.32 5.486 4.380 139.62 0.000E+00
8.00 351.15 5.489 4.380 139.63 0.000E+00

10.00 341.05 5.489 4.381 139.62 0.000E+00

80.00 36:61 5.443 4.375 139:53 0.000E+00
82.00 29.25 5.442 4.375 139.53 0.000E+00
84.00 21.92 5.442 4.375 139.53 0.000E+00
86.00 14.61 5.442 4.375 139.53 0.000E+00
88.00 7.30 5.441 4.375 139.53 0.000E+00
90.00 0.00 5.441 4.375 139.53 0.000E+00

The split in the flow in the magnetstring continues

38.00 -10.96 7.276 5.748 123.86 0.417E-i.06
40.00 7.28 7.273 5.748 123.84 0.417E+06
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The continuing increasein the pressureand temperaturein the magnet string, return line and dewar

due to the continuing heat input is apparent. Also, as long as the heat input continues,the transient

responsewill continuethe heat input wilt eventuallybe moderatedby the temperaturedifference10 -

TMI programmedin DO loop 1 of DERV.

5 Summaryand Conclusions

The two preceding examples for the systemsof Figures la, lb and 2a are intended to

illustrate the programmingrequirementsfor the application of eqs. 3, 6 and 8 to other problem

systems. The requirementsaregenerally:

1 The problem system ODE/PDEs must be formulated, including initial and boundary

conditions. Generally these equationswill have as state variables a p computed from the

continuity equation 3, b W computed from the momentum equation 6 and c pu

computed from the energy equation 8. if a component of the problem system can be

consideredperfectly mixed, e.g., the dewarof Figure 2a, thenODEs in t replacethe PDEs.

2 The use of boundaryconditionsfor the momentumeq. 6 which definethe flows at the ends

of the componentare recommendedrather than attempting to use the momentumequation to

computethe terminal flows.

3 The combination of upwinding the continuity and energybalanceseqs. 3 and 8, and

centeringthe momentumbalanceeq. 6 has beeneffective in computinga solution to the three

PDEsfor the problemsconsideredso far. An alternativewould be to also upwind the momentum

balance, which would add additional smoothing but also, probably additional numerical

diffusion. Also, higher order approximationsto the spatial derivativesin z in eqs. 3, 6 and

8 could be consideredto possibly betterresolvemoving fronts.

4 The formulation of 3 requiresthe choice of the smoothingparametere, which is done by

trial and error. Ideally, a value of c is selectedwhich will smooth the solutions to eliminate

unrealistic oscillations, but will not significantly alter the form or shapeof the solution; the

resolutionof moving fronts is an important considerationin the choice of e. Another important

parameteris the numberof grid points used to achieveadequatespatial resolution. The interplay

of c and the grid spacingis demonstratedby the plots of Figure ic to lh.
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In summary,the user is required to write systemsof ODE/PDEsand code them, using the guidelines

presentedin the precedingdiscussion. Theserequirementsin generalare not easy to implement, and

our hope is that the precedingdiscussion,particularly the examples,will provide a general approach

and methodologyfor the analysisof new problem systems. This approachis fundamental,however,it

has as the starting point the conservationprinciples embodied in eqs. 3, 6 and 8, and broadly

applicableto a spectrumof problem systems.

Also, unfortunately,writing systemsof equationsandcoding their numerical solution does not

guaranteein advancethat solutions can be computed. Unexpectednumerical problems will almost

certainly develop, and experimentationwith the code will generally be required before acceptable

solutionsare computed; thus the successof this approachto the analysis of convective systemswith

heat transfer is dependentto some extent on the background and experienceof the analysts. We

haveattemptedhere to provide only a starting point, and to presentan approachwhich, at least to

this point in time, representsan effective method for computing solutions to problems in fluid

transientswith significant energyeffects.

Also, we recommendan "incremental approach" to the writing of codes for new problem

systems,e.g., start with a simplified version of the problem such as using ideal gas propertiesin place

of real gas propertiesand isothermal conditions by using only continuity and momentumbalances.

Once the simplified problem is solved satisfactorily, the codecan be extendedincrementallye.g., add

realgas properties,then add the energy equationwith no heat inputs, then add heat inputs, etc.. Our

experiencehas been that this incrementalapproachis much more likely to lead to a final code that will

analyze the problem systemof interest than to start with the most generalproblem,and include in the

initial codeall conceivablyimportanteffects.

Finally, we offer the opinion that this processof modelingand simulation can probably not be

fully "automated" in the sense of producing a computer code that requires only some simple

componentconnectionand parameterinformation to simulatea new problem system. Our experience

has indicated that each new, problem system requires as the starting point the formulation of a

mathematicalmodel, e.g., a systemof ODEs, PDEs and algebralcequations,followed by the detalled

coding of the model, testingof the codewith simplified special caseproblems,and then finally the use

of the code to analyze the problem systemof interest. We would be interestedin the experienceof

othersconcerningthis matterof "computerizing" theanalysisof new problem systems.
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To conclude,additional information on numerical methodsfor problems with moving fronts is

given in the extensivesurveys of Andersonet al 1984 and Finlayson 1992. We anticipatethat the

developmentof numerical algorithms for the solution of equationswhich model convection and heat

transfer will continue as an active areaof research;one important elementof this continuingresearch

will be the impact of new computrer architectures which should facilitate large scale scientific

computation.
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Appendix la

SubroutineDERV fbr the Systemof Figure lb

SUBROUTINE DERV
C...
C... SUBROUTINE DERV COMPUTES THE TEMPORAL DERIVATIVES OF THE MODEL
C... ODE/PDES
C...
C... THIS CODE FOR THE HELIUM DYNAMICS IN AN S 4 LINE IS CONSTRUCTED
C... FROM THE FOLLOWING SUBROUTINES
C...
C... INITAL SETS THE INITIAL CONDITIONS FOR THE MODEL ORDINARY
C... DIFFERENTIAL EQUATIONS ODES AND PARTIAL DIFFER-
C... ENTIAL EQUATIONS PDES.
C...
C... DERV COMPUTES THE DERIVATIVES OF THE MODEL ODE/PDES.
C... ALGEBRA IS ALSO PERFORMED IN THIS SUBROUTINE.
C..
C... PRINT PRINTS AND PLOTS THE NUMERICAL SOLUTION.
C...
C... THESE THREE SUBROUTINES ALSO CALL SUBORDINATE ROUTINES, E.G., FOR
C... THE EVALUATION OF THERMODYNAMIC PROPERTIES, PLOYI’ING OF THE SOLU
C... TIONS. LINKAGE BETWEEN ROUTINES IS BY COMMON DESCRIBED BELOW
C. - - AND ARGUMENTS.
C...
C... IN ADDITION TO THESE ROUTINES WHICH ARE SPECIFIC TO THE PROBLEM,
C. . - LIBRARY ROUTINES ARE ALSO USED, E.G., SUBROUTINE RKF45 FOR THE
C... RUNGE KUflA INTEGRATION OF THE MODEL ODES. A GENERIC MAIN PRO
C... GRAM CALLS THE VARIOUS SUBROUTINES.
C...
C... DEFINE THE CONTINUITY, MOMENTUM AND ENERGY BALANCES ON A SPATIAL
C.-. GRID OF NM POINTS. UNITS ARE MKS SI EXCEPT FOR PRESSURE WHICH
C... IS IN ATM.
C...
C... COMMON/T/
C...
C... T INDEPENDENT VARIABLE, TIME 5
C...
C... NSTOP STOPPING VARIABLE SET TO A NONZERO VALUE WILL
C... TERMINATE THE CURRENT RUN
C...
C... NORUN RUN COUNTER SET TO 1 DURING THE FIRST RUN, 2
C... DURING THE SECOND RUN, ETC., AND CAN THEREFORE
C... BE USED TO CHANGE THE CODE FROM RUN TO RUN
C...
C... COMMON/Y/
C...
C... WM MASS FLOW RATE KG/Ms-*2--5
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C...
C... RHOM FLUID MASS DENSITY KG/M...*3
C...
C... UMG FLUID INTERNAL ENERGY-DENSITY PRODUCT J/M’csc3
C...
C... COMMON/F/
C...
C... WMT TEMPORAL DERIVATIVE OF WM, I.E., THE FLUID MOMEN
C... TUM PER UNIT VOLUME KG/M--2-S--2
C...
C... RHOMT TEMPORAL DERIVATIVE OF RHO KG/Ms.3-S
C...
C... UMGT TEMPORAL DERIVATIVE OF UMG J/M-3-S
C...
C... COMMON/V/
C...
C... UM FLUID INTERNAL ENEREGY PER UNIT MASS J/KG
C...
C... PM FLUID PRESSURE ATM
C...
C... TM FLUID TEMPERATURE K
C...
C... HM FLUID ENTHALPY PER UNIT MASS J/KG
C...
C... COMMON/CI
C...
C... ZL LEFT HAND SPATIAL COORDINATE M
C...
C... ZR RIGHT HAND SPATIAL COORDINATE M
C...
C... DZ GRID SPACING M
C...
C... Z SPATIAL GRID RUNNING FROM ZR. TO ZL WITH SPACING
C... DZ M
C...
C... TMI INITIAL FLUID TEMPERATURE K
C...
C... PMI INITIAL FLUID PRESSURE ATM
C...
C... WMI INITIAL FLUID MASS FLOW RATE KG/M**2-S
C...
C... QM VOLUMETRIC HEAT INPUT TO THE FLUID ALONG THE
C... SPATIAL GRID J/M*s3-S
C...
C... COMMON/I
C...
C... IP INTEGER COUNTER USED FOR PRINTING AND PLOTTING
C... IN SUBROUTINE PRINT
C...
C... COMMON/IMODEL/
C...

52



C... INTERNAL ENERGY, PRESSURE, TEMPERATURE, ENTHALPY, HEAT INPUT
C... FOR THE MAGNETS
C...
C... THE THERMODYNAMIC FUNCTIONS ARE
C..
C... PRHOU DENSITY-INTERNAL ENERGY
C... PRESSURE
C...
C... TRHOU DENSITY-INTERNAL ENERGY FLASH TO COMPUTE THE FLUID
C... TEMPERATURE
C...

HRHOU DENSITY-INTERNAL ENERGY
ENTHALPY

DO 1 I=1,NM
UMI=UMGI/RHOMI
PMI=PRHOURHOMI ,UMI
TMI=TRHOURHOMI ,UMI
HMI=HRHOURHOMI ,UMI

C... THE HEAT INPUT CAN BE SPECIFIED AS A FUNCTION OF POSITION Z I.E.,
C... GRID INDEX I

IFI.GE.1.AND.I.LE.NM-5flTHEN
C...

THE FOLLOWING Q IS A FUNCTION OF TIME, T, WITH A TIME
CONSTANT OF 0.5 S AND THE TEMPERATURE DIFFERENCE 10 - TM.
ANOTHER POSSIBILITY WOULD BE TO INCLUDE A HEAT CONDUCTION
MODEL TO DEFINE Q
QMI=l.OD÷05*l.000-DEXP-T/0.5Dofl*l0.ODO-TMI
QMI=O.000

ELSE IFI.GT.NM-5THEN
QMI=0.ODO

END IF
CONTINUE

BOUNDARY CONDITIONS

C...
C...
C...
C... DOUBLE PRECISION CODING IS

IMPLICIT DOUBLE PRECISION

IMODEL INTEGER VARIABLE TO SELECT THE THERMODYNAMIC
MODEL ALLOWABLE VALUES ARE 1 TO 4

USED
A-H,O-Z

6

C...

PARAMETER NM=33
COMMON/T/ T, NSTOP, NORUN

1 /Y/ WMNM, RHOMNM, UMGNM
2 /F! WMTNM, RHOMTNM, UMGTNM
3 /V/ UMNM, PMNM, TMNM, HMNM
4 /C/ ZL, ZR, DZ, ZNM,
5 TMI, PMI, WMI, QMNM, TERMS

/1/ IP
COMMON/ IMODEL/IMODEL

FLASH TO COMPUTE THE FLUID

C...
C...

C...

FLASH TO COMPUTE THE FLUID

C...
C...
C...
C...
C...

1
C...
C...
C...
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C... LEFT END, Z = ZL
PLEND=4 . ODO

PRESSURE DROP
DP=PM 1 -PLEND
IFDP . LE.0 .ODOTHEN

FLOW RATE FOR NEGATIVE PRESSURE DROP. NOTE THAT THE FLOW
IS POSITIVE, AND PROPORTIONAL TO THE SQUARE ROOT OF THE
PRESSURE DROP. THE FLOW RATE ALSO CHANGES DYNAMICALLY
WITH A TIME CONSTANT OF 0.01 5
WM1= 3O0.0D0*1.0-DEXP-T/0.O1D0DSQRTDABSDP
WM1=0.ODO

ELSE

FLOW RATE FOR POSITIVE PRESSURE DROP. NOTE THAT THE FLOW
IS NEGATIVE

C... WM1=-300.ODO*1.0-DEXP-T/0.OlDOfl*DSQRTDP
WM1=0.ODO

END IF
C.
C... RIGHT END, Z = ZR

PREND=3 . SDO
C...
C... PRESSURE DROP

DP=PMNM -PREND
IFDP.LE.0.ODOTHEN

C...
FLOW RATE FOR NEGATIVE PRESSURE DROP. NOTE THAT THE FLOW
IS NEGATIVE, AND PROPORTIONAL TO THE SQUARE ROOT OF THE
PRESSURE DROP. THE FLOW RATE ALSO CHANGES DYNAMICALLY
WITH A TIME CONSTANT OF 0.01 5
WMNM=_300.ODOsc1.0-DEXP-T/O.O1DO*cDSQRTDABSDP

ELSE

FLOW RATE FOR POSITIVE PRESSUREDROP. NOTE THAT THE
IS POSITIVE
WMNM= 300.ODOs1.0-DEXP-T/0.O1DOflscDSQRTDP

END IF

C... PDES FOR THE MAGNETS
DO 11 I=1,NM

C...
C... LEFT END

IFI.EQ.1THEN
C...

MOMENTUM BALANCE DOES NOT SET THE FLOW RATE AT THE LEFT END
THE FLOW RATE IS SET BY THE PRECEDING BOUNDARY CONDITION
WMTI= O.ODO

C...
C.

C...
C...
C..
C..
C..
C...

C...
C...
C...

C...
C...
C...
C...

C...
C...
C...

C...

FLOW

C...
C...

C...
C... CONTINUITY BALANCE IS UPWINDED
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RHOMTI=-WMI+1-WMIfl/DZ
C.
C... ENERGY BALANCE IS UPWINDED

UMGTI=-WMI÷1*HMI+1-WMI*HMIfl/DZ+QMI
C...
C... RIGHT END

ELSE IFI.EQ.NMTHEN
C..
C... MOMENTUM BALANCE DOES NOT SET THE FLOW RATE AT THE RIGHT END
C... THE FLOW RATE IS SET BY THE PRECEDING BOUNDARY CONDITION

WMTI= O.ODO
C...
C... CONTINUITY BALANCE IS UPWINDED

RHOMTI=-WMI-WMI-lfl/DZ
C...
C... ENERGY BALANCE IS UPWINDED

UMGTI=_WMI*HMI-WMI-1’sHMI-l/DZ+QMI
C...
C... INTERIOR POINTS

ELSE
C...
C... CONVECTIVE MOMENTUM FORCE

GIM1=WM I-1ss2/RHOMI-1
GI =WMI ‘4.’.2/RHOMI
GIP1=WMI+1s.*2/RHOMI+1
CMF=GIP1+GI/2 . ODO- GIML+GI/2 . ODO/DZ

C...
C... FRICTIONAL4 FORCE

FF=0 - 02D0
DC=0 - 0300
FT=FF/2.0D0.DCDABSWMI*WMI/RHOMI

C...
C... PRESSURE FORCE

DPDZ=1.O1325D+05*PMI÷1÷PMI/2.ODO
+ -PMI-1÷PMI/2.ODO/DZ

C...
C... LINEAR SPATIAL FILTERING

EPS=1 . OD+04
DVDZ=EPS*WMI+1/RHOMI+1-2 .ODO*WMI/RHOMI

+ -i-WMI-1/RHOMI-1/DZms2
C...
C... MOMENTUM BALANCE DM/DT = SUM FORCES IS CENTERED

WMT I =-CMF-FT-DPDZ+DVDZ
C...
C... STORE THE INDIVIDUAL TERMS IN THE MOMENTUM BALANCE AT A PART
C... ICtJLAR GRID POINT FOR PRINTING IN SUBROUTINE PRINT

IFI .EQ.NM-1THEN
TERM1 =-CMF
TERM2=-FT
TERM 3 =-DPDZ
TERM 4 =DVDZ
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TERM 5=WMT I
END IF

C...
C... CONTINUITY BALANCE IS UPWINDED
C...
C... NEGATIVE FLOW

IFWMI .LT.0.ODOTHEN
RHOMTI=-WMI+1-WMI/Dz

C...
C... POSiTIVE FLOW

ELSE IFWMI.GE.O.ODOTHEN
RHOMTI=-WMI-WMI-1/Dz
END IF

C....
C... ENERGY BALANCE IS UPWINDED
C...
C... AXIAL CONDUCTION

DIF=1 .00+03
DTDZ=DIFTMt+1_2 .ODO.TMI-i-TMI-1/DZ.s.2

C...
C... NEGATIVE FLOW

IFWMI .LT.0.ODOTHEN
UMGTI=-WMI÷1*HMI+t_WMI*HMI/Dz+DTDZ÷QMI

C...
C... POS1TIVE FLOW

ELSE IFWMI .GE.0.ODOTHEN
UMGTI=-WMI*HMI-WMI_1*JIMI_1/DZ+DTDZ+QMI
END IF

END IF
C...
C... NEXT INTERIOR GRID POINT
11 CONTINUE

RETURN
END
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ADoendix Xli
SubroutineINTTAL for the System of Figure lb

SUBROUTINE INITAL
C...
C... SUBROUTINE INITAL SETS THE INITIAL CONDITIONS FOR THE MODEL

C... ODE/PDES
C...
C... THIS COMMON AREA IS THE SAME AS IN SUBROUTINE DERV, AND IS
C... USED IN EACH OF THE MODEL ROUTINES
C...

IMPLICIT DOUBLE PRECISION A-H,O-Z
PARAMETER NM=33
COMMON/T/ T NSTOP, NORUN

1 /Y/ WMNM, RHOMNM, UMGNM
2 /F/ WMTNM, RHOMTNM, UMGTNM
3 /V/ UMNM, PMNM, TMNM, HMNM
4 /C/ ZL, ZR, DZ, ZNM,
S TMI, PMI, WMI, QMNM
6 /1/ IP

COMMON/I MODEL/ IMODEL
C...
C... SELECT THE THERMO MODEL
C...
C... IMODEL = 3 - MODIFIED MARTIN EQUATION VAN DER WAALS FAMILY
C...

IMODEL=3
C...
C... LOWER AND UPPER LIMITS OF Z

ZL=0.ODO
ZR=S.ODO

C...
C... GRID SPACING

DZ=ZR-ZL/DFLOATNM-1
C...
C... AXIAL GRID

DO 11 I=1,NM
ZI=ZL+DFLOATI-tsDZ

11 CONTINUE
C...
C... INITIAL FLOW RATE

WMI=0.ODO
C...
C... INITIAL TEMPERATURE

TMI=4 .000
C...
C... INITIAL PRESSURE

PM1=4.000
C...
C... INITIAL CONDITIONS FOR THE 3 X NM DEPENDENT VARIABLES IN
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C... COMMON/Y/. RHOPT IS A FUNCTION FOR A PRESSURE-TEMPERATURE
C... FLASH THAT RETURNS THE FLUID DENSITY. UPT IS A FUNCTION FOR
C... A PRESSURE-TEMPERATUREFLASH THAT RETURNS THE INTERNAL ENERGY.
C... NOTE THAT DEPENDENT VARIABLE UMG IS THE PRODUCT OF THE FLUID
C... INTERNAL ENERGY AND DENSITY I.E., THE VOLUMETRIC INTERNAL
C... ENERGY

DO 1 I=1,NM
WMI=WMI

RHOMI=RHOPTPMI ,TMI
UMGI= UPTPMI,TMIsRHOMI

1 CONTINUE
C...
C... INITIAL DERIVATIVES

CALL DERV
C...
C... INITIALIZE COUNTER FOR PLOTI’ED SOLUTION

IP=O
RETURN
END
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Appendix .s

C...

SubroutinePRINT for the System21 Figure lb

SUBROUTINE PRINTNI ,NO

C... SUBROUTINE PRINT PRINTS THE NUMERICAL SOLUTION AND PLOTS THE
C... SOLUTION BY CALLS TO PLOTTD
C..

C...

OPEN A FILE FOR PRINTING THE INDIVIDUAL TERMS
BALANCE
OPENS,FILE=’TERMS’ ,STATUS=’UNKNOWN’

C... MONITOR THE OUTPUT
WRITEs,*IP

C...

+
+

+

PLOT THE SOLUTION
CALL PLOTTD
RETURN
END

,F9.2
F9 .2

,F9.2
F9 .2

,F9.2

,/,

,/,

,/,

,/,

/!

IMPLICIT DOUBLE PRECISION A-H,O-Z
PARAMETER
COMMON/T/

/Y/

/F/
/V/
/C/

1
2
3
4
5

NM=33
T,

WMNM,
WMTNM,

UMNM,
ZL,

TMI,

NSTOP,
RHOMNM,

R.HOMTNM,
PMNM,

ZR,
PMI,

6 /1/ IP
COMMON/ IMODEL/ IMODEL

NORUN
UMGNM

UMGTNM
TMNM,

DZ,
WMI,

C...
C...
C...

C...

HMNM
ZNM

QMNM, TERMS

C... INCREMENT THE COUNTER FOR THE PLOTTED OUTPUT
IP=IP+1

IN THE MOMENTUM

C... WRITE THE NUMERICAL SOLUTION
WRITENO,i.T,ZI,WMI,PMI,TMI,RHOMI,QMI,I=1,NM

1 FORMAT//,’ Time = ‘,F7.3,//,
+ z’,’
+ ‘ rho’,

2F10 .2 , 2F10.3, F10.2 , E12 . 3

BALANCE AT AN

+
C...
C... WRITE THE INDIVIDUAL TERMS IN
C... INTERIOR GRID POINT SELECTED

WRITES,2T,TERMI ,I=1,5
2 FORMAT ‘ T =

+ ‘ -DW**2/RHO/DZ
+ ‘ -FT

-DP/DZ
DV/DZ

DWM/DT
C...
C...

THE MOMENTUM
IN DERV
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Appendix 14

C...

SubroutinePLOTTD for Plottinz the Solution from INITAL. DERV and PRINT

SUBROUTINE PLOTTD

C... SUBROUTINE PLOTTD WRITES A FILE WITH THE NUMERICAL SOLUTION
C... WHICH IS THEN READ BY TOP DRAWER FOR PLOTTING
C...

C...

IMPLICIT DOUBLE PRECISION A-H,O-Z

COMMON/ IMODEL/IMODEL

C... OPEN A SERIES OF FILES FOR TOP DRAWER PLOTTING
C...

C...

C...

C...

C...

W1.TOP FLOW RATE AS A FUNCTION OF Z WITH T AS A PARAMETER

P1.TOP PRESSUREAS A FUNCTION OF Z WITH T AS A PARAMETER

T1.TOP TEMPERATURE AS A FUNCTION OF Z WITH T AS A PARAMETER

R1.TOP DENSITY AS A FUNCTION OF Z WITH T AS A PARAMETER

C...

IFIP.EQ.1THEN
OPEN1 ,FILE=’Wl .TOP’
OPEN2,FILE=’Pl. .TOP’
OPEN3,FILE=’Tl .TOP’
OPEN4,FILE=’Rl .TOP’

END IF

,STATUS=’UNKNOWN’
STATUS= ‘UNKNOWN’

,STATtJS=’UNKNOWN’
,STATUS=’UNKNOWN’

C... SCALE THE AXES FOR EACH PLOT
1FIP.EQ. 1THEN

C...
C... FLOW RATE

WRITE1 , 1
1 FORMAT’ SET

+ ‘SET
C...

LIMITS X FROM
FONT DUPLEX’

0 TO 8 Y FROM 0 TO 75’,/,

C... PRESSURE
WRITE2 ,2
FORMAT’

C...
C... TEMPERATURE

PARAMETER NM=33
COMMON/T/ T, NSTOP,

1 /Y/ WMNM, RHOMNM,
2 /F/ WMTNM, RHOMTNM
3 /V/ UMNM, PMNM,
4 /C/ ZL, ZR,
5 R, TMI, PMI,
6 /1/ IP

NORUN
UMGNM

UMGTNM
TMNM,

DZ,
WMI,

C...

HMNM
ZNM,

QMNM

C...

C...

C...

2
+

SET
‘ SET

LIMITS X FROM
FONT DUPLEX’

0 TO 8 1’ FROM 3.7 TO 4’,/,
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C... DENSITY
WRITE 4

4 FORMAT’

C...

+
END IF

3
SET LIMITS X FROM 0 TO 8 Y
SET FONT DUPLEX’

4
SET LIMITS X FROM 0
SET FONT DUPLEX’

TO 8 Y FROM 139 TO 140’,/,

C... WRITE THE NUMERICAL SOLUTION FOR SUBSEQUENT TOP DRAWER

C...
DO 5 I=1,NM

PLOTTING

C... FLOW RATE
WRITE1 ,6ZI ,WMI

C...
C... PRESSURE

WRITE2,6ZI ,PMI
C...
C... TEMPERATURE

WRITE3,6ZI ,TMI
C...
C... DENSITY

WRITE4,6ZI ,RHOMI
FORMATFtO .3,F10 .5

CONTINUE
C...
C... CONNECT POINTS

WRITE1 ,7
WRITE2,7
WRITE3 ,7
WRITE4,7

7 FORMAT’ JOIN 1’
C...
C... LEGEND, AXES LABELS FOR EACH.PLOT WITH T = 0,

IFIP.EQ.8THEN
C...

0.01,..., 0 .07

C... PRESSURE
WRITE2 ,9
FORMAT

Pressure
0.02,

3

C...

WRITE 3
FORMAT

+
FROM 3.95 TO 4’,/,

6
5

C...

8

C...

FLOW RATE
WRITE1 ,8
FORMAT

+ ‘ TITLE
+ ,/,‘ TITLE
+ ,/,‘ TITLE
+ ,/,‘ TITLE

4.75 9.75
5.5 9.25
LEFT
BOTTOM "z

9

"Fig. 2c: Mass flow kg/mwcsc2-s vs
= 0, 0.01, 0.02,..., 0.07 s"’

m" ‘

+ ‘ TITLE
+ ,/,‘ TITLE
+ ,/,‘ TITLE

5.25
5.25
LEFT

9.75 "Fig.
9.25 "t = 0

Pz

ic:
0.

atm vs z"
..., 0.07 s"’
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C...
+ ,/,‘ TITLE BOTTOM "z m"’

C...

+
+ ,/

+ ,/

+ ,/

C... DENSITY
WRITE4, 11
FORMAT

+
+ ,/,‘
+ ‘I,’

+ ,/,‘
END IF
RETURN
END

"Fig. 4c: Density kg/m’Ec*3 vs
= 0, 0.01, 0.02,..., 0.07 s"’

Rhoz,t"’
m"’

C...

10

TEMPERATURE
WRITE 3,10
FORMAT

TITLE
TITLE
TITLE
TITLE

5 9.7S
S 9.25
LEFT
BOTTOM "z

11

"Fig. 3c: Temperature k vs
"t = 0, 0.01, 0.02,..., 0.07 s"’

m"’

TITLE 4.75 9.75
TITLE 5 9.25
TITLE LEFT
TITLE BOTTOM "z
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Appendix le

Main Program SubordinateRoutinesji çfl SubroutineRKF4.5

PROGRAM HELIUM
C...
C... PROGRAM HELIUM CALLS; 1 SUBROUTINE INITAL TO DEFINE THE ODE
C... INITAL CONDITIONS, 2 SUBROUTINE RKF45 TO INTEGRATE THE ODES,
C... AND 3 SUBROUTINE PRINT TO PRINT THE SOLUTION.
C...
C... THE FOLLOWING CODING IS FOR 1000 ODES. IF MORE ODES ARE TO BE INTE
C... GRATED, ALL OF THE 1000’S SHOULD BE CHANGED TO THE REQUIRED NUMBER

IMPLICIT DOUBLE PRECISION A-H,O-Z
COMMON/T/ T, NSTOP, NORUN

1 /Y/ Y1000
2 /F/ F1000

C...
C... THE NUMBER OF DIFFERENTIAL EQUATIONS IS IN COMMON/N/ FOR USE IN
C... SUBROUTINE FCN

COMMON/N/ NEQN
C...
C... COMMON AREA TO PROVIDE THE INPUT/OUTPUT UNIT NUMBERS TO OTHER
C... SUBROUTINES

COMMON/IO/ NI, NO
C...
C... ABSOLUTE DIMENSIONING OF THE ARRAYS REQUIRED BY RKF4S

DIMENSION YV1000, WORK7000, IWORKS
C...
C... EXTERNAL THE DERIVATIVE ROUTINE CALLED BY R1CF45

EXTERNAL FCN
C...
C... ARRAY FOR THE TITLE FIRST LINE OF DATA, CHARACTERS END OF RUNS

CHARACTER TITLE20s4, ENDRUN3s4
C...
C... DEFINE THE CHARACTERS END OF RUNS

DATA ENDRUN/’END ‘,‘OF R’,’UNS ‘/
C...
C... DEFINE THE INPUT/OUTPUT UNIT NUMBERS

NI =5
NO=6

C...
C... OPEN INPUT AND OUTPUT FILES
C... OPENNI ,FILE=’DATA’, STATUS=’OLD’
C... OPENNO,FILE=’OUTPUT’ ,STATUS=’NEW’
C...
C... MODIFY I/O STATEMENTS FOR SSCVX1

OPENNI ,FILE=’DATA’, STATUS=’UNKNOWN’
OPENNO,FILE=’OUTPUT’ ,STATUS=’UNKNOWN’

C...
C... INITIALIZE THE RUN COUNTER

NORUN=0
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C...
C... BEGIN A RUN
1 NORUN=NORUN+1
C...
C... INITIALIZE THE RUN TERMINATION VARIABLE

NSTOP=0
C...
C... READ THE FIRST LINE OF DATA

READNI ,1000 ,END=999 TITLEI ,I=1,20
C...
C... TEST FOR END OF RUNS IN THE DATA

DC 2 1=1,3
IFTITLEI.NE.ENDRUNIflGO TO 3

2 CONTINUE
C...
C... AN END OF RUNS HAS BEEN READ, SO TERMINATE EXECUTION
999 STOP
C...
C... READ THE SECOND LINE OF DATA
3 READNI,1001,END=999T0,TF,TP
C...
C... READ THE THIRD LINE OF DATA

READNI ,1002,END=999NEQN,ERROR
C...
C... PRINT A DATA SUMMARY

WRITENO, 1003NDRUN,TITLEI ,I=1,20,
1 T0,TF,TP,
2 . NEQN,ERROR

C... INITIALIZE TIME
T=T0

C...
C... SET THE INITIAL CONDITIONS

CALL INITAL
C...
C... SET THE INITIAL DERIVATIVES FOR POSSIBLE PRINTING

CALL DERV
C...
C... PRINT THE INITIAL CONDITIONS

CALL PRINTNI,NO
C...
C... SET THE INITIAL CONDITIONS FOR SUBROUTINE RKF45

TV=T0
DO 5 I=1,NEQN
YV I =Y I

5 CONTINUE
C...
C... SET THE PARAMETERS FOR SUBROUTINE RKF4S

RELERR=ERROR
ABSERR=ERROR
IFLAG=1
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TOUT=TO+TP
C...
C... CALL SUBROUTINE RKF45 TO START THE SOLUTION FROM THE INITIAL
C... CONDITION IFLAG = 1 OR COMPUTE THE SOLUTION TO THE NEXT PRINT
C... POINT IFLAG = 2
4 CALL RKF45FCN,NEQN ,YV,TV,TOUT,RELERR,ABSERR, IFLAG,WORK, IWORK
C...
C... PRINT THE SOLUTION AT THE NEXT OUTPUT POINT

T=TV
DO 6 I=1,NEQN
YI=YVI

6 CONTINUE
CALL DERV
CALL PRINTNI,NO

C...
C... TEST FOR AN ERROR CONDITION

IFIFLAG .NE.2THEN
C...
C... PRINT A MESSAGE INDICATING AN ERROR CONDITION

WRITE NO,1004 IFLAG
C..
C... GO ON TO THE NEXT RUN

GO TO 1
END IF

C...
C... CHECK FOR A RUN TERMINATION

IFNSTOP.NE.0GO TO 1
C...
C... CHECK FOR THE END OF THE RUN

TOUT=TV+TP .

IFTV.LT.TF-0.5D0*TPGO TO 4
C...
C... THE CURRENT RUN IS COMPLETE, SO GO ON TO THE’NEXT RUN

GO TO 1
C...
C. . .

C...
C... FORMATS
C...
1000 FORMAT2OA4
1001 FORMAT3D10 .0
1002 FORMAT15,20X,D1O.0
1003 FORMAT1H1,

1 ‘ RUN NO. - ‘,I3,2X,20A4,//,
2 ‘ INITIAL T -

3 ‘ FINAL T -

4 ‘ PRINT T -

5 ‘ NUMBER OF DIFFERENTIAL EQUATIONS -

6 ‘ MAXIMUM INTEGRATION ERROR - ‘,D10.3,//,
7 1H1

1004 FORMAT1H ,//,‘ IFLAG =
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1 ‘ INDICATING AN INTEGRATION ERROR, SO THE CURRENT RUN’ ,/,
2 ‘ IS TERMINATED. PLEASE REFER TO THE DOCUMENTATION FOR’ ,/,
3 ‘ SUBROUTINE’,//,25X,’RXF45’,//,
4 ‘ FOR AN EXPLANATION OF THESE ERROR INDICATORS’

END

SUBROUTINE FCNTV , YV , YDOT
C...
C... SUBROUTINE FCN IS AN INTERFACE ROUTINE BETWEEN SUBROUTINES RKF4.5
C... AND DERV
C...
C... NOTE THAT THE SIZE OF ARRAYS Y AND F IN THE FOLLOWING COMMON AREA
C... IS ACTUALLY SET BY THE CORRESPONDING COMMON STATEMENT IN MAIN
C... PROGRAM HELIUM

IMPLICIT DOUBLE PRECISION A-H,O-Z
COMMON/T/ T, NSTOP, NORUN

1 /Y/ Y1
2 /F/ F1

C..
C... THE NUMBER OF DIFFERENTIAL EQUATIONS IS AVAILABLE THROUGH COMMON
C...

COMMON/N/ NEQN
C...
C... ABSOLUTE DIMENSION THE DEPENDENT VARIABLE, DERIVATIVE VECTORS

DIMENSION YV1000, YDOT1000
C...
C... TRANSFER THE INDEPENDENT VARIABLE, DEPENDENT VARIABLE VECTOR
C... FOR USE IN SUBROUTINE DERV

T=TV
DO 1 I=1,NEQN
Y I =YV I

1 CONTINUE
C...
C... EVALUATE THE DERIVATIVE VECTOR

CALL DERV
C...
C... TRANSFER THE DERIVATIVE VECTOR FOR USE BY SUBROUTINE RKF45

DO 2 I=1,NEQN
YDOTI=FI

2 CONTINUE
RETURN
END

DOUBLE PRECISION FUNCTION DFLOATI
DFLOAT=DBLEFLOATI
RETURN
END
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Appendix if

Functions UPT, RHOPT, PRHOU.TRHOU. HRHOU

UPT. Internal energy from pressureand temperature

RHOPT. Density from pressureand temperature

PRHCU. Pressurefrom densityandinternal energy

TRHOU . Temperaturefrom densityand internalenergy

HRHOU. Enthalpy from densityand internalenergy

Units: Internal energy,i/kg; pressure,atm; temperature,k;

density, kg/m3 enthalpy 3/kg

DOUBLE PRECISION FUNCTION UPTP,T

INTERNAL ENERGY FROM PRESSURE AND TEMPERATURE

IMPLICIT DOUBLE PRECISION A-H,O-Z
COMMON/IMODEL/ imodel
integer itdbg3
if ase= 1
ifcode=2
kd=0
kh=0
ku=1
Ics=0
kcp=0
call thermo t, vof

+ kd, kh, ku
+ dt, dv, dl
+ ht, hv, hl
+ ut, uv, ul
+ st, sv, sl
+ cpv, cpl
+ imodel, ipert, itdbg

C...
C... CONVERT INTERNAL ENERGY IN J/GM-MOL

UPT=ut*1000 .OdO/4.OOciO
RETURN
END

DOUBLE PRECISION FUNCTION RHOPTP,T
C...
C... DENSITY FROM PRESSURE AND TEMPERATURE
C...

C...
C...
C...

ifase, ifcode,
ks, kcp,

ker

TO J/KG
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IMPLICIT DOUBLE PRECISION A-H,O-Z
COMMON/IMODEL/ imode 1
integer itdbg3
if ase= 1
ifcode2
kd = 1
kh=0
ku=0
ks=0
kcp=O
call thermo t, p, vof, ifase, i.fcode,

+ kd, kh, ku, ks, kcp,
+ dt, dv, dl,
+ ht, by, hl,
+ ut, uv, ul,
+ st, sv, sl,
+ cpv, cpl,
+ imodel, ipert, itdbg, ker

C...
C... CONVERT DENSITY IN GM-MOL/LITER TO KG/M3

RHOPT=4. ODOsdt
RETURN
END

DOUBLE PRECISION FUNCTION PRHOURHO ,U
C...
C... PRESSURE FROM DENSITY AND INTERNAL ENERGY
C...

IMPLICIT DOUBLE PRECISION A-H,O-Z
COMMON] IMODEL/ imodel
integer itdbg3
if ase=1
if code6
kd=0
kh=0
ku=0
ks=0
kcp=0

C...
C... CONVERT DENSITY IN KG/M**3 TO GM-MOL/LITER

dt=RHO/4 . OdO
C...
C... CONVERT INTERNAL ENERGY IN J/KG TO J/GM-MOL

ut=U-4 . OOdO/1000. OdO
call thermo t, p, vof, ifase, ifcode,

+ kd, kh, ku, ks, kcp,
+ dt, dv, dl,
+ ht, hv, hl,
+ ut, uv, ul,
+ st, sv, sl,
+ cpv, cpl,
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+ imodel, ipert, itdbg, ker
PRHOU=p
RETURN
END

DOUBLE PRECISION FUNCTION TRHOURHO,U
C..
C... TEMPERATURE FROM DENSITY AND INTERNAL ENERGY
C...

IMPLICIT DOUBLE PRECISION A-H,O-Z
COMMON/ IMODEL/ imode 1
integer itdbg3
ifase=1
ifcode=6
lcd=O
kh=0
kurO
ks=0
kcp=0

C...
C... CONVERT DENSITY IN KG/M**3 TO GM-MOL/LITER

dt=RHO/4 . OdO
C...
C... CONVERT INTERNAL ENERGY IN 3/KG TO J/GM-MOL

ut=U*4. OOdO/1000 . OdO
call thermo p, vof, ifase, ifcode,

+ kd, kh, ku, Ics, kcp,
+ dt, dv, dl,
+ ht, liv, hl,
÷ ut, in’, ul,
+ st, sv, sl,
+ cpv, cpl,
+ imodel, ipert, itdbg, ker

TRHOU=t
RETURN
END

DOUBLE PRECISION FUNCTION HRHOURHO,U
C...
C... ENTHALPY FROM DENSITY AND INTERNAL ENERGY
C...

IMPLICIT DOUBLE PRECISION A-H,O-Z
COMMON/IMODEL/imode1
integer itdbg3
i fase = 1
ifcode=6
kd=0
Jch=1
ku =0
ks=0
kcp=O
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C...
C... CONVERT DENSITY IN }CG/M**3 TO GM-MEL/LITER

dt=RHO/4 . ODO
C...
C... CONVERT INTERNAL ENERGY IN J/KG TO J/GM-MOL

ut=U*4 . OOdO/1000 . OdO
call thermo t, vof, ifase, ifcode,

+ kd, kh, ku, ks, kcp,
+ dt, dv, dl,
+ ht, by, hl,
+ ut, uv, ul,
+ st, sv, sl,
+ cpv, cpl,
+ iznodel, ipert, itdbg, Icer

C...
C... CONVERT ENTHALPY IN J/GM-MOL TO J/KG

HRHOU=ht10O0 . OdO/4 . OOdO
RETURN
END
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Appendix 2a

Subroutine DERV for the Systemof Figure 2a

SUBROUTINE DERV
IMPLICIT DOUBLE PRECISION A-H,O-Z
PARAMETER NM=46 , NR=46
COMMON/T/ T, NSTOP, NORUN

1 /Y/ WMNM, RHOMNM, UMGNM,
+ RHOD, UDG,
+ WRNR, RHORNR, URGNR
2 /F/ WMTNM, RHOMTNM, UMGTNM,
+ RHODT, UDGT,
+ WRTNR, RHORTNR, URGTNR
3 /V/ UMNM , PMNM, TMNM, HMNM,
÷ UD, PD, TD, HD,
+ URNR, PRNR, TRNR, HRNR
4 /C/ ZL, ZR, DZ, ZNM,
5 R, TMI, PMI, WMI, QMNM,
+ QD, TDI, PDI, VD, AC,

+ TRI, PRI, WRI, QRNR
6 /1/ IP

COMMON/IMODEL/ IMODEL
C...
C... INTERNAL ENERGY, PRESSURE, TEMPERATURE, ENTHALPY, HEAT INPUT
C... FOR THE MAGNETS

DO 1 I=1,NM
UMI=UMGI/RHOMI
PMI=PR}IOURIiOMI ,UMI
TMI=TRHOURHOMI ,UMI
HMI=HRHOURHOMI ,UMI
IFI.GE.1.AND.I.LE.NM-5THEN

QMI=1.OD+O5s1.ODO-DEXP-T/O.5D0*1O.ODO-TMI
ELSE IFI.GT.NM-5THEN

QMI=O.ODO
END IF

CONTINUE
C...
C... INTERNAL ENERGY, PRESSURE, TEMPERATURE, ENTHALPY, HEAT INPUT
C... FOR THE RETURN

DO 2 I=1,NR
URI=URGI/RHORI
PRI=PRHOURHORI ,URI
TRI=TRHOURHORI ,URI
HRI=HRHOURHORI ,URI
RI=0 .ODO

2 CONTINUE
C...
C... INTERNAL ENERGY, PRESSURE, TEMPERATURE, HEAT INPUT FOR THE DEWAR

UD=UDG/RHOD
PD=PRHOURHOD , UD
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TD=TRHOURHOD , UD
QD=0 . ODO

C...
C... BOUNDARY CONDITIONS
C...
C... MAGNETS, 2 = ZL

DP=PM1-PD
IFDP. LE.0 .ODOTHEN

WM1=0.ODO
ELSE

WM1=-300.ODOs.1.O-DEXP-T/O.1DO*DSQRTDP
END IF

C...
C... MAGNETS, Z = ZR.

DP=PMNM-PR1
IFDP . LE. 0 .ODOTHEN

WMNM=0.ODO
ELSE

WMNM 300.ODOsc1.0-DEXP-T/0.1DO.sD5QRTDP
ENDIF -

C...
C... RETURN, Z = ZL

DP=PRNR -PD
IFDP.LE.O.ODOTHEN

WRNR=0.ODO
ELSE

WRNR= 300.ODO.s1 .O-DEXP-T/O. 1DO-DSQRTDP
END IF

C",.
C... RETURN, 2 = ZR

DP=PMNM -PR1
IFDP.LE.O .ODOTHEN

WR1tO.ODQ
ELSE

WR1=WMNM
END IF

C...
C... PDES FOR THE MAGNETS

DO 11 I=1,NM
C...
C... RIGHT END

IFI .EQ.NMTHEN
WMTI=0.ODO

RHOMTI=-WMI-WMI-lfl/DZ
UMGTI=-WMIHMI-WMI-1HMI-j/Dz÷QMI

C...
C... LEFT END

ELSE IFI.EQ.1THEN
WMTI=0.ODO

RHOMTI=-WMI+1-WMIfl/DZ
UMGTI=-WMI+ts.HMI+1-WMI*HMI/DZ+QMI
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C...
C... INTERIOR POINTS

ELSE
C...
C... MOMENTUM BALANCE

GIM1=WMI-1s-2/RHOMI-1
GI =WMI -*2/RHOMI
GIP1=WMI+1--2/RHOMI+1
DVDZ=WMI+1/RHOMI+1

+ -2.0D0WMI/RHOMI
÷ +WMI_1/RHOMI-1/DZ*2

EPS=1 .OD+05
DPDZ=1.013D+05sPMI+1+PMI/2.000

+ -PMI-1+PMIfl/2.ODO/DZ
WMTI=-GIP1+GI/2 .ODO

+ -GIM1+GI/2.ODO/DZ
+ -DPDZ+EPS-DVDZ

C...
C... MASS BALANCE

IFWMI .LT.O.ODOTHEN
RHOMTI=-WMI+1-WMIfl/DZ

ELSE IFWMI .GE.O.ODOTHEN
RHOMTI=-WMI-WMI-1/DZ

END IF
C...
C... ENERGY BALANCE

DTDZ=TMI+1-2 .ODO*TMI+TMI-1/DZ*sc2
DIF=1 .OD+03
IFWMI .LT.O.ODOTHEN

UMGTI=-WMI+1*HMI+1-WMIs.HMI/DZ
+ +QMI+DIFsDTDZ

ELSE IFWMI .GE.0.ODOTHEN
UMGTI=_WMIHMI_WMI-1*HMI-1/DZ

+ +QMI+DIF*DTDZ
END IF

END IF
11 CONTINUE
C...
C... PDES FOR THE RETURN

DO 12 I=1,NR
C...
C... RIGHT END

IFI .EQ.NRTHEN
WRTI=0.ODO

RHORTI=-WRI .-WRI-lfl/DZ
URGTI=_WRI*HRI-WRI-1*HRI_1/DZ+QRI

C...
C... LEFT END

ELSE IFI.EQ.1THEN
WRTI=0.ODO

RHORTI=-WRI+1-WRI/DZ
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URGTI=-WRI+1-HRI+1-WRIsHRI/DZ+QRI
C...
C... INTERIOR POINTS

ELSE
C.
C... MOMENTUM BALANCE

GIM1=WRI-1.e...2/RHORI-l
GI =WRI -2/RHORI
GIP1=WRI+1*2/RHORI+1
DVDZ=WRI+1 /RHORI+1

+ -2.ODO*WRI/RHORI
+ +WRI-1/RHORI-1/DZ*2

EPS=1.OD+05
DPDZ=1.013D+05*PRI÷1+PRI/2.ODO

+ -PRI-1+PRIfl/2.ODO/DZ
WRTI=-GIP1+GI/2 .ODO

+ -GIM1÷GI/2.ODO/DZ
+ -DPDZ+EPS-DVDZ

C...
C... MASS BALANCE

IFWRI .LT.0.ODOTHEN
RHORTI=-WRI+1-WRIfl/DZ

ELSE IFWRI .GE.0.ODOTHEN
RHORTI=-WRI-.WRI_1/DZ

END IF
C...
C... ENERGY BALANCE

DTDZ=TRI+1-2.ODO*TRI+TRI-lfl/DZ**2
DIF=1 . OD+03
IFWRI .LT.0.ODOTHEN

URGTI=-WRI+1sHRI+1-WRI*HRI/DZ
+ +QRI+DIF*DTDZ

ELSE IFWRI .GE.0.ODOTHEN
URGTI=-WRIsHRI-WRI_1scHRI-1/DZ

+ +QRI+DIFsDTDZ
END IF

END IF
12 CONTINUE
C...
C... ODES FOR THE DEWAR

RHODT=- AC/VD .i.WM 1
+ +AC/VD*WRNR

UDGT=-AC/VDWM 1*HM 1
+ +AC/VD...WRNR*HRNR
+ +QD/VD

RETURN
END
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Appendix 2b

SubroutineINITAL fbr Uis Systemof Figure2a

SUBROUTINE INITAL
IMPLICIT DOUBLE PRECISION A-H,O-Z
PARAMETER NM=46 ,NR=46
COMMON/T/ T, NSTOP, NORUN

1 /Y/ WMNM, RHOMNM, UMGNM,
+ RHOD, UDG,
+ WRNR, RHORNR, URGNR
2 /F/ WMTNM, RHOMTNM, UMGTNM,
+ RHIJDT, UDGT,
÷ WRTNR, RHORTNR, URGTNR
3 /V/ UMNM, PMNM, TMNM, HMNM,
+ UD, PD, TD, HD,
÷ URNR, PRNR, TRNR, HRNR
4 /C/ ZL, ZR, DZ, ZNM,
5 R, TMI, PMI, WMI, QMNM,
+ QD, TDI, PDI, VD, AC,
+ TRI, PRI, WRI, QRNR
6 /1/ IP

COMMON/IMODEL/ IMODEL
C...
C... SELECT THE THERMO MODEL
C...
C... IMODEL = 3 - MODIFIED MARTIN EQUATION VAN DER WAALS FAMILY
C...

IMODEL=3
C...
C... LOWER AND UPPER LIMITS OF Z

ZL=0 . ODO
ZR=90 . ODO

C...
C... MAGNET GRID SPACING

DZ=ZR-ZL/DFLOATNM-1
C...
C... MAGNET AXIAL GRID

DO 11 I=1,NM
ZI=ZL+DFLQATI-1*DZ

11 CONTINUE
C...
C... DEWAR VOLUME

VD=5.ODO
C...
C... LINE CROSS SECTIONAL AREA

AC=0 . 04D0
C...
C... INITIAL MAGNET FLOW RATE

WMI=l .000
C...
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C... INITIAL MAGNET TEMPERATURE
TMI=4.ODO

C...
C... INITIAL MAGNET PRESSURE

PMI=4.ODO
C...
C... INITIAL DEWAR TEMPERATURE

TDI=4 . 5D0
C..
C... INITIAL DEWAR PRESSURE

PDI=4 . ODO
C...
C... INITIAL RETURN FLOW RATE

WRI=1 . ODO
C...
C... INITIAL RETURN TEMPERATURE

TRI=4 . ODO
C...
C... INITIAL RETURN PRESSURE

PRI=1 . ODO
C...
C... MAGNET INITIAL CONDITIONS

DO 1 I=1,NM
WMI=WMI

RHOMI=RIIDPTPMI ,TMI
UMGI= UPTPMI,TMI*Rk{OMI

1 CONTINUE
C.
C... DEWAR INITIAL CONDITIONS

RHOD=RHOPTPDI,TDI
UDG= UPTPDI,TDIRHOD

C...
C... RETURN INITIAL CONDITIONS

DO 2 I=1,NR
WRI=WRI

RHORI=RIIOPTPRI ,TRI
URGI= UPTPRI,TRI*Ri-IORI

2 CONTINUE
C...
C... INITIAL DERIVATIVES

CALL DERV
C...
C... INITIALIZE COUNtER FOR PLOTTED SOLUTION

I P=0
RETURN
END
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Appendix 2c

SubroutinePRINT for the Systemof Figure 2a

SUBROUTINE PRINTNI ,NO
IMPLICIT DOUBLE PRECISION A-H,O-Z
PARAMETER NM=46 ,NR=46
COMMON/T/ T, NSTOP, NORUN

1 /Y/ WMNM, RHOMNM, UMGNM,
+ RHOD, UDG,
+ WRNR, RHORNR, URGNR
2 /F/ WMTNM, RHOMTNM, UMGTNM,
+ RHODT, UDGT,
+ WRTNR, RHORTNR, URGTNR
3 /V/ UMNM, PMNM, TMNM, HMNM,
+ UD, PD, TD, HD,
+ UR?R, PRNR, TRNR, HRNR
4 /C/ ZL, ZR, DZ, ZNM,
5 R, TMI, PMI, WMI, QMNM,
+ QD, TDI, Pot, VD, AC,
+ TRI, PRI, WRI, QRNR
6 /1/ IF

COMMON/ IMODEL/ IMODEL
C...
C... INCREMENT THE COUNTER FOR THE PLOTTED OUTPUT

IP=IP+1
C...
C... MONITOR THE OUTPUT

WRITE*,*IP
C...
C... WRITE THE NUMERICAL SOLUTION FOR THE MAGNETS

WRITENO,1T, 2I ,WMI ,PMI ,TMI ,R}IOMI ,QMI ,I=1,NM
1 FOR.MAT//,’ Magnets, time =

+ , W,,, N,
+
+ Q’,/,2F1O.2,2F10.3,F10.2,E12.3

C...
C... WRITE THE NUMERICAL SOLUTION FOR THE DEWAR

WRITENO,2PD,TD,RHOD,WM1 ,QD
2 FORMAT/, ‘ Dewar’,

+ /,‘ PD = ‘,F7.2,’ TD = ‘,F7.3,’ R}IOD = ‘,F7.3,
+ ‘ WM = ‘,FT.2,’ QD = ‘,F7.1

C...
C... WRITE THE NUMERICAL SOLUTION FOR THE RETURN

WRITENO,3T,ZI ,WRI ,PRI ,TRI ,RHORI ,QRI ,I=1,NR
3 FORMAT/,’ Return, time =

+ , , , W, ,

+ , ‘IF,
+ ‘ Q’ ,/,2F10.2,2F10.3,F10.2,E12.3

RETURN
END
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