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DARIUSZ P. MIKItrLEWICZ1

An irrrproved low-Reynolds-number k - e model for flows in
pipes2

A new low-Reynolds-numbeł k - e turbulence model for calcrrlations of flows in pipes has b,een

nrggested. It is a modification of a selection of the ł - e models ainred at fine tuning of the model to
ffict forced convection heat transfer as well as having a capability to cope with tlre flows where the
io.flo..""" due to btroyancy ile very marked. The nerv model satisfies these objectives and Proves to be
sery reliable rnodel in tlre case of trrrbulent flolvs in pipes.
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, coefficients in Eq. 4,
- buoyancy parameter,Gr lRe3,Ą2? Pro,1
- specific heat capacity at constant

pressufe,
- constants in modelled dissipation

equation,
- corrsta.rrt in constitrrtive equation

of edcly viscosity nroclel,

- term in low-Reynolds-number
ł-eqrration, pipe diameter,

- term in low-Reynolds-number
e-equation,

- function in dissipation equation,
- frrnction in constitutive equation

ofł-emodel,
- acceleration cłue to gravity,
- Grashof numb er, B g D4 q l,L2 / }. / p2 ,

- entiralpy,
- turbulent kinetic energy,
- normalized turbulent kinetic

energy, k/utou,
- variable property index in Eq. 8,

- Nusselt number, q-D /(T- - Tr,)),

- cylindrical polar coordinates,
- pipe radius,
- Reynolds nrrmber, pWaD / p,

- non-dimensional clistance from
the wall, gkIl2 f v,

- turbulence Reynolds r'iurrrbet, k2 fve,
- temperature in degrees C,
- temperature in Kelvirr,
- friction velocity, (r-f Ątlz,
- Reynolds stress,
- lnean velocity in r, z directions,
, distance from tlre wall,
, non-dimensional distance from

t}r.e wal), p,E f u,

- non-dirlensionaldistancefrom
the wall, ulu(ue)l/+,

- dissipation of tubu,lent kinetic
eneT8y,

- modified rate of fissipation of
turbulence kinetic energy, e = ć ! D,

- thermalconductivity,
- dynamic viscosity,
- kinernaticviscosity,
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fclrced convection with variable
property effects,
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rvall.
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constant property forcecl t -
convection, u, -

Introdrrction1.

Irr view of tire compiexit_v of the phenomenon of tulbulence, its arralysis ancl
modelling plesent gleat difnculties. At present time. the k - e model is one of
the most widely used tulbulence moćlels in engineeTing pTactice. In one of the
reviews of srrch models, Patel [1] coilcluded tlrat the damping functiorrs rrsed
in k - e turbulence moclels, especially the orre for the erldy viscosity need to
be further modified in order to improve the models perfolmance. The author,
has already embarked on the patlr of irrvestigating the ł - € turbulence models
[2-B], available from literature, in tire ałea of their applicability to predict forced
convection and brroyancy irrfluenced {lorvs rvith the account of pirysical plopelty
variation in heated vertical pipes. The main colclusio11 from these stućlies }ras

been that only tlre rrrodel due to Launder and Sharma (lrere after called LS) [9]
was capable, to tlre celtain extent, to cope rvitlr these lather seveTe modifications
to the slrear stress a,ilcl velocity field. The LS model proved to be quite reliable in
pleficting buoyancy influenced florvs brrt failed in the cases where a combination
of physical pToperties and buoyancy inflrrences wele both strongly present. Other
models weTe generally too slow in tlreir response to the influences of buoyancy,
howevet, were less prone to over-predict the effects of property variation.

In the present papel the near rvall asyrłptotic behaviour of the eddy viscosity
model is presen,ted and a modified lorł-Reynolds-number ł - e turbulence rnodel
is suggested. Tlre main goal of the study was to devise a k - e model, whiclr would
resporrd to tlre irrfltrences of buoyancy in a sinrilar fashion or better than the ł - e

turbulence model due to Launder arrd Slra,rma. Arrother objective to be satisfled,
by the model was not to over-respond to tlre eff'ects of property vaTiation. Another
aspect which focused the autlror's a,ttention rvas that tlre correlating parameters
in a new turbrtlerrce modei slrou]d offer possibly rvide a,reas of application, hen,ce
could also be rrsed in modelling of floł,s rł,ith separatiorr, flows in corners etc.
From the expelien,ce, [2-8], it ryas found tlrat tlre orrly parametel whiclr responded
satisfactorily to the influerrces of buoyancy wa§ tlre turbulence Reynolds rrumber
defined as RQ: k2 lue . Tlris parametel \ł,as the sole correlating paTameter in the
k - e model postrrlated by Jones and Launcler [10-11] and Laundeł ancl Sharma
[9]. An appToa,ch lras been made in tlre present study to find a better fit to the
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experimental clata frorn [1] of wa11 dampirrg functions basecl on Re1, It failed
because of r,'ery steep glaclients in the clistlibrrtions oI tulbulerrce kinetic energy,
rvlriclr malies it very clifficLrlt to nodel. It lras therefore been decided that the
fistance 1}orn tlre rva]l definccl as r?1 = ylł1l2f u rvill be selectecl as a parameter
for correlating the rrear lł,łr,1l clanrping. lfhere lvere already several turbrrlence
nrodells suggestecl rł,hiclr Lltiiizecl the above palameter. They lrad however certairr
deficiencies lilie tlre5r rvcre la,cliing of a correct rrear wa1l beharriour oT wele simply
not very rł,ell trrned to preclict tlre wall functions if they obeyecl tlre forrner. The
nrodel wlriclr slrowed ttrost prornising results was tire nrodel due to Yang ancl
Shih [12]. Tlris rnoclel htrs alreac]y beerr teste<1 ilr ear.lier studies [3,4] and showed
a moderate lesponse to tlre irrflrrences of bLroyarrcv. It had not been too over
responsive to tlre effects of property variatiorr. Tire autlror noticed possible areas
lor improvement of this nrodel and tlrese resr.Lits are presented in the present worlr.

Tlre rrerv rrrodel pt,oposecl lrere is flrst compared against the experimental data
of Larrfer [13] arrd a}so agairrst the original Launcler a,rrcl Slrarma (LS), Yartg
arrd Shih (YS), Abe, I(ondolr and Nagano (AI{N) [1a] arrd Sato, Shimada and
_\a,gano (SS|{) [15]formulations arrc1 valiclatecl orr tlre basis of comparison against
ilre empirical correlation for firlly clevclopecl ireat trarrsfer citte to Kurganov anc1
Petu]ihov [16]. In order to slrorv the rnodel ca,pabilit5, to preclict strongly buoyancy
,rrfluerrcecl florvs tlre proposed rnocj,e] is also tcstecl against experinrerrtal data of
\-ilemas et a1. [17].

?. Near-wall trrrbtrlence rrrodel

'i t)

Irr tlre ctrse of tlre ł - e nroclels the r.elocity scale is represerrted by the squaTe
:oot of the turbulerrce kinetic enelgy k and the turbuience lerrgth scale is t]re
rrociuct of its rate of dissipation e(= lr3l'l4.Irr tlre ctrse of tlre k - e moclel, the
,onstitutive equation for tlre turbrderrt rriscosjty is rł,ritten as fo11or,vs:

l,,: e ,I,,*. (l )

;-lrere Cp:0.09 and {,, is a da,mping ltnction. As rnentioned earlier the form of
:lre danpirrg ftrnction is critical irr słtc]r forrnulatiotrs, since tlre precliction of tlre
:rean velocity flelcl depencls prinrarily orr tire eclcly viscosity morlel. The nodelled
.quations for the tlansport of k arril € al,e as follorvs:
i:-transport

I)(prVA,) a(p|Ą'k) (a|l'\' li)l ( ,1i1 \dkl; 0, * -1, =,,,\ u ) + ;ń|, (,,* ń) ń)- p(i+ D), (2)

.-: rarrsport

|,(,* *)#]-czfzĘ*,
_ ;l, p1.1;() , O(p|V i) ,, t / dl.l, \: l 0, i)r * 0, :(',Tl',trł] +;ń

(J )
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3. Asyrnptoticanalysis

To analyse the near-rva11 asyrrrptotic behaviour of tlre eddy viscosity arrd otlrer
turbulent quantities we can exparrd the turbulent velocity fleld near the wall after
I{anjalic and Launder [18] irr tlre follorving way:

IL = rĄlJłilzł... l
u = bzyŻł..., (4)
,t.0 : clc\,!J ł "ry'' * ... .

rvlrere tlre coefficients c, ó arid c are generally rronzero. In tlre boundary layer, the
edcly viscosity is usually clelinecl as:

-l/Ll) : r, (+\ (5)
\Or /

Usirrg the_ expansions from equation (,1) it follows tlrat the eddy viscosity lras a
behaviour as O(g3). Tlrus of paramount importance is a correct rrear wall be-
}raviour of the eddy viscosity moclel. Tlre quantity k3l2f e is usually considerecl
a characteristic lengtlr scale,of the energy contaiłing eddies arrd the near wal1
analysis shorvs that k3l2lę is O(93). Nea,r tire wall, tire slrear stless slroulcl belrave
as O(y3) as conclu,cled fronr trq. 1. Since ł is O(yz) we ł,ould require the dam-
ping function to lrave a neal wall belraviour of O(y). Tlre present wall darnping
function is a siigiltly modif,ed velsion from [12],

7, : [1.0- exp(-o.R ł - bR'ł- .fii)]o' .ft + tl Re|,'u""p( -{a"r'nY (6)

where a: 1.5.10-',ó = 5.0.10-7 and c: 1.0.10-10. Looking at the formulae
for f , it becomes apparent that as y --+ 0, Rl, t 0 as O (y2) lvlrich gives fl, * 0 as
O(y). Thus, tlre rrear-wall asymptotic behaviorlr 1br the slrear stress is satisf,ed.
The preserrce o{.Be1 in the formulation fot f , does not clrange its near-wall beha-
viour as it approaches zelo as O(ya). Far from the wail, Ba and Rel ate large and
f , - l.The near-rvall model then reduces to its counterpart for higlr Reynolds
nrrmber.

Tt shotrlcl be tlre case that r,vlren /, and /2 are set to urrity, arrd terms D and
E are set to zero, tlre stanclard lriglr-Reynoids version of the k - e model is re-
trievecl. Holvever, tlre models use ciiffererrt valLres of C'",Ct,Czro6 and o. which
results in the fact thł,i.t tlre high-R,eyrrolcls number versiolr of tlre ł - e mode1 is
lrot achieved. Irr a widely acknorvlecigecl version of higlr R,eynolds nurnber these
constants should take the follorvirrg valrres: 0.09, 1,44, 1.92, 1.0 and 1.3 respecti-
vely. Variation between t]re values of corrsta,nts stems clriefly from the fact that
tlre models were tunecl .[or different liinds of florvs. Tables 1 and 2 present details
of furrctions and constants incorporatecl irr the k - e moclels rrsed.
The borrrrdary conditions used in tlie solution of tlre ł equations a,re ł = 0. In
the case of LS rrroclel e- - 0 ancl tlre other models use €,Łu :2u(Ok1/2l0y)'.
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Table 1. Damping functions and node1 terms usećl in tlre model

Table 2. iVIoclel collsta,łrts

Table 3. Mode] constants irr variorls ł,, - e nrodels

Model lt fz J,
l,S 1.o L - 0.3exp(-Re]) exp[*s,ł/(l + Ret l 50)'21

YS
1+Ręil'

R.e',/ '..........:
1ł Re,' - [1 - exp(-aR1 - óĘi - "fi!)J0,5/(r 1tlae!/2)

a = 1,5.10-4, ó=5.107, c= 1. 10-10

AKN 1.0 [1

[1-
- e,xp(-9- /3.1)]2

o.s exp|- (Ęetl6.5)21J

[r - exp(=9*/14)12

|t a slRe| 75 exp[-(Retlzoo)2]

SSN ,|.o
1 - 0.3 exp[-(1ła 1 l a.s12l 1 - exp(*Ęe6/9O)

x|t + (7 lRet) ""p1- .Ę", 1tol1

PRESENT 1,o

[1.o - exp(-9"ls)]2

x [1.0 - o.3exp[-(ręet16.5)2]]

|1 _ exp(*cl}?; - óRi - "Ri)]o 
u

xft + l la.i/a ""p1- f a",, J:rc11

a= 1.5.10-4, ó* 5.10-7, ć= 1.10-10

lVIodel D E

Te 2p@łElail2

2pklg'y+
",t ', ly 1,
/n

zpklĄa''Wlau2)2

YS 0 UU,lł@2WlOg212

AI(N 0 0

SSN 0 exp[-(y+ /sr)2] p 1l, l p(a2W l ay2 j2

PRtrSDNT 0 ptą l p(a2w la,!J2)2

]\4odel Cp Ct Cz OA, C€

LS 0-0 7.4 ](l 1.0 l,

YS 0. t) 7.4 1.9 1.0

AKN 0.0 1.5
,l o 1.4 1.4

SSN 0,0 1.4 1.9 1.2lQ + 3.5 exp(-fiełl100)) 1.2/(l + 3,5exp(- Re t l lll0))

PR.ESliNT 0.0 1.4 1. !) 1.3 1,.3
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4. Modelling equations

The geornetry considererl lrere is the pipe flow and lrence the governing equ-ations are written irr,tlre, 'boundary layer-' ipproximation.-ihe principal flow di-rection coirrcides wit]r the u19 of" the pipe' .ra ti* 
".u,i., 

g.uai".rts act in thedirection normal to tlre axis. Tlre thernral boo",lur.o;Jiiion ot the second kindhas been considered lrere, i.e. Qu = coltt,st Thc goverrrin| 
"qoutions read as fol-lows:

corrtinuity equation

rnomentum equation

l 0(pr1l) , O(plĘ)i a, --E-=u,

d(pwz) d,p,I0l aV/10, = E* iń|',łl,+ l") a, ]+ps,

(7)

(8)

(9)

errelgy equatiorl

LO(prV') .0(p|\') _r 0r ' 0,

Tlre turbrrlerrt Prandtl, o1, ilurnber has

ł*l,(;- r)#]
a value of 0.85 [5].

5. Numericalprocedures

Discretization of 
,tlre 

eqrtation.set is perforrned according to a finite volume/finitedifference schelrle fbllowirrg Leschziner il9] .;,i th""Ji*."il."d equatiorrs are so_lved using a 'narclrirrg' so]lution p''o."łorÓ, Correction of tlre plessule gradientand axial velocitY Prolile at eaclr ńiil ,totiotr itt order to satisfy overall continuityis achieved usillg the rne|lrocl of Raillrby,arrcl Schneia", 1ioi. ło axial step lengthof aPProximatelY two viscous sublayerihi.kr."rr", i;;;i;y"d (the sublayer forthis purpose beirrg taken to lrave a tiric]<ness correspondiog to g+.- ;iTh;;dt"lgrid consists of 101 rrodes whiclr are distributed ń gi;;; irigł, .oo."ntration ofgrid lines near tlre rvall.(tlre wall-adjacent rrocle i, pJsitiorrea; ,;;-6;i.;i,;-sical ProPerties are uPclate,d at eacli stage follow;rę- tr." ."r.ulation of the localtemperature distribution arrd pl.essule.

6. Results

As an inrporta,lrt criterion of tlte a,ppt.opriateness
exa,minatiorr of tlre rnodel functiorr frrr was emplrasized
ted by various nrodels distributions are shorvn in nig.

of a turbulence model, the
by Patel et al. [1]. Calcula-
1. The rrew model function
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bliows most closely the actua,l expelitlelrt (sec Pa,i,el et al. It]). iVlore signiflcant
lisclepancies czrtr be obsellrecl irr tlre ca,se of othel nroclels. nrairrlv in the log regiorr
:specially in the case of rvell estalllis}rerl LS nroclel ancl a relatively 'rrew'AI(T§
rroclel. Irr Fig. 2 the clistlillutiolr o1 turbu]ent liirretic clrelgy itr tlre case of plopo-
;ed model is giverr. It is c.ontpa,leci a,gairrst tlre expelinletrtaL <lata clue to Laufer
1.3]. In tłLe c,orrventiorral ł - e lrrocle1, o1, is usuall1l set to 1.0 and o. to 1_.3 and
rerrce tlre trrrbLLlcnt cliflusion of ł from tlre rvali rcgion is nrtrclr greater tharr tlrat
lf e, As a resrrlt of it, the clistlibutiorls of ł, c1o not ovellłr,1l rvitir 1;ile experiment
rr tlre cole legiorl. T}ris plollleln can be ltolvever allevia,t,ecl by silnply putting o4
.o a higher nttrnl]el) in t}r.e present case .1 .3 arrcl suclr resrLlts al,e p],esented in Fig.
]. The łlehaviour of tnt is slrorvn in Fig. 3. Ttre fix of setting oł to 1."'} instead of
[.0 inrproves tlre distribu,l,ion of nt in the core legion eitlrcr.

To assess the perforrnance of th.c pl,eserrt nroclei for t]łe plecliction of irrternal
lounda,r], 1a,lre1 11nrur, the mode1 ltas been used flrst to sirlru]ate trLlbulent forcecl
1orv and lreat transfer il pipes uncler conclitions o1'corrsta,rrt properties. In Table
.. tlie niodel predictioll,s a,Ie compaled rvitlr the cnpil,ical correlation equation
lf Kurganov-Petulilror, [11-1], which plobably provicles tlre rnost reliable descrip-
iorr available on corrstałrt ploperty clcvclopitrg 1brcec1 convection irr pipes. Tn the
:rilcrrlations, the lryc11,ocl.irna,rnically ftrlly {ęyę]gpecl profiles of velocity, trrrbulent
,.itretic enelg.y ancL clissipatiorr rate were flrst obtainecl aritl tlte fully deveiopecl
\rrsseit number therr calcLLlated. Tlre calculations s1,;r,lted r,r,ith appł,oximate, the-
lretical initial proflles a,rrd, the code larr for 100 cliatl,eters in orcler to ensrrre that
, fully rlevelopec1 fluicl florv conc]itjoll has beetr reaclreil. Table 4 slrows the va,-
T es of fbrcecl convec,tiorL lYrrssclt nulnjler obta,inecl irr tlre sinrulatiorrs along witir
]tose given bv tlre Tiulga,nov-Petu]ilrol, corre,La,tion for fully developecl constarrt
lt,operty Iorcecl convec.tiorr. 'l1Ltl l,ange o1, ll.e_lrno]c]s number corrsiclered is from
i,0.103to6.10,1.

Tirere are cliscrepant:ies between tlre values vielcleci lly 11," va,rioLLs model,s arrd
:le correlatiorr eclua.tiorr brrt tlre percerrtage differences alc gertelaliy c]rrite srrrall.
f ire majorit), of rnoclc.ls pledict Nlsselt nunrbers rr,lriclr a,glee ivitlr tlre correla,tion
..iiltates rvithirl |l%. The nerł, trrclclel 1lledicts the rralues of Nrrsselt numbel wi-
:.n 4% except fol t]re lorłlest ll,cyli6l.r]5 ]}lllnl)er, rv]rere the validity of correlation
,ould be questioned. A 1łr,lgest discreparrcy is lbunc1 in the ca,se of the YS nioclei
.,,,hiclr overpreclicts lrea,t tra,trsfer coefficient bv a,s mtłch as ll%,. A good agrecm,ent
,et\l|eeli t}rc mociel calculatiotts and col:lelatiolr corrfirns a, correct adiustment of
:le rl,all 1unctions especially irr tire rvali region. Irr the cłrse of air t]re therrrral layer
. of comparable thi<lirress to tire hyclrodyna,tnic 1ayer ł_rnrJ źrs a, consecluence tlre
:esults are less selrsitjve to tlre precise specification of nelal-rrrzrli tulłlulence, tlra,n
_,. the case of liquids suclr as lvater fol lł,irj,c]r t,he thermal layer is nruclr tlrirLner
":_c1 arry discrepancy rł,orrlcl, ];e rnore nlarlied.

){ext, a,ttention was 1bcused on estabiishirrg tlre inflnerrce of tłre temperature
_łpenclence of plrysical properties on tlre rnoclei predictiorrs. It is ea,sier arrcl nrore
łiiable to perform tlris sort of arralysis for tile case of ]vatel rvhere tlre influences
x]e pl,€dornilra,llt1,;l due to telnper-atule clelrerLclerrr;e of viscositv, lrowever variation

densitil a,lso becomes sigtrifica,nt in cases rr,]rel,e thele are brroyancy influen-

47
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Table 4. Fully clevelo1lecl constant 1lropcrty Nussclt nunrber for air;
Pr : 0,706, ot : 0.B5

Moclel Reynolds nrrrnber

5000 7500 10000 2000t) 30000 40000 60000

LS 17.059 29.995 51. 862 71.551 B9.997 724.55

YS 20.773 2B.09] 35.143 59.465 B 1.212 101.51 l 39.39

AT(N 19.570 26.909 i}.1.295 58.235 79.663 99.639 1 36. B6

SSN 17.856 24.0Ą6 30.094 51.ż46 70.357 88.256 727.7 5

PTl.ESENT l B.688 25.300 31,449 53.4 59 7:}.2Ą6 9:l,,769 126.44

KUltcANOV

&

PETUI(IIoV

)7 24.062 30.2B9 52.044 71 171 88.B62 121.60

ces. The influences o1 other plrysical properties are muclr less significant but also
taken into consicleratiorr. Tlre inflrrences of variable properties can talie two di-
stirrct tbrlns, one stemIning from blloyarrcy lbrces wlrich arise as a consecluence of
non-rrniibrtrrity of derrsity and the ot],ter florn botlr axial and radial variations of
tlre transport properties viscosity atlcl tlrerntal corrcl,rrctivity. T]re former cleperrcls
on lrotlr powel inprrt and flow r,;r,tc, llccomirrg less important a,ncl eventually negli-
gible as {low rate jrrcrea,ses. Uncler sucli conditiolls we a,re left virtually only witlr
tlre efl'ec1; of viscosity va,liation. Tlre cfl-'cct of ra,clial viscosity valiation undel con-
ditiorrs of negJigible buoyancy influence is to causc a,rL irrcre;t,se of tlre heat tla,nsfer
coefficient. Tłris is due to recluction of viscosity irr tlre n,ear-wall Iegion leacling
to reclrrcecl clampirrg of turbule,nce and tlrerefore impairecl turbulent diffusivity of
lreat. The effect is usnally accounted for using tlre Sjeder and Thte correction [21].
The sieder alrd Tate colrection involrres the applica,tiorr of a viscosity ratio factor
to the constant property Nusselt nurrrber as follows:

IY,łt, = N lt"p ( 10)

Tlre irrdex rr is rrsrrally assigned the value 0.14. For lvater at atmospheric pressure
tlre corlectiorr is quite snall ancl only results ill tlre enhanc€ment of 1Teat transfer
of rrp to żr, nlaxiilIum extent of abotl1; 4Yo.'Ib,e effects of vlscosity variation inclease
rvitli increase of poweI, input arrcl witil <leclease of florv rate. In tlre present case
a selection of Brryrrkalaca's [22] experirnents lra,s been simulated and the results
are presentecl in }'ig. 4. CalcrL]łl,tecl irrdex n is plotted as łl, function of Reynolcls
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number. Tlre plesent mocle] calcrrlates the valia.ble property inclex closely witlr
experiment at tlLe level of 0,176. In tlre casc of gases it is found t}rat all physicai
properties carr be expressecl in the Ibrrrr of absolute terrrperature ratio correction
raised to some powe]]. A tvpical value cluotecl 1br tlre index n in the case of ail is
-0.4 (see for extrm1lle Barnes ancL Jaclison [Z3]).

Finally, we turrr oul attention to conditions rvlrere buoyancy-influences are
present. A buoyancy pararrreter (B: Grl(R€3,425P?,0,8) o1'tlre kind proposed by
Jaclison and Hall 124,25} selves to quantifv tlre influences of buoyancy. The da,ta,

base on mixecl convection for ascendirrg flov, in veltical tubes was recerrtly exterr-
ded greatly by the prrblication of a conrprelrerrsive set of results by Viiemas, Poskas
anr1 I{aupas |17]. Their ciata encoil}pass a wide t,ange of conditions fronr what is
essentially forced convection, covering the very sensitive regi,on of impairecl heat
transfer ancl tlren extending irrto tlre legion o1'enharrccd }reat transfer. Some cases
involve small wall-to-bttlk tetnperatut:e clifferences (T'",f 'I1, ł 1.05 - 1.1) ancl small
bulk temperatrrre rise (AĘ < 30'C]) bttt sonre of the remaining clata is strongly
influencecl by variable propcrl,ies (1'-l7b x L4 - 1.5, A7'ó < 200'C).

Dight cases are presented lrele in two series of four. The first series irrvolves
sma,ll or moderate infl,uences of variable propelties, wheletl,s ilr the second, tlłe
effects of variable properties are quite rrrarlred. The inlet Reyrrolds nrrmber varies
from 6000 to 20000 arrcl Grashof numller is in the lange from 4.5.108 to 1.4.109.
The inlet buoyancy pa,rameter varies 1lom 1,19 . 10*6 to 8.16 . 10-4. Simulated
results are presented in the form of r,val1 tempelature developmerrt and compared
agairrst experimental clata from Vilemas et a1. Irr tlrese flgrrres, the development
of bulk terrrperature (sanre irr the case of experiment aricl all simulations) is also
given. Aclilitionally, the ratio of T'{usselt number in buoyancy-influenced case l}or-
malizecl by corresponclirrg 1brcec1 convection value (ly'tł1.) is preserrted in terrns of
axial development. Table 5 gives details of the inlet brrlli conclitions.

Table 5. Conditiolrs (at inlet) for tlre siItrulations of Vilernas, Poslłas and Kaupas
experinrents

SERIES RUN Re Glx10 Pr Bx1()ć;

l

1 1 9400 0.452 0.704 1 .1 B75 20,19
,ż

1 3300 0.ż39 0.706 2,3250 18.84
BB50 0.1B.1 0.704 20.63

+ 61 62 0.577 0.704 76.063 27 51

2

5 ].9600 1.2tj.tr 0.704 3.1 625 2l ,I2

6 20700 2.389 0.704 5.0500 20.B0

7 11.100 l .576 0.704 26.1 50 20.72

B 7a,), 1.3B0 0.7 04 B1.6l i] 20.62

Rtrns 1 to 4 This selies is 1br conditiorrs lvltel,e tlrc ilrfluences of variable proper-
l.ies are quite snrall arrcl the influences of buoyancy can be observed alone. Tlre
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buoyancy parameter is in the range from 1-1875 - 10-6 to 7-606 - 10-5- These va-
lues cover a wide range of buoyancy influenceso from conditions where only small
mofification of heat transfer occurs, througlr the condition of maximum imp.-
irment (where the flow laninarises) and into the region where recovery of heat
tra.nsfer takes place (recor""ery of turbulence production and shear stress). With
increase of the buoyancy parameter, the meastred wall temperatures show the
development of the peaks on the fistributions (see Figs. 5, 7n 9 and 11)- It can
be seen that the peak noves upstream with increasing buoyancy parameteł- The
relative heat transfer development (Figs- 6, 8o 10 and 12) show the trends of heat
tra,nsfer impairment followed by recovery-

The best simu]ations of rurr 1 are reyealed by the new model. These are the
confitions very close to forcecl convection arrd these results reinforce good tuning
of the model's functions to predict such flows in the first instance- In the case of
ran 2, it seems that the LS model is the lirst model to responcl to the mofifi-
cations of heat transfer due to buoyancy whereas it woulcl seem the new model
along with the SSI{ and AKI{ models have a slightly delayed response to the
above influences. It must be stressed the conrlitions of complete floly laminarisa-
tion (ruł 2) are very sensitive to the starting parameters in the case of numerical
simulations. elren a small fiscrepancy in the input da.ta can lea,d to completeĘ
fifierent model simulations [2]. I" authors opiniorr, the somewhat better re§pon§e
of the LS model can be mainly attributed to the modelns over-response to the
effects of physicał property variation, as ,we can §ee that the LS model responds
faster than required.

With increased in{uence of buoyancy (rtrns 3 and ,1) the remaining models
start to respond more strongJy and all simulations almost overlap- This is a proof
that the buoyancy influences have completely damped out the Reynolds stress
and in such case lvhere there is no turbulence left in the flow the models are
bound to give very simi|ar prefictions. The AKI{ model does not produce resu]ts
due to numerical difficulties slrowing its inadequacy to cope with buoyancy-aided
fiows.

The development of relative heat transfer ratio can be observed in Figs- 6 to
12.

Impairment of heat transfer is calculated by all the models. By far the best
general agreement is returned by the new model and the LS model. This is parti-
cularly so irr the first two runs łghere these are the only models which are capable
of calculating the observed magnitude of heat transfer impairment. In the last ruł
of the series (run 4), enhancement of heat transfer is inficated in the experiment.
The present model almost exactly reveals tlre experimental trends. The LS model
calcr:lations fiffer by some 15% from experiment as a result of the ilfluence of
over-prediction of tlre variable property efiect (as do the other prefictions)- It
seems that the new model does not sufer from this effect-

n,uns 5 to 8 In the second series of experimentso the influences of rłariable pło-
perties are stronger and more evident. The wall-to-bulli temperature differences
are large."The ratio of the absolute wall to bulk temperatures varies from 1.28 to
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.35. Tlris wotLld give a tenLpel:atrr,re ratio crrrrcction of 10 to 12%.The buoyancy
)arailIet€I is ilr t}re lailge 3,1625.]0-6 to 8.1613.10-5, These conclitions vary
i,om tlrose rrea,r rrrłlxinlu,nr im,pa,irrrrertt irt,to tlre en_han,ced region of heat tra,nsfer.

'eaks orr tlre r,vall tenrperattrre a,Ie present jlr all tlre data considered (see Figs.
.3, 15, 17 and 19). With increase of bttoyan<;y, arr upstream shift of the peaks
s eviclent. Tlre rrorr-rLrriforrnity of pealis increascs with irrcrease of the buoyancy
raranteter. The relative irea,t transfer plots (see Figs. 1'1, 16, 18 and 20) slrow the
ievelopment of i.mpairment ancl subsecirierrt errlran,cement (runs 3 arrd 4) of heat
rarrsfe t,.

The first tlrlo tuns of tlre series (rurrs 5 and 6) are for conditions of high Rey-
.olds n.rrnrber rvitlr tlre brLoya,ncy palarnetcr beyoncl tlre maximum impairment
:orrdition. In rrrn 5 (Fig. 13), the lvall tcrrrpeta,trrre is satisfactorily calculated
lrrly by tlre rrelv a,nc[ tlre ],S moc]el. Agailł t}re LS moclel starts to respond too
:zLrly ivłLelea,s the p,roposecl moclel, is siight[y trailirrg in response. The other mo-
jels lra,r,e yet to reaclr tlre tlrreslrolcl r,vlrere the irrllu,ences of buoyancy begin to
:rrodity the trrrbrrlence. Witlr a frrrther increascl of buoyarrcv, the lesponse of the
:rrodels irnproves. In tlre cłr,se of run 6 (Fig. 15), tlre best response is returned by
lte new model. Its resporrse is similar to tlrat by tlre LS rnodels llut the postulated

:rroclel follolvs the developLnent of tlre rvall temperature up to tlre first peak orr its
_listrillrrtion much better. ;\ Iailure to pI,eclict l,ecovely of heat transfer is evident
.t the case of a1l models corrsiclered. This is clue to tire corn,plete laminarization o{

rlre flow in the near-łva].l region. Tłre subsequent recovery of lreat trarrsfer caunot
ile prodtrced as zelo values of stress are still being pledictecl in that region. Wlren
tlre Reynolcls number is lorver (Figs. 17 arrd 19) tire otlrer models all respond to
tire combirLed effects of tlre buoyancy arrr_l, variable properties. Irr these cases it
,eems tha,t a]1 rrrodels give the silme agleeneut witlr tlre experimeut. It should
be tlotecl tlrat with itLctcłlsc o1 buoyatlcy influerlce, tlre morle[s encounter conver-
qetrc:e problems a,rrcl fłi] to complete calcrtlir,tions (AI(N attd eventually the SSN
nroclels). 'I'ire rrpstrea,rrr s]ril't, of tlre 1tt:al< of wtlll telnlrerature is captured in the
calcrilations.

From tlre t,d,ative heat trłr,ns{,er clistributio]}s we can see that the agreernent
s,ith tlre experirnerrt is .not a,s goocl a,s it rvłr,s in tlre simulations cliscussed earlier.
Tlris ct1,1t be a,ssociated rvitł the effects of va.riable properties. Tlre only model
dealirrg very u,ell with tłre influences of va,.riable property efi'ects is again the new
rnoclel. It cloes rrot srrffel from the over,-1,espoltse to the property variation. In tlre
present selies tlre rvali-to-bullr temper-a,l;ure differences ar'e \rely high and therefore
ilre liinenra,tic viscosity ulrclergoes big variatiorrs, We could thelefore expect, that
variable properl;v cffect wiil lle strongl,y ovel-preclicted. This is a mairr reason for
the discr-epancy llctlveetl sirrrulation,s łrrrr1 cxperinrent in tlre normalized results.
\Ą/e can see tha,t tlre LS lrlr.icl.el preclictions sta,łt to clepart fl:orn tlte experimental
lesults. Iri tlre ctrsel of higlr l;uova,lrcy infl,ucrrce arrd lriglr tva,ll-to-bulk tenrperature
ciifferences t}ris rliscl,epailcy ittcl,eases. T]lre YS arld SSN moclels slrow sirrrilar di-
sagreerrrcrrt r,vith cxperirrletl1, but to ir, rnttch snlal,lel extetrt because of the lesser
ovel,-Iesponse to propelty va,r,iation.
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7. Concluding remarks
A new nrodel ha,s been proposed, which is a modification of various authors ap-

proaches to mode]]irrg hyc|1o6rrrarnica1 plrerromena, Tlre proposed model performs
better tlran all other corrsidered łroclels. It lrtr,s jleen tested against tlre experimen-
tai clata of Laufer arrd sirowed a, good consistency r,vitlr experiment. It can also
predict forcecl convection r,vith corrstant pr-operties quite accurately. When the
model has been tested against a vely denrancling clata of Vilemas et al. it seemed
to be the best in comparison against other nodels tesied. This data combines
tlre influences of buoyancy and strong plrysical propelty variation and proves to
be a very demanding test 1br a turbrLlence model. The new model does not suffer
from tlre ovel-respołse to tlre effects of property variation and responds we1l to
the infl_rrences of buoyancy, hoł,ever is just a bit delayed in its lesponse. Probabl1-
the iłrclusion of a clirect brLoyancy gerrerating terms into transport equatiorrs for
ł and e would improve the model response particularly in tlre areas where tlre
lecoveTy of turbulence production is expected, ie. after partia} laminarisation of
tlre flow, llrrt tlrat i,s a topic for a further rnodelling.

8. Conclusions
o For conditions of forced convection rvitlr negligible influences of buoyanc3,

tlre new model is u,ell tunecl to preclict experimerrtal results.
o Tlre effects of viscosity variation ancl otlrer physical properties are no

over-predicted by tlre nerv lrrodel.
o It seems that the {brnr o1 paratneter in the damping function of tlre ł - .

trrrbu,lence rnoclels strrcliecl here in t}re {orm of fi4 : ykll2 f u is appropriate.
but f'urthel investigations of other pararrreters and otlrer approaches ale re,
quirecl.

o The łrew nroclel slroulc] be turtlrer tested for other flow conditions as florł,.
witlr separation etc. arrc1 1a,ter generalized.
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Zmodyfiko\Many model k - e do modelowania przepływów w rurach

streszczeuie

Zaprezentorvano nowy rnodel trrrbrrlerrcji z rodzinv k - e clo obliczeń przepll,rvórv rv rurach. Jest t,

rnodyfikacja szeregrr nrodeli z roclzilry ł - e , przeanlalizowanyclr rvcześrriej przez autora. Nowy mode
dobrze synuluje ltonlvelir:ię lv.ylllusżorrź} jłr.li i rrrieszaną, u, przl.pacllirr stałyclr i zmienrryclr łvłasrrośc
fizyczrrycłr. Nołl,y model spelłria łł, zrrpelności lvymłrgzuria postan,ione przecl nim w, założeniach pracy,
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