ENEN )

Agenzia nazionale per le nuove tecnologie,
I'energia e lo sviluppo economico sostenibile

MINISTERO DELLO SVILUPPO ECONOMICO

/ /48
¥

g

Validazione di codici e qualifica modelli
per problematiche di scambio termico in
generatori di vapore innovativi

Marco Santinello, Antonio Cammi, Marco E. Ricotti

Report RdS/2013/075



VALIDAZIONE DI CODICI E QUALIFICA MODELLI PER PROBLEMATICHE DI SCAMBIO TERMICO IN
GENERATORI DI VAPORE INNOVATIVI

Marco Santinello, Antonio Cammi, Marco E. Ricotti (POLIMI)

Settembre 2013

Report Ricerca di Sistema Elettrico

Accordo di Programma Ministero dello Sviluppo Economico - ENEA

Piano Annuale di Realizzazione 2012

Area: Produzione di energia elettrica e protezione dell'ambiente

Progetto: Sviluppo competenze scientifiche nel campo della sicurezza nucleare e collaborazione ai programmi internazionali per il
nucleare di IV Generazione

Obiettivo: Sviluppo competenze scientifiche nel campo della sicurezza nucleare

Responsabile del Progetto: Felice De Rosa, ENEA

Il presente documento descrive le attivita di ricerca svolte all'interno dell’Accordo di collaborazione “Sviluppo competenze
scientifiche nel campo della sicurezza nucleare e collaborazione ai programmi internazionali per il nucleare di IV generazione”
Responsabile scientifico ENEA: Felice De Rosa.

Responsabile scientifico CIRTEN: Giuseppe Forasassi



CIRTEN

Consorziol nteruniversitario per IRicercal EcnologicaNucleare

POLITECNICO DI MILANO

Department of Energy

Nuclear Reactors Group

Validazione di codici e qualifica modelli per problematiche
di scambio termico in generatori di vaporeinnovativi

EXPERIMENTAL AND CFD INVESTIGATIONS OF SINGLE-PHABID TWO-PHASE
STEAM-WATER FLOW IN HELICALLY COILED TUBES

Autori

Marco Santinello
Antonio Cammi

Mar co E. Ricotti

CERSE-POLIMI RL 1491/2013

Milano, Settembre 2013

Lavoro svolto in esecuzione ddittivita LP1.C2c
AdP MSE-ENEA sulla Ricerca di Sistema Elettricdar® Annuale di Realizzazione 2012
Progetto B.3.1 “Sviluppo competenze scientifichecaenpo della sicurezza nucleare e collaborazidne a
programmi internazionali per il nucleare di IV geamone



Rapporto “Validazione di codici e qualifica modgdier problematiche di scambio termico in
generatori di vapore innovativi”

Indice

Sommario 4
1 Laminar toturbulent flow transition in helically coiled tubes 5
1.1 Generalities 5

1.2 Review of corrdations for laminar to turbulent flow transition in coiled
pipes 6

1.3 Purpose of present work

1.4 Experimental facilities description

1.4.1 SIET forced flow experiences test section 9

1.4.2 Twelve coils forced flow experiences test sections 14

1.5 Review of pressure drops correlations for single-phase fluid in helical
tubes 16

1.5.1 Single-phase laminar flow 17
1.5.2 Single-phase turbulent flow 18
1.6 Friction factor profilein helically coiled tubes 20
1.6.1 Friction factor in straight cylindrical tubes 20
1.6.2 Comparison between empirical correlations and experimental data 23
1.6.3 Friction factor analysis in transition zone 27
1.6.4 Pressure drop in circular straight and coiled tubes 32

1.7 An engineering approach to the study of laminar to turbulent flow

transition 36
1.7.1 The relative error based approach 36
1.7.2  Critical Reynolds number determination 40
1.7.3 Exponent optimization 44
1.7.4 The ending of transition zone 45

1.8 Conclusion 50

LP1.C2c 1 CERSE-POLIMI RL-1491/2013



Rapporto “Validazione di codici e qualifica modgdier problematiche di scambio termico in
generatori di vapore innovativi”

1.9 REFERENCES 51
2 Experimental analysis of pressure drop of steam-water flow under
adiabatic and diabatic conditions 53
2.1 Two-phasesflow investigation 53
2.2 Frictional pressuredrop in two-phases flow 54
2.3 Modelsfor two-phases pressure drop correlation 59
2.4 Pressuredrop correlation for two-phaseflow in helical tubes 61
2.5 Heat flux input 61
2.6 Purposeof present work 62
2.7 A visual representation of frictional pressure drop profiles 63
2.7.1 Data analysis 63
2.7.2  Comparing diabatic and adiabatic data 64
2.7.3 Discussion of results 67
2.8 Evaluation of the differences 68
2.8.1 The integration method 68
2.8.2 Results 70
2.83 Discussion of results 72
2.9 Conclusions 74
2.10 REFERENCES 74
3 CFD investigation regarding pressure drop of a steam water two-phase
flow in a helically coiled pipe 76
3.1 Thechallenge of two-phase flow CFD 76
3.2 Modeling method 78
3.2.1 Generalities 78
3.2.2 Turbulence modeling 83
3.2.3 Boundary conditions 85
3.2.4 Two-phase model 87
3.3 Conclusion 118
3.4 REFERENCES 119

LP1.C2c 2 CERSE-POLIMI RL-1491/2013



Rapporto “Validazione di codici e qualifica modgdier problematiche di scambio termico in
generatori di vapore innovativi”

4 Nomenclature 122

LP1.C2c 3 CERSE-POLIMI RL-1491/2013



Rapporto “Validazione di codici e qualifica modgdier problematiche di scambio termico in
generatori di vapore innovativi”

Sommario

Three important issues concerning the flow in ladlijccoiled tubes are investigated in this
work. Firstly, an approach based on the analysisxgferimental friction factor profiles of liquid
water single phase-flow in thirteen different gete is undertaken, in order to examine the
laminar to turbulent flow transition. The strongluence of the curvature ratioR) / dupe ON the
shape of friction factor profiles is evidenced atiten correlations are provided for the
beginning and the end of transition zone. SecormXgerimental data of steam-water two-phase
pressure drop are analyzed, with the purpose toetstdnd the effects of power input on the
frictional component of pressure drop. The resuétgeal the influence of mass flux on this
phenomenon, but do not allow carrying out any qiiatwe conclusion. Lastly, a CFD
investigation of steam-water two-phase flow unddrabatic conditions is performed using
commercial software ANSYS FLUENT 14.0, with thentidn of defining a code able to predict
experimental pressure drop data. A good accorddmegveen numerical and experimental
pressure drop values has been found, thus lettisgalize and discuss also void fraction
profiles. Thanks to these results, it has beeniplesto conduce also an analysis of wall shear
stress, providing a physical explanation for theeggnce of a maximum in the “frictional
pressure drop vs. quality” curve.
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1 Laminar to turbulent flow transition in helically coiled
tubes

1.1 Generalities
Several authors studied the consequences of coevatd torsion in helical tubes and showed

that they have a strong influence on flow condgidn literature it is well known that the curved
shape of the tube causes the appearance of afugalrforce which generates important
deviations in the local axial velocity of fluid pafes. The existence of a secondary flow induced
by centrifugal forces due to curvature was demaiedr for the first time in 1910 by J. Eustice
[1], by injecting ink into water flowing through eoiled pipe: this flow consists in slower-
moving fluid in the boundary layer on the wall maygiinward and faster-moving fluid in the
core moving outward [2]. This phenomenon happemrale the effect of a centrifugal force is
greater as the velocity increases, thus the flaidiges close to the boundary layer, which are
characterized by a lower axial velocity than thetipies flowing near the center line, are
subjected to a lower centrifugal action than theert. The described motion generates a pair of
recirculating counter-rotating vortices, which aggnmetrical if the shape of the tube is toroidal.
In presence of an increase of height, a torsiomaef arises, causing a rotation on the flowing
fluid: the vortex rotating in the same directiontb& torsion enlarges while the other shrinks,
thus the symmetry is broken. The problem was aedlyheoretically by W. R. Dean in 1927 —
1928 [3] [4]: he succeeded in obtaining an anadytsolution for fully developed laminar flow in
a curved tube of circular cross section, findingttithe reduction in flow rate due to the
secondary flow is functionally dependent only osiragle variable K = 2RédwndDeoi). In the
following decades this work has been widely usetth@oretical as well as experimental studies.
It is simple to deduce that, because of the presefnthese motions, the laminar to turbulent
flow transition in helical tubes results strongi§ferent from that in straight ones: other factors
come into play, like the coil diameter and the cpitch. Authors usually define three

dimensionless parameters which summarize the gepwiethe test section.

; 1% dupeDeoit (1.2)
coil curvature 6 = s
p t+m Dcoil
md 1.2
coil torsion T = % (1.2)
p t+m Dcoil

LP1.C2c 5 CERSE-POLIMI RL-1491/2013
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torsion parameter f = tV26 (1.3)

Many experimental studies in literature proved tbail curvature has a stabilizing effect on
turbulent fluctuations arising in the flow: wheniladiameter is dominant in respect to coil pitch
and tube inner diameter, turbulence is signifigamthibited and the turbulent kinetic energy
shows much lower levels than in straight pipe flonce the critical Reynolds number at which
laminar to turbulent flow transition occurs is hggtthan in straight tubes [5]. On the other hand,
the impact of torsion on fluid flow is believedlte destabilizing: Yamamoto et al. [6] found that
the critical Reynolds number at the onset of tigbaé decreases from the value of the toroidal
tube ag increases at fixed value & has a minimum and then increases with furthgelgr the
minimum critical Reynolds number is far below tb&f straight pipe. Destabilization has thus a
maximum for a specific value of coil pitch. Fromuatjons (1.2) and (1.3) it is easy to see that, if
Deoii >> p, coil torsiont and, in consequence, torsion param@téend to zero; therefore the
geometry of the test section is uniquely descritpedoil curvatured, which becomes:

5 = dtube (1-4)
Dcoil

Whenever the above condition is verified, the appnation (1.4) allows to neglect the effects

of torsion and to consider a helical tube as tabitanlapaz and Churchill [7] found that
toroidal assumption is reasonable provided thatdbié pitch is lower than the coil radius;
Yamamoto et al. proposed the conditiprx 0.5; Srinivasan et al. concluded that the teorsio
effect on friction factor can be ignored.

1.2 Review of correlations for laminar to turbulent flow transition in
coiled pipes
It is well accepted that, in straight circular tabeith fully developed flow, the onset of
turbulence corresponds to critical Reynolds nunfer230Q although much larger Reynolds
numbers Re~1000Q are required to achieve fully turbulent condigdB]. Conditions in helical
tubes are strongly different and a more exhausthadysis is needed. The first method used to
find the location of critical Reynolds number inneed pipes was proposed by White (1929) [9]:
this consists of plotting. andfs vs. Re,wheref. andfs are the friction factors at the same
Reynolds number in a coil and a straight tube, getbypely, of equal length and cross-sectional
diameter. In this plot the functional form fgpresents a well known interruption in its contiguit

in correspondence of laminar to turbulent flow siéion, while f. does not; however, there

LP1.C2c 6 CERSE-POLIMI RL-1491/2013



appears to be a change of law at a certain valliegholds number. White thus concluded that
at this point the flow becomes turbulent. An exaanpl White’'s method is presented in Figure
1.1. In the following decades this approach, basedhe analysis of pressure drops, has been
principally used. Ali (1999) [10] subdivided theoW into four different regimes (low-laminar,
laminar, mixed and turbulent), defining three cati Reynolds number from experimental

pressure drops data:
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Figure 1.1: Example of White's method for the determination of critical Reynolds [9]

Recritlow laminar-laminar 500 (15)
Recritlaminar—mixed = 6000 (16)
Recritmixed—turbulent = 10000 (17)

These values show a good agreement with White’hadetMany researchers correlated the

critical Reynolds number as a function of curvattaBo Dcqi/dwpe : this value is retained to
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summarize the geometry of the tube when toroidalmagtion is made and it was used as
characteristic dimensionless group in numerous etaions. Ito (1959) [11] derived a
correlation to calculate the critical Reynolds n@mat which transition occurs, given by:

Dcoir )_O'Gl (1.8)

tube

Regyir = 2000 l1 + 13.2(

and valid in the range of 5 <.f/dwpe < 2000. Srinivasan et al [12] proposed the folloyvi
correction to Ito’s formula in the range B6 < Dgoi/diype < 100:
(2.9)

_ Dcoil oS
Regpir = 2100 |1 4+ 12—
dtube
More recently, Cioncolini and Santini (2005) [13pposed a distinction among three different
types of curvature: strond{oii/dube < 24), medium 80 < Dgoif/diupe < 110) and mild Dcoil/diube
> 150). They analyzed the behavior of Fanning frictiaotbr in these zones and then provided

correlations for the beginning of the transition:

Dcoil o4 (1.10)
Recrl'tstrong = 30,000 (m>

Dcoil )_0'31 (1'11)
tube

Deoit >‘1'1zl (1.12)

Recritmedium—l = 12’500(

tube

Recrit, .y = 2300 l1 + 210(

These authors also stated that in the regiongafigtand mild curvature the laminar to turbulent
transition is defined by only one discontinuity time range of friction factor, identified by

equations (1.10) and (1.12), whereas in the regfomedium curvature a large zone of mixed
flow is recognized; the onset of transition is giv®y equation (1.11), while for the end a second

correlation is provided:

—-0.57

Deoir
Recrie, . = 120,000 ( d;‘:e) (1.13)

1.3 Purpose of present work
In this chapter the influence of the ratio of inhebe diameter to coil diameter in turbulence

emergence is investigated, with the purpose to gintple correlations which can easily express

the laminar to turbulent flow transition in helialcoiled tubes. In order to do this, an

LP1.C2c 8 CERSE-POLIMI RL-1491/2013
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experimental approach based on the Darcy frictamtol has been employed. The relative error
between experimental data and two empirical cdicgla for laminar and turbulent flow was
analyzed; for this purpose Ito equations for lamiid] and turbulent [11] friction factor were
chosen. A detailed study analyzing the profileraftion factor and its dependence with the ratio
of coil diameter to tube inner diameter is carmed: actually the geometric parameters play an
important role in determining the beginning, thelieg and the amplitude of the transition zone.
Thirteen coils have been tested, using liquid wagefluid and measuring pressure drops in a
wide range of Reynolds number. The compositiormefdata set is the following:
(a) 963 pressure drop measures performed by Cioncolini and Santini in their experimental study
[13] on twelve different test sections at Politecnico di Milano, with ratios of coil diameter to
tube inner diameter ranging from 6.9 to 369;
(b) 73 pressure drop measures performed on SIET facility settled in Piacenza, with ratio of coil
diameter to tube inner diameter equal to 79.80.
All the twelve coils in (a) satisfy the above mened Manlapaz and Churchill's conditions for
toroidal assumption, while the test section indbgs not. Nevertheless, the results of this study
will show that torsional effects are not visibletire experimental friction factor profile of SIET

facility.

1.4 Experimental facilities description

1.4.1 SIET forced flow experiences test section
The SIET test section, built and operated at SI&3s |(Piacenza, ltaly), is an helically coiled

AISI 316 SS steam generator tube, framed into andpop facility built inside the boiler

building of the “Emilia” power station in Piacenza.

LP1.C2c 9 CERSE-POLIMI RL-1491/2013
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Figure 1.2 Global view of the SIET facility test section

A sketch of the experimental structure is repoitefligure 1.3: the whole facility is made by a
supply section and a test section. The supply@eddeds demineralized water from a tank to
the test section, by means of a centrifugal bogsterp and a feed water pump, i.e. a volumetric
three cylindrical pump with a maximum head of ab2@® bar. The flow rate is controlled by a
throttling valve (V3) positioned downwards the feedter pump and after a bypass line. System
pressure control is accomplished by acting on attlimg valve (V4) placed at the end of the
steam generator. An electrically heated pre-haatkcated before the test section, and allows
creating the desired temperature at the inlet eftdst section. The test section equipped with
two helical tubes, even though only one was empuldge the purpose of the present work. The

heating along the tubes is guaranteed via Joudetdfy DC current; two distinct,

LP1.C2c 10 CERSE-POLIMI RL-1491/2013
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Figure 1.3 Sketch of the experimental facility installed at SIET labs

independently controllable and contiguous sectemaesprovided, in order to be able to vary the
thermal fluxes: the first one, from tube inlet té &heters, intends to simulate the subcooling
zone and the two-phase saturated zone of the gjeaarator, while the second, from 24 meters
to the tube outlet, reproduces the post dryout suqgerheating zones. Although the tube is
accurately insulated with wool rock, thermal lossge not negligible. In the present work
pressure drops measured in three different comdittze used: single-phase adiabatic, two-phase
adiabatic and two-phase with power input. No head supplied in the second section in a large
number of measures during the two-phase diabaperéence, considering as adiabatic the data
there measured; in the two-phase adiabatic expeEristeam was generated at the desired quality

in the pre-heater and then sent into the testaecti

Since this facility has been widely used for IRIBtérnational Reactor Innovative and Secure)
project, geometric parameters are representativRI& steam generator [16[est section tube
is composed by five verges of 6 meters and one @fiBemeters preventively coiled and welded

LP1.C2c 11 CERSE-POLIMI RL-1491/2013
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together: the total length results 32 meters; tie thas an inner nominal diameter of 12.53 mm
(near to IRIS real value 13.24 mm) and an outerinalhrone of 17.15 mm; the coil diameter,
1000 mm, is a mean value of the dimension in IR&ms generator tube bundle, in which coll
diameter varies in the range 610 mm — 1620 mmgtileis composed by 10 shells with a coil
pitch of 800 mm, therefore the total height of thbe results 8 meters. Test section main data

are summarized in Table 1.1.

Tube material SS AISI 316L
Tube inner diameter [mm] 12.53
Tube outer diameter [mm] 17.24

Coil diameter [mm] 1000
Coil pitch [mm] 800
Tube length [m] 32

Test section height [m] 8
DcoiI/dtube 79.81
dx 10 11.76
tx 10 2.996
A x10 14.52

Table 1.1Test section main data

Notice thatp parameter satisfy Yamamoto et al.’s conditi$yQ.5), while Manlapaz and
Churchill’'s approximation is not verified. Nine gsare taps are disposed nearly every four
meters along the coiled tube used in present wamk, eight differential pressure transducers
connect the pressure taps; the detailed distaretegebn the taps and the tube inlet are reported
in Table 1.2. Measures made with digital calibethvan accuracy of 1/100 mm on tube inner
and outer diameters, made on a sample straightaiutbee same verges used for the test section,
showed a maximum difference between measured vanésnominal ones of 0.44% and an
ovalization (defined as the ratio of the differencetween two measured tube orthogonal
diameter and diameter nominal value) of tube odit@meter that never exceeds 1.22%. Thanks
to these small values, the nominal straight valokgube inner and outer diameters were
considered in all the calculations regarding thst t®ection. Tube inner surface roughness

measures gave a mean value of 3.08

LP1.C2c 12 CERSE-POLIMI RL-1491/2013
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Tap 1 Tap 2 Tap 3 Tap 4 Tap 5 Tap 6 Tap 7 Tap 8 drap
200 5173 9186 13148 17141 21643 25586 29088 32059

Table 1.2Pressure taps distribution along the test section

[mm]

All the measurement devices have been tested diltated at the certified SIET labs. The
water absolute pressure at heating section inlgtaasured by an absolute pressure transducer
with a 100 bar range and a maximum error of abal&Q while the eight differential pressure
transducers have a maximum error of about 0.4%adurate measurement of the flow riste
obtained by a Coriolis flow-meter, having a 1% mmaxm uncertainty in the range of the
explored flow rates. A K-class thermocouple drowired small well provides bulk temperature
with an accuracy of 0.6 °C; wall temperatures areasnred with a set of 128 K-class
thermocouples either brazed in tube wall or magualtached on tube external, for which a
reasonable uncertainty value is 1.5 °C (no teste weade due to time and costs limitation). The
thermal power given to the fluid is intended tothe difference between the electrical power
supplied to the tube, whose uncertainty is retatodak lower than 2.5%, and the thermal losses;
these are evaluated by means of a specific proagedsiding single-phase runs through the
helical tube with temperature jumps varying betw8eand 19 °C, whose result is the following
formula:

Qloss = 0.8674¢%0076(Twau~Tair) (1.14)
the uncertainty on this procedure, and consequintinee error on thermal losses is estimated to
be approximately 15%; by applying the rules of ep@pagation (see Appendix I) it is possible
to obtain the error on thermal power. A summarymdertainties of physical quantities is given
in Table 1.3.

Water flow rate +1%
Fluid bulk temperature +0.6 K
Fluid wall temperature +15K

Absolute pressure +0.1%
Differential pressure +0.4%
Supplied electrical power +2.5%
Evaluated thermal losses + 15%

Table 1.3List of the uncertainties of physical quantities
referred to measurement values.

LP1.C2c 13 CERSE-POLIMI RL-1491/2013



STTECT,

20
Rapporto “Validazione di codici e qualifica modgdier problematiche di scambio termico in
generatori di vapore innovativi” 43

1.4.2 Twelve coils forced flow experiences test sections®
Twelve coils have been tested in order to investigiae influence of coil diameter on turbulence

emergence. The experiments were performed withrvetambient temperature as the testing
fluid in an open loop flow system of which a schémeepresentation is shown in Figure 1.4. In

Figure 1.5 a schematic representation of the &xgios is showed.

CONSTANT
LEVEL TANK

TEST
SECTION

CJ

CENTRIFUGAL “'|5|_(FFIT!\(]
PUMP TANK

WATER IN

Figure 1.4 Schematic representation of the open loop flow system.
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Figure 1.5 Schematic representation of the test section

! Only a brief explanation is here presented; furthfarmation concerning test sections descriptiod measurement
procedures are available on “Cioncolini A., Sanitinf2005) An experimental investigation regardihg taminar to turbulent
flow transition in helically coiled pipegxperimental Thermal and Fluid Science 30 (208&j-380" [13]
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Coilno,  Cube Deail PICh — § Jowe 0x1F  rx16  px 10
[mm] [mm] [mm]

Coil 01 4.04* 28.0 7.0 6.9 143.4 11.41 21.31
Coil 02 6.79* 114.3 18.0 16.8 59.26 2.970 8.628
Coil 03 6.80* 163.0 23.0 24.0 41.63 1.870 6.480
Coil 04 10.44 368.9 20.0 35.3 28.29 0.488 2.053
Coil 05 8.59 368.6 22.0 42.9 23.30 0.453 2.097
Coil 06 6.81 362.9 20.0 53.3 18.76 0.329 1.699
Coil 07 7.98 520.0 20.0 65.2 15.34 0.188 1.072
Coil 08 8.59 7295 22.0 84.9 11.77 0.113 0.737
Coil 09 6.82 707.3 25.0 103.7 9.641 0.108 0.781
Coil 10 4.05 619.7 19.0 153.0 6.535 0.064 0.558
Coil 11 4.05 7215 15.0 178.1 5.613 0.037 0.351
Coil 12 4.05 1495.3 15.0 369 2.708 0.009 0.118

Table 1.4Dimensions of the coils tested (*equivalent diamete

The coils were constructed of smooth copper tubmptetely filled with water before bending
to minimize ovalization; despite this, deformationcurred in bending for the most tightly
packed coils manufactured, i.e. coil 01, coil 02 anil 03, resulting an elliptical flow section;
hence, an equivalent diameter (four times the favea divided by the wetted perimeter) was
assumed in calculations. No appreciable deformatias detected for coils other than Coil 01,
Coil 02 and Coil 03: the tube inner diameter expental uncertainty was estimated to be within
0.25%. Geometric data of the twelve coils are diste Table 1.4. The quite large range of the
ratio Dyoil/diube €Xplored in this experience allows identifyingaé@rdifferent types of curvature:
strong Ocoit/deuve < 24), medium B0 < Doy /drype < 110) and mild 0o /drype > 150);
this distinction is due to different behaviors dfetcurve “friction factor versus Reynolds
number”. For all the test sections the pitch is ll@ndahan the coil radius and the paramedter
result small: thus torsion effects can be negledtechccordance with Yamamoto’s et al.
condition < 0.5) and Manlapaz and Churchill's approximatidnlist of the experimental

instrumentation employed to measure physical gtiestand the respective uncertainties is
reported in Table 1.5.

Quantity Instrument / Method Uncertainty
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Mass flow rate  “Weighting technique” (vighting the amount of fluid collected 19y
in steady state operation in a given time interval)

Absolute pressure Manometer 5%
Piezometer 2.5%
Water manometer 2.5%
Pressure drop
Mercury manometer 1.5%
Differential pressure transducer 2.5%
Temperature Pt100 thermo-resistor 0.3K

Table 1.5Experimental instrumentation and uncertainty

1.5 Review of pressure drops correlations for single-phase fluid in
helical tubes

The first attempt in order to predict pressure dremgle phase flow through helically coiled
tubes was carried out by Dean in 1928 [4]: in higestigation he discovered that the friction
factor for coil pipes with slight curvature deperaggproximately on a one dimensionless group
called “Dean number”, obtained from the simplifidhvier—Stokes equations for developed
flow:

d
De = Re |—22¢ (1.15)
Dcoil

For single-phase laminar flow in a toroidal ducthwemall value of the ratioy@dDcoii and De <

20, he suggested the following analytical correlati

De2\? De2\*
fc—;’f‘”‘ = 1.03058 <ﬁ> +0.01195 <ﬁ> (1.16)
S

where § represents Darcy friction factor for coiled tulvdsile and {is the analogous for straight
ones; the same geometric (tube diameter, flow tingcand operative conditions are supposed.
Since this, various experimental as well as the&mketstudies have been done to obtain
correlations for pressure drop in regular helicaled tubes with single-phase fluid, both for

laminar and turbulent flow conditions.
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1.5.1 Single-phase laminar flow
Despite few industrial applications of laminar flaw helical tubes, a quite large amount of

researches with the aim of achieving reliable mtsahs for friction factor have been carried out.
Following Dean'’s theoretical work, White (1929) @jd Adler (1934) [17] proposed two simple

experimental formulas depending even them only earDhumber:

1/0.45

fc_v;shite —1_ ll _ (%)0'451 (2.17)

fc_;lcdler — 0-1064\/% (1.18)
s

Later, Prandtl (1949) [18], Hasson (1955) [19] diwd(1959) [14] conducted empirical studies

finding out correlations which provide very simijaredictions:

1.1
fc_Prandtl — 0.37(0.51)8)0'36 ( 9)
fs
1.2
Jenasson _ ¢ 556 +0.0969VDe (1.20)
fs
feato 21.5De (1.21)

fi  [1.56 +log;o De]573

Prandtl’'s equation validity range is 40 < De < 20@8ile Ito’s formula is valid in the range 13.5
< De < 2000. Other correlations are due to Colind Dennis (1975), Van Dyke (1978), Yanase
et al. (1989).

It is worth mentioning Schmidt (1964) [20] and Miah& Gupta (1979) [21] correlations, in
which the friction factor does not depend only tie Dean number, but the characterizing

dimensionless groups are Reynolds number and tioeofaube diameter and coil diameter:

0.97 t
fc_Sc;midt _ [1 +0.14 (dtube) Rel (1.22)
s coil
I C—Mis’”;—&ﬁ””w =1+ 0.033[log,, He]* (1.23)
S

where i = 1 — 0.664(dype/Deoin)®31? and the helical number He is defined as:

dtube

He = Re %
1+ (TL’DCO”)
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Equation (1.22) is not specific for laminar flows & will be shown in next paragraph, the
predictions provided by this correlation are betteturbulent regime. Equation (1.23) takes into
account torsional effects by including the coithiip in Helical number and it is suitable for 1 <
He < 3000; further similar correlations have beesppsed by Manlapaz and Churchill (1980),
Liu and Masliyah (1993).

An important difference betweepdnd £ should be remarked: it is well known in fact tkize
friction factor in straight tubes has a discontipun correspondence of the critical Reynolds
number, i.eRecrit straigne = 2300 [8], while such behavior is not visible in coilpgbes and the
laminar to turbulent flow transition is settledaatigher value of Reynolds number because of
the stabilizing effect of curvature. Thus, the aufy/fs versus Reynolds is quite complex when
the flow in straight tubes become turbulent; sialkéhe above mentioned equations contains this
ratio, various authors sustain that their validibypuld be limited akRe < 2300 and recommend
other formulas which do not includefor the entire range of coil flow. Neverthelessany of

these correlations show good agreement with exgertiah data also at higher Reynolds number.

1.5.2 Single-phase turbulent flow
Numerous industrial applications of single-phasbulent flow in helical tubes have justified

lots of efforts in order to predict pressure drof$e first research in this region was presented
by White in 1932 [22]: White extended his laminlawf study (equation (15)) and developed the

following correlation to determine Darcy frictioadtor:

d 0.5
fo white = 0.32Re 025 + 0.048( f”‘”) (1.24)

coil

In the following decades many authors recommendews correlations: the most popular one
is Ito’s equation (1959) [11], obtained from an exmental test of smooth tubes and suitable for
Re < 150000:

dtube)O'S (1-25)

feito = 0.304Re 025 + 0.029(
coil

Several other correlations have been developedifi@rent geometries of holding tubes. Kubar

and Varrier (1961-1962) [23] suggested a corretedipplicable for a limited range of geometries

and Reynolds:
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f c_Kubar_&_Varrier

d
= 0.013152Re®%%exp (1.887 D“"’e) (1.26)

coil

10 < e o 27, 9000 < Re < 25000

coil
Srinivasan et al. (1968) [24] and Mishra and Gu(i879) [21] proposed the following
equations respectively:

-0.2

D. .
fe_srinivasan = 4-336| Re d coll (1.27)
tube
d
fe mishra_g cupta = 0.3164Re™%%5 +0.03 DtL"e (1.28)
coil

Further correlations are due to Mori and Nakayah®T), Tarbell and Samuels (1973).

The research results of various authors [25] fawved pipes or helical tubes show that Ito’s
equation (1.25) is of elevated accuracy and iteisommended as the standard formula for
turbulent region. Despite this, none of these aquoattry to quantify the effects of roughness,
which is believed to play a significant role on geiphase pressure drop at high Reynolds
numbers; Ito’s experience was conducted using dmaratvn-copper tubes, therefore his formula
is suitable only forRe < 150000. During AGR (Advanced Gas Reactor) tests, Rufti€l7¢)
[26] developed a correlation to calculate the tlebuflow frictional pressure drop in a stainless

steel coarse pipe (even thought roughness wasuaotified in the paper):

Dy 0275
fe ruffer = 0.014 + 2-54< = ) Re~04 (1.29)

tube

The validity of this correlation can be extended topRe < 600000. Comparing Ito’s and

Ruffel's equations (Figure 1.6) on SIET facility ayeetry, a considerable difference arises
between the two curves: roughness causes an iecirathe friction factor when Reynolds

number exceeds the value 100000.
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Figure 1.6: Ito’s and Ruffel’s equations versus Reynolds (Log scale)

1.6 Friction factor profile in helically coiled tubes

1.6.1 Friction factor in straight cylindrical tubes
Darcy friction factor for internal flow in cylindeal tubes is defined as:
d
~(a)?
f — (1.30)

u
P2

where dp/dzindicates the frictional pressure drop along theetD is the tube inner diameter,

is the fluid density an@, denotes the average axial velocity of the flow loa tube section; it

a mean value of the axial velocity, which, for acdus fluid, is maximum in the center of the
tube and minimum on the wall. This term can be dated theoretically only for laminar
symmetrical flow: the radial dependence of the lax&ocity can be found by imposing the
momentum conservation, which reduces, for fullyedeped laminar flow, to a balance between

shear and pressure forces. The result, obtainedruhe conditions of zero slip at the tube

surface and radial symmetry, iwg.(1,) = 0 and % = 0, is a parabolic profile:
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1 /dp\ , \?
uz(r) = —E(E> o [1 - (g) l (131)
Computing the average surface integral of the lerd¢éiq. 1.31), the mean velocity, is:
2
_ 70 dp)
=_9(Z£ 1.32
Uz 8u (dz (1.32)

Substituting this result in eq. (1.30), the wellolum Hagen-Poiseuille theoretic resistance
formula for Darcy friction factor is achieved [8]:

64 64
f=5Ed ™ ke (1.33)
U

As turbulent flow is concerned, no analytical fotasican be obtained, therefore experimental
approach is required in order to carry out corretet for friction factor; moreover, roughness
effect becomes more important as Reynolds numisegases. Various correlations are available

in literature; in this work, Selander formula iseds

-2

(1.34)

10 e
fstraight_Selander = [3-8 log <ﬁ + 0.2 E)]

Moody diagram (Figure 1.7) provides friction fagtqprofiles for a wide range of Reynolds
number: in the chart it is clear that laminar amdutlent zone are not connected, but the curve
presents a discontinuity in correspondence of titieal zone; this phenomenon is clearly visible
also with experimental data. An example is showhadg-Log plot of Figure 1.8 (smooth copper
tube, inner diameter = 6.06 mm): in this case, theve changes abruptly its slope in
correspondence of R2300 and Re2700; thus the discontinuity can be located in Hoise. Eq.
(1.33) and eq. (1.34) are also drawn: in Selandenr'selation roughness has been neglected, i.e.

e =0.
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Figure 1.7 Moody diagram for Darcy friction factor

Since the behavior of friction factor is stronghfluenced by flow regime, many authors in

literature suggested the possibility to study laanito turbulent flow transition empirically from

direct observation of experimental profiles; instlvay, the analysis becomes less complicated,

as only pressure drop measures are required. Ewrmgh this approach does not allow the

accurate determination of the transition zone ftiéroexhibits a good agreement with specific

studies made with dedicated techniques; the regrdtsented by Cioncolini and Santini [13] are

in accordance with Webster and Humphrey’'s work [2/]which laminar to turbulent flow

transition is investigated by means of laser-Doppistantaneous velocity measurement in a

helical tube.

LP1.C2c

22

CERSE-POLIMI RL-1491/2013



-1.0

-1.1
512
2 13 M
& -1 3 s~ e Straight tube
(=} Y - .
L 14 _ﬁ,_fu-._s experimental
'g “!Q y ai\"’w "
< -15 ' ‘.*l:t --------- f Hagen-Poiseuille
o % Q .
E 16 %;‘% (laminar flow)
=) e
o -17 ""‘-% ----- f Selander
= - < (turbulent flow)
S -1.8
=

-1.9

-2.0

3.0 3.5 4.0 45 5.0

Log10 (Reynolds)

Figure 1.8 Experimental friction factor profile in a straight smooth tube

1.6.2 Comparison between empirical correlations and experimental data
Thermal-hydraulic conditions for single-phase puessdrop measurements are listed in Table

1.6. The experiments were performed with watemalbiant temperature and pressure, varying
the flow rate by changing the inlet velocity. Bddminar and turbulent regimes have been
explored, with particular attention to the trarmitzone; no data are available in the zone of Re <
1000.

The experimental uncertainty of friction factor wa$ is calculated with standard error
propagating techniques: it turns out to be lowantB.6% for coils other than SIET facility and
coil 01, while for SIET facility and coil 01 it i®wer than 7%; uncertainty of Reynolds number
is always lower than 1%, thus it has not been tepgoiGenerally, experimental uncertainty of
friction factor is higher in laminar zone than urliulent one, especially for SIET facility data.
The examples which follow (Figures 1.9 — 1.16) aeterred to SIET facility .. /diupe =
79.80), Coil 02 (strong curvature),,;;/dupe = 16.83), Coil 06 (medium curvaturd),,;;/
diupe = 53.28) and Coil 10 (mild curvaturd),;;/dtupe = 153.01). Since the position and the
amplitude of critical zone vary in the 13 coilstégl in graphics for both laminar and turbulent
flow general values for, respectively, maximum amdimum Reynolds number on the abscissa

axis are taken. The friction factor profile in ts#tion region is distorted and cannot be predicted

LP1.C2c 23 CERSE-POLIMI RL-1491/2013



Rapporto “Validazione di codici e qualifica modgdier problematiche di scambio termico in 2
generatori di vapore innovativi”

by any standard equation, therefore only fully deped laminar and turbulent flow conditions
should be considered in the comparison betweenriexgetal data and correlations.

As far as laminar flow is concerned, most of equrailisted in paragraph 1.3 give quite similar
predictions: the relative differentamong Ito’s (eq. 1.21), Prandtl's (eq. 1.19), Whitéeq.
1.17), Hasson’s (eq. 1.20), and Mishra & Guptag. (£23) laminar flow correlations never
exceeds 4% in the rang®0 < Re < 3000 for all the geometries explored, and, excluding
Prandtl's equations, never exceeds 10% in the rd0§e< Re < 800. The measured data in
laminar zone with the above mentioned correlatitimsrelative error on friction factor is always
lower than 5% for all the geometries tested inrdiege1000 < Re < 3000 (189 experimental
points). BeyondRe = 3000 the flow in straight tubes is in general belietede definitely not
laminar because of the beginning of the transitibos the validity of the correlations is not
guaranteed: the friction factdg included in these correlations cannot be calcdlatéh the
Hagen-Poseuille resistance formula. Best predistioh experimental data are given by Ito’s

equation, whose relative error hardly ever exc@édgor all the types of curvature.

Cail No. Velocity [m/s] Reynoldsx 107
01 0.8-12.0 2.8-43
02 0.3-10.0 1.7 - 60
03 0.3-10.0 2.3-60
04 0.2-6.5 2.2 -60
05 0.2-75 2.0-59
06 0.2-8.5 1.1-51
07 0.2-75 1.1-53
08 0.2-7.0 1.2-53
09 0.2-7.5 1.3-45
10 0.3-6.5 1.1-24
11 05-55 1-7-20
12 05-45 1.6-16

SIET 0.2-2.3 25-28

I ——
Table 1.6Explored range for pressure drop measurements

2 Once fixed Reynolds number and geometric parasietee relative difference among a group of frictiactorf
was calculated in the following way:
max f; — mfinfi

dif ference = average f
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In the field of turbulent regime, Ito’s (eq. 1.2&)d Mishra & Gupta’s (eq. 1.28) turbulent flow
equations give close predictions for all the inigeged type of geometry: the relative difference
remains near 4% for all the validity range of tlmrelations. Schmidt’'s equation (eq. 1.22) is
particularly interesting as it is not specific faminar or turbulent regime: despite this, turbtilen
flow predictions result to be much more in accom#amvith other existing correlations; one
possible explanation could be the more sensitiveedéence orfs in comparison to other
correlations in laminar regime, rendering unrekabie predictions in this region. In general,
Schmidt’s formula shows a quite good agreement Vitls and Mishra & Gupta’s equations:
the relative difference with Ito’s equations alwdgwer than 8% in the rangH),000 < Re <
100,000 for mild and medium curvature, while for strongvature this difference tends to be a
little bit higher. The predictions of Ruffel's edian (eq. 1.29) in case of strong curvature are
quite different from those of the above mentionedaations: the reason could be the fact that
this formula was carried out for a particular tygdacility used in AGR reactor. Even in case of
turbulent flow the correlation made by Ito shows best accordance with experimental data: the
relative error in fully developed turbulent condits never exceeds 2% for coils other than SIET
facility and coil 10, while for those it remainsder 4%.

In light of this, Ito’ laminar and turbulent regimequations have been chosen as standard

formulas during the development of this work.

Laminar flow Turbulent flow
e f experimental
® f experimental
f_straight Hagen-Poiseuille
f_straight Selander
f_lto
f Adler f_lto
e—f \White f_Ruffel
e=f Prandtl —f_White
f_Hasson = f Mishra-Gupta
f_Mishraand Gupta £ schmidt
f_Van Dyke

Table 1.7Legend for graphics in Figures 1.9 — 1.16
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Figure 1.16 Correlations for friction factor
compared with Coil 10 experimental data

1.6.3 Friction factor analysis in transition zone
It well known that the presence of curvature hadrang influence on the laminar to turbulent

flow transition. Supposed that the flow regime dam studied by observing the frictional

component of pressure drop, Cioncolini and Sarstiwidrk [13] reveals some interesting features

about friction factor profile in helically coiledibbes, that suggest that the behavior of the flow in

the critical region is much more complicated coregan what happens in straight tubes: the coil

diameter plays a very important role, so that tipléude and the position of the critical zone is

function not only of Reynolds number, but alsohd turvature rati®oi / Gupe-
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The experimental data (Figures 1.17 through Figu28, [13] Log-Log plots) show an unstable
behavior of friction factor profile included betweenvo points, in correspondence of which the
curve present a change in its law; the resultas ttine profile exhibits a depression. This could be
interpreted as an instability in flowing fluid arlderefore the two discontinuities in the slope
would mark the beginning and the end of the lamtoaurbulent flow transition. The extent of
this zone appears very wide in the range of mediumvature, i.e30 < D_y;1/diupe < 110
(Coil 04 through Coil 09 and SIET facility), whilebecomes more narrow at higher values of
the ratio (Coil 10 through Coil 12). The accuragedmination of the Reynolds number values
which include this zone is quite complicated. Eq11), eq. (1.12) and eq. (1.13) are Cioncolini
and Santini’s correlations for medium and mitirvature; other formulas will be provided in
present work. It is worth to underline an intenregphenomenon that is visible in coils with mild
curvature, especially in Coil 12: besides the atten in its law, the profiles present also a
change in the sign of the slope; in other wordsa small zone the slope becomes positive, the
friction factor increases with increasing Reynolusmber. Since this feature is typical of
rectilinear channels in correspondence of the deparfrom laminar zone, it is possible to
deduce that in the range of very high values of#tie D / dune the behavior of the flow tends
to become similar to that of straight tubes. Ondtieer hand, when the curvature is particularly
strong, i.€.D.pi1/dtupe < 20 (Coil 01 and Coil 02), this two points collapsedaonly one
discontinuity in the slope is visible, without mbdation in the sign: since this detail represents
the unique instability observable in friction factarofile, in this range of curvature ratios it is
accepted that the laminar to turbulent flow traositcan be identified as point-wise; the
Reynolds number value at which this point is lodataries in the rang8000 < Re < 12000
and decreases with increasing curvature ratio 1ekf)). The curvature ratio of Coil 03 can be
placed halfway between the conditions of point-wesed large transition zone: a small
depression in the profile is actually visible, eviflought the change in slope can be well
approximated as punctual; this characteristic ga#tes the above explained behavior of the
coils with medium curvature. It is interesting totige that, although the profile in the region of
strong and medium curvature is highly dissimilag turvature ratios of Coil 03 and Coil 04 are
not very different; this fact could signifies thatthe range24 < D_,;1/dtupe < 35 the flow is

strongly sensitive to the curvature ratio. The k@ data are not sufficient to determine what

%In eq. (1.12) for mild curvature the transitiomeds approximated as point-wise
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happens to the flowing fluid in this zone; moreailel experiences should be carried out in
order to investigate this phenomenon.

-10 10
- - “
g-n *ﬂ S11 '
& 4 g '~

12 < 12
£ ¥, E Y
13 +$+ g 13 .
E # E .
g-14 &-14 -,
S 8 o
e,-1.5 a -15 L N
%-16 %16
S S

17 17

32 34 36 38 40 42 44 46 48 32 34 36 38 40 42 44 46 48

Log10 (Reynolds) Log10 (Reynolds)

Figure 1.17Experimental friction factor profile fo€oil  Figure 1.18Experimental friction factor profile fo€oil

01 02

=
[

b
Sa3 \‘

15 e
"‘l 0~.~
16 .

’(

LN

W
°

']

LN
5,1

n.....

JUN
o

Log10 (Darcy friction factor)
=
Log10 (Darcy friction factor)
N
S

—
AN
'
=
N

32 34 36 38 40 42 44 46 48 32 34 36 38 40 42 44 46 48
Log10 (Reynolds) Log10 (Reynolds)

Figure 1.19Experimental friction factor profile fo€oil  Figure 1.20Experimental friction factor profile fo€oil

03 04

LP1.C2c 29 CERSE-POLIMI RL-1491/2013



-10 10
’g‘ 11 E 11§
ERPIAN g |
& -12 €12 N
g N g ‘.
g 13 g a3 -
2 E 3
& = ¢
2 -14 o'-14 L%..
5 8
15 i e <15 %
= oy — g
-
§° -16 \i §° 16 ‘.
17 -17
32 34 36 38 40 42 44 46 48 32 34 36 38 40 42 44 46 48
Log10 (Reynolds) Log10 (Reynolds)

Figure 1.21Experimental friction factor profile fo€oil  Figure 1.22Experimental friction factor profile foCoil

05 06

10 -10
5 11 g 11
3] o “
HCS '1.2 .‘ Hc-‘t -1.2 _.‘
S [ ] = Y

o
£ 13 \ g 13 ",
2 = 3
< 14 \ >, 14 ~
2 L, Y 2 .
g5 M g5 Mﬁ
;" ® oo . ; “..~.!
< 16 = 16 ‘ug
z % .
=17 = 17
32 34 36 38 40 42 44 46 48 32 34 36 38 40 42 44 46 48
Log10 (Reynolds) Log10 (Reynolds)

Figure 1.23Experimental friction factor profile fo€oil  Figure 1.24Experimental friction factor profile foCoil

07 08

LP1.C2c 30 CERSE-POLIMI RL-1491/2013



.
S
=

o
(=Y

K
r
K
@

&

\""00
1 S, ..

&
.i'.

%e
....

"&

.
&

Log10 (Darcy friction factor)
S
,.
#
Log10 (Darcy friction factor)
e

]
R
N

32 34 36 38 40 42 44 46 48 32 34 36 38 40 42 44
Log10 (Reynolds) Log10 (Reynolds)

Figure 1.25Experimental friction factor profile fo€oil  Figure 1.26Experimental friction factor profile foCoil

09 10

-10 -10
511 =11
& 8
€12 & 12
S *% S .. %
g -13 e B 13 e,
= ° =
: -14 \h ; -14 ;‘v.ﬁ; °
a-15 | 815 %o g
: '-.~ = O,
- 16 S 16
en %)
S =)

17 =17

32 34 36 38 40 42 44 32 34 36 38 40 42 44
Log10 (Reynolds) Log10 (Reynolds)

Figure 1.27Experimental friction factor profile fo€oil  Figure 1.28Experimental friction factor profile foCoil

11 12

LP1.C2c 31 CERSE-POLIMI RL-1491/2013



-1.1

1
-
[\

'

=

w
P

Log10 (Darcy friction factor)
—
>

1
_
Ul

””N

3.2 3.4 3.6 3.8 4 4.2 4.4 4.6
Log10 (Reynolds)

-1.6

Figure 1.29Experimental friction factor profile foBIET facility

Even thought SIET facility does not satisfy Manlza@and Churchill [7] toroidal assumption,
having a pitch greater than the coil radius, in theerimental friction factor profile no
appreciable effect due to the increase in heightveible: the curve is quite similar to those for
Coil 07 and Coil 08, whose curvature ratios are dlosest to the value of SIET facility; this
result seems to allow to neglect the influence asion. Hence the empirical correlations
proposed in this work can be considered suitalde &dr geometries with values of coil pitch

larger than coil radius.

1.6.4 Pressure drop in circular straight and coiled tubes
It is ascertained that, compared to rectilinearnaclets, in coiled tubes the distortion of axial

velocity profiles due to curvature and the preseoica secondary flow cause a greater shear
within the fluid (internal friction) as well as &tion with the confining wall: this phenomenon is
visible in experimental data as an increase in theasured values of pressure drop;
consequently, for equal Reynolds number and tuberimiameter, the frictional component
dpsrice/dz, and therefore the Darcy friction factor (eq. 3,30rns out to be larger in helically
coiled tubes than in straight ones, the higherdifference the stronger the coil curvature. In
Figures 1.30 — 1.31 this behavior is observableaise of smooth tubef andfs are expressed

using appropriate correlations). Furthermore, tfifference is greater in laminar regime: it

LP1.C2c 32 CERSE-POLIMI RL-1491/2013



increases with increasing Reynolds number, andstimng curvaturd, can be sometimes the
triple of fs in the range 500 < Re < 3000. As far as turbulent flow is concerned, the défere
is less visible, the ratif / fs never exceeds the value 2 and does not show taayeth with
increasing Reynolds number when fully turbulentimesgis achieved; for high curvature ratios

the conditions become progressively similar to ¢hosstraight tubes, thus the value of the ratio
fc/ fs tends to the unity.

5.0
.......... 5 /
4.0 —
/ 10
. — n20
£ 30 /' 40
g / //
= 20 e T 180 —
/ y DCOiI/
1.0
0.0
0 1000 2000 3000 4000

Reynolds

Figure 1.30fci / fstraignt VS Reynolds number at various curvature ratioslgminar flow, using
Ito's equation (eq. 1.21) for the rati@if/ fstraighi
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Figure 1.31 feoil / fsraignt VS. Reynolds number at various curvature ratioguddoulent flow,
usinglto's equation (eq. 1.25) fogf and Selander's equation (eq. 1.34) f@kifn: (roughness
value set to zero)

In order to understand the reasons of this phenomeahis worth analyzing the axial velocity
profiles in straight and coiled tubes, for lamiaad turbulent flow. As already explained in sub-
paragraph 1.4.1, a viscous fluid, under the comditof zero slip at the tube wall, flowing in
laminar regime in a straight circular tube, presenparabolic profile of axial velocity; actually
this case can be studied theoretically by solvimg momentum balance and the form in eq.
(1.31) is obtained. Turbulent flow in straight tsleannot be investigated analytically because of
the complexity of governing equations; despite,thigeneral profile is obtained with the time
averaged Navier-stokes equations due to Reynaidsigure 1.32 these profiles are shown: it is

important to underline the symmetry of the axidbegy distribution.

| 0L

0 2u

X Y

LAMINAR FLOW TURBULENT FLOW
Figure 1.32Axial velocity profiles in a straight tube [28]

As far as curved tubes are concerned, the presdgreeentrifugal force breaks this symmetry,
thus, compared to the straight case, the velocagignt near the outer wall increases while that
near the inner wall decreases. This situation @wvshin Figure 1.33 with a graphic made by

Huttl and Friedrich [29], carried out by means afrerical methods.
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Figure 1.33Axial velocity profile in a straight tube (---), iwo toroidal tubes with different geometries alwaivf
conditions (--) £), and in two helical tubes with different geomedrand flow conditions (-) (-.-.-.)

In literature, it is not unusual to find the defian of the frictional coefficient, a dimensionless

parameter also called Fanning friction factor:

2T
= (1.35)

fF i D —

anning puzz
Tw represents the surface shear stress for a Newtdhim, and it may be evaluated from
knowledge of the velocity gradient at the surface:

du,

(1.36)

T, = —U
v dr =79

The frictional coefficient expresses the importantevall effects referred to the kinetic energy
of the flowing fluid. By combining eq. (1.36) withq. (1.30) and eq. (1.32), the well known
relation between Darcy and Fanning friction fadgsonbtained:

fDarcy = 4fFanning (2.37)
It is therefore evident that the frictional compohef pressure drop is directly dependent on the

axial velocity gradient near the wall. As far amiaar flow is concerned, the ter%‘f at the

outer wall is particularly high when the fluid islgected to a great centrifugal force, i.e. for
strongly curved tubes; in general, the lower thevature ratio the higher the average axial
velocity gradient at the tube surface, and thenhilgber the frictional component of pressure
drop. The same situation is verified for turbul@atv, but in this case the weight of the kinetic
component is greater, a lower the distortion of wedocity profile due to centrifugal force

appears and the increasing of the frictional coigffit is less important.

LP1.C2c 35 CERSE-POLIMI RL-1491/2013



Rapporto “Validazione di codici e qualifica modgdier problematiche di scambio termico in
generatori di vapore innovativi”

These results and those illustrated in sub-parlagia$.3 contribute to justify the necessity to
have correlations at our disposal, in order to ble & predict friction factor and laminar to
turbulent flow transition in the design phase oheat exchanger in which a helical tube is
employed. The influence of the curvature on hdljcabiled tube is very strong and needs to be
studied accurately, especially for those applicetjdike steam generators for nuclear reactors, in
which the arising of natural convection is requinedase of emergency.

1.7 An engineering approach to the study of laminar to turbulent flow
transition

1.7.1 The relative error based approach
A first rough approach to the study of flow tramsit is here proposed. Even thought the

amplitude and the position of the critical zone str@engly variable with the curvature ratio, in
the very first phases of the design of a helicatliijfed tube a simple general correlation, valid in
the entire range of curvature ratio, can be usdfig; formula should be able to estimate, within
an acceptable uncertainty, a value for critical iRégs number representative of the laminar to
turbulent flow transition. By observing the profilef friction factor for all the 13 coils tested, i

is possible to notice that the Reynolds numbeiomespondence of which the depression begins
decreases with increasing value of curvature ratws happens as a consequence of the
stabilizing effect due to curvature on the flowifigid, the higher the stabilization, and thus
Reynolds number that mark the departure from lamiloav, the stronger the coil curvature;
furthermore, also the ending point of the depressitows the same behavior, although the two
variables are linked with a different l1awin view of this, one can try to multiply the dcl
Reynolds number and the curvature ratio in ordebtain a series of linked values; two type of
dependence between this product and the curvaiticewill be tested: a linear and a decreasing
power model. However, the crucial part of this a&agh remains the method for the
determination of the critical Reynolds number.

Once established that Ito’s laminar and turbulesdistance equations vyield very reliable

predictions, they have been used as standard fasmbence, the relative error committed by

* Obviously, the point-wise discontinuities in tHeg of friction factor profile observable in Céil and Coil 02
are excluded from this remark.
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these correlations predicting the experimentallyasoeed friction factors has been chosen as the
key parameter. Looking at the graphics in Figu@ through Figure 1.46, the accuracy of the
above mentioned correlations is observable. Inrdggon of fully laminar and fully turbulent
flow the difference between Ito’s correlations, threir respective field of applicability, and
experimental values is constant with varying Regiasolumber and it is in general very close to
zero. As far as the transition region is concerngden leaving the appropriate range of
pertinence the extrapolated values of Ito’'s equatidend to intersect the depression
characteristic of experimental data obtained inscother than Coil 01 and Coil 02: thus in this
zone there is a Reynolds number value for whichréthegive error is almost zero; this is just a
mathematical effect, no physical meanings can begmized. Beyond this point the theoretic
resistance formulas present a rapid growth of ¢tegtive error.

Ito’s equation for laminar flow® Ito’s equation for turbulent flow

40 —. 40 1
30
30
‘k oo| ©
20 A
p . pa
5 £
St
S10 = 10
St [=]
R @ =
0 Q&O =9 - Og®
10 10
-20 -20
0 5000 10000 15000 20000 25000 30000 0 5000 10000 15000 20000 25000 30000
Reynolds Reynolds
Figure 1.34Relative error between Ito’s formulas and Figure 1.35Relative error between Ito’s formulas and
experimental data doil 01 experimental data dEoil 02
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Figure 1.36Relative error between Ito’s formulas and
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Figure 1.46Relative error between Ito’s formulas and experitakdata of SIET facility

The beginning of the critical zone can be locateticatively at the Reynolds number for which
the yellow profile leaves from a near zero constahiie; on the contrary the stabilization of the
red curve identify the ending of turbulence regidhe discontinuities in the slope observed in
friction factor profiles are also visible in themde graphics: the region of medium curvature
(Coil 04 through Coil 09 and SIET facility) showsetgreatest depressed zone. In addition, the
above explained “casually zero” relative error ealn the red curve and the departure from
laminar flow in the yellow curve are nearly coinend: in line of this distinct position the starting
point of the depression can be located. Focusiagetbre the attention on red profile, the depth
of the depression never exceeds the value 15%lIftheacoils tested: this fact signifies that, if
Ito’s equation for turbulent flow was used to cddte friction factor in transition zone, the
maximum relative error committed would be quiteited. In other words, if one is interested in
the prediction of the frictional component of pragsdrop, this situation suggests the possibility
to approximate the critical region as point-wiseiniy this Reynolds number value almost near to
the beginning of turbulence emergence; then, stdnequations for friction factor in laminar

and turbulent zone can be employed with an acckptedzertainty.

1.7.2 Critical Reynolds number determination
Different options can be applied in order to detesthe critical Reynolds number, making use

of the relative error profiles; a simple methodalwng both Ito’s correlations was employed.

LP1.C2c 40 CERSE-POLIMI RL-1491/2013



O
Rapporto “Validazione di codici e qualifica modgdier problematiche di scambio termico in
generatori di vapore innovativi”

For each coil, the Reynolds number of the expertalgroint, whose sum of the absolute values
of the two relative errors is minimum, was chosgitha critical value.

Recrit = min(lerr%lto_laminarl + |err%1to_turbulent|) (1-38)

Evidently, the result is situated near the begigrohthe depression because of the presence of
the “casually zero” value close to the departucenflaminar flow. Hence, one can assume that
Ret in eq. (1.38) marks the start of turbulence emergermhe important advantage of this
method is the fact that no arbitrary thresholdstfer relative error must be chosen: a simple
objective value is obtained directly from experitardata. Since for strongly curved coils the
transition zone deduced from friction factor predilappears point-wise, this kind of approach is
able to identify for Coil 01 and Coil 02 quite edgdhe Reynolds number value at which the
changing in law of the experimental profile, ancerdfore the laminar to turbulent flow
transition, is located.

1.7.3 Linear model
In Table 1.8 the results of this procedure are sarnzed.

By multiplying the critical Reynolds number with ethrespective curvature ratio, a linear
dependence with the curvature diameter is obsezvéEigure 1.47). All the points lie quite

perfectly on the fitting line obtained with the $¢a@quare metho&k¢ = 0.9969):

D,,; D,,;
Reis 1 (L”) = 2200 —=2 + 93000 (1.39)
~ \dype tube
and rearranging this equation, a correlation farcal Reynolds number is obtained:
d
Regrie 1 = 93000 —2€ 4 2200 (1.40)
coil
H Dcoil
Coil no. Deoit/ Ghube Reéyit 1 Recric 1 (d_>
tube
Coil 01 6.9 12606 87367
Coil 02 16.8 8562 144128
Coil 03 24.0 7140 171156

® for the sake of clearness, in the following equragithe Reynolds number at beginning of the trimmsitone will
be marked with the subscript “1” and that at thdieg with the subscript “2”, i.eRe,i 1 andRe&y; »
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Coil 04 35.3 4774 168181
Coil 05 42.9 4274 183395
Coil 06 53.3 4206 211093
Coil 07 65.2 3536 230447
SIET Facility 79.8 3247 337894
Coil 08 84.9 3242 275352
Coil 09 103.7 3044 315680
Coil 10 153.0 2764 422926
Coil 11 178.1 2710 482901
Coil 12 369 2463 909519

Table 1.8Critical Reynolds number evaluation with eq. (1.38)
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Figure 1.47 Plot of the producRe ,;; 1 * (?—"”) VS. curvature ratio and linear fitting
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Figure 1.48Residual plot for the linear model in eq.  Figure 1.48bis Residual plot for the linear model in
(1.40) eg. (1.40), only medium and mild curvature points
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Figure 1.49Error plot for the linear model in eq. (1.40)

The rearranged eq. (1.40) expresses a linearaesdtip betweeiRe,i; 1 and the inverse of the
curvature ratio: actually, considering the ratig;l,,e the dependence is a hyperbolic function.
The residual and the error plots (Figure 1.48, FaglL48bis and Figure 1.49) show scattered
points in the in the range of medium and mild ctuxex here, the linear model is in general
appropriate and the distance between experimemiatspand the predicted values is quite
limited (err. < 6.5% and err. < 4% for coils otltean Coil 06). On the contrary, for strongly
curved coils a greater difference is observed: rtHative error for Coil 01 is approximately
+25%, whereas Coil 02 and Coil 03 present a negaiiwor that is respectively about -7% and -
13%; this fact signify that perhaps a different mlodlould be more suitable when the laminar to
turbulent flow transition can be considered as pwiise; Cioncolini and Santini [13] proposed
for this region a decreasing exponential model,aee (1.11). Despite this, the error is relevant
only for very small value of curvature ratio, thes. (1.40) can be considered valid Egi/dwpe

> 10.

The experimental point concerning SIET facility doet lies below the line: the destabilization
of the flow due to the increasing in height is misible and its effects on turbulence emergence
are negligible. However, the experimental uncetyaon the specific point chosen to mark the
beginning of the transition is about 19%: more aatiworks are needed in order to carry out
more confident conclusions.

It is very interesting to notice that, if the ingerof the curvature ratio in eq. (1.37) is settled
zero, i.e.D.y;; > diype, the critical Reynolds number value tends appretaty to that of a

straight tube: actually, when the effect of curvatlbbecomes irrelevant, the condition of
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horizontal rectilinear channel is achieved and lteginning of the laminar to turbulent flow
transition agrees with the typical value of straiyibes. This fact confirms the correctness of the

approach.

1.7.4 Exponent optimization
As shown in Figure 1.50, the obtained values fdrcat Reynolds number are correlated to the

curvature ratio by an exponential decreasing foncfR? = 0.926):

—0.45

l) .
Repric 1 = 26500( C"”) (1.41)

tube

An attempt to balance the weight of the two qugntitthe producie,,; 1 * (50—"”) was made,

tube

by providing an exponent lower than 1 which redubesweight of the curvature ratio and thus
obtaining a decreasing function. With this procedar roughly constant value marking the
beginning of the transition is found:

DCOil )n (1 42)

Transition value = Re i 1 * (
N dtube

Different criteria for the optimization of the expentn were tested:
» the least square method used in eq. (1.41) provides n = 0.45;
» by minimizing the standard deviation of the product, the value n = 0.44 is obtained;

» the lowest difference between the minimum and the maximum value of the product is achieved

forn = 0.41.
exponent Average (eq. Standard min — max max error
1.42) deviation difference
n=0.41 22500 14.62% 8320 +22,75%
n=0.44 25500 14.03% 10980 +29.45%
n=0.45 26500 14.07% 12054 +31.82%

Table 1.9Results of optimization procedure for the expoment

In Table 1.9 these results are summarized: geagr@lthis procedure, the value= 0.41 is

chosen and the following correlation for criticayRolds number is obtained:

—-0.41

D .
Recyies = 22500 () (1.43)

tube
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In spite of this result, this model presents ardent correlation among the residual values: as
noticeable in Figure 1.51, the residuals in thergjrcurvature region show a negative linear
tendency, while a positive linear trend is visibighe region of medium and mild curvature. In
light of this, two corrections can be applied touatipn (1.43) and the following resulting

correlations are here proposed:
-0.41

D. .
Recrit 1_strong = 30000 ( y C"”) —1000 (1.44)
tube
D,oiy -0.41
Recrit_l_medium&mild = 17000( co; ) + 700 (1-45)
tube

Eq. (1.44), suitable for strongly curved coil {dd.,,e<30), provides very accurate predictions,
whose relative error with experimental points does exceed 2%. Nevertheless, the reliability
of this equation should be verified with more expental points, since only three data are
available in the region of strong curvature. On ¢fieer hand, eq. (1.45) is appropriate for the
remaining range of curvature ratio and predictsebgmerimental points with a standard deviation

equal to 6%, and a maximum error that does noteziscé1%.

1.7.5 The ending of transition zone
The investigation of the final part of the depreasin friction factor profile has been carried out

with a different approach: since Ito’s laminar floesistance formula cannot predict the friction
factor at the end of the transition zone, it is possible using a method based on the relative
error without assuming an arbitrary upper limit far Therefore, the zone between the two

discontinuities has been approximated with a pdi@poofile and then the point of intersection
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with Ito’s correlation for turbulent flow was chasas indicator of the end of the transition zone,
providing a correction on the equation due to tbealways negligible error in fully turbulent
zone. Coil 01 and Coil 02 have been excluded frioenapplication of this procedure, as it does
not make sense searching the end of a point-wagesitron. Friction factor in Ito’s eq. (1.25) is
given as a power decreasing function of Reynolasbar for a fixed value of curvature ratio; in
order to facilitate the individuation of the intecsion point, in a Log-Log plot a linear
approximation of the resistance formula can be eygu: as visible in Figure 1.52 through
Figure 1.62 (the blue line indicates Ito’s corriglatwhile the black one is the approximation),
this assumption does not influence significantlg tesults in the range of Reynolds numbers
investigated. This method needed a correction duthé mean error of Ito’s turbulent flow
resistance formula in fully turbulent conditionbat in few cases was considerably different
from zero: a first set of Reynolds number valuesking the end of transition zone, iReyi »,
was calculated; the mean relative error of Ito’'sagpn for turbulent flow was used to evaluate
the absolute error oReyi: 2, in order to shift the linear approximation of theoretic formula on
the experimental data and therefore reducing tfferdnce; then a new intersection point was

computed. The results of this procedure are listélchble 1.10.

Coil no. Deoitl Ghube Ito mi/(;m err R:C{f[téﬁgtst Reéwit 2
Coil 03 24.0 -0,05 12123 12085
Coil 04 35.3 -0,16 16743 16670
Coil 05 42.9 -0,01 15639 15636
Coil 06 53.3 -0,11 13527 13469
Coil 07 65.2 0,00 12685 12687
SIET Facility 79.8 3,24 10116 11910
Coil 08 84.9 0,30 11306 11430
Coil 09 103.7 0,34 8138 8212
Coil 10 153.0 -3,89 5288 4882
Coil 11 178.1 -1,99 4578 4391
Coil 12 369 -0,39 3363 3348
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Figure 1.64Linear fitting for Re , obtained in a Figure 1.65Residual plot for eq. (1.47)

limited range of curvature ratio (eq. 1.47)

The higher ending value of the transition is exietbiby Coil 04, while the respective value for
Coil 03 is by far lower; thus, it is not possibteihclude Coil 03 when fitting the experimental
points. In Figure 1.63 it is shown how the obtainedues can be roughly correlated to the

curvature ratio by the functio®f = 0.9396):

Dcoil —078
Repric 2 = 305000( ) (1.46)

tube

This formula presents a quite high average relagis®r (10.30%), with a maximum error
reaching 20%, thus it is not proposed as a coroelaf better fitting can be made (Figure 1.64)
by excluding Coil 11 and Coil 12, achieving thddaling linear correlation? = 0.9725):

Dcoil

Recrit_z - _100

+ 19500 (1.47)

tube

with 35 < 2<0il < 160

tube

The validity field must be limited up c.i/dune = 160; the residual plot show scattered points,
thus the linear fitting can be considered suitablee mean relative error is about 4.57%, with a

maximum value not exceeding 8.5%.

1.8 Conclusion
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The influence of the curvature ratd/dype ON laminar to turbulent flow transition in heligal
coiled tubes has been investigated by means ofriex@eatal pressure drop measures obtained
using liquid water as processing fluid. An approdmsed on the relative error between
experimental data and empirical correlations hasenhbtried: among a wide range of formulas
available in literature, Ito’s laminar and turbuleitow equations showed the global best
accordance with data. Since the analysis of tleéidn factors profiles [13] has made clear the
presence of an often non point-wise transition zawrelations for the critical Reynolds
numbers representing the beginning and the end et searched.

Two models have been used in order to match thétsesoncerning the beginning of turbulence
emergence as function of the curvature ratio: aalirfitting, which has brought to obtain eq.
(1.40), and a negative power decreasing model, fibmch eq. (1.44) and eq. (1.45) have been
derived. Eq. (1.40) is retained to be better bezaiighe consistence for curvature ratio tending
to infinite and the lower error in respect to expantal data.

The end of transition zone has been determinekeagdint of intersection between experimental
profiles and Ito’s turbulent flow equation. A lirrefitting of these points is proposed in eq.
(1.47), even though the field of applicability iisited.

An attempt to observe also the influence of cditipihas been made by analyzing experimental
pressure drop data obtained on a facility, i.e. TSHacility, which does not satisfy Manlapatz
and Churchill condition for toroidal assumption. Mdgheless, no deviations due to the

increasing in height have been noticed.
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2 Experimental analysis of pressure drop of steam-water
flow under adiabatic and diabatic conditions

2.1 Two-phases flow investigation
The large use of helically coiled tubes in steamegators justifies the necessity to study

accurately the steam-water two-phase flow: a doeatvledge of behavior of pressure drop, flow
instabilities and mechanisms of heat transfer sholé achieved, especially for those
applications, e.g. nuclear industry, which requinggh safety standards. In this chapter an
experimental investigation regarding pressure drsing a two-phase steam-water mixture is
carried out: several measures were made, bothiahaiit and diabatic conditions. The available
data set is composed of:

(a) 155 pressure drop measures performed on SIET Facility coil under adiabatic conditions. Water
was heated in a steam generator and then sent into the test section at the desired quality; even
thought the tube had been accurately insulated, small power input was given to the fluid in
order to balance thermal losses.

(b) 188 pressure drop measures performed on SIET Facility coil at various levels of power input. The
fluid entered the tube in sub-cooled condition and then was electrically heated inside the test
section; SIET facility tube is divided into two independent section, from 0 to 24 meters and from
24 meters to the end of the tube (see sub-paragraph 1.2.1), thus two different power input are
possible: some measures were performed with no heat flux in the second part of the tube, while
for the other runs a different power input was imposed in order to obtain superheated vapor at
tube outlet. The nine pressure taps situated along the test section allow enlarging the diabatic
data set: since quality varies because of the presence of heat flux, pressure drop in a wider
range of thermodynamic conditions can be measured; in this way, about 1500 different
experimental measures are available. The measures obtained without heat flux in the second

part of the tube have been added to the adiabatic data set.

In Table 2.1 a list of operative conditions is gmeed. A total of nine and twelve different
pressure — mass flux combinations, respectiveladmabatic and diabatic cases, were tested, but,
with the purpose to investigate the effect causgdpbwer input, similar conditions are
requested; therefore, the only six correspondirsgsare used in present work. Only one type of

geometry was tested, i.e. SIET Facility tube wham@meters are reported in subparagraph 1.2.
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" No. point . G =200 kg/ms G = 400 kg/ifs G = 600 kg/ifs
I p = 3000 kPa 17 26 17
 ADIABATIC | 155 | p =4000 kPa 17 20 13
b = 6000 kPa 16 15 14
G =200 G =400 G =600 G =800
kg/mPs kg/m’s kg/mPs kg/m’s
p = 2000 kPa 26 12 18 11
 DIABATIC =~ 188 || p =4000 kPa 12 14 14 22
p = 6000 kPa 14 13 18 14

Table 2.1Subdivision of experimental points referred to nmhconditions

After a preliminary examination of the profile dfet frictional component of pressure drop in
boiling conditions, an attempt to quantify and dnagplly visualize the difference between the
cases without and with power input was made. Twaptementary approaches were tried, and
the quite good accordance between the results darates the correctness of the procedures; an
uncertainty analysis on experimental data was edsoed out and proved the reliability of the
measures. The obtained results showed that thetefiéthermal input on a steam-water flow in
a helically coiled tube are strongly dependentt@irhodynamic mass quality and mass flux; on
the contrary, pressure seems not to affect so rthecdifference between diabatic and adiabatic
case; the influence of geometric parameters,tlee tnner diameter, coil diameter and coil pitch,
was not investigated. The complexity of this sitaidoes not allow obtaining any valid relation
and suggests the use of more refined instrumemds,ig to say Computational Fluid Dynamics
study.

2.2 Frictional pressure drop in two-phases flow
In literature the influence of pressure and mass @in two-phase flow frictional pressure drop is

well known: a high operative pressure is beliewetiniit the friction inside the flow and against
the wall: this happens because the difference letilee specific volumes of liquid and vapor,
and then between the velocities, reduces with asing pressure; thus pressure drop decreases
with increasing operative pressure. On the contranyincreasing mass flux tends to amplify
flow frictional effects and therefore pressure drope law that links frictional pressure drop and
operative pressure can be assumed as linear, wghare&xponent 1.5 should be applied to
express the dependence on the mass flux [1]. Ehawor, visible in Figure 2.1 and Figure 2.2,

is general for either straight or coiled tubesfoimmulas:
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Aprice ~ f(p, ™) (2.1)

By plotting the frictional component of SIET helicabe experimental pressure drop measures
concerning the adiabatic case as function of masfity, it is immediately noticeable that the
profiles are not monotonic curves, but they presenmaximum: frictional pressure drop
increases with quality up to the valwe= 0.75 + 0.85 and then decreases till the end of the
boiling process. The analysis of the profiles igufe 2.3 through Figure 2.8 (adiabatic case)
evidences that this behavior strongly depends emnihss flux, while pressure variations have
little effect on the shape of the profile. Becaugscale effects due to the representation of three
profiles on each graphic, this phenomenon will bareanappreciable in Figure 2.10 through
Figure 2.15. It is visible that the position of timeaximum and the slope beyond it are
considerably different at the three different mtiss level (Figure 2.3 through Figure 2.5): the
increasing of mass flux tends to shift the maximatna lower quality value and to amplify this
condition. On the contrary, the curves are veryilaimat the three different pressure level
(Figure 2.6 through Figure 2.8): excluding the eliéint pressure drop values, the three profiles
present the same behavior. Unfortunately, the pase3000 kPa, G = 600 kg/m?s lacks the

points at quality higher than 0.70, the maximumnedrbe seen.
200
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Figure 2.1Experimental data ofpric; per unit of length vs. quality in a straight pi(tebe inner
diameter 0.0152 m, no power input) at four difféneressure levels for a given mass flux value

[2]
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Figure 2.2 Experimental data ofpric: per unit of length vs. quality in a straight pi(iebe inner
diameter 0.00508 m, no power input) at five diffémaass flux levels for a given pressure value
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Figure 2.3Experimental data of pric: per unit of length vs. quality in SIET Facilitylically
coiled pipe (no power input) at three different siélax levels for a given pressure value
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Figure 2.4Experimental data ofpric: per unit of length vs. quality in SIET Facilitylically
coiled pipe (no power input) at three different siélax levels for a given pressure value
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Figure 2.5Experimental data ofipric; per unit of length vs. quality in SIET Facilitylically
coiled pipe (no power input) at three different siélax levels for a given pressure value
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Figure 2.6 Experimental data ofipric; per unit of length vs. quality in SIET Facilitylically
coiled pipe (no power input) at three different gsere levels for a given mass flux value
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Figure 2.7 Experimental data ofpric: per unit of length vs. quality in SIET Facilitylically
coiled pipe (no power input) at three differentgsere levels for a given mass flux value
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Figure 2.8 Experimental data of pric; per unit of length vs. quality in SIET Facilitylically
coiled pipe (no power input) at three differentgsere levels for a given mass flux value
The presence of a maximum in frictional pressuopgrofile is also noticeable in some cases of

rectilinear ducts: a slight decreaseAgkc; in the range of quality very close to the unit ¢&n
observed; this situation was already observed inightt tubes by other authors [3] [4].
Nevertheless, the position and the size of the mamxi in Figure 2.1 and Figure 2.2 are
significantly different from the cases of helicapgs, and the change in slope of the curve can
often be neglected; the maximum is by far moreblesin coiled tubes. The physical explanation
of this phenomenon is quite complicated and carbetunderstood only by mean of the
observation of experimental data: a hypothesis @wmaeg the effects of centrifugal force on the
wall shear stress in annular flow regime will beadissed in Chapter 3 with a CDF study.
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2.3 Models for two-phases pressure drop correlation
A large number of two-phase flow pressure dropeatations can be found in literature; these

correlations can be classified into the followingif general categories.
(1) Empirical correlations based on the homogeneous model. In the homogeneous flow model, the
two-phase frictional pressure gradient is calculated in terms of a friction factor, as in single-
phase flow. Fluid thermo-physical properties (viscosity and density) are calculated with specific

models; in this work the following equation will be used:

1 1-x) x
= +— (2.2)
phomogeneus Pis Pys
1 1—x x
= ( ) +— (2.3)
ﬂhomoyeneus His Hys

eq. (2.3) is due to McAdams (1942); several other models for the viscosity can be found in
literature. The friction factor is calculated using the correlations for single-phase flow. It will be
shown that this model is not suitable for helically coiled tubes because of the presence of the
above mentioned maximum, which cannot be recognized with a single phase correlation: in fact,
as already evidenced in paragraph 1.4, friction factor for single phase flow is a monotone
decreasing function of Reynolds number.

(2) Empirical correlations based on the two-phase friction multiplier concept. The two-phase
pressure drop is calculated from the single-phase pressure drop by multiplying with a two-phase

friction factor multiplier. The following definitions of two-phase friction multipliers are often

used:
2 _ (@p/dz)two-phases 2 (dp/dz)two-phases
Pio = " @p/ani, (@) ®go (dp/dz) 4o (b) (24)
2 (dp/dz)two-phases ch — (dp/dz)two—phases d ’
e ] (© g (ap/dz)g (@

The denominators refer to the single-phase pressure gradient for flow in the same duct with
mass flow rates corresponding to the mixture flow rate in case of ®# and @50 and individual
phases in case of ®? and <I>£2,; numerous correlations for the multipliers are available in
literature. This kind of approach is capable to predict the maximum of the curve and therefore
allows studying also the case of coiled tubes; in paragraph 2.2 a comparison between few
correlations and experimental data demonstrates this fact. Actually most of the correlations for
two-phase flow in helically coiled tubes make use of this concept.

It is worth mentioning the method of Lockhart-Martinelli [5] for pressure drop evaluation:

although it is not a correlation specific for coiled tubes, it is able to predict the maximum in the
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profile of frictional pressure drop. It is based on equation (2.4c), where the term Cblz is calculated

by means of the following formulas:

c 1
(D12:1+}+ﬁ (25)

v (M_f>0.25 (1 _ x)1'75 <,D_g> 2.6)
Hg x Pr

The constant C depends on the type of phase flowoRturbulent liquid and turbulent

vapor, 12 for laminar liquid and turbulent vapof) for laminar liquid and turbulent
vapor, 5 for laminar liquid and laminar vapor. Bging Ito’s turbulent flow (1.25)
equation for single-phase friction factor in coiladbes, the profile in Figure 2.9 is

obtained:
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Figure 2.9Frictional pressure drop profile obtained with theethod of Lockhart-
Martinelli
(p=3800 kPa, G=389 kg/fs, SIET Facility geometry)

Nevertheless, Lockhart and Martinelli’'s approacinieresting only from the theoretical
point of view: in fact, it has been experimentgdpved that frictional pressure drop in
two-phase flow is proportional to the mass flwellk™* whereas the normalization to the
single-phase model used by these authors impliepandence lik&'®[7].

(3) Direct empirical models. The two-phase friction pressure drop is directly expressed as a function

of
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mass flux, mixture density, length, equivalent diameter, etc. without reference to single-phase
pressure drop. An example in this category is the correlation “CeSNEF” proposed by Lombardi
et. al. [7]

(4) Flow pattern specific models. In general, two methods are being used to generate flow pattern
specific correlations: in the first, empirical correlations are obtained by correlating the data for
each flow pattern; in the second method mechanistic models which take into account the
distribution of phases in each flow pattern have been developed.

In addition, various correlations for interfaciaiction in addition to wall friction have been

developed for two-fluid models used in many of éldwanced system codes.

2.4 Pressure drop correlation for two-phase flow in helical tubes
In literature a large amount of correlations foegsure drop is available; in general, this kind of

correlations makes use of the two-phase frictiortiplier concept. In 2001 Guo et al. [8]
proposed a comparison among five formulas, showhag the predictions are quite different:
this analysis evidences the difficulty of predigtitwo-phase pressure drop in helically coiled
tubes. The author refers to Guo et al.’s work foeghaustive review of available correlations.
An empirical correlation was made by Santini eff&], specific for SIET Facility geometry, by
means of a fitting on the diabatic experimentahdaged also in present work. They obtained the

following formula:

dpfrict - K(x) Gl'glvm
dz dl? (2.7)

K(x) = —0.0373x3 + 0.0378x3 — 0.00479x + 0.0108
with v, representing the mean specific volume of the me&xtThey showed also that in this

case of helically coiled tube the frictional pressdrop are proportional ®*°1.

2.5 Heat flux input
The presence of a positive or negative heat flitk@tube wall surely modifies the value of total

pressure drop in a generic tube: the heating ofingp@rocess generates a variation in the
specific volume of the mixture, thus the accelemttomponent of pressure drop, which linearly
depends on the difference of specific volumes atitiret and outlet of the tube, shows a great
variation compared with to the adiabatic case. @&sak the frictional component is concerned,
one can think that if the tube wall temperaturgresater (or lower) than the fluid one, a new

motion normal to the tube surface is introduced: @kial velocity gradient and the wall shear
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stress are modified, and bubbles created at thewesl destabilize the liquid film; moreover, the
mean viscosity of the fluid is influenced by thegence of a heat flux. Thus in principle one can
expect that also the frictional component of pressliop varies with the presence of a heat flux.
Since the variation of quality has a strong infleeron pressure drop, the comparison between
two-phase pressure drop in two different situatisimsuld be made considering the same quality
of the mixture. A direct comparison between thebdiec case and that without power input at
the same quality is not possible, since the presehtieat flux renders not constant the quality
in the diabatic case; in order to obtain an evanabf the differences, two approaches will be
proposed in the next paragraphs.

Up to the author knowledge, the only experimemaéstigations regarding the effect of heat
flux on two phase pressure drop was carried o@dtini et al. [8]: this study excludes any heat
flux effect on frictional pressure drops in the garof heat fluxes lower than 200 kW/rand
specific enthalpy input lower than 2000 — 2500 gJ/kstead, several works are available in
literature concerning the straight tube: the olstdinmesults are not always in accordance.
Tarasova et al. [10] observed that two phase dmcpressure drop is higher in a heated channel
compared to that in an unheated channel for saowe dbndition. Studies conducted by Leung
and Groeneveld [11] indicate that the surface dardis significantly influenced by heat flux:
effective surface roughness increases due to theaton of bubbles at heated surface leading to
larger pressure drop; they concluded that for #mesflow conditions, the two phase multiplier
is larger for low heat flux than high heat flux. &der and Kastner [12] showed thahen tube
wall is still wetted, the two-phase multiplier isahanged passing from the diabatic to the adiabatic
case, while in the dry-out region it tends to dasee This result has been confirmed also by other
works [14].

2.6 Purpose of present work
In this chapter an accurate analysis of the aVaildata is presented, trying to understand the

effects of power input on the frictional componehpressure drop in a helically coiled pipe. It

will be shown that the difference between the diaband the adiabatic case cannot be easily
interpreted, since it is highly variable with gayland strongly influenced by the mass flux: a

general behavior is identified, but no conclusioan cbe carried out, even thought the

experimental uncertainty is quite low.

Since the experimental facility is the same usedie single-phase study, the description of the

test section is reported in paragraph 1.2.
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2.7 A visual representation of frictional pressure drop profiles

2.7.1 Data analysis
The experimental pressure drop data obtained duh@gdiabatic and diabatic runs have been

reduced in order to obtain the frictional componehpressure drop, by following the energy
balance method explained in the introduction of thork. In formulas:
Apfrict = APmeasured — APacc — MPgrav (2.8)
Apace = G*(Vour — Vin)Az

A

APgrav = pmg €OS (5 - V) AH
The accelerative term is negligible for the adiabdata, since in the absence of heat flux the
variation of specific volume is due to pressuredggat only, thus in general very low. The
gravitational term is the main component of presslrop in liquid single-phase flow and in two-
phase flow at low quality; for SIET Facility thelua of the angleg is 14.48°.
The thermodynamic conditions of the inlet flow #ne result of the operations at the pre-heater,
which serves as steam generator, and the passagbenconnection line to the test section. For
the adiabatic experiences, thermal power has basm go the fluid at ambient temperature
entering the steam generator, in order to obtagndibsired thermodynamic conditions of the
steam-water mixture; the inlet mass quality was tba&culated with a balance, considering the
input power at the pre-heater and the thermal $sEke inlet conditions of the diabatic runs
have been set by heating the liquid water in theehmater until the desired temperature and
pressure; sub-cooled liquid was then sent to thiestection, the negative thermodynamic quality
was about -0.15.
The presence of nine pressure taps along the ¢esibis plays a fundamental role in the
composition of the data set: since the diabatieegpces contemplated sub-cooled liquid at the
tube inlet and saturated or superheated vapoeautie outlet, the continuous monitoring of the
tube allows to obtain a great amount of measureé#fatent qualities; the position of the taps is
reported in Table 1.2 Excluding the first sectidrtiee tube, in which the flowing fluid is still
liquid for almost half of the length, seven pressdrop measures can be achieved from each run;

this fact allows calculating the mean density betwe lower interval of conditions, thus
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obtaining a better evaluation of the gravitatioo@mnponent of pressure drop. The imposed heat
flux is included in the rangB0 kW /m? < q"' < 200 kW /m?. Since three level of mass flow
rate were tested, a more convenient quantity has blefined in order to express the heating

grade, which represents the enthalpy given to kgaif fluid flowing in the test section:

— (Qin —Fonss) [% ] 2.9)

wherel is the mass flow rate. The thermodynamic equiitriquality of the mixture flowing

along the heated tube is calculated imposing dmagmt balance at each pressure tap:

x = w (2.10)
hg - hf

where h(tapj) represents the specific enthalpy of the fluid ascfion of the curvilinear

coordinate; under the hypothesis of uniform haat @in the tube wall, this value is given by the

relation:

]
hinput i
h(tapi) = hiner + TZ Ap;ection_lenght (2.11)

i=1
wherelL is the total uniformly heated length. Since thevpoinput is kept constant only in the
first 24 m of the test section, whereas in the sdqgoart of the tube adiabatic conditions or a
different input is introduced, eq. (2.10) is apprafe only of the first six pressure tap;
convenient corrections were applied for pressyps @ 8 and 9. Since the heat flux is constant
only in the first 24 meters of the test sectiorydhe pressure drop measures between Tap 2 and

Tap 6 have been considered diabatic.

2.7.2 Comparing diabatic and adiabatic data
The graphic representation of the adiabatic pressiilop measures as function of the mass

quality does not present difficulties, since foclkeaun the mass of vapor can be assumed as
constant for all the tube length; this operatiowigble in Figure 2.3 through Figure 2.8. Some
difficulties arise when power is given to the testtion, because there is a production of vapor
inside the tube: in order to plot the two caseshensame graphic, the local quality is determined
with the arithmetic average between the valuesvatdonsecutive pressure taps. This procedure
allows observing the differences between the atimbad the diabatic conditions; the results are
visible in Figure 2.9 through Figure 2.14. The oegbetween Tap 6 and Tap 7 is heated by the

same power input for nearly 2/3 of the length, wtithe rest of the section is left adiabatic or
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subjected to a lower heat flux; since the exclusibthese point would cause a great lack of data

in the last part of the boiling process, rendethgycomparison less significant, these points have
been plotted as well.
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2.7.3 Discussion of results
Uncertainty on experimental data has been evalwaitbdstandard techniques (See Appendix 1).

As reported in the description of SIET Facilityepsure drop measures show a quite low error
(0.4%). In the range of quality>0.2 the frictional component represents the predontinan
fraction of pressure gradient (more than 80%), ,thesen thought the uncertainty on the

gravitational and the accelerative terms is hight (610%), the error cannot be much great; in

this range it never exceeds the value 5% and lovier than 1% ifx>0.5. Instead, in some
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measures with low mass flux and quakig0.2, where the gravitational component of pressure
drop is important, a higher uncertainty have bestimated: the cage=6000 kPa G=200 kg/fs
presents few experimental points with an uncenyai#0% while for all the others operative
conditions the error does not exceeds the value. 10fwthe other hand, the mass quality
evaluation is affected by a high error becausehefuncertainty on power input (2.5%) and on
thermal losses at the pre-heater and along the(iLd®). The result is an uncertainty on mass
guality varying in the range [0.01 — 0.08]; theajex values were observed in the diabatic case,
since thermal losses are greater when power impgiven to the test section.

The above graphics show a strongly variable diffeee between two situations under
examination: in general, frictional pressure dropmsasured with power input seems to be greater
than the adiabatic case in the central phase didhimg process and lower in the ending part of
the spectrum of mass quality; moreover, mass feens to affect the size of this difference,
while pressure does not. Noticed this unusual arekpected behavior, no definitive conclusion

can be carried out; further analysis are neededdar to understand this phenomenon.

2.8 Evaluation of the differences

2.8.1 The integration method
With the purpose to quantify the differences obsdmn paragraph 2.2, a mathematical artifice is

applied to the data. It is assumed that variatanmmass quality along the length of the tube can
be caused only by power input, i.e. equal massitgual tube inlet and outlet in the adiabatic
runs. For given operative conditions, i.e. pressuré mass flux, the only free parameter in the
adiabatic data is the inlet mass quality, wherbasdiabatic measure of pressure drop in a two-
phase flow depends also on the amplitude of thervat Ax = x,,; — x;,, in addition to the
single values;,, andx,,;; for a fixed homogeneous heat fluxs is proportional to the length of
the tube. Since;, has approximately the same value for all the dialvans, in this analysis it
can be considered a constant parameter, whileaftiked homogeneous heat flux,,; is
determined once established a value of the lengtlihe tube. ThusAL, Ax and x,,; are
substantially the same variable. In this situatibe, adiabatic measures can be interpreted as the
derivative, in respect ta,,., of a functionAps... 4 €xpressing the dependence between

pressure drop and quality outlet for a fixed inletftormulas:
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fixed po,Go,q", ADfrice a = f(Xins Xoue, AL,
Ax)
fixed pg,Go,q", Xin APfrice.a = f(BX)
0APfrict a(AX)

Apfrict o (X) = SAx (2.11)
where in the subscripts the lettdf means “diabatic” and the lett&a” means “adiabatic”. The
function Apsicr o(x) can be easily achieved with a polynomial fittirfgttee experimental data,
after having subtracted the gravitational and tbeekerative components of pressure drop. In
order to determiné\ps,;.. 4(Ax), for each value of power input an expression @& tbtal
relative pressure inside the tube as a functioth@fcurvilinear coordinate, and subsequently of
the mass quality, has been obtained by subtratimg@ressure drop measures of the nine taps to
the inlet pressure, and then fitting those valdleanks to this function, it has been possible to
calculate, for each value of power input tested,gressure drop for two generic values of mass
guality. Hence, one obtains:

Apor.a(Ax) = p(z1) —p(22) =p(x1) —p(x2) (2.12)
where z and z express the curvilinear coordinates at which tlassmuality reaches the values
X1 and %. Again, Apsri ¢ IS Obtained from the total pressure drop by sghitrg the
gravitational and the accelerative terms.
Eqg. (2.11) suggests the idea of integrating thetfan Apf,... ,(x), thus rendering comparable
diabatic and adiabatic data. Thanks to this mettasi possible to choose an arbitrary interval of
integration and then to evaluate the differencem@ny phases of the boiling process. This

concept is summarized by the following equation:

X2
Apint(xz - xl) = f Apfrict_a(x)dx (2.13)
X1

X2 — X1
A physical interpretation ofp;,; can be given: this term is representative of ibiicdl pressure
drop under an ideal condition in which the fluidaolges its quality while flowing in the tube
with no power input at the wall. Since for eatha corresponding lengthAL = (z, — z;) of the
tube is defined, depending only on the level of poimput, the integrated value must be divided
for the total length of SIET Facility test sectiare. 32 meters, and then multiplied fAL.
Theoretically, if this quantity is greater / lowtkan the corresponding diabatic measure, it means
that in the considered range of quality power imgdiuces / increases frictional pressure drop; in
practice, the fitting procedures may have added esamcertainty, which sums to the
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experimental error discussed in paragraph 2.2;, tboly high value of the difference can be

considered significant.

UsS.

Ap; - *AL
Pint (o= x1) S Apyrier, () (2.14)

LsieT
Finally, the variation among the different poweputs was not taken into account and only the
difference between adiabatic and adiabatic condtis considered; this assumption may be a

cause of uncertainty.

2.8.2 Results
Three situations are here proposed:

(a) global boiling process, considering the entire range of quality [x; = 0.0 ; x, = 1.0];
(b) central phase of boiling process, that is to say [x; = 0.15 ; x, = 0.8], in which annular flow
regime is assumed;
(c) ending of boiling process, i.e. [x; = 0.8 ; x, = 1.0], where the tube surface is dry and dispersed
regime is established.
No data are available in the beginning phases dingoprocess, thus the range;[= 0.0 ;

x, = 0.15] was not individually investigated.

Since the purpose of this work is to evidence ffects of power input in respect to the adiabatic

situation, the relative difference between the tgu@mntities in eq. (2.14) was calculated as

follow:
Dif ference
Apine(xXy — x1) * AL
Apfrice,(Ax) — Pint fsml) (2.15)
B Apine (X — x1) * AL

LSIET

For each run in diabatic conditions a correspondid@batic term was obtained. The fitting
procedure of pressure data concerning the diabate imposed the exclusion of those runs in
which the outlet mass quality is lower than thesgrovaluex,; in other words, if the condition
of saturated vapor is not physically reached intthe, the obtained value of comparison cannot
be reliable in the analysis when = 1.0 is set and must be neglected. The integratiorhef t
function Aps,c¢ o(x) does not present difficulties, as it is a polynaimtherefore the standard
analytical procedure was employed.

The results are summarized in Table 2.2 and platt&igure 2.15 through Figure 2.17
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Pressure G [kg/m’s] Average difference %  Std. Dev
[kPa]

4000 200 16.237 3.468
(@) 4000 400 12.807 11.416
4000 600 3.429 2.313

x; = 0.00
6000 200 22.591 6.514
%, = 1.00 6000 400 22.424 11.699
6000 600 3.100 2.528

|

4000 200 18.791 4.593
(b) 4000 400 17.039 8.587
4000 600 2.983 2.109

x1 = 015
6000 200 6.726 6.994
%, = 0.80 6000 400 23.882 10.555
6000 600 1.486 2.270

|

4000 200 -0.601 10.028
(€) 4000 400 -8.677 14.656
4000 600 -4.445 5.754

x; = 0.80
6000 200 17.706 10.069
%, = 1.00 6000 400 -2.277 11.849
6000 600 -2.037 5.138

Table 2.2 Results of the integration method
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Figure 2.16Difference between the adiabatic and the diabatieditions for the three tested
values of mass flux, at two pressure levels: 40% (K) and 6000 kPa-{
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2.8.3 Discussion of results
The intrinsic problem of a method based on intégnas the fact that the average value obtained

causes a loss of information about possible chamgsign of the difference into the interval of
integration: in order to understand this behawuiog, match with the graphic profiles is therefore
essential. In general, the average values reparne@lable 2.2 tend to confirm the visual

evaluation made in paragraph 2.2: the sign of tliterdnce always corresponds to what
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assessable in Figure 2.9 through Figure 2.14 aswthk numerical values seem to be roughly
consistent. Nevertheless, the great uncertaintyctiffy some cases, due to the experimental
error on quality evaluation and the neglected viaraof power input, forbids a quantitative
estimate in many situations. The results of thaedure presents again the unusual behavior of
the profiles already evidenced: power input seemsnfluence the frictional component of
pressure drop, by increasing it in the central phas the boiling process and slightly reducing it
in the dry-out region; no conclusion can be caroedl regarding the beginning of the boiling
process because of the lack of experimental datdh&rmore, this method confirms the already
observed strong influence of mass flux on this phenon and the weak effects of the operative
pressure on this phenomenon.

In Case (a) a correlation between the averagereifte® and the mass flux is visible: the
increasing mass flux renders less important theceffof power input; however the absence of
experimental measures in the range$ 0.0 ; x, = 0.15] puts some doubts on the validity of
this result. Case (b), which does not accountherzone lacking of data, seems to confirm this
interpretation, even though the point G=200 Kg/m p=6000 kPa is not in agreement with the
others; in addition, the high uncertainty of thént® at G=200 kg/fis and G=400 kg/fs is
another element against the significance of thiatimnship. Considering these facts, the
obtained result can be retained only an indicabibtihe effects of mass flux on the phenomenon
under investigation; in order to ascertain it, aenaccurate analysis is required.

Case (c) shows greater uncertainty compared toothers: the reason is the fact that the
adiabatic measures in the range of quality closeQ@avere obtained during the diabatic runs by
removing the power input in the second part oftdst section; this means that the inlet qualities
of these points are affected by a greater unceyta@s explained in sub-paragraph 2.2.3. With
the exception of the point G=200 kdhn- p=6000 kPa, whose behavior is strongly irregula
because of a high uncertainty, the obtained valigesonstrates that the impact of power input
on frictional pressure drop in the drying regiomiste different in respect to what happens in the
central phases of the boiling process. Howevess thsults, shown also by some research
available in literature concerning the straighteaJtb2 — 14] and mentioned in sub-paragraph
2.1.4, seems to confirm qualitatively the fact tteaten for the helically coiled tube, the presence

of power input tends to reduce frictional pressinag in the final phase of boiling process.
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2.9 Conclusions

The analysis of pressure drop of steam-water twas@hlow has been conducted, focusing the
attention on the effects of power input on friceabpressure drop. Two complementary methods
have been used, in order to represent and qudhafdifferences between the adiabatic and the
diabatic case.

The theoretical approaches have reported in gegertd compatible results, demonstrating the
correctness of the procedure. Even thought theréifices between the two cases are small, the
high uncertainty on quantitative results and tmegular behavior of the profiles do not allow
determining a governing law for this phenomenon.isTfact is principally due to the
experimental uncertainty on the determination & ¢juality. Thus, no quantitative conclusion
can be carried out from this work. Nevertheless, shape of the profile in the drying zone,
which indicates that power input reduces frictiopgssure drop, is coherent with some research
concerning the straight tube.

The influence of pressure and mass flux over pressiiop and, in particular, over the
dependence of frictional pressure drop on powautihps been also examined: it has been found
that a variation of mass flux tends to modify theage of the profiles, while a variation of
operative pressure does not.
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3 CFD investigation regarding pressure drop of a steam
water two-phase flow in a helically coiled pipe

3.1 The challenge of two-phase flow CFD
Two-phase flow regime is frequently encounteredranious industrial applications: the most

important ones are surely the long distance transfelines (e.g. steam and water, natural gas
and oil flows) in power generation, petrochemicatl gorocess plants. The requirements for
economic design, optimization of operating condidicand assessment of safety factors create
the need for quantitative information about sucbw8; therefore, reliable estimates of
hydrodynamic properties associated with this typéoov are considered essential for the safe
design and efficient operation of two-phase prolslefdevertheless, the complexity of the
phenomena, both from physical and numerical poinview, poses a great obstacle to its
comprehension, rendering the modeling of a rigotwsphase flow and the prediction of the
hydrodynamics and heat transfer behaviors a realertge for scientists and engineers all over
the world. An example of this fact has been shownChapter 2, where the sophisticated
mechanisms of heat transfer do not allow understaritie influence of power input on pressure
drop by means of experimental measures only. Wnately, the complexity of this
phenomenon has always prevented from defining usallg applicable Computational Fluid
Dynamics (CFD) codes: the several possible flowmeg(e.g. annular flow, slug flow, bubbly
flow, dispersed flow, etc.), the lack of completeypical as well as mathematical knowledge of
many phenomena occurring in presence of the twegshdéinterface dynamics, coalescence,
break-up, drag, etc.) and the extreme complexityunfierical methods for solving the governing
equations and closure laws of two-phase flows, igeimg often a inherent oscillatory behavior,
are the main reasons.

An attempt to understand some aspects of the hydesdic behavior of a gas-liquid steam-
water two-phase flow in helically coiled tubes igegented in this work, paying particular
attention to pressure drop and wall shear stress.pfoblem is investigated by means of three-
dimensional numerical simulations performed witle tmost popular commercial software
FLUENT 14.0. FLUENT provides numerical solutions ttee governing equations using the
finite volume approach to discretization: the traos equations (PDE’s) are integrated over each
finite volume as defined by the grid and an averaglee of the variable is assumed over the

volume. An appropriate grid has been built with GBN 2.4.6, i.e. FLUENT preprocessor for
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geometry modeling and mesh generation, reconstigi¢the exact features of a small part of
SIET facility helically coiled tube. Once estabkshthe operative conditions, a set of numerical
simulation has been carried out in order to exantireebehavior of the two-phase mixture at
different values of quality under adiabatic coradis. The results have been then matched
against the same two-phase steam-water pressyaergrasures performed on SIET Facility and
discussed in chapter 2, finding a quite good a@wrd with experimental results and validating
the approach. Finally, the analysis of the simdlatemerical results of the wall shear stress has
suggested a physical explanation of the frictigonaksure drop profiles evidenced in chapter 2.
3.1.2 Previous CFD works on two-phase flow in haliy coiled tubes

Because of the expensive computational load redjeirearry out numerical simulations of two-
phase flow, the earliest CFD models were preseotdg in the eighties and the major
development was made in the last decade. Indiaparelsers have given an important
contribution to the analysis of this subject, preipg a large amount of works investigating
principally the two-phase flow in different configiions of rectilinear tubes with various
processing fluids. Nowadays, numerical simulatibmalti-phase flow has become an important
matter of study all over the world. Neverthele$® literature concerning two-phase flow CFD
studies in coiled tubes is still quite poor and hasn worked out only in the last few years; a
brief review is now presented.

Vashisth and Nigam [3] investigated the local valea and interfacial phenomena for unsteady
laminar two-phase flow in coiled tube, by meansaothree-dimensional CFD model using
volume of fluid (VOF) approach for predicting thewvelopment of velocity fields, local and
average friction factor, interfacial friction factophase distribution and entry length; they
examined also the effects of geometrical paranatdroperative conditions, considering various
working fluids (steam—water, air—-water, SF6—wated arganic liquids (glycerine, butanol)—
water). Thanks to this approach they succeededviterecing the asymmetry in the radial
distribution of the main flow velocity, which leadls a significant, non-uniform increase in the
wall shear stress; they also obtained a good agmeewith literature experimental data.
Bandyopadhyay et al. [4] performed an hydrodynammodeling of a two-phase gas-non
Newtonian liquid flow through a helically coiledde, by first treating both phases separately as
homogeneous and then coupling through pressureiedphase exchange coefficients; the
non-Newtonian fluid flow was assumed laminar. Th€FD modeling matches well with

specific experimental results.
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Rahimi et al. [5] studied air-water two-phase flamd heat transfer in helical coils using CDF
and population balance modeling (PBM) for bubbleesdistribution and coalescence and
breakage of bubble groups: with this method bubbges be equally divided into 5 classes of
diameter; they used the realizalite turbulence model for turbulence modeling in conbins!
phase and the Sato Enhanced Eddy Viscosity modeaking into account induced turbulence
of bubbles. These authors calculated important fimantities such as local void fraction, liquid
velocity, pressure drop, temperature distributiangd found that CFD-PBM model has more
ability to capture the main flow features compai@@&FD model without PBM.

A recent work of Jayakumar et al. [6 - 7] appligw ttwo-fluid Eulerian-Eulerian scheme,
modeling turbulence using a multiphase “mixtkremodel”, which is based on the realizakie

¢ model: they carried out a CFD analysis on air-w#@v by varying geometric parameters
(coil diameter, coil pitch, tube diameter), in arde bring out their influence on thermal
hydraulic characteristics of the two-phase flowg aubsequently the inlet void fraction for a
given value of the flow velocity. They managed tow the effects of geometry on two-phase
flow and heat transfer properties.

Up to the author knowledge, no attempts of rigoroasleling steam-water two-phase flow in

helically coiled tubes have ever been publishdderature.

3.2 Modeling method

3.2.1 Generalities
The purpose of the CFD study is to almost reprodheeexperimental steam-water two-phase

flow under adiabatic conditions observed on SIEEilig helical tube and discussed in Chapter
2. Thanks to this simulations, it is possible tamine features and estimate quantities, such as
volume fraction, wall shear stress, velocity pesdil etc., that otherwise would not be
recognizable or would require complex and expensax@erimental investigations. The
experimental pressure drop data can be used tdawalthe results: it is assumed that, if the
simulations are able to approximately predict thefiles of Figure 2.3, Figure 2.4 and Figure
2.5, then a good reliability of the above mentiofeatures is proved and the obtained data can
be used to at least qualitatively explain some ghyphenomena. Actually, the first main goal

of this study concerns pressure drop and consistiefining a code that is capable to virtually
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reconstruct the experimental pressure drop profila steam-water two-phase flow in helically
coiled tubes as function of quality. In particuléine attention is focused on the maximum at
x~0.8 noticed in the profile of frictional pressure drolpe second main goal of this investigation
is therefore to individuate the physical causehefdecrease of pressure drop in the final part of

the boiling process.

Simulation no. 01 02 03 04 05 06 07 08 09 10 11 12

Quality 001 0.025 0.075 0.15 025 038 050 059 067 07885 0.93

Table 3.1List of quality values for a series of numericahsiation

Some preliminary operations have been made to hleetGFD. First of all, the operative
conditions have been established by taking intcsiciemation the available experimental data:
for a first series of numerical simulations pressand mass flux have been set to respectively
3800 kPa and 389.27 kg/sy because these value are the most representativbe
corresponding experimental measured used to valitiat results. Since no heat flux is imposed
to the flow, the variation of thermo-physical prdpes, i.e. density, viscosity and surface
tension, has been neglected and constant valuesbeen set. This assumption is reasonable,
since the length of the tube considered in the ksittmms is very limited and therefore the
decreasing of absolute pressure cannot cause dicgitive variation of fluid properties. The
following step to approach the CFD study is to ditize the quality spectrum: twelve values of
quality, representative of all the phases of thiéingpprocess, have been chosen, performing a
numerical simulation for each point.

3.2.2. Geometry construction and meshing

The geometry of the grid has been built with thention to reproduce the exact characteristics
of SIET Facility: tube inner diameter, coil diamegad coil pitch listed in Table 1.1 have been
used. While defining the grid, a problem arisesalige of two contrasting exigencies. Frictional
pressure drop is strictly correlated to what hapgtethe interface between the fluid and the tube
surface. During the experiences of pressure dropsoreng under adiabatic conditions, no
signals of thermal crisis were noticed, thus ibésievable that, without the impaosition of power
input that increases quality and modifies the bairaef the flow, the annular flow regime is
established and a thin liquid film covers all tmmer surface; the existence of this layer may
have a great influence on pressure drop. In viewhdf fact, a geometry including a high
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definition of the near wall zone, i.e. a boundaaydr, is necessary; obviously, this kind of
approach produces a strong growth of the compuiatiad of the numerical simulation,
hence the length of the mesh must be limited iriotd reduce the total number of volumes and
only a small section of the tube, e.g. a dozenimatérs, can be considered. On the other side,
since homogeneous values of velocity and volum&ifna have been imposed at the inlet of the
tube, the mesh must be long enough to exhaustnthal itransition in the calculation and to
allow the achievement of stationary conditions: emddiabatic conditions, the flow can be
considered fully developed when pressure drop, eldraction, velocity profiles and all the
other quantities concerning the flowing fluid be@oonstant along the tube; a complete round
of the helical tube (3.14 meters) can be reasoneatgidered sufficient for this process. This
difficulty has been solved by building two diffetemeshes shown in Figure 3.1 and Figure 3.2,

whose features are listed in Table 3.2.

. Lengt Number of Number Total Maximu Number
Section Boundar
h cells on the of cellson number of m aspect of control
area [nf] : y layer ;
m section the length  volumes ratio surfaces
Coarse Mesh§ 1.228*10°  1.047 300 720 216000 No 3.0 7
Fine Mesh 1.228*10°  0.080 1280 280 352800 Yes 9.5 3

|
Table 3.2Geometric parameters and features of the two meshes

Notice that some control surfaces inside the twehas have been arranged, in order to monitor
the progress of the flow and to get more reliabkults, since the inlet and the outlet surface are
believed to provide unstable values. The exacttipnsi of the control surfaces are reported in
Table 3.3:

Position [m] Inlet Surfl Surf 2 Surf 3 Surf 4 Surb Surf 6 Surf 7 Outlet
. |
Coarse Mesh§ 0.000 0.131 0.262 0.393 0.523 0.654 0.785 0.916 1.047
Fine Mesh ~ 0.000 0.020 0.040 0.060 - - - - 0.080

Table 3.3Position of control surfaces

A first series of simulations using the coarse miess been performed by setting homogeneous
conditions at the inlet of the tube, with the splepose to obtain developed profiles of flow
velocity, volume fraction and turbulence parametaisulated on Surf 7; the choice to consider

the final profiles on Surf 7 instead of at the @fidhe tube is due to the fact that the numerical

® Giving some numbers, a calculator needs approrimat2 GB sized RAM to read a 250000 volumes mesh.
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results at the outlet are believed to be lesshiglibecause of the setting of a fixed pressure as
boundary condition. Then, a new series has beeiorperd using these profiles as input and
conveniently rotating the mesh to avoid instal@itdue to the different direction of the vectors.
Finally, these procedure has been repeated twicerder to obtain the above mentioned
development length. Anticipating a little part dfet discussion of the results, in the next
paragraph it will be shown that the numerical ressadleriving from a two-phase flow CFD
carried out with a mesh lacking of boundary layanrot predict the experimental profile of
pressure drop. Thus, once obtained the developedegt five series of numerical simulations
with the fine mesh have been performed.

(@) (b)
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Figure 3.2Global view (a), section view (b) and wall view ¢txhe fine mesh

The boundary layer of the fine mesh has been byittying to follow the principle that the size

of two contiguous volumes must not vary more th@%2by doing this, the averaged values for
each volume should not be much different and tbeeethe computation should be more stable.
Unfortunately, this approach generates a very lamgeunt of volumes, since the nearest-wall
cells must be small enough to resolve the liquith ftovering the inner surface; hence, higher
differences have been used. The maximum aspeof odtthe fine mesh, found in the nearest-
wall cells of the boundary layer, does not excéedvialue 9.5, while the aspect ratio of 83% of
elements does not exceed the value 6.0. The maxiaspect ratio of the coarse mesh is clearly

far lower.

3.2.2 Turbulence modeling
Turbulence modeling is a critical topic of a CFInalation: in literature one can found a huge

amount of theoretical analysis, which generates tdrmodels applicable for diverse situations.
Herein the theoretical descriptions are reducethéobare minimum needed to justify the most
important choices made; the author refers to désticaorks for further explanation.

The simplest “complete model” of turbulence is sh@ndardk-¢: because of its good sensitivity
to flow conditions, robustness, economy, and realsienaccuracy for a wide range of turbulent

flows, it has become the workhorse of practicaliesgring flow calculations in the time.

max(eq,ez,...en)

" GAMBIT computes the aspect ratio of hexahedrahelets with the formulaQ,; =
average length of the edges in a coordinate dinect)

LP1.C2c 83 CERSE-POLIMI RL-1491/2013

min(er.0, o) NETE @IS the




Rapporto “Validazione di codici e qualifica modgdier problematiche di scambio termico in
generatori di vapore innovativi”

Presented by Launder and Spalding (1972) [9] artdnRar et al. (1975) [10], it is an easy
method consisting of two transport equations, inctviiwo additional variables are the kinetic
energyk of the turbulence and its dissipation rateThe effective turbulent viscosity is then
calculated fronk ande with the formula:

k2
U = pCH? (31)

whereC, is a constant which has the default value Oudfh the aid of this the Reynolds stresses
are related to the velocity gradients. The realzd model, an enhanced version of the
standardk-, is likely to provide superior performance forvil® involving rotation, boundary
layers under strong adverse pressure gradientsyratgm, and recirculation: it has shown
substantial improvements over the standard modedrevithe flow features include strong
streamline curvature, vortices, and rotation [Ilhanks to these features, the realizadbte
model was chosen by many researchers in the studgrorectilinear ducts and has been used
also in present work. In literature there are mather models which may be more suitable for
this kind of problem K- model, Large Eddy Simulation, etc.); however, tbalizablek-¢
model represents the best compromise between agcafdhe results and computational load.
Moreover, the mentioned works available in literat{B though 7] have shown that this model
provides good results when applied to a helicatijed tube.

It is well known that turbulent flows are signifitity influenced by the presence of walls.
Although the mean velocity field is affected throufe no-slip condition that has to be satisfied
at the wall, the turbulence is also changed byptiesence of the wall in non-trivial ways. Hence,
thek-¢ models, as well as many others, are primarily vigidturbulent core flows, i.e. the flow
in the regions somewhat far from walls, and reqaispecific treatment for the near-wall region.
Since the coarse mesh lacks of a boundary layeges not require an advanced methods and
the FLUENT standard wall function was employed [1Thus, the software assumed a
logarithmic law-of-the-wall for mean velocity and mmogeneous Neumann type boundary

condition for solving the turbulent kinetic energgnsport equation, i.e.:

1
u* =—InEy* (3.2)

K

ok
— =0 3.3
Fm (3.3)
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hereu* is the dimensionless mean velocyy,is the dimensionless distance to the wall used by
FLUENT (nearly equal to thg")?, « is the Von Karman constant (=0.48,is an empirical
constant (= 9.793% is the turbulent kinetic energy amds the local coordinate normal to the
wall. Eq. (3.2) is recommended fgt of the first near wall node greater than 15, beecelow
this limit, wall functions typically deteriorate dnthe accuracy of the solutions cannot be
maintained. In the simulations performed with roughsh,y” is not expected to exceed this
limit. However, in FLUENT the log-law is employecheny* > 11.225; when the mesh does not
satisfy this conditions at the wall-adjacent cellse software applies the laminar stress-strain
relationshipu* = y*. On the other hand, when a boundary layer is egpdind the mesh is
supposed to be fine enough to be able to resolveititous sub-layer on the wayl’ (value of
the first near wall nodel), the enhanced wall treatment is adopted [11}his situation, the
two-layer model for enhanced wall treatment is usespecify bothz and the turbulent viscosity
in the near-wall cells: the whole domain is subdidd into a viscosity-affected region and a
fully-turbulent region by the calculation of a ldd&eynolds number; the fully turbulent zone is
treated with ke model whereas the viscosity-affected near-waliorethe one-equation model of
Wolfstein [12] is employed. Such a type of wallatrment is essential in order to achieve the

resolution of the liquid film covering the innerrface of the tube.

3.2.3 Boundary conditions
At the inlet of the very first numerical simulatiomniform profiles for all the dependent

variables were employed, whereas for the otherpribeedure mentioned in sub-paragraph 3.2.2
has been used. First of all, vapor volume fractias been calculated with the homogeneous

model, i.e. assuming slip ratio s=1.:

1
(=N e

Then, identical velocities for liquid and vapor kaveen set, derived from the mass flux value

a, =

with the following formulas:

(1-x)G xG
= U, =
(1-av)pi AvPy

u; (3.5)

The realizable k- model has been implemented by providing initialueafor turbulence
intensity and length scale as suggested by FLUENAr Guide [11]:

& The non-dimensional wall distance for a wall-bcemdow is defined agrt = ¥ ILTW y
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Turbulence intensity = 0.16Re 12> (3.6)

Lenght scale = 0.07dype (3.7)

In EqQ. (3.6) the Reynolds Number of the mixture besn calculated with a homogeneous model

for the viscosity. Since the purpose of this CDHlgtis to reproduce an upward flow motion in a

helical tube, gravity has been set as well. A ngnisoundary condition is imposed on the wall

of the pipe; the treatment of turbulence in ther meall region has been already discussed in sub-

paragraph 3.2.3. The outlet boundary conditionsewssat up as a pressure outlet boundary
instead of as an outflow boundary to avoid diffimd with backflow. The inlet homogeneous

boundary conditions used for the first series ofudation with the coarse mesh are reported in

Table 3.4:

Simulation no Qualit Void fraction Velocity (s=1) Turbulence Turbulence
' y homogeneous |m/s| intensitz % Iength scale
01 0.01 0.298 0.684 4.163 0.00088
02 0.025 0.519 0.983 4.126 0.00088
03 0.075 0.774 1.980 4.021 0.00088
04 0.15 0.881 3.476 3.899 0.00088
05 0.25 0.934 5.470 3.776 0.00088
06 0.38 0.963 8.062 3.657 0.00088
07 0.50 0.977 10.454 3.571 0.00088
08 0.59 0.984 12.249 3.517 0.00088
09 0.67 0.988 13.844 3.474 0.00088
10 0.78 0.993 16.037 3.423 0.00088
11 0.85 0.996 17.433 3.393 0.00088
12 0.93 0.998 19.028 3.362 0.00088
Pressure [kPa] 3800 Temperature [K] 247.3
Mass flux G [kg/nfs] 389.268 Surface tensiors [N/m]  0.027
Saturated liquid density;s [kg/m®]  802.823 Saturated vapor density,s [kg/m*]  19.059
Saturated liquid viscosityys [Pa m] 1.078e-04 Saturated vapor viscosify,s [Pa m] 1.744e-05

Table 3.4List of initial values employed in the first ser@fssimulation with the coarse mesh
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3.2.4 Two-phase model

The Euler-Euler approach has been employed, so ttmat different phases are treated
mathematically as interpenetrating continua: irs thiay, the software solves conservation
equations for each phase and then these equatermoaed by providing constitutive relations
that are obtained from empirical information. Ag timterface, in order to take into consideration
the momentum exchanges between the phases, theaBuieodel is the best choice, since the
software solves two set afmomentum and continuity equations for liquid aagar sharing the
same pressure, and then achieves the couplingginrtine pressure and inter-phase exchange
coefficients. The continuity and momentum governeguations for the liquid phase and the

vapor phase are:

CONSERVATION OF MASS
d -
a(alpz) + V(alplvl) =y — Iy (3.8)
0 _
a (avpv) + V(avpvvv) =TI — [y (3'9)

CONSERVATION OF MOMENTUM

a — —— — N s _
a(alplvl) +V(pViV)) = —aVp + VT + aypi§ + Fiocr + Fioym +

o . . (3.10)
+K, (V, = V) + TV — TV
a — —_——
a(avpvvv) + V(alprvVv)
= —a,Vp + VT, + a,ppd + Fy_cr + Fy_yy + (3.11)

+K, (Vi = V) + T Vi — TV

NOMENCLATURE T = stress-strain tensor

a = volume fraction g = gravitational constant

p = fluid density Fcr = centrifugal force

V,V,= velocity of liquid and vapor Fyw = virtual mass forces
I, Iy = mass flow rate exchanged by the phases mVTL: inter-phase velocities
p = relative pressure KKy = see eq. (3.12)

LP1.C2c 87 CERSE-POLIMI RL-1491/2013



Rapporto “Validazione di codici e qualifica modgdier problematiche di scambio termico in 2
generatori di vapore innovativi”

Notice the presence of centrifugal force due to tthi®e curvature. The term of virtual mass
forces arises because the secondary phase, i.er, vaelieved to accelerate relative to the
primary phase, i.e. liquid; then, the inertia o fiquid generates a force on the vapor and this

term account for it with an appropriate expresgidl]. Despite the presence of many terms that

model the interaction between the phases, thats%ayl‘l,,m , F,,lV_,,[ m , K, in eq. (3.11)
and the respective terms in eq. (3.10), only thiedai.e. the momentum exchange due to the
drag, has been considered. ABp,T,; in eq. (3.08) and eq. (3.09), which representnizss
exchange between the phases, i.e. condensatioevapdration of fluid at the interface, have
been neglected. The universal drag law was usethécalculation of the drag coefficients in
bubble-liquid or droplet-gas flow regimes, then toefficientK,;, and similarlyK,,, is defined

as follow:

_ 18waya;f
vl — d2
v

where the drag coefficientyds included in the drag functidn[13]. Hered, is the diameter of

(3.12)

the bubbles of vapor (and similartly is the diameter of the droplet of liquid). Thisrg@eter

was found to be highly critical, since a too snmsite of the bubbles/droplets generates a
homogeneous flow, while if the dimension is exoesyi big the software underestimates the
interaction between the phases and then liquid qobr appear more separate. After a

sensitivity study, the optimized valdg = 0.0001 m has been set.

3.2.6 Solution strategy and convergence criterion
A pressure based transient solving method has éewtoyed. Since the Eulerian model was
selected, the Phase Coupled SIMPLE scheme, an sexteof the SIMPLE algorithm to
multiphase flows [14], has been adopted for pressetocity coupling. The spatial
discretization schemes used in the simulationdistezl in Table 3.3, while a First Order Implicit
scheme has been employed for time discretizatibese schemes ensured, in general,
satisfactory accuracy, stability and convergendee Time step value utilized in temporal
discretization depends on the velocity of the flawd on the type of mesh: the formula suggested
by FLUENT User’s Guide [11] has been employed:

l.*xV

t

wherel. represents the length of a cell andg the initial velocity of the mixture.

~ 10 (3.13)
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Gradients Least Square Cell Based
Momentum Second Order Upwind
Volume fraction QUICK
Turbulence kinetic energy Second Order Upwind

Turbulence dissipation rate Second Order Upwind

Table 3.5Spatial discretization schemes

The convergence criterion is based on the residalale of the calculated variables, i.e. mass,
velocity components for each phases, turbulenttkirenergies, turbulent dissipation energies
and volume fraction. The numerical computation wassidered converged when the residual

summed over all the computational nodes"siteration,R, (¢), satisfies the following criterion:

R, () _
R () <1075 (3.14)

with the exception of the mass convergence, fockvkiie value is I8 whereR.(p) denotes the

maximum residual value of the variable after m iterations. In order to accelerate the
convergence, some under-relaxation factors lowaar the default value has been set, as reported
in Table 3.4.

Pressure 0.2

Density 1

Body forces 1
Momentum 0.6
Volume fraction 0.4
Turbulence kinetic energy 0.7
Turbulence dissipation rate 0.7

Turbulence viscosity 1

Table 3.6Under-relaxation factors

3.3 CFD with the homogeneous model

3.3.1 Modeling the homogeneous model
In addition to the approach explained in Paragr@@h also a CFD study concerning the

homogeneous model has been performed. A seriesnoémcal simulation has been carried out,
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using a liquid only flow under adiabatic conditiomgh homogeneous averaged thermo-physical
properties instead of the two-phase steam-watetung@ixunder consideration. In particular, the
density and the viscosity of the fluid have bedowdated as follow:
1 1-
_(A-=x L5
Phom Pis Pus
1 1-
_(A-x) L X
Hpom His Hys
The operative conditiong = 3800 kPa and G = 389.27 kg/m?s have been imposed and the

(3.15)

(3.16)

presence of gravitational force has been taken amtount. Seven values of quality were
considered (Table 3.5).

Simulation no. | 1 2 3 4 5 6 7
Quality 0.15 0.25 0.38 0.50 0.67 0.78 0.93

Table 3.7List of quality values for the homogeneous modeherical simulation

This type of single-phase flow numerical simulatawes not require a much refined grid, since
the physical phenomena, and therefore the goveraqtions, are by far simpler than the
multi-phase situation. Hence, the coarse mesh, evfestures are listed in Table 3.2, has been
used for this purpose. The standded model with standard wall function was retained
appropriate for turbulence modeling. A transiendtforder implicit temporal formulation of the
problem was adopted. SIMPLEC scheme has been asgardssure-velocity coupling, while
second order schemes have been employed for spaa@ktization of pressure, momentum,
turbulent kinetic energy and turbulent dissipatrate. The under-relaxation factors have been
kept at the default values. Time step was calcdlagein eq. (3.13).

3.3.2 Results and discussion

The homogeneous model is substantially a simplifirediel that in principle allows studying the
two-phase flow with the methods of single-phasevflin practice, this approach is not able to
forecast a great number of phenomena occurringtimogphase flow; hence, this study would
not provide information about volume fraction, flawgime, velocity profiles etc. The only
result achievable with this approach regards presgtop and a comparison with experimental

data have been made. As noticeable in Figure Be&Bhdmogeneous model does not succeeded
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in predicting the experimental profiles of pressdrep: the numerical calculations of pressure
drop are in general underestimated, especiallyhm tange of quality greater than 0.50.
Moreover, the numerical results do not reprodueepttofile of pressure drop and the maximum
of the curve atx~0.8. Then, it is important to underline that thereotness of the modeling
procedure is demonstrated by the excellent accoedéetween simulated values and single-
phase Ito’s turbulent flow equation (eq. 1.25)winich Reynolds number is calculated with eq.
(3.16) for the viscosity; the gravitational componhef pressure drop has been added to the

theoretical values in order to compare them tadiselts of the numerical simulation.

& Experimental data
= [to's turbulent flow equation (eqg. 1.25)

¥ MNumerical results homogeneus model
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Figure 3.3Pressure drop results of CFD study with the homeges model

It is clearly noticeable the unsuitability of therhogeneous model to study the two-phase flow
in a helically coiled tube at the given operativanditions. Thus, it can be concluded that a
multi-phase model is necessary for the purposeredgnt study. Nevertheless, many literature
works suggest that better results can be achievethse of higher values of mass flux, i.e.

G = 2700 kg/m?s [15]. Unluckily, the available experimental datt sloes not include such
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measures on helically coiled tubes and then ibtgssible to validate the results of a numerical
simulation. Hence, this situation has not beenidened in present work.

The excellent agreement between pressure drop dechputh the numerical simulation using
the homogeneous model and with Ito’ s turbulentvflequation is an important achievement,
since two radically different approaches provideyvdose results. This fact implies that CFDs
predictions of pressure drop in single-phase flogvtaghly reliable. Despite this, a CFD multi-
phase approach is by far more complicated, thissrdsult does not help in order to reach the

purpose of this work.

3.4 Two-phase CFD with the Coarse Mesh: results and discussion

3.4.1 Results monitoring

The presence of seven control surface inside the allows monitoring the stability of the
numerical results: in fact, since adiabatic steadwnditions are imposed, when the initial
transitory is completed and the results do not dépen inlet boundary condition anymore,
surface average values of pressure drop, volunsédraand all the quantity of interest must no
vary with the curvilinear coordinate. In generabneergence of pressure drop and wall shear
stress has been achieved quite soon, thus thesdiists of numerical simulation with the coarse
mesh has been sufficient. Instead, in order toioktee convergence of volume fraction and
velocity profiles, three series of simulation witle coarse mesh were necessary, as explained in
Paragraph 3.2. After this procedure, the final galof pressure drop and volume fraction have
been obtained by averaging the numerical resultshenseven surfaces (excluding inlet and
outlet).

3.4.2 Volume fraction

Vapor volume fraction profiles are shown in Fig@téd: for the sake of clearness and simplicity,
all the sections of the tube have been translatdd@ated in order to appear on a plane x-z; the
outer part of the tube lies on the left side of tlmages, while the position of the zero angle

conventionally used in trigopnometry correspondihinner part.
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The most apparent element that is revealed byxamimation of the twelve profiles is that the
numerical simulations managed to reproduce the amtny induced on the flow by centrifugal
and gravitational forces, since the heavier phasaare subjected to the effect of body forces.
Gravity breaks the symmetry on the x-axis, whilevature causes a shift of the heavier phase,
i.e. liquid, on the outer side of the tube. Thetdbntion of gravity is strongly important, since
the slope of SIET facility helical test sectioroisly 14.48°, rendering this tube more similar to a
horizontal rectilinear pipe than to a vertical oméus, once annular flow regime is established,
the typical film covering the wall is characterizieg an evident liquid buildup in the down-left
zone of the section. The behavior of this layarigial in this investigation, therefore this agpec
is better discussed in sub-paragraph 3.5.2 andoatdgraph 3.5.4, where the analysis of the
more accurate results obtained with the fine mdlsiwa dealing with the wall shear stress. The
liquid film covering the inner surface is visiblalg in the accumulation zone. The software
allow the visualization of a hint of the entire éayin some cases at high quality (Simulation 10,
Simulation 11 and Simulation 12): this fact is pipally due to the different scale used in the
visualization of the graphics, since the differebeéween the higher grades of the colors is very
small. Nevertheless, this represents an import@mak that the resolution of the liquid film
could be achievable with a finer mesh. In the peefin which annular flow regime is clearly
visible, the solution does not show a marked $ication of the two phases, but there is a
mixing region that gradually leads from the ligamhe to the vapor zone.
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correlations

The surface integral averages of vapor volumeifvacire reported in Figure 3.5. It is believable
that these values of volume fraction are overesathasince they may still feel the effects of the
beginning condition of unitary slip ratio: in fadhe condition of uniform velocity of the two
phases leads to a very high theoretical value e fraction, because it is ascertained that in a
steam-water two-phase flow vapor is faster thamdigUnfortunately, a validation of the results
is not possible because of the lack of experimetdtd. However, a comparison between some
correlations for void fraction available in liteva¢ confirms the hypothesis of overestimation: in
fact, theoretical predictions are in general loWx@n numerical results, especially in the range of
quality greater than 0.50; moreover, in this regrumerical values are very similar to those
predicted by the homogeneous model derived fron{247) imposing unitary slip ratig this
approach surely overestimates the void fractionabse the true value of slip ratio, i.e. the ratio

of vapor and liquid velocity, is greater than 1.
1

Ayapor = (1 . 1-x 0y ) (3.17)
X P s

Nevertheless, a moderately good accordance isnebtavith Rouhani and Axelsson’s equation

[23] and with El Hajal et al.’s method [24], whiclonsider the logarithmic mean void fraction
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between the homogeneous value and Rouhani ands@xetsequation, although these formulas
are proper for straight horizontal tubes. A quited accordance has been obtained also with

Lockhart and Martinelli’s approach [16] used in Xhal.’s equation:
o, -1

Twapor = —g— (3.18)
where @, is defined in eq. (2.5) and the constant is sethtovalueC = 10.646 [17]. Even
thought Lockhart and Martinelli's work is not spiecifor coiled tubes, some authors [17 18 19]
achieved quite good results providing modified elating parameter to the formula. For the
benefit of completeness, it worth state that Armand Treschechev’s equation, and similarly
Stomma’s equation, were derived under bubble flegime, thus they are not able to predict
void fraction in the range of high quality. Thatvidy the respective curves do not reach the
value 1.0 at the end of boiling.
The closeness to the void fraction values obtagmahlh the homogeneous approach is a signal
that these results cannot be considered reliablzbaBly, a better profile could be achieved
using the fine mesh.
3.4.3 Pressure drop
The numerical results and the comparison with erpertal data are visible in Figure 3.6; all the
series are provided of a fitting curve obtainedchvitie least square method. The plotting of the
total pressure drop instead of the sole frictioc@nponent has been preferred: this choice is
motivated by the fact that the subtraction of gtional and accelerative pressure drop to the
numerical results as well as to the experimentaguee is supposed to add uncertainty to the
final result, since the standard theoretic expogssireported in eq. (0.4) contain some terms,
such as density and mass flux, that are differeekperimental and numerical case.
Pressure drop numerical evaluations obtained usirgcoarse mesh does not show a good
agreement with experimental data: even though e ringe of qualitiesx < 0.25 a good
correspondence is observable, the simulated prabdigs not follow the experimental curve when
quality increases and does not recognize the mawrimai x=0.8 underestimating the
experimental values with a maximum error greatemtd0%. Nevertheless, this result was
expectable, since the main phenomena responsilpeessure drop take place at the tube inner
surface and the coarse mesh has a bad resolutibie olear wall zone. In fact, as observable in
Figure 0.1, in the central and final part of thelibg process the main contribution to pressure

drop is given by the frictional component, whoseatfetical expression is strictly related to the
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wall shear stress. One can therefore suppose hbainaccurate resolution of the liquid film
covering the tube inner surface leads to a incoresaluation of wall shear stress and, in
consequence, of total pressure drop, the higheerttoe the greater the contribution of friction.
Despite the bad agreement with experimental dagset numerical simulations represent an
improvement in respect to the homogeneous modele s non-monotone trend is recognizable:
simulations no. 9 through 1%0.67, x=0.78 x=0.85 and x=0.93) form a plateau and the
numerical estimation of pressure drop does noteasx in the end of boiling process. This
occurrence may happen because of the bad capahildf the coarse mesh to resolve
complicated hydrodynamic behaviors: actually, witle progressive reduction of the liquid
fraction, the liquid buildup on the outer surfa@bdme thinner until it dries. Thus, it is plausible
that in Simulation 09 and Simulation 10 the nealtwgad is not fine enough to resolve the
characteristics of the layer in this situation aviten computing pressure drop the software does
not distinguish the difference between these casesSimulation 11 — 12, whose numerical

results tend to the conditions of saturated vapwmie-phase flow.

4+ Bxperimental data
¥ Mumerical results Two-phase model - Coarse Mesh

» Mumerical results Homogeneus model
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Figure 3.6 Pressure drop results of CFD study with two-phase@hand Coarse Mesh

The above analysis leads to the conclusion thatn@enical simulation employing a coarse mesh

is not able to correctly predict the pressure dvagdile of a steam-water two-phase flow under
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the operative conditions under consideration. Ta®ult imposes the necessity to use a more
refined mesh with a boundary layer for a more erasdlution of the near wall region.

3.5 Two-phase CFD with the Fine Mesh: results and discussion

3.5.1 Results monitoring
After the development of the hydrodynamic profiwgh the coarse mesh, the fine mesh,
endowed with a boundary layer, described in TabRhave been used in order to achieve a
good resolution of the flow and thus obtain acairatmerical results. As already explained, the
great amount of volumes necessary for this purpaseémposed a strong limitation on the total
length of the grid. Hence, a numerical simulatiathwhe fine mesh has been performed using
the results of the development procedure as tle bdundary conditions for the first run; then
the outlet profiles (computed on Surf 3) of velgcitiurbulence parameter and volume fraction
have been used for the following series. This ptaoe has been repeated four times to
guarantee the development of the flow in the firesim thus for each one of the twelve quality
values taken into consideration, five runs havenbeerformed. The three control surfaces set
along the grid allow monitoring the stability ofetmumerical results. With the purpose of
increasing the reliability of pressure drop, waléar stress and vapor volume fraction simulated
data, the final results have been computed by giregahe outcomes of the last three series of
numerical simulations.
In behalf of comprehensibility during the analysif the results, the quality spectrum is
conventionally subdivided into three parts:

(Zone 1)  beginning of boiling process and establishment of annular flow regime, x < 0.38,

Simulation 01 through Simulation 06;
(Zone 2)  central boiling, 0.38 < x < 0.78, Simulation 07 through Simulation 09;
(Zone 3)  dry-out region, transition from annular to dispersed flow regime, x > 0.78, Simulation

10 through Simulation 12.

3.5.2 Volume fraction
Vapor volume fraction profiles are shown in Figu8e/. In the representation, the same
conventions described in sub-paragraph 3.4.2 haga hdopted. The considerations concerning

gravitational and centrifugal forces explained ulh-paragraph 3.4.2 are valid also for this case:
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these forces generate a shift of the liquid phagke low outer part of the tube. In Simulation 01
through Simulation 02 the effect of centrifugalders less visible because of the low velocity of
the flow. In these cases the liquid volume fractiorstill predominant over the vapor one: the
numerical simulations have identified a clearlyasfied flow. From Simulation 04 the shift of

the liquid buildup is clearly appreciable and amndlow regime is established. The thickness of
the liquid layer progressively reduces as the vapmass fraction increases, until the
accumulation of liquid disappear in zone 3 and elispd liquid droplets are transported by the

vapor.
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Figure 3.7 Numerical void fraction profiles obtained with thane Mesh.

The resolution of the liquid film, which is belie¢o cover the whole inner surface in annular
flow regime (part of Zone 1 and Zone 2), is onlytjadly achieved: it is distinctly visible only in
the down side of the tube, while along the reghefperimeter a dry-out condition is evidenced.
Given the presence of two body forces that brealsyfmmetry of the flow, it is obvious that the
thickness of the layer is anything but constanh@lthe perimeter of the surface. Thanks to the
effect of gravity, the film is less thin in the dowpart of the section and then its resolution is
easier. In Figure 3.8 a series of enlargementdefliquid film resolved on Simulation 07 is
observable; the grid is also reported. The progrestrying of the film occurs while getting far
from the liquid buildup, until the layer become thin that it is not (or not correctly) resolved.
Three hypotheses are formulated in order to expharhappening of this result:
> the boundary layer is not fine enough to resolve the thickness of the liquid film, thus software
computes the presence of vapor in the nearest wall cell;
» turbulence model, wall treatment employed are not the most suitable among those available in
literature to completely resolve the liquid film;
» the boundary conditions at the interface are highly critical and a non-optimized setting may
generate some problem.
Probably, the answer lies in the middle of theg®psaitions: the employ of either the described
fine mesh or the realizabkes model with enhanced wall treatment is in genemgbad approach
in order to reach this goal, but, in light of thesults, it is not sufficient, allowing only a paiti
visualization of the layer. In addition, even thaufe Eulerian model is surely appropriate for
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the scope, a more accurate optimization of somanpeters, such as the drag law and the size of
the bubbles / droplets, could allow obtaining betésults. Nevertheless, the possibility that the
liquid film is really dried in some part of the ®ilnner surface under annular flow regime must
not be neglected, even though no differences intéhgerature of the tube were reported in

experiments. Actually, the behavior of liquid filisnretained to be highly unstable and therefore
a correct understanding of annular flow regimees/difficult.

4.74e-01
4.21e-01
3.68e-01
3.16e-01
2.63e-01
211e-01
1.58e-01
1.05e-01
5.26e-02
2.79%-16
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Figure 3.8Detailed views of the void fraction profile at x50.(Simulation 0.7)

Looking at the simulations in Zone 3, the buildwgs ldried and the presence an inkling of the
liquid film on the wall is experienced becausela thanging of the scale of visualization. The
numerical simulations slightly resolve the dispdriew regime. As explained in sub-paragraph
3.2.4, it is ascertained that the diameter of tgdroplets / vapor bubbles is a very sensitive
parameter, which has a great influence on the idiefinof void fraction profiles; it is then
possible that an optimization of this parameter ibdead to a better visualization of the flow
regime.

The quantification of average surface vapor voldraetion exhibits an enhancement in respect
to what shown in sub-paragraph 3.4.2: the fineoltg®n of the grid consented a better
computation, thus, especially in Zone 1, the glolmadl fraction results are always lower than
those obtained with the coarse mesh, and therdtother from the homogeneous values.
Moreover, the profile is more regular and stillaocordance with Rouhani and Axelsson’s and
El Hajal et al.’s equations. In Figure 3.9 and Feg8.10 this situation is observable. Lastly, it is
important to underline the achieved convergendhede results: in the last three series the void
fraction is stable and then substantially constaeach simulation.
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Figure 3.9Comparison of numerical void fraction results (Fidiesh vs. Coarse Mesh)
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Figure 3.10Numerical results of void fraction (Fine Mesh) asaimparison with literature

correlations

These quantitative results are surely satisfyingveMtheless, correlations predicting void
fraction in helically coiled tubes available ineliature are few and not always in agreement;
thus, the impossibility to validate them againspexxmental data leaves a reserve on their

reliability.
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3.2.5 Pressure drop

The numerical estimation of total pressure drodilerés reported in Figure 3.11; all the series
are provided with a fitting curve obtained with tleast square method. For the same reasons
explained in sub-paragraph 3.4.3, the above grapbkmort the total pressure drop in place of the
frictional component only. Despite the fact thatmeomplete visualization of the liquid film has
been obtained, the first thing that comes eviderhat the fine mesh has consented to achieve
the main goal of the present investigation, thatthe reproduction of the maximum
characterizing the experimental pressure drop curvesffect, a good similarity between the
experimental and the computed curves is noticeabtk a great difference between the two
numerical results reported in the graphic is agpk#e. Probably, the enhanced mesh allowed a
better resolution of the liquid buildup in the doveft zone of the tube, which is, as it is shown
in next paragraph, the main responsible of therssigass on the surface. Therefore, it can be
deduced that the resolution of the grid play a vergortant role in this situation: an approach
including the employ of a boundary layer for thetsgd discretization of the near-wall zone is
fundamental in order to correctly reproduce theeeixpental profile of pressure drop.

¢ Experimental data
¥ Numerical results Two-phase model - Fine Mesh

* Numerical results Two-phase model - Coarse Mesh
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Figure 3.11Pressure drop results of CFD study with two-phaseehand Fine Mesh
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A guantitative estimation of the difference betwéka profiles has been performed. Since the
quality of experimental and simulated points natagls corresponds, a polynomial fit of the
experimental data in eq. (3.19) has been donedardo calculate pressure drop at the desired
guality and get comparable values.

d
—th"f = —76.995x* + 115.58x% — 48,068x* + 15,358 + 0,0794 (3.19)

In addition, it must be mentioned that the validatof the results has been possible only for
Simulation 04 through simulation 12, because ofldéloc& of data in the range of quality0.15.
The general tendency shows that numerical resnltgspect to experimental data, are nearly in
accordance in Zone 1, overestimated in Zone 2,restimated in Zone 3. The average relative
error is equal to 14.3%, while the maximum diffexerwith the corresponding experimental
datum is due to Simulation 0840.59) and is equal to 26.3%.
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Figure 3.12Pressure drop results of CFD study with two-phaseehand Fine Mesh
(Simulation 06 excluded)

It is noticeable that the numerical result of Siatign 06 &¥=0.38) is particularly low compared
with the general trend of the curve. Actually, tiediability of this point is doubtful, since the
corresponding void fraction profile shows thathistcase the part of the liquid film covering the
tube inner surface resolved by the numerical sitrarlais smaller than the others. One can
hypothesize that some instabilities occurred in $hmulation with the fine mesh or in the

development of the hydrodynamic profile with theaxs® mesh. Neglecting Simulation 06, the
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average error reduces to 13.1%; the resulting cigv&own in Figure 3.12 (for the sake of
clearness, the red curve obtained with the coaesrhas not been reported).
Another matter observed concerns the convergentigeofalues in the three series of numerical
simulation taken into consideration when averadgimgnumerical results. Even though the three
runs are expected to provide nearly equal predtstia quite small difference among the results
of simulations in Zone 2 and in simulation 10 isibie. Moreover, the trend shown in Zone 3 is
the opposite in respect to the other zones. Pesshkons of the occurrence of these instabilities
are the following:
(a) the incomplete development of the profiles, since the hydrodynamic behavior of a flow with
quality greater than 0.5 is probably more complicated to be resolved than the case x<0.5;
(b) the changing of the flow regime in the last phase of boiling process, from annular flow to
dispersed flow.
The case (b) suggests the idea that the samegsettboundary conditions at the interface used
might generate different behavior when stratifiehnular or dispersed flow regime is
established. The principal suspect relapses onning constant value of the diameter of the
bubbles/droplets. If this interpretation is correittcould explain also the overestimation of
experimental data in Zone 2 and the underestimatiofone 3.This instability is visible in
Figure 3.13.

Mumerical results Two-phase model + Mumerical results Two-phase model
Fine Mesh 5th run Fine Mesh 3rd run
+  Mumerical results Two-phase model {Experimental data)

Fine Mesh 4th run
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Figure 3.13Pressure drop results of CFD study with two-phaseehand Fine Mesh
(39, 4" and §" runs)
Despite the arising of these two problems, theinbthresults concerning pressure drop can be
considered satisfying: the modeling method emplajemvs reaching a qualitative reproduction
of pressure drop profile in the entire spectrunqulity which is validated by experimental data,
and also the quantitative values are not so fanfphysical measures. It is worth emphasizing
that this achievement is principally due to thesprece of the boundary layer and the consequent

variations on turbulence model and wall treatmemespect to what done with the coarse mesh.

3.6 Wall shear stressanalysis

3.6.1 Overview

It is expectable that the analysis of wall sheagsst concerning the results of the numerical
simulations employing the coarse mesh would nat teaa correct evaluation of the profiles of
the shear stress at the tube surface, since thegmwess of pressure drop predictions is due to an
incorrect evaluation of the force exercised by fthal against the wall. Instead, a qualitatively
and quantitative almost right reproduction of pueesdrop profile allows the research of a
physical explanation for the maximum »t0.8, investigating the phenomenon that generates
frictional pressure drop. In this paragraph, treults obtained with the fine mesh are discussed

in detail, while those deriving from the developmehthe hydrodynamic profiles are sometimes
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shown only as examples in order to demonstratantipertance of the boundary layer in this
analysis.
The relationship between wall shear stress antidnial pressure drop is expressed in eq. (0.6):
dpfrict 1 fsz
—_— dP, =
dz A, LZTW =74, (0.6)

For circular tubes, the ratio of the wetted pergnBt to the cross sectiofy, is equal tot/dype,

hence eq. (0.6) can be rearranged, obtaining asieryle formula:

dpfrict _ 4“[_-w
dz dtube

(3.20)

Once fixed the diameter of the tube, the mean sradar stress and the frictional component of
pressure drop are linearly depended. When annlolarregime is established, the inner surface
is supposed to be covered by liquid, thus, it iselable that only the liquid phase supplies to
generate the stress at the wall. Nevertheless, wbeputing the wall shear stress, the software
distinguishes also a contribution of the vapordose in the numerical simulation the liquid film
is not resolved correctly and the presence of vagpoecognized in the nearest-wall cells. These
two terms are complementary and a simple sum ohthwes the value of the total wall shear
stress. It is important to underline that no phgisimeaning is attributable to liquid and vapor
components of wall shear stress, since they deffneed a probably incorrect definition of the
flow. In reality, in a ideal annular flow regimeetlwhole shear stress at the wall is due to the

force exercised by liquid on the inner surface.

3.6.2 Validation of the results

The average global wall shear stress over theeeintirer surface of the mesh has been computed
for each one of the twelve numerical simulationssbhynming liquid and vapor component. In
light of eq. (3.20), the profile of wall shear stsemust reflect that of frictional pressure drod an
also that of total pressure drop visible in FigBr&l, since, as already said, the gravitational and
the accelerative terms give only a very small abate: in Figure 3.14 a good similarity is
visible and the wall shear stress profile exhibitso the instability concerning Simulation 06
discussed in sub-paragraph 3.5.3 and the high efr8imulation 08. In the simulations at low
guality the gravitational component of pressurepdsorelevant, hence in the first part of Zone 1
the profile of wall shear stress is considerabffedent from that of total pressure drop.

LP1.C2c 111 CERSE-POLIMI RL-1491/2013



Rapporto “Validazione di codici e qualifica modgdier problematiche di scambio termico in
generatori di vapore innovativi”

@ Total Wall Shear Stress
300

250 @ o ©° o

200 z (S —

150 4

100 <

Wall Shear Stress [Pa]
\

w1
=)
\

b

8'
@

=)
=)

02 08 10

04 .06
Quality

Figure 3.14Simulated values of total wall shear stress vsliua

@ Liquid component

@ Vapor component

250 J
-7
T 200 B N 1N
= /. @
» /
7] '/ \
g 150 ¥
/
7] P \
= P \
[3+]
2 100 7 o
' d
7] ’ P
= o - -@
= 50 e . -®
4 -
o _  __er-"® T
_|-@
w0 @ -e
00 02 04 Quality 06 08 10

Figure 3.15Contribution of the two fictitious components

In Figure 3.15 the different trend of the liquiddamapor fictitious components is shown. As
expected, looking at the numerical results it isagable that the shear stress due to the liquid
phase is the main responsible of friction in almadkthe spectrum of quality. Only in the final
part of Zone 3, i.e. when dispersed flow regimestablished, the two contributions tend to be
equal.

The verified concordance between pressure dropvaticshear stress guarantees the consistence

of the numerical results. Since pressure drop leofiave been validated with experimental data,
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one can assume the reliability of wall shears stredues. Nevertheless, there is no way to
validate the angular dependence discussed in @eagmph, thus, only a qualitative consistency
of the profiles can be assumed.

3.6.3 Angular dependence

The analytical expression of, is given by:

= (au) 1.37
Tw = u ar _— ( ' )

where u is the dynamic viscosity of the flowing fluid. Theall shear stress is then strictly
correlated to the axial velocity gradient at thefawe. Hence, one would expect that wall shear
stress, and in consequence pressure drop, becopasrgas the velocity of the flow increases,
since a condition of zero-slip at the surface @uplble, and in a single-phase flow this condition
is effectively verified. However, it has been wigdargued in this work that experimental
pressure drop profile of two-phase steam-water flovder adiabatic conditions in vertical
straight tubes sometimes shows a hint of a chamges islope in the final part of the boiling
process (see Figure 2.1 and Figure 2.2), deperahngperative conditions: in general, a high
mass flux tends to hide this phenomehdnstead, in helically coiled tubes pressure groyfile
presents a clearly visible maximum when the quakigches approximately the value 0.8 and
then decreases (Figure 2.3 through 2.5). This resnguide to formulate the hypothesis that the
main responsible of the non-monotonic trend, he.decrease of pressure drop in the final part
of the quality spectrum, is the transition from alan to dispersed flow regime in two phases.
Then, the effects of gravity and centrifugal folreak the equilibrium of the flow and also the
symmetry of the wall shear stress, amplifying tfieats of the changing of flow regime. In other
words:

» liquid stuck to the surface, compared to vapor, is expected to generate a greater stress, and the
increasing quality, causing also an increase of the velocity of the flow, leads to a consequent
growth of the wall shear stress from the beginning of the boiling process until annular flow
regime is stable;

» the drying of the liquid film covering the inner surface produces a relaxation of the wall shear

stress;

° The reasons that explain this fact are not ingagid in present work.
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» the asymmetric force field introduced by body forces renders this phenomenon more evident,
thus two-phase flow in helically coiled tubes present a maximum in pressure drop profile at

x=0.8.

In order to verify this theory, it is necessaryrteestigate the variation of wall shear stress @lon
the tube surface, since the asymmetry certainleiggas a non uniform distribution of it. The
graphics in Figure 3.16 show the behavior of waleg stress on the perimeter of Surface 3 of
the fine mesh after the fifth series of numeridatidation: 7,, is plotted as a function of the
angle6, where the value 0° represents the inner sideeofube, 180° the outer side, and counter-
clockwise convention is adopted. Notice the chaonfescale between Simulation 06 and
Simulation 07: two different scales are used toalgpreciate also the differences among the
numerical simulation at low quality. When the safte manage to resolve the presence of only
one phase in the near wall cells, i.e. presendbeofiquid film or dry-out, the other lays to the
zero, while if both liquid and vapor are recognizgdse to the surface, they show non zero
values.
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Figure 3.16Numerical wall shear stress profiles on Surf 3 atete with the Fine Mesh (5
run).

The sum of the two curves gives the profile totalllvshear stress, which, for the sake of
clearness, is not reported. Integrating those survalues simildf to those reported in Figure
3.15 are obtainable.

The most important feature that is noticeable aséhgraphics is the position of the peak of the
liquid component: for the simulations of Zone 1 &uwhe 2 it is settled between 180° and 270°,
that is to say the down outer side of the tubeaserf This means that the liquid buildup, which

appears as a consequence of gravity and centrifoga, is the main responsible of the wall

1%1n Figure 3.19 the numerical values have been coeabaveraging on the entire inner surface of ite hesh,
not only on the perimeter of Surface 3.
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shear stress, the taller the peak the greaterquhbty and in consequence the velocity of the
flow. The plateau formed at the summit of the pegkesents the size of the accumulation of
liquid: it begins to be visible since Simulation, @3en it reduces as the curve increases in height,
and finally it collapses. Simulation 10 marks thensition between annular and dispersed flow
regime: actually in this case the liquid buildupaiees the smallest size, but the elevated velocity
of the flow generates a high velocity gradientleg surface, making this little portion of tube
experience the greater local wall shear stressn,Tthe drying of the liquid layer relaxes the
stress on the wall: without the accumulation ofiilqon the surface, the wall shear stress is
globally less intense; consequently, a decreasdrictional pressure drop is observable.
Substantially, the departure from annular flow negiproduces a general reduction of the forces
exercised by the flow on the surface; since thaegree of body forces tends to accentuate the
consequences of the accumulation of liquid on #wie of the wall corresponding to the
resulting of their direction, in some particulaognetry that allows the exhibition of the related
effects, like the helically coiled tube, frictionalessure drop profile as function of quality shows
a non-monotonic behavior. Even though the fine nuesds not resolve a complete annular flow
regime, it allows a good definition of the part tfe inner surface that gives the greater
contribution to wall shear stress. Therefore, thgley of the fine mesh for this purpose is
fundamental, because the coarse mesh is not alpwde a qualitative correct resolution of
the angular profiles of the wall shear stress. Raneple is reported (Simulation 040.50): the
plateau representing the liquid buildup is nothiisiin this case, the shape of the profile cannot
be physically interpreted and the sum of the irakgf the two curve would lead to an incorrect

estimation of the wall shear stress.
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Figure 3.17Angular profile of wall shear stress obtained wiitle coarse mesh (Simulation 07)
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3.6.4 Consequences of the analysis of the wall sistgess

The above explained achievement is of fundamentglortance: the finding of a direct
connection between the distribution of the she@sston the surface and the transition of flow
regime suggests the idea that an approach basétcamall shear stress may be preferable in
order to investigate pressure drop in helicalljemitubes and to create a correlation for a two-
phase flow. Actually, correlations available inetdture are often based on the Lockhart —
Martinelli’'s multipliers methods and on fittings ekperimental data, then providing predictions
that strongly depend upon the geometry and theatigerconditions used in the empirical study;
in fact, up to now there is not an equation thatrgotees high accurate predictions of two-phase
flow pressure drop in a wide range of helicoidadrmgetries and operative conditions. Instead, by
directly analyzing the cause of frictional pressdrep, a different method, not based only on

experimental data but more linked to the physieslcdption of the problem, can be employed.

Thanks to a numerical model that allow obtainindjalde results on pressure drop and
gualitatively good profiles of void fraction and Mvahear stress, a great advantage is achieved:
the opportunity to investigate the interaction kesgw the steam-water two-phase flow and the
wall under adiabatic conditions in various situasiolt is then possible to study the effects of the
geometric parameters, i.e. tube diameter, coil diam coil pitch, on the hydrodynamic behavior
by performing various numerical simulations andntexamining the relationship between the
geometry of a helical tube and the average wakiussieess (and qualitatively also on the angular
dependence of wall shear stress). Similarly, ipassible also to analyze the consequences
induced by pressure and mass flux. Hence, it isiplesto directly observe how the physic of the
problem is influenced by the most critical paranetaf the design. A correlation obtained by
following this approach would be suitable for aaramount of situations, providing more
reliable predictions than other formulas availahléterature. The results would not be anymore
linked to experimental data, which would be usely o validate the correlations, since CFD
simulations allow resolving the governing equatiohghe two-phase flow and then generating a
very large amount of data.

3.3 Conclusion
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The CDF investigation of a steam-water two-phasw fin helically coiled tubes conducted in
this work allows the following conclusion.

» A physical explanation for the maximum in presstirep profiles a~0.8 evidenced by
experimental data is provided. The drying of tlwild film covering the inner surface
and, in particular, of the liquid buildup in thewdo-outer side of the tube, causes a
relaxation of the wall shear stress: thereforetitrhal pressure drop decreases when the
dry-out occurs. This result may imply important sequences, suggesting a new
approach in the determination of a correlationpi@ssure drop in two-phase flow.

» The modeling method chosen, i.e. realizabke model for modeling turbulence, with
Enhanced Wall Treatment for the handling of theriveal region, and Eulerian model
for boundary conditions at the interface, with UWnsal Drag Law for modeling the
momentum transfer between the phases, allows abgaiacceptable estimates of
pressure drop and void fraction profiles. Certainlybulence model can be improved
and an optimization of the parameter used in theegong equations, i.e. bubbles /
droplets diameter, can be made.

» The employ of a grid adequately fine and includngoundary layer is of fundamental
importance in order to achieve an exact resolubibthe hydrodynamic behavior of the
two-phase flow: otherwise, the mesh is not fineugioto correctly resolve the liquid
buildup, which is the main responsible of pressirop.

» The homogeneous model is not adequate for a CFDystfi a two-phase flow.
Nevertheless, the pressure drop results of the noahasimulations performed with this
approach, which substantially models an equivakngle-phase flow, are in great
accordance with Ito’'s equation for turbulent flowhis fact indicates that CFD can

accurately predict pressure drop of a single-pfage
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4 Nomenclature

a = Coriolis coefficient

A = section of the tube

D..i = diameter of the coil
De = Dean number

dp = pressure drop

dwbe = diameter of the tube
e = roughness

e = specific kinetic energy
f = friction factor

Fcr = centrifugal force
Fym = virtual mass forces
g = gravitational constant

G = mass flux
h = specific entalpy
H= height of the tube

k = turbulent kinetik energy
L = length of the tube
P = perimeter of the section of the tube
p = pitch of the coil
p = relative pressure
q"' =thermal flux
Q = thermal power
r = radius of the tube
Re = Reynolds number
s = slip ratio
T = Temperature
=time step
u = axial velocity
u = maximum axial velocity on the section
U = specific internal energy
v = specific volume
ﬁVT,z inter-phase velocities
W = mechanic power
X = Martinelli's parameter
x = quality
y* - y* = non dimensional wall distance

z = coordinate along the axis of the tube

Greek symbols

a, = vapor volume fraction

8 = torsion parameter

I = mass flow rate

y = slope of the tube

6 = coil curvature

Ap = pressure drop

€ = turbulence dissipation rate
u = dynamic viscosity

p = density

T = coil torsion
T,, = wall shear stress

% = stress-strain tensor
@ = Lockhart - Martinelli multiplier

Subscripts

a = adiabatic
c=cell

¢ =coil

CF = Centrifugal Force
crit = critical
d = diabatic

f=fluid

g=gas

hom = homogeneous
I = liquid

lo = liquid only

Is = saturated liquid
Iv = liquid to vapor
m = mixture

s = straight

vl = vapor to liquid
VM = Virtual Mass
vs = saturated vapor

w = wall

LP1.C2c

122 CERSE-POLIMI RL-1491/2013



Rapporto “Validazione di codici e qualifica modgdier problematiche di scambio termico in
generatori di vapore innovativi”

CURRICULUM SCIENTIFICO DEL GRUPPO DI RICERCA

Il gruppo di lavoro impegnato nell’attivita & costituito da un professore ordinario di Impianti
Nucleari del Politecnico di Milano (Dipartimento Energia), Marco Enrico Ricotti, da un
ricercatore dello stesso Dipartimento, Antonio Cammi, e da un assegnista di ricerca, Marco
Santinello.

Il prof. Ricotti e il prof. Cammi svolgono attivita di ricerca da oltre 15 anni al Politecnico nel
campo della Ingegneria Nucleare, con particolare riferimento alla termoidraulica, alla
sicurezza, agli aspetti economici dell’energia nucleare ed hanno svolto o coordinato ricerche
teorico-modellistiche e sperimentali nel gruppo Reattori Nucleari del Dipartimento di Energia
del Politecnico di Milano, pubblicando i risultati su rivista e in atti di Congresso, quasi
esclusivamente internazionali. Sono autori di diversi rapporti nell'ambito dei PAR trascorsi.
L’ing. Santinello & assegnista di ricerca del Politecnico di Milano e svolge ricerche sulle
tematiche teorico-modellistiche e sperimentali che sono oggetto del presente rapporto.
Maggiori dettagli sulle attivita di ricerca nonché I’elenco delle pubblicazioni pili recenti si
possono trovare sul sito Web del gruppo di ricerca del Politecnico di Milano
(http://www.nuclearenergy.polimi.it).

LP1.C2c 123 CERSE-POLIMI RL-1491/2013



