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A b s t r a c t  
 T h e c on s id erab l e c om p utation  tim e of  a p rac tic al  ap p l ic ation  of  s eq uen tial  al g orith m s  f or s im ul atin g  th erm al  an d  f l ow  d is trib ution  in  h eat ex c h an g er n etw ork s  w as  th e m otiv atin g  f ac tor to s tud y th eir p aral l el  im p l em en tation .  T h e m ath em atic al  m od el  f orm ul ated  an d  s tud ied  in  th e p ap er req uires  th e s ol ution  of  a s et of  n on l in ear eq uation s ,  w h ic h  are s ol v ed  b y N ew ton -R ap h s on  m eth od s .  An  ob j ec t-orien ted  s ol v er autom atic al l y f orm ul ates  th e eq uation s  f or th e n etw ork  of  an  arb itrary top ol og y.  T h e h yd raul ic  m od el  th at w as  c h os en  as  a b en c h m ark  c on s is ts  of  n od al  f l ow s  an d  l oop  eq uation s .  A d ec om p os ition  al g orith m  is  p res en ted ,  an d  res ul ts  of  s p eed up  of  its  p aral l el  im p l em en tation  are d em on s trated .   

K e y w o r d s :  h eat ex c h an g er n etw ork ,  s tead y s tate an al ys is ,  f l ow ,  tem p erature,  p aral l el  im p l em en tation .  
 
Im p le m e n t ac j a r ó w n ole g ł a w  O p e n MP  an aliz y 
s t at yc z n e j  p r z e p ł yw ó w  i t e m p e r at u r  w  s ie c i 
w ym ie n n ikó w  c ie p ł a 

 
S t r e s z c z e n i e  

 M otyw ac j ą  d o b ad an ia p rak tyc z n yc h  z ad ań  s tatyc z n ej  s ym ul ac j i p rz ep ł yw ó w  i tem p eratur w  s iec i w ym ien n ik ó w  c iep ł a j es t d uż a c z as oc h ł on n oś ć  al g orytm ó w  s ek w en c yj n yc h ,  p row ad z ą c a d o k on iec z n oś c i ic h  z ró w n ol eg l en ia.  S f orm uł ow an y w  artyk ul e m od el  m atem atyc z n y s p row ad z a s ię d o uk ł ad u n iel in iow yc h  ró w n ań  al g eb raic z n yc h .  N as tęp n ie z os tał a d ok on an a d ek om p oz yc j a m od el u m atem atyc z n eg o n a d w a m od el e:  m od el  h yd raul ic z n y oraz  m od el  tem p eratur.  M od el  h yd raul ic z n y s k ł ad a s ię z  ró w n ań  p rz ep ł yw ó w  w  oc z k ac h  oraz  w ęz ł ac h .  Poz w al a to n a w yk orz ys tan ie is tn iej ą c yc h  p od ej ś ć  d o s ym ul ac j i n atęż en ia p rz ep ł yw ó w ,  k tó re p oś red n io s ą  f un k c j ą  ś red n ic h  tem p eratur.  Ś red n ie tem p eratury p od c z as  s ym ul ac j i n atęż en ia p rz ep ł yw ó w  p rz yj m uj e s ię j ak o s tał e.  Z al eż n oś ć  w s p ó ł c z yn n ik ó w  op oró w  od  l ic z b y R eyn ol d s a,  b ęd ą c e z  k ol ei f un k c j ą  n atęż en ia p rz ep ł yw u,  ok reś l a s ię z a p om oc ą  m etod y p un k tu s tał eg o w z g l ęd em  tyc h  w s p ó ł c z yn n ik ó w ,  tj .  k aż d a iterac j a m etod y p un k tu s tał eg o w ym ag a s ym ul ac j i p rz ep ł yw ó w  p rz y z ad an yc h  w artoś c iac h  w s p ó ł c z yn n ik ó w  op oró w .  M od el  s ym ul ac j i p rz ep ł yw ó w  roz w ią z yw an y j es t m etod ą  N ew ton a-R ap h s on a.  S ym ul ac j a m od el u tem p eratur s p row ad z a s ię d o roz w ią z an ia uk ł ad u ró w n ań  l in iow yc h ,  p on iew aż  w artoś c i n atęż en ia p rz ep ł yw ó w  oraz  ś red n ic h  tem p eratur n a tym  etap ie al g orytm u p rz yj m uj e s ię j ak o s tał e.  S truk tura ró w n ań  m od el u tem p eratur z al eż y od  k ierun k ó w  p rz ep ł yw ó w  i f orm uł ow an a j es t p o k aż d ym  roz w ią z yw an iu m od el u h yd raul ic z n eg o.  Z m ien n oś ć  w s p ó ł c z yn n ik ó w  m od el u tem p eratur oraz  n atęż en ia p rz ep ł yw ó w  od  ś red n iej  tem p eratury uw z g l ęd n ia s ię z a p om oc ą  m etod y p un k tu s tał eg o,  k tó ra w  p rz yp ad k u b rak u z b ież n oś c i w ym us z a p on ow n ie s ym ul ac j ę p rz ep ł yw ó w .  O b iek tow o z orien tow an y p ak iet p rog ram ó w  im p l em en tuj ą c y d an y al g orytm ,  w  s p os ó b  z autom atyz ow an y f orm uł uj e ró w n an ia i p rz ep row ad z a s ym ul ac j ę s iec i o d ow ol n ej  top ol og ii.  S ek w en c yj n a im p l em en tac j a p rog ram ow a al g orytm u p os ł uż ył a j ak o b en c h m ark  d o b ad an ia p rz ys p ies z en ia teg o al g orytm u p o j eg o z ró w n ol eg l on ej  im p l em en tac j i w  O p en M P.  W  artyk ul e p ok az an o tak ż e,  ż e n aw et w  p rz yp ad k u d rob n oz iarn is tej  ró w n ol eg ł oś c i,  ud aj e s ię uz ys k ać  p rz ys p ies z en ia rz ęd u 2 .   
S ł o w a  k l u c z o w e :  s ieć ,  w ym ien n ik  c iep ł a,  an al iz a s tatyc z n a,  p rz ep ł yw ,  
tem p eratura,  im p l em en tac j a ró w n ol eg ł a.  

1 .  In t r od u c t ion  
 

T he do main  o f  applic atio n  o f  a pipelin e n etw o r k an alysis is v er y 
w ide,  e. g.  air plan e hydr aulic ,  f uel o r  en v ir o n men tal c o n tr o l 
systems,  distr ic t heatin g systems,  air -c o n ditio n in g systems o f  
b uildin gs,  tr ain s o r  ships,  w ater  o r  gas distr ib utio n  systems,  an d so  
o n .  T he task o f  a pipelin e n etw o r k system is to  c o n v er t the 
magn itudes o f  par ameter s f ix ed at c er tain  b o un dar y system po in ts 
in  the magn itudes pr esc r ib ed at the o ther  system b o un dar y po in ts.  
S uc h par ameter s ar e c alled b o un dar y c o n ditio n s.  T he c o n v er sio n  
is a r esult o f  mutual tr an sf o r matio n s o f  dif f er en t f o r ms o f  en er gies.  
T he mo v in g f o r c es o f  the tr an sf o r matio n s ar e f in ite temper atur e 
an d pr essur e dif f er en c es.  T o  an sw er  the q uestio n  ho w  suc h 
tr an sf o r matio n s ar e r ealiz ed b y the system,  an alysis pr o b lem must 
b e so lv ed.  T o  do  this,  w e hav e additio n ally to  f ix  magn itudes o f  
geo metr ic al par ameter s ( e. g.  f o r  tub e they ar e tub e diameter s,  
len gths an d r o ughn ess,  w all thic kn ess)  an d b o un dar y c o n ditio n s 
( temper atur es,  pr essur es) .  T he r esult o f  the an alysis is a v ec to r  o f  
the ther mo dyn amic  par ameter s ( pr essur es,  temper atur es,  
en thalpies,  etc . )  an d f lo w  r ates.  P r ac tic al simulatio n s o f  air c r af t 
en v ir o n men tal c o n tr o l systems [ 1 ]  demo n str ate the depen den c e o f  
f lo w  o n  temper atur e.  I t f o llo w s f r o m the f ac t that a R eyn o lds 
n umb er  depen ds o n  dyn amic  v isc o sity b ein g a f un c tio n  o f  
temper atur e,  in  tur n .  F o r  f luids,  c han ge o f  temper atur e o n  2 0  K  
c han ges the dyn amic  v isc o sity almo st tw ic e,  w hic h f o llo w s f r o m 
the w ater  pr o per ty tab le [ 2 ] .  B ein g a c r iter io n  par ameter  the 
R eyn o lds n umb er  makes impac t o n  the v alues o f  r esistan c es an d 
heat ex c han ge in ten sity.  T he impac t o f  the R eyn o lds n umb er  
c han ge due to  temper atur e is mo r e essen tial f o r  lamin ar  o r  smo o th 
pipe f lo w s [ 3 ] .  I f  the pipe n etw o r k is c o n tr o llab le [ 4 ] ,  then  an y 
kin d o f  f lo w  c an  take plac e in  its v ar io us par ts.  T o  ac c o un t the 
temper atur e impac t,  the j o in t ther mal an d hydr aulic  simulatio n  
sho uld b e per f o r med.  I n div idually,  the an alysis metho ds f o r  the 
simulatio n  o f  f lo w  distr ib utio n  an d temper atur es hav e b een  
addr essed in  paper s.  F o r  the f lo w  steady state an alysis the mo st 
c o mmo n  metho ds ar e tho se in  w hic h in depen den t v ar iab les ar e 
ex pr essed in  ter ms o f  the lin k o r  c ho r d f lo w s,  the lo o p f lo w  
c o r r ec tio n  an d the n o dal heads.  I n  [ 5 ] ,  a lac k o f  stab ility o f  the 
n o dal metho d [ 5 ,  6 ,  7 ]  is r epo r ted.  I n  [ 8 ,  9 ]  the n umer ic al 
super io r ity o f  the f lo w  metho d o v er  the n o dal head metho d has 
b een  pr o v ed.  T he c o mpr ehen siv e an alysis,  histo r y an d ex amples 
o f  the use o f  these metho ds ar e av ailab le in  [ 1 ,  1 0 -1 6 ] .  T he 
metho ds o f  the sec o n d o r der  ar e desc r ib ed in  [ 1 6 ,  1 7 ] .  I n  [ 1 8 ]  the 
v alue o f  a f ull-set eq uatio n  appr o ac h is demo n str ated w hic h len ds 
itself  to  the tec hn iq ue o f  in tr o duc in g additio n al eq uatio n s to  
desc r ib e mo dif ied o r  added n etw o r k c har ac ter istic s meetin g 
spec if ied c o n ditio n s.  B ein g mo r e gen er al f o r mulatio n ,  the f ull-set 
appr o ac h is also  used in  the pr esen t paper .  T he ther mal mo del is a 
par tic ular  f o r m o f  the f ir st ther mo dyn amic s law .  T he matr ix  
f o r mulatio n  o f  ther mal mo del is studied,  in  detail,  in  [ 1 9 ,  2 0 ] ,  an d 
later  in  [ 2 1 ] .  T he gen er al metho do lo gy o f  the ther mal-hydr aulic  
simulatio n  is addr essed in  [ 2 2 ] .  T he use o f  it f o r  mo r e an d mo r e 
lar ge n etw o r ks w as b ec o min g mo r e an d mo r e time-c o n sumin g.  I t 
w as the mo tiv atin g f ac to r  to  study a par allel implemen tatio n  o f  the 
seq uen tial metho do lo gy [ 2 2 ] .  T he O pen M P  stan dar d [ 2 3 ]  w as 
c ho sen  as a to o l f o r  par allelin g,  b ec ause its use is v er y 
str aightf o r w ar d.  

 
2 .  T he  m at he m at ic al m od e l 
 

I n  the pr esen t paper ,  w e c o n sider  the statio n ar y ther mal an d 
f lo w  simulatio n  o f  in c o mpr essib le f luid in  a pipe n etw o r k.  W e do  
n o t ex plic itly c o n sider  pumps in  the n etw o r k,  b ut they c o uld b e 
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easily incorporated as well as the given discharges from the 
interior nodes. T hree basic conservation physical principles are 
necessary to formu late the model:  continu ity, momentu m and 
energy. T he first one determines a flow rate in the pipe and nodal 
eq u ations 
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implying that at each node i, the su m of flows in pipes incident to 
i, which nu mbers belong to the su bset Ei, is z ero. I n (1 ), v is  
a nu mber of thermal system nodes for which 2≥iE , km&  is the 
flow rate in pipe k. T he second principle expresses pressu re 
differences between the pipe section 1  (Pk,1) and the pipe section 2  
(Pk,2 ) 
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throu gh the flow rates and pipe resistances Kk . T hese resistances 
in (2 ) are defined as follows 
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where:  Dh – hydrau lic diameter, AC – cross-sectional area,  
ρ – density, λ– D arcy-W eisbach friction factor, L – pipe length. 
T he form of the friction factor formu la to be u sed depends on the 
R eynolds nu mber being a criterion parameter 
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where µ is a dynamic viscosity. A ccording as 2300Re <  (a laminar 
flow) or 2300Re ≥  (a tu rbu lent flow) the following formu las for 
compu ting the friction factor are u sed [ 2 4 ]  
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where ∆ is an inner pipe su rface rou ghness. T he third principle 
yields two eq u ations 
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where 1,kT , 2,kT , wkT ,

 are temperatu res at the pipe ends and their 
bou ndaries;  U is an overall heat transfer coefficient, C is a heat 
capacity, As is an inner heat transfer area. T he overall heat transfer 
coefficient is obtained from the following formu la 
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which is the integral of the differential eq u ation of heat condu ction 
throu gh a cylindrical wall with the given temperatu re on the tu be 
ou ter su rface as the bou ndary condition. I n (8 ), Dh,1≡Dh, bu t Dh,2  is 
an ou ter tu be diameter, h is a heat transfer coefficient, kw is  
a thermal condu ctivity. T he heat transfer coefficient h is obtained 
from the definition of the N u sselt nu mber 
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which is determined as follows [ 2 5 ]  
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for tu rbu lent, transitional and laminar flows, respectively. I nto 
(1 1 )-(1 3 ) the P randtl nu mber q u antity enters. I t is defined as 
follows 
 

k
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I n (1 2 ) Nul is compu ted from (1 3 ) at R e = 2 3 0 0 , and Nut is 
compu ted from (1 1 ) at R e = 1 0 4. A ll work ing flu id properties ( C ,  k ,  
µ) are assu med to be fu nctions of temperatu re, and evalu ated at 
average temperatu res for every pipe network  element. H ence, all 
the criterial parameters are also fu nctions of this temperatu re. T he 
above model (1 )-(1 4 ) is a nonlinear set of algebraic eq u ations, 
which is solved with N ewton-R aphson method, in this paper. T he 
compu ter representation of (1 ) is somewhat different 
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Eq u ation (1 5 ) shows that a pseu do-node is introdu ced to which all 
the nodes with the given pressu res are connected with a pseu do-
edges vb in nu mber. I n this case (2 ) tak es the form 
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C omparing (1 5 ) with (1 6 ) manifests the orthogonality of matrices 
that is u sed when applying the chord flow method. I n the fu ll-set 
eq u ation approach (1 6 ) (its right part) is transformed to the loop 
form when exclu ding the same pressu re variables from its left 
part, which is transformed to a vector of pressu re differences at the 
bou nds of pseu do-loops or z eros for loops. F ormal procedu res of 
obtaining the loop eq u ation form can be different. W e can mak e 
eliminations directly on matrix [ ]T vveji

b
A 1,, ++

, then the introdu ction 
of pseu do-link s is not needed. T he nu mber of the exclu sions is 
eq u al to the rank  of [ ]T vveji

b
A 1,, ++

. B eing generated by the graphic 
editor, this matrix represents u ndirected graph, at first. T hen, with 
the depth-first algorithm the directions are formed, and, finally, 
the above-mentioned eliminations are carried ou t to eliminate 
pressu re variables from the pipe network  model. A s a resu lt the 
model (1 )-(1 4 ) depends on flow rate and temperatu re, only. 
Experience shows [ 1 , 2 2 , 2 6 ]  the solu tion of the model can be 
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decomposed into several layers (see Fig.1): hydraulic, thermal and 
work ing f luid property ones.  
 

  
F i g .  1 .   T h e  g e n e r a l  s o l u t i o n  a l g o r i t h m  
R y s .  1 .   O g ó l n y  a l g o r y t m  r o z w i ą z a n i a   
 

T he f irst level is computed at f ix ed average temperatures. T he 
hydraulic model computes f low rates at constant resistances, 
f ollowed b y parallel computation of  new resistances b eing 
f unctions of  f low rates at this level. A s a component of  the 
N ewton-R aphson method, the parallel L U  solver is implemented. 
A t each N ewton’ s iteration, the L U  solver solves the f ollowing set 
of  linear eq uations (S L E ) 

 
 ( ) ( )iii mFmmJ &&& −=∆ ,  (17 ) 
 
 iii mmm &&& ∆+= ,  (18 ) 
 
relative to the f ull-step f low correction vector, im&∆ . T he 
N ewton’ s method has local q uadratic convergence. T o guarantee 
the glob al convergence, the f ull-step length is corrected with the 
line search b ack track  procedure. T he correction coef f icient α is 
computed b y solving the f ollowing minimiz er 
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T hen, the glob al convergence step is the f ollowing 
 
 ik

i
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E q uations (17 )-(2 0 ) describ e a typical strategy of  solving 
nonlinear algeb raic eq uations [ 2 7 ] . T he second level is computed 

at f ix ed f low rate f lows f rom the f irst level and average 
temperatures. I n this case, (7 )-(8 ) constitute an S L E  with constant 
coef f icients (9 )-(14 ). T he third level computes average 
temperatures. E ach level iterates relative to one type of  parameter 
vector using the f ix ed-point method. 
 
3. R e s u l t s  a n d  d i s c u s s i o n  
 

I n Fig. 2  the pipe network  is shown used as a b enchmark  to 
answer the q uestion: how many times f aster we can solve (3 )-(16 ) 
in parallel than seq uentially. W ith this end in view, a numb er of  
pipe network s conf igurations f ollowed f rom the b enchmark  
network  (see Fig. 2 ) are solved seq uentially and in parallel. T he 
conf igurations of  pipe network s with the pipe numb er less than 6 6  
are not depicted. A dding incrementally b lock s of  6 6  pipes, the 
max imum pipe numb er network  that was solved has 5 2 8  pipes. 
T ests were perf ormed on a computer with 4  processors under the 
W indows S erver 2 0 0 3  operation systems. T he network  solver is 
developed and compiled in the V isual S tudio T eam 2 0 0 8  
environment. T he parallel implementation of  the seq uential 
algorithm was coded with the O penM P  standard, which 
sub stantially simplif ies studies on paralleliz ation, b ecause 
programming with this standard is very straightf orward. From Fig. 
1 we can see that the decomposition lead to solving at layer 2  the 
temperature model describ ed b y (7 )-(14 ), which doesn’ t have  
a f ull rank . 

 

  
F i g .  2 .   T h e  b e n c h m a r k  p i p e l i n e  n e t w o r k  
R y s .  2 .    U k ł a d  r u r o c i ą g u  j a k o  b e n c h m a r k  

 
C onseq uently, some additional eq uations must b e automatically 

f ormed and added to the model [ 2 0 ] , [ 2 2 ] . T o do this, we analyz e 
the f low conf iguration ob tained f rom level 1 and f ind out outf low 
pipes f or each node. A f ter mix ing, each outf low pipe has the same 
temperature. T hen, if  E  is a set of  outf low pipes of  node i, then 
their 1−E  pairs f orm a set of  eq uations of  the f ollowing f orm 
f or each node 
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T ogether, S L E  (7 )-(8 ), (2 1) has a f ull rank . O ne of  the b asic 
activities of  the algorithm (Fig.1) is to solve S L E . I n Fig. 3  matrix  
portraits of  f low and thermal eq uations of  the pipeline network  are 
shown in Fig. 2 . T hese S L E s are unsymmetrical that req uires 
implementation of  the solution algorithm f or this general case of  
S L E . E x periments have shown that the speedup of  solving S L E  of  



818    PAK v o l .  5 5 ,  n r  1 0 / 2 0 0 9  
 

size of order 1000 by the LU factorization method doesn’t exceed 
2 , for the g iv en comp u ter.  T herefore, w e can exp ect that the 
sp eedu p  of the w hol e al g orithm w il l  be of the simil ar order.  C u rv e 
1 in F ig .  4  demonstrates sp eedu p s of the hydrau l ic model  activ ity 
show n in F ig .  1.  W e can note, that the sp eedu p  takes p l ace for 
netw orks sizes g reater than or eq u al  to 3 3 0 ( see F ig .  2 ) .  T he fl ow  
rate error that w as taken is ε≤10-9, and ε1≤10-6 and ε1≤10-3 for 
errors in resistances and av erag e temp eratu res, resp ectiv el y.  
 
 

 
 

  
Fi g .  3 .   Fl o w  a n d t h e r m a l  e q u a t i o n  M a t r i x  p o r t r a i t s  o f  t h e  b e n c h m a r k  p i p e l i n e  n e t w o r k  
R y s .  3 .   O b r a z y  m a c i e r z o w e  r ó w n a ń  p r z e p ł y w u  i  c i e p ł a  b e n c h m a r k u    
 

T he v al u e of the sp eedu p  is l ess than 2 , becau se the S LE  
sol u tion is embedded into the seq u ential  N ew ton’s p rocedu re ( 17 ) , 
( 19 ) , ( 2 0) .  A s a resu l t commu nications concerned w ith serv icing  
threads at each N ew ton’s step  decrease the sp eedu p .  B esides, the 
sp eedu p  is decreased by l oop s, w hich accomp any the N ew ton’s 
p rocedu re su ch as p rep aring  S LE , comp u ting  minimal  v al u es and 
v ector su ms, and so on.  A s a resu l t the efficiency of the hydrau l ic 
model  activ ity is of order of 0. 3 2 5  for the g iv en comp u ter 
characteristics.  C u rv es 2  and 3  demonstrate that the sp eedu p  can 
be su bstantial l y increased by the model  decomp osition.  T he cu rv e 
2  corresp onds fu nctional ity to l ayer 1, w hil e cu rv e 3  corresp onds 
fu nctional ity to the comp l ete model .   

 

  
Fi g .  4 .   S p e e du p s  o f  m o de l s  c o r r e s p o n di n g  di f f e r e n t  l a y e r s  o f  t h e  a l g o r i t h m   

f r o m  Fi g . 1  
R y s .  4 .   P r z y s p i e s z e n i e  m o de l i  o dp o w i a da j ą c e  r ó ż n y m  w a r s t w o m  a l g o r y t m u  

p r z e ds t a w i o n e g o  n a  r y s .  1  
 

T he sp eedu p s, w e can observ e, occu r du e to the l ack of data 
commu nication betw een the fixed-p oint methods’ iterations, 

w hich correct resistances ( l ayer 1) , and av erag e temp eratu res and 
w orking  fl u id p rop erties ( l ayer 3 ) .  I n the l atter case, the efficiency 
increases al most u p  to 0. 5 .  I t w il l  increase ev en g reater in 
simu l ation heat exchang er netw orks ow ing  to more comp l ex 
p rocedu res for comp u ting  resistances and av erag e temp eratu res.  
T o su p p ort the tru th of this, the heat exchang er netw ork benchmark 
scheme show n in F ig .  5  w as simu l ated.  T he heat exchang er netw ork 
has 12 0 edg es.  F or simp l icity w e assu me al l  the heat exchang ers to 
be one-p ass comp act crossfl ow  w ith both fl ow s u nmixed.   
 

  
Fi g .  5 .   Fl o w  a n d t h e r m a l  e q u a t i o n  m a t r i x  p o r t r a i t s  o f  t h e  b e n c h m a r k  p i p e l i n e  n e t w o r k  
R y s .  5 .   P o r t r e t y  m a c i e r z o w e  r ó w n a ń  p r z e p ł y w u  i  c i e p ł a  b e n c h m a r k u  

 
T he model  of a heat exchang er w as the fol l ow ing  [ 2 8 ]  
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w here:  σ  – ratio of the free fl ow  area to the frontal  area on one side 
of the exchang er, cK , lK  – entrance and exit l oss coefficients,  

sA  – heat transfer su rface on one side of the exchang er, fA  – fin 
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area,  wA  – s ep aratio n  p late area,  0η  – o v erall f in  ef f ic ien c y ,   
b  – s ep aratio n  p late d is tan c e,  St  – th e S tan to n  n u mb er,  ε  – h eat 
ex c h an g er ef f ec tiv en es s ,  wδ  – s ep aratio n  p late th ic kn es s ,  δ  – f in  
th ic kn es s ,  1  – in let,  2  – o u tlet,  c – c o ld ,  h – h o t.   

F o rmu la ( 2 8 )  is  o b tain ed  f ro m an  ex p erimen t ( s ee F ig .  6 ) ,  as  
w ell as  λ .  E q u atio n s  ( 2 2 ) ,  ( 2 3 )  c o mp lemen t mo d el ( 2 ) ,  ( 7 ) .  
S imu latio n s  h av e s h o w n  th at th e s p eed u p  f o r th e h eat ex c h an g er 
n etw o rk w as  a little g reater th an  1 ,  w h ereas  s p eed u p  f o r a p ip e 
n etw o rk ( s ee F ig .  2 )  w ith  th e s ame ed g e n u mb er is  s till les s  th an  1  
( s ee F ig .  4 ) .  
 

  
F ig .  6 .   F r ic t io n  a n d  h e a t  t r a n s f e r  f a c t o r s  a p p r o x im a t io n s  
R y s .  6 .   P r z y b l iż e n ia  w s p ó ł c z y n n ik ó w  t a r c ia  i c ie p ł a  
 

I t s u s tain s  th e as s u mp tio n  mad e ab o v e ( d u e to  mo re c o mp lex  
p ro c ed u re o f  c o mp u tatio n  o f  a h eat ex c h an g er ef f ec tiv en es s  w ith  
( 1 4 ) ,  ( 2 4 ) -( 3 0 )  th an  w ith  ( 9 ) -( 1 4 )  in  c as e o f  c alc u latio n  o f  a h eat 
tran s f er c o ef f ic ien t o f  a p ip e) .  
 
4. C o n c l u s i o n s  
 

I n  th e p ap er th e p arallel imp lemen tatio n  o f  th e s tead y -s tate 
th ermal-h y d rau lic  an aly s is  in  O p en M P  is  p res en ted .  T h e 
math ematic al mo d el s tu d ied  c o n tain s  all ty p ic al tas ks  in h eren t to  
s u c h  an  ap p lic atio n  d o main .  T o  d emo n s trate th e in f lu en c e o f  eac h  
tas k o n  th e f in al s p eed u p ,  n u meric al ex p erimen ts  w ere c arried  o u t 
f o r d if f eren t s ets  o f  s u b tas ks  an d  s iz es  o f  p ip e n etw o rks  o n  
c o mp u ter w ith  tw o  Q u ad  C o re P ro c es s o rs  ( I n tel®  X eo n  E 5 4 0 5  
Q u ad  C o re P ro c es s o r)  u n d er th e W in d o w s  S erv er 2 0 0 3  o p eratio n  
s y s tem.  T h e o b j ec t-o rien ted  c o d e o f  th e th ermal-h y d rau lic  an aly s is  
s o lv er w as  c o mp iled  in  V is u al S tu d io  T eam 2 0 0 8  en v iro n men t.  
T h e p ap er d emo n s trates  th at th e p arallel imp lemen tatio n  o f  th e 
alg o rith m u s ed  res u lts  in  s p eed u p ,  w h ic h  c an  reac h  v alu es  eq u al to  
2 .  B es id es ,  th ere ex is ts  p o ten tial in  s p eed u p  f o r larg er s iz es  o f  p ip e 
n etw o rks  th at c o u ld  b e main ly  ac h iev ed  at th e ex p en s e o f  
d ec o mp o s itio n  o f  th e w h o le n o n lin ear mo d el in to  h y d rau lic  
( c o mp u tin g  f lo w  rates  at f ix ed  res is tan c es )  an d  temp eratu re 
( c o mp u tin g  n etw o rk temp eratu res )  o n es .  T w o  f ix ed -p o in t iteratio n  
p ro c ed u res  th at c o mp o s e th es e s u b -mo d els  in to  th e w h o le are th e 
s o u rc es  o f  earn ed  s p eed u p  v alu e as  c o mp ared  to  th e h y d rau lic  
mo d el,  w h ere s o lv in g  S L E  is  a d o min an t f u n c tio n ality .  F o r larg er 
n etw o rks  s p eed u p  w ill in c reas e main ly  th an ks  to  g reater n u mb er 
o f  its  elemen ts ,  w h ic h  p arameters  are c o rrec ted  b y  f ix ed -p o in t 
iteratio n s ,  an d  w h ic h ,  in  tu rn ,  d o  n o t in tro d u c e ad d itio n al d ata 
d ep en d en c es  an d ,  as  res u lt,  c o mmu n ic atio n ;  w h ile ef f ic ien c y  o f  
th e S L E  p aralleliz atio n  w ill g ro w  s lo w ly .  T h e res u lts  als o  
d emo n s trate th at f u rth er in c reas e in  s p eed u p  c an  b e ac h iev ed  b y  
imp lemen tin g  mo re ad v an c ed  s y mb o lic  matrix  man ip u latio n s  an d  
d ec o mp o s itio n  meth o d s  res u ltin g  in  min imal c o mmu n ic atio n s ,  
p ro v id ed  th at th ey  alto g eth er d ec reas e th e c o mp u tatio n  time o f  th e 
s eq u en tial imp lemen tatio n s  o f  th es e alg o rith ms .  
 

T h e au th o r g ratef u lly  ac kn o w led g es  th e f in an c ial s u p p o rt o f  th e 
C o mp u ter S c ien c e D ep artmen t o f  th e W es t P o meran ian  U n iv ers ity  
o f  T ec h n o lo g y ,  an d  p ro f .  W . B ielec ki f o r h is  c o mmen ts .  
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