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1.0 INTRODUCTION
The crossflowcooling schemeproposedby GeneralDynamics1employsyoke laminationswith

smaller holes diameter< 0.03175 m at the leadand return endsof the collider dipole magnet
CDM. One restrictedyoke lamination is placed at the inlet for the upper two channelsand
anotheris placedat the exit for the lower two channels.The smallerholes-orifices-limitthe
flows enteringthe upper channelsand thoseexiting the lower channels,thus creatinga pressure
differentialbetweenthe lower andupperchannels.This pressuredifferentialcandivert flow from
the lower half to the upperhalf via slottedyokesusedperiodicallyalongthe length of the magnet.
The infusion of coldercoolantfrom the lower channelsinto the annularchannelandthe discharge
of warmercoolantout ofthe annularchannelinto the upperchannelsprovidethe crossfiowcooling
effect.

This notepresentsa parametricanalysisof the abovecrossfiowcooling scheme.Therearetwo
importantparametersin assessingtheeffectivenessof crossflow cooling for a given design and
operatingconditions. Theseparametersare:1 the orifice losscoefficient, which determinesthe
pressuredropacrossthe orifice platesandaddsto the total pressuredrop for the magnet;and2
the crossflow conductance,which determines the transverseflow rate between the coolant
channelsandthe annularchannel.

2.0 ANALYSIS

Figure 1 shows the incompressibleflow network usedin the analysis.The 15-m-longdipole
magnet is divided into 25 sections.The slotted yokes are assumedto be placedevery 60 cm,
accommodatingtransverseflow from the lower channelsinto the annularchanneland from the
annularchannelinto the upperchannels.Sincegapsbetweencollarpacksoccurevery25 cm, there
will be morethanonecrossflowpathbetweenthe collar tooling slots andthe annularchannelfor a
given section.Forsimplicity, thesebranchesare lumpedtogetherin the analysis.Hence,for each
section,there is assumedto be a single but tortuous crossflowpassagelinking the lower two
channelsto the annularchannel,andanotherone linking the annularchannelto the upperchannels.
The conductanceof the crossfiowpassages,Cx, is takenas a free parameterandvaried between
1.0 E-6 m2 and 5.0 E-4 m2. This wide rangeof crossflowconductancevaluescoventhe whole
spectrumof crossflowregimesthatwill be discussedlater. The geometryofthe crossfiowpassages
in a given magnetdesignwill detenninethe actual crossfiowconductancevaluefor the passages.
The resultspresentedhere for a wide range of crossflow conductancevalues can be used to
determinethe relativecrossflow efficiency for a particulardesignand to determinethe sensitivity
of the predictionsto the uncertaintiesin estimatingthe crossflowconductancefor the givendesign.

The orifice loss coefficient, Ko, is varied primarily between10 and 40 to representdifferent
orifices; larger Ko valuesreachingup to fully blockedchannelsare also considered.The orifice
sizeordiametercorrespondingto a certainKo valuedependson theactual shapecontourofthe
orifice andcanbe determinedfrom experimentaldata.2Although the losscoefficientfor inlet to a
pipe throughan orifice is somewhatlower thanthat for exit from a pipethroughan orifice, the inlet
andexit losscoefficientsin this analysisaretakento be the same.



APU0 APU1 APU1 APUN_l APUN
-***

Ko MU1 MU2 MUN Ks

MXU1 MXU1 MXUN_I

APA0 APA1 APA1 APAN_l APAN

Ki MA1 MA2 MAN Ke

MXL1 MXL1

APL0 APL1 APL APLN_i APLN

IC ML1 ML2 MLN Ko

TIP-05578

FIgure 1. Flow Network.

Unlessotherwisenoted, the values used for the remaining baselineparametersare shownin
Table 1.

Table 1. Baseline Parameters.

Inlet and exit loss coefficients for a non-orificed channel Ki = Ke = 1

Friction factor, all channels f = 0.02

Cooling channel diameter D = 0.03175 m

Beam tube diameter = 0.037 m

Helium density at 4.2 K, 0.4 MPa p = 138 kg/m3

Helium specific heat at 4.2 K, 0.4 MPa Cp = 3.73E3 J/kg-K

Total mass flow rate MT = 0.1 kg/s

Effective heat transfer conductance for the cold mass U = 1.75 W/m-K

Linear heat input Q = 1 W/m

The linear heatinput of 1 W/m usedin the calculationsis a nominal rate. The annularchannel
temperaturerisevaluespresentedin this studycan beregardedas beingperW/m of linearheating
andcanbe scaledto obtainthe temperaturerise for otherlinear heatrates.

2.1 Flow Analysis

The equationsgoverningpressuredropsalongthe channelsare

APL1 = APL1_1 + KL ML1 I ML1 I
aPU1 = APU1 + KU1 MU1 I MU I
PA1 = APA1.1+KA1MA1 IMA1I

= APA1÷KA1MT-ML1-MU1 MT-ML1-MUII,
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where

KL1 = Ki öji + f&/D + Ko SIN/2pA2

KU1 = Ko i1 + fAx/D + Ke 81N/2pA2

KA1 = Ki 811 + f axIra+ Ke 61N/2PAa2

for i = 1, 2 N. The massflow ratesaregovernedby the massbalanceequationsfor the mixing
nodes:

= ML1-MXL1=ML1-CxsignaPAj-APL1[pkPAj-APL1I]"2

MU11 = MU1 + MXU1 = MU1 - Cx signAPU1- APA1 [pI APU1 - iWA1 I I/2

for i = 1, 2,..., N-i. The boundaryconditionson the systemare:

APL0 = APU0 = APA0=0

APLN = APUN = APAN.

A nonlinearequationsystemsolveris used to obtainthe solutionsfor the pressuredrops at
eachnodeandthe massflow ratesalong eachsection.

2.2 TemperatureAnalysis

The differential equationsgoverning the helium temperaturealong a given section in the
coolingchannelsandin the annularchannelaregiven by

ML1 Cp dTLØ/dx = 1/2 U TA1 - ‘FL1

MU1 Cp dTU1/dx = 1/2 U TA1 - ‘rh1

MA1 CpdTA1/dx = Q - 1/2 U TA1 - TLj - 1/2 U TA1 - TU1

for x1.1 x x1, i = 1, 2,..., N. Here,U representsthe total heattransferconductancefor the cold
massbetweenthe annularchannel and the cooling channels.3’4The static heat loadon the cold
massand the back diffusion of heatfrom the upperhalf of the cold massto the lower half are
neglected.The initial conditionsfor eachsectionare determinedassumingperfectmixing at the
nodes:

ML1 TL1x1 = ML11 + cMXL1,0> TL141xj - c-MXL1,0> TA11x1

MU1 TU1x1 = MU1.1.1 + c-MXU1,0> TU11x1 - cMXU1,0> TA11x1

MA1 TA1x1 = MA141 + -MXL1,0> + <MXU1,0>. TA141x1

- .cMXL1,0> TL11x1 - c-MXU1,0> TU11x1

for i = 1, 2 N-i. In the aboveequations,the bracketsareused to denotethe greaterof the two
variablesinside the brackets,i.e., <a,b>= maxa,b. The initial conditionsfor the first sectionare

TL10 = TU10 = TA10 = T0.

Once the massflow ratesare determined,the abovesystemof ordinary differentialequationsis
solvedusinga suitableODE integratorto obtainthe temperaturedistributionsin the channels.
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3.0 RESULTS

3.1 Axial Variationsof PressureDrop, Mass Flow Rate,and Annular
Channel Temperature

In order to illustrate the effectsof crossflow,we presentin this sectionthe pressuredrops, mass
flow rates,andannulartemperatureprofiles for an orificed magnetwith Ko = 20.

Figure 2 showsthe upper, lower, and annularchannelpressuredrops along a dipole magnet;
Figure3 showsthecorrespondingmassflow rates. Theupperchannel,which is orificed atthe inlet,
hasa large pressuredrop acrossthe orifice, while the lower channelexperiencesa large pressure
drop acrossits orifice at the exit. Thepressureandmassflow rateprofiles are strongly influenced
by the crossflowconductancebetweenthe channels:

* For low crossflowconductancevalues,thereis little communicationi.e., crossflow
betweenthe threechannels.The channelsservemerely as independentflow paths,with
relativelysmall variationsin the massflow ratesalongthelengthof the magnet.Hencethe
pressuregradientsremainfairly constantalongthe channels.

* Forhighcrossflowconductancevalues,thereis significantcrossfiownearthe inlet from
the annularchannelto the upperchanneldueto the largepressuredifferentialcausedby
the orifice. There is little crossflow,however,from the lower channelto the annular
channel.As aresult,the annularchannelmassflow ratedecreasesneartheinlet while the
upperchannelmassflow rate increasesrapidly. The situationis reversedatthe exit end
of the magnet:crossflowis now driven by the largepressuredifferencebetweenthe
lower andannularchannels.The annularchannelmassflow rate increases,while the
lower channelflow ratedecreasesneartheexit. Hence,for highconductancevalues,the
lower channelpressuregradientdecreasesalongthe lengthof the magnetas its mass
flow rate increasesmonotonically,while the converseis true for the upperchannel.This
leadstowardequalizationof channelpressuresin the mid-sectionof the magnet,which
in turn suppressescrossflowsin thisregion.

The axial variationsof crossfiowsfrom the lower channelto the annularchannelandfrom the
annularchannelto the upperchannelareshown in Figure4 for threeconductancevalues.For low
conductancevalues,the upperandlower crossfiowratesare low andcomparableto eachother. At
intermediateCx values, the crossflowratesrise but becomeskewedtoward the ends.At higher
conductancevalues,crossflowratesarequite large at the respectiveends,but vanishin the center
of the magnet.Figure 5 showsthe correspondingannularmass flow rates. For low conductance
values,the annularflow rate is higherthanthat for a non-orificedmagnetwithout crossfiow,but
this is primarily driven by the large pressuredrop acrossthe magnetcausedby the orificed
channels.As the crossflowconductanceincreases,the annularmassflow rate increasesnearthe
endsbut decreasesin the centerof the magnet.
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FIgure 2. Pressure Drops Along a Dipole Magnet with Crossflow.
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Figure 3. Mass Flow Rates Along a Dipole Magnet with a Crossflow.
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Figure 4. Lower and Upper Crossflows Along a Dipole Magnet.
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Figure 5. Annular Mass Flow Rate Along a Dipole Magnet.
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The variationsin the annularchannelmassflow ratediscussedabovehavea stronginfluenceon
the temperatureprofiles andthe maximumtemperatureattainedin the annularchannelFigure6.
As expected,the temperaturerise in the annularchannelis lower everywherecomparedto that for
a magnetwithout crossflow. However, for higher conductancevalues, the location of the peak
temperaturein the annular channel shifts from the end of the magnet toward the middle.
Furthermore,the peaktemperaturelevel risesrapidly with increasingcrossflowconductanceasthe
centerof the magnetis deprivedof crossflow.
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Figure 6. Annular Channel Thmperature Rise Along a Dipole Magnet with Crossflow.

3.2 Total PressureDrop andMaximumAnnularChannelTemperatureRise

This sectionpresentsa summaryof the total pressuredrops andthe maximumannularchannel
temperaturesfor different orifice loss coefficients.For a magnetwithout crossflowcooling i.e.,
with non-orificed cooling channels,the pressuredrop is about30 Pa with 15.9 g/sof flow in the
annularchannel;the increasein the annularchannelhelium temperatureat the exit is 204 mK per
W/m of heating.The effectivenessof crossflowcooling in a magnetwith a particularcrossfiow
conductanceand orifice areais judgedbased on comparisonswith the aboveset of numbers.
Additional constraintsare the maximumallowabletotalpressuredrop 60 Pa andcoil temperature
4.25 K.

Figure7 showsthe total pressuredrop for a dipole magnetandthe maximumtemperaturerise
attainedin the annularchannel for four different orifice coefficients. As expected,the total
pressuredropis higher for amagnetwith orificed cooling channels;thesmallertheorifice higher
Ko, the larger the pressuredrop. The effect of crossflow is to reducethe total pressuredrop:
increasedcommunicationbetweenthe channelsleadstowardsequalizationof pressures;hencethe
pressuredrop decreasesascrossflowconductanceincreases.The reductionin thepressuredrop is
relatively small for lower Ko values but becomessignificant for higher Ko values greater
blockage. A point of diminishing returns is reachedaround Cx = 1 OE-5 m2 beyond this
conductance,the decreasein the pressuredrop is negligible for all Ko values.
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FIgure 7. Annular Channel Maximum Temperature Rise and Total Pressure Drop for a Dipole
Magnet with Crossf low.

Fora given Ko value, the maximumtemperaturerise in the annularchanneldecreasesinitially
with increasingcrossfiowconductance,but increasesrapidly for higherconductancevalues.There
is a narrow rangeof Cx values4.0 E-5 to 10.0 E-5 m2 for which the temperaturerise in the
annularchannel is minimized and significantly reducedcomparedto the no-crossflow case.
Within this rangeof Cx values,Ko valuesbetween20 and 30 yield the highestreductionin the
maximumtemperaturewith "minimal" increasein the total pressuredrop. Further reductionsin
the maximumtemperaturecomeat the expenseof increasinglyhigher pressuredropsfor Ko > 30.

3.2.1 Sensitivityto ColdinassHeatTransferConductance
The aboveresultsare not very sensitiveto the effectiveheattransferconductancefor the cold

mass.Calculationsusinga valueof U = 1.2 W/m-K yield annularchanneltemperaturesslightly
higherthanthosepresentedabove.

10-s io-
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3.2.2 SystemBehaviorfor LargeKo
As Ko is increasedfurther i.e., orifice diameterdecreased,the total pressuredrop increases

rapidly, particularly at lower conductancevalues Figure 8. However, the decreasein the
maximumtemperaturerise in the annularchannelwith increasingcrossfiowconductancedeclines.
Eventually, as Ko -4 cc cooling channel blocked fully at the inlet or exit, the maximum
temperatureincreasesmonotonicallywith Cx Figure 9. This is becauseas the orifice areais
reduced,almostall of the flow is channeledinto the annulus.Consequently,the temperaturerise in
the annularchannel remainslow at lower crossflow conductancevalues. As the conductance
increases,crossflows reducethe annularchannel mass flow rate, causingthe annularchannel
temperatureto rise.
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Figure 8. Total Pressure Drop for a Dipole Magnet with Croasfiow.
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Figure 9. Annular Channel Maximum Temperature Rise for a Dipole Magnet with Crossflow.

3.2.3 Effect of IncreasedBeamTubeDiameter

The baselinebeamtubeouterdiameteris 37 mm in this analysis.In order to quantify the effects
of a reducedannulargap size, simulationswere carriedfor beamtube outerdiametersof 42 mm
and45 mm. The friction factorfor the annularchannelwas increasedfrom 0.020to 0.025in these
simulationsto accountfor the increasedflow resistancein the annularchannel.Without crossflow,
the annularchannelmassflow rate is 8.1 g/s for abeamtubediameterof 42 mm, and4.4g/s for a
beamtubediameterof 45 mm. The correspondingtotal pressuredropsare35 Pa and38 Pa,andthe
maximumannularchanneltemperaturerises perW/m of linearheatingare334 mK and466 mK,
respectively.The quantitativeeffects of crossflow on the total pressuredrop and the maximum
temperaturerise in the annularchannelfor the threebeamtube diameterscan be comparedin
Figures 10 and 11. As expectedthe annularchannelmassflow ratedecreasesandthe totalpressure
drop increasesas the beamtube diameteris increased.The increasein the pressuredrop is more
pronouncedfor larger Ko, i.e., for smaller orifices Figure 10. For a given Ko, the maximum
temperaturerises in the annularchannel can be considerablyhigher for the larger beamtube
diametersas a result of the reducedflow ratesin the annularchannel Figure 11. While the
annulartemperaturerisecan be reducedusingsmallerorifices largerKo, the accompanyingtotal
pressuredrop maybe prohibitive.
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4.0 SUMMARY

A network flow modelfor crossflowin a colliderdipole magnetwith orificed cooling channels
is developed.A parametricstudy of the effects of transverseflow conductanceand orifice loss
coefficient is conducted.Crossflow cooling is found to be most effective for values within a
narrowrangeof theseparameters.

5.0 NOMENCLATURE

A, Aa Cross-sectionalareasfor thecooling channelsandthe annularchannel,m2

Cp Specific heat,J/kg-K

Cx Crossflowconductancebetweenthe lower channelsandthe annular
channel,andbetweenthe annularchannelandthe upperchannels,m2

D, Da Hydraulicdiametersfor the cooling channelsandfor the annular
channel,m

f Friction factor

Ki, Ke Inlet andexit losscoefficients

Ko Orifice loss coefficient inlet or exit

MA Annularmassflow rate,kg/s

MU, ML Combinedmassflow ratefor the uppertwo channelsandfor the lower
two channels,kg/s

MT Total massflow rate,kg/s

MXU, MX!.. Upperandlower crossflowrates,kg/s

N Numberof sections

P0 Pressureatinlet, Pa

PU, PL, PA Upper, lower, andannularchannelpressures,Pa

Q Linearheatinput, W/m

T0 Temperatureat inlet, K

TU, TI.., TA Upper, lower, andannularchanneltemperatures,K

U Effective heattransferconductancefor the cold mass,W/m-K

Axial location for node i = iAx, m

API Cumulativepressuredrop atnode i = P0 - Px1 , Pa

Ax Sectionlength,m

8.j Kroneckerdelta

p Density, kg/m3

quantity for sectionor nodei
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c
C PROGRAM XFLOW
C

AUTHOR:
c Adnan Yucel, Cryogenics Systems Department, SSC Laboratory, Dallas, Texas.
C May 1992. Revised September 1992, April 1994.
C

C Crossflow cooling analysis program
c to predict pressure drops and temperature rises
c in the annular and main cooling channels of collider dipole magnets
C The upper channels are orificed at the inlet, the lower channels at the exit c
c For further information, see
c A. Yucel, "Analysis of Crossflow Cooling in SOmm-CDM with Orificed Channels",
c SSC Cryo Note 92-5, 1992.
C

c
c SUBROUTINES REQUIRED:
C
C The program needs to be linked with the following subroutines:
C

C decsol.f : Solver for a linear system of algebraic equations [Refl]
C dnsqe.f : Solver for a nonlinear system of algebraic equations Ref2
c rkf4s.f : Runge-Kutta ODE integrator [Refl]
c

c
C INPUT PARAMETERS INTERACTIVE INPUT:
C

C

name of output file where results are written
inlet and/or outlet loss coefficient for the annular channel,

and for the upper and lower cooling channels w/o orifices
loss coefficient for the orifice at the inlet of the upper
channels, at the exit of the lower channels

- crossflow conductance x l.Oe+5 m2

c mit : 0 of cold start; 1 to read solution of a previous case
c from file XINIT to use as an initial guess
C
C OTHER PARAMETERS:
c

name of output file which contains the solution vector
for the present set of parameters which can be used
as an initial guess for solution vector for another set

hydraulic diameters for the upper & lower cooling channels ml
beam tube od and annular channel od coil id ml
length of magnet [ml
number of sections along length of magnet
therefore, number of crossflow paths - n-l
density of helium at inlet conditions
total mass flow rate kg/s
absolute pressure at inlet plenum [Pal
relative pressure at inlet plenum [-0 Pa]
friction factors for the upper, lower and annular channels
effective heat transfer coefficient between the annular

and main cooling channels W/m-Kl
synchrotron heat load per unit length [W/mJ.

Use qperm - 1.0 W/m; temperature results for this case can be
scaled for obtain temperature rises for other qperm values

specific heat of helium at inlet conditions [Wig-K

c FORMAT AND CONTENTS OF OUTPUT FILE NAME -"fiul"
c
c The output file contains 15 columns, written in the following format
c 6100 formatlx,i3,3f8.3,3f8.3,6f9.3,2f10.5
c
c Column 1 : mode/section number i
c Column 2/3/4 : Upper/Lower/Annular channel pressure drops
c from inlet to end of section i Pa
c Column 5/6/7 Upper/Lower/Annular channel mass flows in section i g/s
c Column 8/9/10 : Upper/Lower/Anmular channel temperature rises
o to end of section i, prior to mixing mK
c column 11/12/13 : Upper/Lower/Annular channel temperature rises
c to end of section i, after mixing mK
c Column 14 : Crossflow from annular to upper channel g/s
c Column 15 : Crossflow from lower to annular channel g/s

implicit double precision a-h,o-z
parameter n_25,nml_n_1,neq_5*n+3,lwa_3*neq**2+13*neq /2
dimension fvecneq,warraylwa,fjacneq,neq
dimension decwk 6tmeq+3 * ipvt neq
dimension xflw2,nml
common/arrayxfx meg
common/coefiofcil, ci2,ci3,col,co2, co3
common/coeffr/cfl, cf2,cf3
common/coefxf/cx3l, cx23
common/global/pG. totm
external fcn,jac

parameter ntemp-3
dimension tempntemp,wk6*ntemp+3,iwk5
dimension ca ntemp, nteaip , rhsv ntemp,

decwkt 6*ntemp+3 * ipvtt ntemp
dimension temps ntemp,O:n
common/coefxt/xml, xm2, xm3, cp, u, qperm
external ftemp
character*16 fiul

output file
writer,* ‘enter output file name’
read*,* fiul
open 11, file-f iul, status-’ unknown’, form-’ formatted’

data
0.03175d0
o * 03175d0
o . 037d0
O . 050d0
dic - dbt
4 .Ododatan 1 .OdO
O.25*pi*dhl**2
O.25*pi*dh2**2
O.25*pi*dic**2 - dbt""2

tl - 15.OdO

xflow.f

c qperm
c
C

C cp

c References
c Refl
c
c
c Ref2
c
C
C

C. Forsythe, N. Malcolm, and C. Moler,
"Computer Methods for Mathematical Computations,"
Prentice-Hall, New York, 1977.

D. Kahaner, C. Moler, and S. Nash,
"Numerical Methods and Software,"
Prentice-Hall, New York, 1989.

C

C
C

c
c
c

fiul
ck

co

cxmult

C

c
C

C

C

c
c
c
C

C

c
C

c
C

XINIT

dhl, dh2
dbt, dic
tl
n

rho
totm
Pt 0
p0
ff1, ff2, ff3
u

c
C

C

C

C

geometry
dhl -

dh2 -

dbt -

dic -

dh3
pi -

arl -

ar2 -

ar3 -



C global data
rho - 137.8d0
totm - 0.lOdO
pto - 4.OdS
po - pto-pto
thou - l.0d3
totm - totm*thou

C read inlet and outlet loss coefficients
write*,* ‘enter ck,cor,cxmult’
read", Ck,Co,Cxmult

- ck
cko - Ck
cor -

cil -

ci2 -

ci3 -

col -

co2 -

co3 -

Co

0.l2SdO"Cor/ rho*arl**2/ thou**2
o.125d0*cki/rho*ar2**2/ thou**2
0.500d0*cki/rho*ar3**2/ thou**2
O .l2sdDcko/ rho*arl**2 / thou**2
O .l2SdO*cor/ rho*ar2**2 / thou’2
0 .SOOdD*cko/ rho*ara**2 / thou**2

C Crossflow conductances
c free parameter

cx23 - l.Od_5*cxmult**2*rho*thou**2
Cx31 - cx23
write*,* ‘cx3l,cx23’,cx3l,cx23

o initial guess
nout 8
opennout, file-’XINIT’ , form-’ unformatted’ , status"’ unknown’
write*, * ‘enter 0 to cold start, 1 to read from file’
read,* mit
if init.eq.D then

call xinit
else

readnout xi,i-l,neq
end if

c set tol to the square root of the machine precision.
c unless high precision solutions are required,
c this is the recoraTtended setting by authors of dnsqe.

tol - dsqrtdlmach4
c set iopt 2 for no jacobian, iopt - 1 if jacobian supplied

iopt - 1
nprint - 0

0

tol l.Od-l2
write ",‘ tot
call dnsqefcn,jac,iopt,neq,x,fvec,tol,nprint,info,warrsy,lwa
fnorm - denormn,fvec
write *, * tot
write ",lOOO fnorm,info
if info.ne.l stop

rewind nout
writenout xi ,i-l,neq

C

check condition of jacobian
call fcnneq,x,fvec,iflag
sum - 0.OdO
do 9999 i - 1,neq

sum - sum + fveci**2
9999 Continue

call jac meg, x, fveC, fjac, neq, iflag
C optional statements to output fvec and jacobian
c open 51, file-’ fvec.dat’,status’ unknown’ ,form-’ formatted’
c open 52, file-’ fjac.dat’,status-’ unknown’ ,form-’ formatted’
c do 9901 i - 1,neq
C write51, i,xihfveci
c9901 continue
C write, * enter 1 to print jacobian’
c readr, ijac
0 ijac - 0
c if ijac.eq.1 then
c do 9902 i - 1,neq
C write*,98 i, fjaci,j,j-1,neq
c98 format/lx,i2,13lx,lpell.4
c9902 continue

endif
do
do

9903 j - l,neq
9903 1 - l,neq
write52,* i,j,fjaci,j

continue
call decompneq,neq,fjaC,00nd,ipvt,decwk
write*,* ‘ sum-’,sum,’ cond -‘,cond

6100 formatlx,i3,3fB.3,3f8.3,6f9.3,2f10.5
1000 format Sx,’ final 12 norm of the residuals’ ,elS.7/

* 5x,’ exit parameter’,ilO /
C

C temperature analysis

no - 11
u - l.75d0
qperin - l.OdO
Cp - 3.74d0

rerr - l.Od-9
aerr - l.Od-8
iflag - 1
xin - 0.OdO
write*,*
tempin - 0.OdO
templ - tempin
temp2 - tempin
temp3 - tempin
tempsl,D - tempin
temps2,O - tempin
temps3,0 - tempin

do 100 i - l,n
is - s"i
iml is-I
im2 - is
ipl - i54-1
ip2 - i5+2
ip3 - iS+3

dx tl/dfloatn

‘c:94gp4/j.

xflow,f

c friction
ff1 -

ff2 -

ff3 -

cfl -

cf2 -

cfa -

factors amd Coefficients
0. 02d0
o * 02d0
0, 02d0
0.125d0*ffl*dx/ rho*dhl*arl**2 / thou**2
0.125d0*ff2*dx/ rho*dh2*ar2**2 / thou**2
0.SoOdO*ff3*dx/ rho*dh3*ar3**2 / thou**2

C

C

c
C

c99O3

C save solution in XINIT 0



c compute temperatures
xout - xin + dx

C

xml - ximl
xm2 - xim2
xm3 - totm - ximl - xim2
Call rkf4sftemp,ntemp,temp,xin,xout,rerr,aerr,iflag,wk,twk
if iflag.ne. 2 write *, * ‘ WARNING, iflag NE 2

if i.lt.n then
qtotl - qpermdx
qconvl - xml*cp* terrp1-tempsl,i-1
qconv2 - xm2*cp* temp2-temps2,i-l
qconv3 - zni3cp temp3-temps3,i-]
qconv - qconvl+qComv2+qconv3

C writer,* i,qtotl,qconv,qConvl.qconv2,qconv.3
c compute crossflows

p3mpl - xip3 - xipl
ara3l - dsignl.Odo,p3mpl*Cx3l*dabsp3mplfl**0.5d0
xflwl,i " ara3l
p2mp3 - xip2 - xip3
ara23 - dsign1.0dO,p2mp3 cx23*dabs p2mp3 **o.5d0
xflw2,i - ara23

c compute new initial temperatures using energy balances at mixing nodes
xmlps - ximl+5
xm2p5 - xim2+5
xm3ps - totm - mmlpS - xm2pS

c coefficients

C

- xmlp5 * dmaxl-ara3l,O.0c10
- 0.OdO
--dsaxl +ara3l,O.OdO
- 0.OdO
- xm2ps + drnaxl+ara23,O.OdO
"-dmaxl -ara23, 0.OdO
--dmaxl-ara3l,0.OdO
--dnaxl +ara23,0.OdO
- xsUpS * dmaxt4ara31,0.0G0 + dmaxl-ara23,0.OdO

call decompntemp,ntemp,ca,cond,ipvtt,deCwkt
condpl - cond + l*OdO
if condpl.eq.Cond then

writer, ‘ cond -‘,cond
stop

endif
rhsvl - xml*temp1
rhsv2 - xm2*temp2
rhsv3 - xml*temp3
call solve ntemp, ntemp, Ca, rhsv, ipvtt
tnt - rhsv1
tm2 - rhsv2
tm3 - rhsv3
write’,6l00 i,-xip]j,-xip2,-xip3,ximl,xim2,xm3,

* templ*l.d3,temp2*1.d3,temp3*l.d3,
* tml*i.d3,tm2*1 .d3,tm3*l.d3,ara3l,ara23

writeno,6l00 i,-xipl,-xip2L-xip3,ximl,xim2,xm3,
* temp 1 *1 .d3,temp2 *l,d3,temp3 *l.d3,
* tmtl.d3,tm2l.d3,tm3l.d3, ara3l,ara23

- tml
- tm2
- tm3

- qperm*dx
- ximl+5 *cp*tempfl_51*cp*tempsl,i_l
- xim2+5 *cp*temp2xjfl2*cp*teslps2,i_l
- totm-ximl+5 -x im2+5 cptemp3

-x.m3*cptemps 3, i-i
qconv - qconvltqconv2+qconv3
writer, * i,qtotl,qconv, qconvl,gconv2,qconv3

tempsl,i - temp 1
temps2,i - temp 2 -

temps3,i - temp3
else

write*,6]0O i,-xipl,-xUp2,-x1p3,ximl,x1m21,xm3,
* temp1l.d3,temp2 *l.d3,temp3*l.d3

writeno,6lOO i,-xipl,-xip2,-xip3,ximl,xim2,xm3,
* templ l.d3,temp2 *1.d3,temp3*l.d3

tempsl,i - templ
temps2,i - temp2
temps3,i - temp 3
qtotl - qperm*dx
qconvl - ,mtl*cp* temp 1-temps 1, i-i
qconv2 - 2on2cp* temp 2-temps 2, i-l
qconv3 - ,oTt3*cp* temp 3-temps 3,i-l
qconv - qconvl+qconv2+qconv3
writer, * qtotl,qconv,qconvl,qconv2,qcomv3

check
qtotl - qperm*tl
qconvl - xml*Cp*templ
qconv2 - xm2*cp*temp2
qconv3 - 20fl3*cp*temp3
qconv - qconvl+qConv2÷qconva
write *,* qtotl,qconv,qconvl,qconv2,qconv3

endif
100 continue

.0

C

stop
end

subroutine fcnneq,x, fvec,iflag
implicit double precision a-h,o-z
dimension x neq * fvec neq
parameter n-25

common/coefio/cil,ci2,ci3,col,co2,co3
comsnon/coeffr/cfl, cf2, cf3
common/coefxf/Cx31, cx23
common/global/pO, totm

fvec1 - xl - pO
fveC2 - x21 - pO
fvec3 - x3 - p0

C

do 10 i - l,n
is -

imi - is-i
im2 - is
ipl - iS+1
ip2 - iS+2
1p3 - 15+3

if i.eq.1 then
Ctl - efi + cil
Ct2 - cf2 + ci2
ct3 - cf3 + ci3

elseif i.eq.n then
ctl - efi + col
ct2 - cf2 + co2

a
xflow.f

C

c
c energy

Ca 1,1
Ca 1,2
Ca 1,3
oa2,l
Ca 2,2
Ca 2,3
Ca 3,1
Ca 3, 2
Ca1,3

c

C

C

temp 1
temp 2
temp 3
qtotl
qconvl
qconv2
qconv3

C



ISA -.

xflow.f

_______

ct3 - cf3 + co3

ctl - cfl
ct2 - cf2
ct3 - cf3

endif

fveci5-l - xipl - xipl-5 + ctl*dabsximl*ximl
fveCi5 - xip2 - xip2-5 + Ct2*dabsxim2*xim2
fveci5+1 - xip3 - xip3-5

+ ct3*dabs totm-ximl -x im2 * totm-x iml -xim2

if i.lt.n then
p3mpl - xip3 - xipl
fveci5+2 - dsignl.OdO,p3mpl*

- ximl+5 - ximl
p2mp3 - xip2 - xip3
fveci5*3 - dsignl.OdO,p2mp3*

- xim2 - xim2+5
endi f

10 continue

is - 5n

ipl - 15+1
ip2 - iS+2
ip3 - i5+3

fveci5+2 - xip3 - xipl
fveoi5+3 - xip2 - xip3

c do 20 i-l,neq
c20 write*,* i,xi,fveci

ret urn
end

subroutine jacneq,x, fvec, fjac, ldfjac,iflag
implicit double precision a-h,o-z
dimension x neq, fvec neq ,fjac ldfjac, neq
parameter m-25

common/coefio/cil, Ci2, ci3, col, co2,co3
convnon/coeffr/cfl,Cf2,Cf3
coranon/coefxf/cx3l, cx23
cormon/global/pO, totm

c nonzero elements

C fVecl - xl - p0
fjacl,1 - 1.OdO

c fvec2 - x2 - pO
fjac2,2 - l.OdO

c fvec3 - x3 - p0
fjao3,3 - 1.OdO

do 10 i - 1,n
is - 5i
ml - i5-l

im2 - iS
ipi - iS+l
ip2 - iS+2
ip3 - iS+3

if i.eq.l then
ctl - cfl + cil
ct2 - cf2 + ci2
ct3 - Cf3 + ci3

elseif i.eq.n then
ctl - cfl + col
ct2 - cf2 + co2
ct3 - cf3 + co3

else
ctl - cfl
ct2 - cf2
ct3 - cf3

endif

C fveCiS-l - xipl - xipl-5 + Ct1dabsximlflximl
fjacis-1,ipl - l.OdO
fjao is-i, ipl-5 --l.OdO
fjaci5-1,iml - 2.OdO*ctl*dabs ximl

C

C fveCm5 - xip2 - xip2-5 + Ct2*dabsxim2*xim2
fjacis ,ip2 - l.OdO
fjac is , ip2-5 --1 .OdO
fjaoi5 ,in2 - 2.OdO*ct2*dabsxim2

C

c fveci5+l - xip3 - xip3-5
C + ct3*dabstotm_ximl_xim2fl*totm_ximl_xim2

C

c p3mpl - xip3 - xipl
c fveci5+2 - dsigni.OdO,p3mpl*Cx31*dabsp3mpl**0.sdo
C - ximl+5 - ximl

p3mpl - xip3 - xipl
if p3mpl.ne.0.OdO then

ara3l - 0,sdO* cx31/dabs p3mpl **O.5d0

ara3l - 0.OdO
endif
fjac i5+2, ipl
fjaci5+2,1p3
fjac iS+2, imi
fjac iS+2, iml+5

endif
fjac i5+3, ip2
fjac i5+3, ip3
fjac i5+3, im2

--ara3l
- ara3l
+i.OdO

--1. OdO

else

C

cx3l*dabs p3mpl **0. 5d0

Cx23*dabsp2mp3 **5J

fjac is+i, ip3
fjac i5+l, ip3-5
fjac i5+1, ml
fjac is+l, im2

if i.lt.n then
c

- 1.OdO
--1 * OdO
__2.OdO*ct3*dabstotm_ximi_xim2
__2.OdO*ct3*dabstotm_ximl_xim2

c initialize jaoobian assign zero elements
do 1 j - 1,neq
do 1 i - l,neq

fjaci,j - 0.OdO
1 Continue

else

C p2mp3 - xip2 - xip3
C fveciS+3 - dsignl.0d0,p2mp3*cx23*dabsp2mp3**0.sdo
C - xim2 - xim2+5

p2mp3 - xip2 - xip3
if p2mp3,ne.0.OdO then

ara23 - 0.sdo* cx23/dabsp2mp3**0.5dO
else

ara23 - O.OdO

- ara23
--a ra 23

-l.OdO



_ . xfiow! -: -IS:- -

fjaci5+3, im2+5 -+l,OdO dtemp 2 - 0.SdO*u* temp3 -temp2 / xm2*cp
C dtemp3 - qperm

endif * _0.sdo*u*temp3_temp1fl_0.5d0*u*temp3_temp2H
10 continue * /xma*cp
C C

iS - 5* return
ipi - iS+1 end
ip2 - is+2
ip3 - iS+3

c
c fveciS+2 - xip3 - xipl

fjaci5+2,ipl --l.odo
fjaCi5+2,ip3 - i.Odo

C
c fveci5+3 - xip2 - xip3

fjaci5+3,ip2 - l.OdO
fjaci5+3,ip3 --l.OdO

C
return
end

C

C
subroutine xinit

C
implicit double precision a-h,o-z
parameter n_2s,neq_5*n+3
cor!mlon/arrayx/x neq
Coranon/Coefio/cil, ci2, ci3, ool, co2,Co3
CorTm,on/coeffr/cfl,Cf2. Cf3
common/coefxf/cx3l, Cx23
C0T1UTI0n/global/pO, totm

x40 - 0.sdO0.8Sdototm
x50 0.5d0*0.85d0*totm
x60 - totm - x40 - xSO
xlO - cfl*x40**2
,c20 - cf2*x50**2
x30 - cf3*x60**2

x1 - p0
x2 - p0
x3 - p0
do 20 i - l,n

x5*i_l - x40
x5*i - x50
x 5*i+l - x 5i+l-5 - xlO
x5*i+2 - x5*i+2_5 - x20
x5*i+3 - x5*i+3_5 - x30

20 Continue

ret urn
end

subroutine ftempx,temp,dtemp

implicit double precision a-h,o-z
parameter ntemp3
dimension temp ntemp , dtemp ntemp
cotunon/coefxt/xml,xm2,xm3,op, u,qperm

dtemp1 - 0.5d0*utemp3_templ/xml*Cp


