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Abstract

The objective of this thesis research isingprove our understandingf the flow
obstacleeffect on heat transfer at supercritical and high subcritical pressures by
experimentally studying the effect of different obstacles on heat transfer in two vertical
upwardflow test sections: a-8d bundle ancan 8 mm ID tube. The heat transfer
measurements cev the region of interest of the Canadian Stgitical Water Cooled
Reactor (SCWR). A thorough analysis of the obstacle efbectsupercritical heat
transfer (SCHT)was performed. In the-d bundle, two types of obstacles were
employed: wire wraps anldw-impact grid spacers. Wire wraps were found to be more
effective than grid spacers to enhance the SCHT. In the tubular test section, obstacles
appeared to suppress the heat transfer deterioration (HTD) or decrease its severity;
obstacles also generalgnhanced the SCHT both in the liqlike and the gaslike

region. The experiment in the tubular test section revealed that, at certain flow
conditions (low mass flux, low inlet subcooling), flow obstacles can have an adverse
impact on the SCHTA criterion to predict the onset of this adverse effect was
developedAt high subcritical pressures, obstacles increased the CHF and reduced the
maximum postCHF temperature. A comparison of the experimental data with
prediction methods for the SCHT, single phhsat transfer, CHF and pedityout heat
transfer was performed. Lastly, a new correlation to predict the enhancement in SCHT

due to obstacles was develogedheat transfein theliquid-like andgaslike regiors.
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Chapter 1

I ntroduction

1.1Background

The SupeiCritical WaterCooled Reactor (SCWR) is one of the candidate designs
considered by the Generation IV International Forum as an innovative nuclear energy
systemA SCWRwould have severadvantages over existing systertsvould be safer
andmore compacand would havéower cost of energy production and reduced volume

of nuclear waste. This research is in support of the Canadian National Program to
develop thewatercooledCanadianSCWR. The water critical pressure ametnhperature

are 22.1 MPa and 374 °C, respectively. In the development staje 8CWR design,

the idea of usingCO, as a surrogate fluifor waterhas beeradopted based on many
investigations researcherssuch as Jackson (2008), Zwolinskiet al. (2011),
Chenget al.(2011) and Zahlaet al. (2015) haveall developed fluid to fluid scaling laws
based on the similarity of these fluids at supercritical pressus#sg supercritical CQ

in the laboratoryis more practicaland safer thamater, becauseof its lower critical
pressure and temperatue4MPa and 31 °C, respectively.

There are other applications of supercritical heat transfer ta €@ example, the
Brayton cycle using supercritical G@as been identified as a promising approacha
Generation |V reactor. The GQvould either be used in a direcycle as the primary
coolant of nuclear fuel bundles, oranindirect cyclein whichthe primary coolant could

be liquid sodium, whickvould heatup the SC C@in a heat exchanger. both cases the

CO, would be heated to a temperature of about 500 °C and expandeduch lower
pressureand temperatue in a series of gas turbine$he high density of COat
supercritical pressures, results in a high power densitywary compacturbo-machinery
comparedto conventional gas turbines having the same nominal generated power but
operating at much lower thermal efficienciéSandia National Laboratories began
studying these turbines more than five years ago as part of their investigsiti

Generation IV advanced nuclear reactors.



From a heat transfer point of view, heat transfer in a fluid ateréaral and supercritical
pressures has distinct characteristics, which are not present at subcritical pressures. When
the fluid pressurend temperature are near their critical values, or when the pressure is
supercritical and the temperature is near its pseutioal value, small changes in
temperature cause large changes in the thgxmysica properties (e.g. see Figurel}.

and the hat transfer may undergo enhancement or deterioration. Of particular importance
for the safety of SCWR is the phenomenon of heat transfer deterioration (HTD). The
supercritical heat transferoefficient (HTC) falls below that expected during normal
forced onvective heat transfdNHT), and thereforeéhe heated walls might encounter

high temperatures. Heat transfer deterioration is thought to be associated with the
suppression of turbulence near the wall. This reduction in turbulence is due to buoyancy
forces that are significant at this instant. Hence, the flow accelerates near thevvalls

leads to a dramatic reduction in Reynolds stresses. Afterwards, turbulence recovery could
happen when M shape velocity profile starts digvieg nearthewall, see Fyure 12. As

will be shown in the next chapter, turbulence generators such as flow obstructions and
rod bundle spaas generally suppress the occurrence of HTD and result in an

improvement irsupercriticaheat transfe(SCHT).

30 800 CO,,8.12 MPa (1.1P,) 200 300 15
25 -
600 - 1000+ 150
20 - L 200 | 10
- P | o
2 1¥ |E £l &l
3 15424004 2 _100%_ =
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Figurel.l: Property variation of C@at a pressure of 1R, (Baeet al, 2011)



N
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}\ /{ shear stress profiles NW%

Figurel.2: Schematic drawing of buoyancy effect, in upward pipe flow, leading to either

a flattened velocityprofile and decreased shear stress or to ashiped velocity profile
and increased shear stréksaanet al, 2005).

Heat transfer data at high subcritical pressures can be classified into four dpasgrs,

on theencountereceat transfer mode: (i) singfghase heat transfer to liquid i)
nucleate boiling heat transfer, (iii) film boiling heat transfer amyl §inglephase heat
transfer to C@gas. Depending on the flow conditions and heat flux, not all of the above
heat transfer regions will be encountered.

At supercritical pressures, the g@eat transfer data can be classified into three types
based onhe bulk temperaturél,) and heated wall temperaturg,) along the heated
section: (i) liquidlike (Ty<Tw<Tpo), (ii) gaslike (Tw>Tr>T,e) and (iii) neascritical region
(Tb<Tp<Tw) Where T, is the pseudaritical temperatureAs discussecearlier, in the
nearcritical region the properties vary drastically and the conventional goingise heat
transfer correlations do not perform well. However, for pressures well above the critical
pressure and/or temperatures well wwieom the critical temperaturethe property
variation becomes minor and the singlease heat transfer correlations again apply. The
supercritical heat transfer data can be further divided into normal heat transfer and
deteriorated heat transfer cases

1.2Motivation

The motivation for thisrivestigation comes from the current lack ofetevantSCHT

heat transfer databader spacersequipped fuel bundles to be used in the Canadian
SCWR design. An additional motivation is the recently identified use of supercritical
CO; in reactors using the Brayton cycle; either for direct cooling of spespa@ipped fuel


http://www.sciencedirect.com/science/article/pii/S0896844604002554

bundles, or in an indirect cycle where fluids such as ligogilum are used in the primary

cooling system.

1.30bjectives
The generalobjective is to studgxperimentallyheat transfecharacteristicsn channels
of different shapes for high subcritical and supercrificaksuresThespecific objectives
are as follows.
1 Stdy the impact ofvire wrap andgrid spacerson the SCHT of C®in a three
rod bundle
Obtain SCHTdaa of CO, in abare 8 mm ID tube at low mass fles
Perform a parametric study of the impa€tisolated obstaclesn heat transfer at
supercriticalpressuresthe parameirs considered are tloperating conditionand
theobstacle shape, pit, andblockage ratio
1 Study the impact obbstacls on the heat transfer coefficiefar single phaseheat
transfer nuwleate boiling and film boilingas well ason the critical heat flux

(CHP).

1.40rganization of the thesis
This thesis is prepared in the form afmanuscripbasd thesis. Aliterature review is
provided in Chapter Zhapter 3 contains a description of the experimental facllhg.
main resultsare presented in Chaptets/, each of which explores a differefacet of
flow obstruction effects oheat transferChapter4 addresses thebstacles (wire wraps
and grid spacers) effects on supercritical heat transfer inod Bundleas presented in
the following manuscript:

Eter, A., Groeneveld, D., Tavoularis, S., 2016an experimental

investigation of supercritical heat transfer in a timee bundle equipped

with wire-wrap am grid spacers and cooled by carbooxdle. Nucl.

Eng. Des303, 173191.

Chapter5 addresses the obstacles effects on supercritical heat tramsfie 8 mm ID

tubeat supercritical pressures presented in the following manuscript:



Eter, A., Groeneveld, D., Tavoularis, S., 2016b. Convective heat transfer
in supercritical flows of C@in tubes with and without flow Obstacles.

Under review byNucl. Eng. Des.

Chapter6 addresses the obstacles effectdheat transfer atigh sulxritical pressuresn

an8 mm ID tube apresented in the following manuscript:

Eter, A., Groeneveld, D., Tavoularis, S., 2016c. Convective heat transfer
to CO, - cooled tules with and without Flow obstacles at high sub

critical pressures. To be submitted\tocl. Eng. Des.

Chapter7 provides anassessment of the promising heat transfer correlations during
normal and deteriorated heat transfer based on the 8 atabase ofUniversity of
Ottawa, andliscusses newfinding (adverse obstacle effect on the SCHT) and provides

a criterato avoid it.

Finally, a summary of the main results of ttigsis is presented in Chap&with a list

of themaincontributions of thighesisand recommendations for future work



Chapter 2

Literature Review

The objective of this literature review is to assess and analyze the effects of flow
obstacles on heat transfer at supatical (SC) pressures. The review is based orh&l
transfer data obtained in different flow geometries such as tubes, annuli, and rod bundles
cooled by water, refrigerants, or other fluids. To better understand the analytical work
conducted in this field, a review of the evolution of prediction metHod supercritical

heat transfer to upward bare tube flows for normal heat transfer (section 2.1.1), and for
deteriorated heat transfer (section 2.1.2) is carried out intensiledyemphasis in this
sectionis on describing SCHT prediction methods that may be of use in the thermal and
safety analysis of either SC fosgikeled power plants or nuclear power plaits.better
understand the obstacle effect on heat transfer in general, the obstacle effect on
subcritical heat transfer has also been reviewed. The basic concept of enhancement of
single phase heat transfer is by increasing the turbulence level using obstacles, such as
ribs, helical wires inside tubes and spacers in rod bundles, also applies atitscgler
pressures. Heat transfer enhancement due to turbulence promotion devices is
accompanied with an increase in frictional pressure drop. Therefore, frictional pressure
drop due to flow obstacles will be considered in this literature review as wed. T
literature reviewincludesheat transfer enhancement in single phase flow at subcritical
pressures (Section 2.2), heat transfer enhancement duringdibmg (Section 2.3), and

heat transfer enhancement at supercritical pressures (Section 2.4).

2.1  Evolution of prediction methods for supercritical heat transfer

2.1.1 Normal heat transfer

This section discusses the evolution of SCHT prediction methods for normal heat transfer
that has taken place during the past 60 years, covering all known SCHT equpttons
2016. Previous reviews by Ghajar and Asadi (1986), Bazargan (2001), Pioro and Duffey
(2007), Zahlan (2011), Chen and Fang (2013) and Churkin (2015) were more limited in

scope, reviewing fewer prediction methods, and did not provide sufficientsdétail
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comprehend the SCHT correlation evolution. Most of the SCHT prediction methods use

theDittus-Boelter (1930)heat transfer correlation,

06 TBigYF0i8, (2.1)

as a basi s f or lopnhest. Thiocorrelatioravtas foundte prediet many
of the observed trends surprisingly well at conditions where the temperature variations
across the flow are modest ("normal® SCHT) but cannot predict the changes in HTC
caused by steep radial temperatgradients and those due to DHT at high heat fluxes

and low flows.

Empirical correlations for supercritical heat transfer data were first proposed in 1957.
Based on extensive experimentation of water at-oeécal and SC conditions,
Miropol Gskiy and Shitsman (1957 noted that the Pr could vary widely from very high
values at low inlet temperatures (due to the high viscosity) to smaller values at
temperatures of 16800 °C to again very high values né€By.. They were able to fit their
water data reasably well using a modified form of the DittBoelter (1930)
correlation, by considering the minimum Prandtl number evaluated either at the heated

wall or the bulk temperature instead of Prandtl number evaluated at the bulk temperature:

06 T8I¢EF0i® . (2.2)

This correlation is applicable to both subcritical and supercritical pressures.

Bringer and Smith (1957)measured SCHT in wateP{P. = 1.6) and CQ(P/P.= 1.1)

and analyzed the impact of a theoreticalgrived dimensionless heat flux on Nu. They
attempted to convert their analytical solution into a more practical prediction method by
modifying the DittusBoelter (1930) correlation. They were able to agprately fit

their data by (i) adjusting the factor 0.023Go= 0.0266 for water an@ = 0.0375 for

CO, flows and (ii) evaluating the Nu and Re®tif E<O, E = (TpeTup)/(Tw-Tp), Tpc if
0<E<1,andT, if E>1, where Their recommended correlation is:



06 8YQ®Oi 8, (2.3)
for SC conditions except those close to the critical point where good agreement was more
difficult to obtain. Note that the large differenceGrvalues between water and £®as
probably due to the large differersca the reduced pressure between his SC water and
CO, data, since at low subcritical pressures the DiBoslter (1930) equation was able
to predict the C@data with good accuracy.
The Petukhov et al.(1958)correlation,

06 3 (2.4)
8 8

. PG T O pdpT

is the first widely used heat transfer correlation based on water data obtained in tubes at
subcritical pressures that depends on the friction factor. It was tested with other fluids by
different researchers as described later. This correlation was usedbasis for

development of several SC correlations.

Petukhov et al. (1961) modified the Petukhowt al. (1958) equation for subcritical
pressures by considering the variations of dynamic viscosity, thermal conductivity and

specific heat across the tube diameter as follows:

66 0606 — — — (2.5)

where Ny is given by Petukhoet al.(1958) andd  ——.

This correlation was based on their C@ata at supercritical pressures obtained in a
horizontal tube with no buoyancy effect. In addition, they validated their correlation with
water and C@dataobtained in vertical tubes by other investigators.

Bishop et al. (1965) performed SCHT measurements in water over a wide range of

conditions P, G, g andT;, were all varied significantly). A large reduction in HTC with a

8



small increase in heat flux wabserved that was attributed to changes in fluid properties.

The DittusBoelter and SiedeiTate Equations predicted their data reasonably well for

wall temperatures lessthdg. b t he best agreement with all
Petukhov et al. (1961) equation although large deviations were observed in the near
critical region. They followed the approach of Petukhov in using an integrated average

specific heat in the Prandtl numbequation They also introduced an entrance effect
factor, p ¢&- wherexis the distance from the start of the heated letaglccount for

the improved HTC observed near the inlet. Their modified form of the EBtedter

(1930) correlation is based on optimized exponents for Re and Pr, and a density ratio

8
factor —  to account for differences between wall and core fluid density:

. 8 L
06 TmFEOi® — p 8- WEADA —. (2.6)

This equation was able to predict Bishop's data as well as the SCHT data of Dickerson
and Welch, and of McAdams with an agreement of +15%. A very limited comparison
against SCHT data for GOOxygen and Freon showed an agreement of £25%.

Swensonet al (1965) employed the wall temperature as a reference temperature to
evaluate Nusselt, Reynolds, and averaged Prandtl number in the folleguagon; the

following correlation has a relative errof +10%.
14 r 5o 8 5o
606 mMWnt¥YF 0i8 — wheed i  —. (2.7)

Note that the general form of Swenseinal's equation is similar to the correlation of
Bishopet al. (1965). They found the density ratio factsrmore effective in correlating
their data than factors based on thermaldewtivity or dynamic viscosity. The integrated
specific heat between wall and bulk temperature is includadl iin Their correlation
fitted the water data with + 15% and ¢@ata with an acceptable accuracy (accuracy for

CO, data fit was not specified)



Krasnoshchekovet al. (1967) conducted SCHT experiments to £€bvering a wide

range of bulk temperatures. They found the heat transfef,for Tyc to be similar to

single phase heat transfer while Nu was always overestimated in thpseedecritical

region by a single phase correlation that does not consider the property variation across
the crosssection. They assumed that the dependence ofNReoand Pr remains the
same as under conditions with no property variation (i.e. based only on bulk
temperature), while the effect of the variable physical properties was accounted by

introducing correction factors for the density and specific heat wargaacross the tube
8

~

diameter, i.e. ,— h— . The exponentin has different values depending on
whetherTy is lower or higher thafp., as shown:

L1 r I r 8

06 06 — — (2.8)

where Ny is given by Petukhov et al. §88) andh is defined as

n = 0.4 forTp<Tw<Tpc(liquid-like region)
n= 0.4 for 1.7,<Tp<T, (gaslike region)
N =0.4+0.2[Tw/Tpc)-1] for Tp < Tpc <Tw
N =0.4+0.2[Tw/Tpc)-1{1-5[(To/Tpc)-11} for Tpe< Tp <1.ZTpcandTp < Ty

Yamagataet al. (1972)suggested a correlation based on their SCHT water data obtained
in horizontal and vertical tubes; the correlation was a combination of the -Bittlter
(1930) andKrasnoshchekoet al. (1967) correlation. They optimized the constant factor

and the expaents of Re and Pr as well as they included Pr number at the pseudo critical
pressure in the enjuatiasthefaldwing he exponent

066 T8ipoYP 0i%0 (2.9)
F.= 1.0 wherE >1

'@ TP 8 — whenE®L,0'Ghnd— whenE<O.
Ep T XP — P8 k¢ p&8 TP — TWO
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The authors examined the impact of using correction factors based on density, thermal
conductivity, dynamioviscosty, and specific heat; thefpund that the correction factor
based on the specific heat ratio was the only successful one in correlatmdatiae
Yamagata's correlation fitted their water data (ranges: 22.629.4 MPa,G = 310

1830 kgm?s?, g = 116930 kWm™, T, = 230540 °C) with an accuracy of +20% in the

normal heat transfer region. The authors suggeqted).ZGl'zasa limiting heat flux

criteria beyond which HTD will occur.

Jackson and Fewster (1975fas reported by Pioro anduffey, 2007)also suggested a
modified form of theKrasnoshchekowet al. (1967)equation,

- 8
66 m8ip &P 0i® — | (2.10)

8
in which density variations across the tube diameter was accounted-by . No

further details were reported by Pioro & Duffey.

Ghajar and Asadi (1986)assessed the several equations, as specified in Zdblby
comparing their predictions against a compilation of experimental data obtained for CO
and water in the nearitical region. Prior to this comparison they first needed to select
the most reliable equations for the thermodynamic and transport properties for water and
CGO;, in the near critical region. They found that the correlatiodamkson and Fewster
(1975) provietd the best fit compared to the experimental data of carbon dioxide and
water with a maximum deviation of 31 %hey subsequently modified the correlation of
Jackson and Fewster (1975) based on water and carbon dioxideTdatgproposed
correlation has aaverage absolute error of 15% and 20% for carbon dioxide and water
data, respectively.The following correlations are for carbon dioxide and water,

respectively:

06 mMW¢YFoid — — (2.11)

11



66 mWngiFoi® — @ — . (2.12)

Kirillov et al.(1990)(as reprted by Pioro and Duffgyaccounted for the free convection

within forced convection heat transfer using a buoyancy pararkéter,

56 — — whenG<0.01 (2.13)
66 —  — Q0 whenG>0.01 (2.14)

00 ' :
The buoyancy paramet&b p T Ol YO accounts for free convectiom
depends on the flow directiom, depends on— , T, and Ty,. NWw, is defired as the

Dittus-Boelter (1930) correlation and the Grashof number is defined as:

0 ———8 (2.15)

Griem (1996) suggested ®ittus-Boelter (1930) type correlation with different constant
factor and exponents for Re and Pr.atso introduced a factor, which is a function of the

bulk enthalpy as shown:

06 mrpgr@® 01 8, (2.16)
0i 6 T MQ 0

1T AP O R o pm O pd® T pm ,HpyinkIkg™

He determinedp at five reference temperatures betwé&grandT,; the selected specific

heatCpseiwas based on the average of the least 3 values among tpfradues;
j=5

Cpsel = ( a 1Cp,J - Cp,lst maX_ Cp ,2nd ma.X)/3 .
J =

This procedure is more or less similar to theevppus one suggested by
Petukhowet al.(1961).
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Pioro and Duffey (2007)devoted Chapter 11 of their book to review subcritical and
supercritical heat transfer correlations proposed between 1957 to 2@B8on (2002)
(as reported by Piorand Duffey (2007)) used the following correlation to account for the

bare tube heat transfer coefficient
8

06 m8ip W& 0i® — @ — (2.17)
wheren is defined as ifKrasnoshchekoet al.(1967).

His correlation as wkas the correlations ddishopet al. (1964), Swensoet al. (1965),
Krasnoshchekoet al. (1967), Yamagatat al. (1972), Jackson and Fewster (1975), were
tested against SCHT water data (~1500 points) and carbon dioxide data (~500 data
points). Resultshowed that Krasnoshcheket al. (1967) and its modified version of
Jackson (2002) correlation provided the best results; 79% of the data were correlated with
an accuracy of £25%.

The correlation oflJackson (2002as tested against normal €@eat transdr data
obtained in a 3od bundle and an 8 mm ID tube at the University of Ottawa ¢tat,

2016a). The results showed a maximum deviation of 30 % in the bundle case and 25 % in

the bare tube case.

Yang and Khartabil (2005) suggested two correlations to predict the normal and the
deteriorated heat transfer ¢@ata reported by Pioro and Khartabil (2005) at supercritical
pressures. They multiplied the Petukhetval. (1958) correlation by correction factors

that account for ariations in dynamic viscosity, thermal conductivity and specific heat
across the tube diameter. The following equation was recommended for normal heat
transfer:
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2

whereNuy, is defined as in Petukhaat al.(1958).
For the deteriorated heat transfer they recommended an equation with different

coefficients and exponents:
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o 02244,  .-0.40833 -0.764
(N} B g o8 258 (2.19)
¢ - Chw+ (?:pb 9

The correlations have a reported RMS errorlaéf7% and 6.65%or normal and
deteriorated heat transfer, respectively. The correlations were also able to predict selected
water data sets reasonably well, although the accuracy for the water data was not
specified. Note that the reported RMS errors for the €4fa donot seem credible since

the RMS error of normal heat transfer is expected to be lower than that of HTD.

Kuang et al. (2008) compiled a SCHT water database from different sources and used
this data base to assess several correlations (specified in ZahleThey found all

correlations to be inapplicable; therefore, they developed a new correlation which
accounts for property variations across the tube diameter, buoyancy, and thermal

acceleration as follows:

- 8 8 8
06 m8rgow®P 0i8 — — — of 8 8 (2.20)
where
I © L O ¢
Oi O o S
. na
T &®q

The correlation predicted 92 % of the data within +30%.
Jackson (2009)used the following correlation to account for the bare tube theragfer

coefficient

o 8
06 MWcYFOi® — — 8 (2.21)
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This correlation is similar to the correlation of Jackson (2002) but with different

constants. Jackson didndét recommend this co
assessment to this correlation showed a very small heat transfer enhancemére near
pseudo critical enthalpyg/G is not specified by the original papés indicated by the
author, this is attributed to the scarcity of data at high heat fluxes used to derive the
correlation
Mokry et al. (2009) recommended a modified version of Swsen et al. (1965) by
adjusting the constant factor and the exponents:
~ 8
.0 mingr 0 — 8 (2.22)
The authors noted that using only a correction of density was sufficient to fit their water
data. This agrees with the preus study of Swensaet al. (1965) and the specific heat is
corrected through 1.
Zhu et al. (2009)used supercritical water data obtai

University to develop their correlation,

.0 minmgrgfo & _ % _%g (2.23)

The correlation is derived from normal heat transfer data and accounts for density and
thermal conductivity variations across the radial direction.
The correlation predicted 88 % of the data within +10%.

Gupta et al. (2010)usedthe SCHT water data obtained by Kirill@t al. (2005) at the
Institute for Physics and Power Engineering (Obninsk, Russia) to develop their
correlation. Theyfound that the physical properties based on the wall temperature
provided better results than tipeoperties based on the bulk temperature, which was
proposed by Bishogt al. (1965) and followed by Moknet al. (2009). Guptaet al.

(2010) proposed a modified form of the Swensnal. (1965) correlation, which
evaluates the properties for Nu, Re and average Pr at wall temperature. An additional

15
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correction factor for the dynamic viscosity was added by the authors, to account for
viscosity variations between wall and bulk fluid. As wel, a correction factor
accounting for the developing boundary layer effects at the entry region was developed,
similar to that of Bishopet al. (1965); it is a function decaying exponentially along the
axial distance from the beginning of the heated sedti/D). The proposed correlation

hasa relative error 0£25% and it is given as follows:

~ R 8 8
.6 maim2Ad 00 8 — —

38
.0 .0 p A@BS— (2.24)

Wang et al. (2010) assessed the following correlations: DitBselter (1930),
Krasnoshchekowet al. (1967), Jackson (2002), and Yang and Khartabil (2005). The
assessment as based on SCHT water databasenpiled from differentworks They

found the correlation of Jacksomopided the highest accuracy (standard deviation of
32% and RMS error of 39.7%) among the tested correlations. However, testing this
correlation for upward and downward flows showed a higher error of predicting the
upward heat transfer coefficient thanttlod the downward flow. Therefore, the authors
modified the correlation of Jackson to be applicable for both downward and upward

flows as follows:

_ 8
06 mipuN& 0i® — — | forupward flows and

. 8
06 T8tpyx ¥ Oi p— — , for downward flows. (2.25)

A

where the exponent 6éné can be calcul ated
n = 0.5 forTp<Tw<Tpc(liquid-like region)

n= 0.5 for 1.7,<T,<Tw(gaslike region)

N =0.5+0.2[Tw/Tpc)-1] for Tp < Tpe <Tw

n=0.5+0.2[Tw/Tpc)-1{1-5[(To/Tpc)-1]} for Tpc< Tp <1.2TpcandT, < Ty
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The (modified) correlations predicted 86.9% and 91.3 % upward and downward flows
data, respectively, compared to 67.4% and 86.5% predicted by Jackson (2002) within
+30%.

Zahlan et al. (2011) assessed eleven SCHT correlations that were reported in the
literature betweed965 and 201@they are specified in TabR1). They also compiled a

very large SC and near critical HTC database for wadeted tubes consisting of over
24,000 data points. They found that the correlatioMokry et al. (2009) provided the

best predictions compared to the experimental water data (database) with a maximum rms
error of 26% in the three supercritical sdgions, liquidliike, gaslike, and near the

critical point.

Gupta et al. (2013) used CQ SCHT data obtained in a 8 mm ID tube at AECL
laboratories to develop their correlations. They proposed 3 correlations for the same
database. The three correlations used different reference tempdmtevaluate the
physical properties as follows:

() bulk fluid temperature as a reference point,

~ . 8 8 8
.0 iy o008 — — — (2.26)

(1) film temperatureT;= (T + Ty)/2), as a reference point

~ 8 8
.0 mintydl — — (2.27)

(I wall temperature as a reference point

~ . 8 38 8
.0 mimevgs 008 — — — 8 (2.28)

The correlations predicted their @&CHT within relative errors of = 20 to +30%.
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Kurganov et al. (2013)used the Reynolds analogy between the heat transfer and friction
to find a solution of the normal heat transfer at supercritical pressures. They proposed a

new correlation to predict the normal heat transfer at supercritical pressures in terms of

Stanton number Y0 or'Yo —).

where, gt 7" 6 ¢ @ wnde ™® X TYq . (2.29)

The authors claimed that the proposed correlation, based on the extended Reynolds
analogy using the integral relationship for the Prandtl number and the friction coefficient
correlation, properly describes the normal hestsfer.

Yang (2013)used the same database that was used earlier by Yang and Khartabil (2005)
to develop a new correlation of SCHT applicable for normal and deteriorated heat
transfer.The correlations are modified forms of those presented earliéfabg and
Khartabil (2005) as follows:

() for normal heat transfer:

é_ P 6— 0.43274 o T 6‘[.84087 é_ q 013205
Nu, =0.41179%%— &b o 000
E%C 8 (?-pc 9 ? GHb 8
éﬂi’) 6— 0.928395k 60_168016017 60.72487
1.10223
() 2ghg  Feg a0 (2:30)
¢ - Clw ~ o pb =

whereNuy, is defined as in Petukhaat al.(1958).

(ii) for deteriorated heat transfer:

18



0.53838 ¢ 2.46823 ~ 0.32562

R

aPa T, O
Nu, =1.7065 P 28 aeig OOOOqi
g c+ éa-pc = GHb
050388, 0549413 =~ &0571%6
09487 am 9 ak, 0 9Cp g
(Nu,) s, 8 8 = o (2.31)
¢ Chw =+ copb =

The correlations have an RMS errorl6t3% and 6.91% for normal and deteriorated heat
transfer, respectively. These errors are very similar to those reported earlier by Yang and
Khartabil (2005).

Wang and Li (2014)used the normal SCHT water dataYamagateet al. (1972) and
normal SCHT water data obtainedIBPE (Institute for Physics and Power Engineering,
the State Scientific Center of Russian Federationpsses different correlations, see
Table2.1. The corréation of Swensoret al. (1965) provided the best prediction with a
standard deviation of 17.4 %.

Subsequently Wang & Li developed a new correlation,

.0 miney® o004 — — 8 (2.32)

The proposed correlatiomrpe di ct ed the water SCHT within N
report the standard deviation of the predicted data using their correlation.

Chen and Fang (2014)assessed SCHT correlations for supercritical pressures as
specified in Table2.1. The experimental data was collected from different resources
(13 papers). They found that the correlationvidkry et al. (2009) had the least mean
absolute error of 13.6% for the total data of normal, improved, and deteriorated heat
transfer. Chemand Fang (2014Jeveloped a correlation having a better accuraegrage
absolute error of 5.4 %) than the accuracy of the Mdatrgl. (2009) correlation. The
correlation is valid for both normal and deteriorated heat transfer and accounts for the

variaions of Prandtl number, specific heat, and Grashof number,

8 8 8 : 8
66 ™yE — — @ —

(2.33)
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Churkin et al.(2015)proposed a correlation based on water data, which is similar to the
correlaton of Jackson (2002) but widthsdshbanehtt:
They assessed DituBoelter (1930) and recent correlations: Mokey al. (2009),
Chenget al. (2009), Kurganovet al. (2013), andChurkin et al. (2015) against water
experimental data.The experimental data was collected from different resources
(12 papers) and was limited to normal heat transfer ddte.results showed that the
correlation of Churkinet al. (2015) had the least rms error (25%) among the tested
correlations.

" 8

8 7 s 0
06 mMr¢eFoie — Fa

”

wheren=04at — pandn=06at— p. (2.34)

In conclusion, allcorrelations were modified forms of the DitBselter (1930) or the
Petukhov (1958¢orrelation. Many investigators found an improved prediction of Nu by

considering variation of fluid properties across the radial direction such-as — ,

amd — . Table 2.1 lists correlations to predict Nusselt number during normal /

deteriorated heat transfer regime along with the main comments about each single
correlation. Finally, the correlations based on the DiBaslter (1930) or
Petukhovet al. (1958) form correlations with a correction factor for specific heat and
density are capable to predict the normal heat transfer. However, at HTD conditions,

these empirical correlations were deemed to have a questionable accuracy.

Look-up Table Methods: A practical way ofthese correlations was applied, which is

called lookup table. A lockip table is a dimensional table aims to predict a certain
property at certain parameters. The data included in a Look up table is either pure
experimenth data or data predicted by the best correlations at certain conditions.
Loewenberget al. (2008)constructed the first lockp table to predict wall temperature

of the normal heat transfer at supercritical pressures for water as a function of mass flux,

pressure, heat flux, diameter, and bulk enthalpy. The reported standard deviation is
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10.2%. This lookup table is not applicable for HTD as all HTD data were removed by
the authors at the beginning of their wafkiang et al. (2011)constructed a lookutable

to predict wall temperature of different tube diameters 7, 10, and 20 mm and water used
as a coolant. This lookup table requir€] G, g, hy) to predictT,. The authors claimed

that HTD data were included in the look up tables. However, the appiig of their

lookup table is limited due to the narrow range of pressure, mass and heat flux; the
accuracy is not provided. A recent lookup table to predict the heat transfer at near critical
pressures was constructed Bghlan et al. (2015) Z a het & loak-ap table has a

wide range of flow conditionsP( G, g, hy) including HTD data. The accuracy of

Z a h | et al.dosk-up table varied between £1050 % depending on the heat transfer
region. A comparison of the predicted data by the Jopkabke and other correlations
against the experimental data showed that the look up table is more reliable than a single

correlation when used over a wide range of flow conditions.

2.1.2Deteriorated heat transfer (DHT)

A number of investigators have propds#ifferent criteria fo the onset oDHT. Many of

the published studies were based on a criteria basegf@nv@alues whiclrepresented a
lower limit for DHT. This ratio has different values depending on the experimenter and
fluid type. Table2.2 summarizes all reportddHT criteria. These criteria are generally
purely empirical, and do not reflect the physics behind DKT; its applicability is
limited to a single fluid. More recently, experimenters have attempteewelop HTD

models that ar discussed below and are summarized in TaBle

Watts and Chou (1982)modified the correlation ofackson and Fewster (1975) by
using a function that depends on the buoyancy parameter as follows:

y 8
66 T¢YFoie —  8Qu (2.35)

__ G
- 7—0.5
R% Pr

Q0 p onmn® whenKO1 . 0*staddard deviation of 7.7%)
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"QU X T8 whenK >1.0¥10 *(standard deviation of 5.4%).

The buoyancy factorK() is a modified factor of the buoyancy parameter proposed by

Jackson andHall (1979) 0 =) and includes the Prandtl numbér discussion of

Jackson and Hall (1979) is given in the next section as part of the study of
Jacksoret al.(2011). Thes&K) correction @inctionswere derived from SCHT data with

no wall temperature peaks (wall temperature peaks occurred at the first 40 % of the
heated section; the data used to def{® were obtained downstream from the peaks).
The following correction dnctions were derived from SCHT data having wall
temperature peaks (i.e. from the deteriorated database):

"QU p& X p wu it ¥ whenK O 4 . '3(stahdard deviation of 13%)

"Qu ¢ @ mm® whenK > 4.5%10 °(standard deviation of 6.4%).

Although the authors stated that wall tesrgiure peaks were not significant in the
downflow as they were in the dilow but they used the buoyancy fact) (to fit the
downflow data. The authors felt that using the buoyancy factor with some algebraic
manipulation or modification to the expariecould fit even normal heat transfer data.
Whether the data obtained downstream from the peaks is also representative of normal
heat transfer is unclear.

Bae and Kim (2009)developed a set of correlations based on @40a. Their correlation
takes intoconsideration the effect of buoyancy and thermal acceleration;hwhic
embedded in the exponemt
06 067066 (2.36)
W66 p p pmOO 8 for5*10°%<Bu<7*10’
V6O mrmp PYwo 8  for 7*10'<Bu<1*10°
06 6 T uor 1*10°<Bu<1*10°
V66 TrIpp wdoO 8 for1*10°<Bu<3*10°
"MM66 o@& o628 for3*10°<Bu<1*10*

" 8

00 TBip P 0i8 —

8
3
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whered 6 ‘Oi —— andn is definedby Krasnoshchekoet al.

(1967).

Chenget al. (2009)derived a simple heat transfer correlation based on SCHT water data
of Herkenratret al. (1967),

06 Mr¢YPoi’ o (2.37)
"0 & QEOHO
0 T@u KX pmM OO ——— p&pp —

-
which is a function of the bulk temperature only. Thus, the solution is free of any

numerical instability. An acceleration dimensionless number, —, was introduced
h

to correct the deviation ofdat transfer from its conventional behavior.
Bae et al. (2011) constructed a correlation based on their,@@ata. The buoyancy

function was generated as the best fit of the normalized Nusselt nuiugyNur) vs.

the buoyancy numbeo (6 ) as follows:

66 060 (2.38)
'O p xTm®W 8, for Bu<2*10°,
'O Minop@ © for2*10°<Bu<1*10*

O T8 06068, forBu>1*10*

” 8
66 mMWcYPPFPoid —

where6 6 —, Ol

Jackson et al. (2011) suggested that there are two major causes of HTD. These are

discussed in the following paragraphs:

1. Buoyancy Induces DHTDHT due to buoyancy forcewas initially discussed by

Jackson and Hall (1979 a heated vertical tube flow, buoyancy minimizes the shear

stress across the wall layer region, where the near wall layer accelerates faster than the
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core, and consequently laminarizes the flow (reduce turbulent stresses) that lead to a
HTD. The following model accounts for the buoyancy effect on heat transfer to a fully

developed tube flow as given by Jackstial. (2011).

Under conditions of variable property mixed convection:

g 8
— pvOOE—— — (2.39)
in wich

8
o — — ,0 — ,and0 = —

Thenegatve sign refers to the upward flow and fhesitivesign refers to the downward

flow.

According toKrasnoshchekoet al. (1967), the variable property factovdzcan take the
form

” 8 8

) 0

O — —
0

in whichCpis an integrated mean value of specific heat over the temperature range from

The coefficientCs was estimated as iased on a universalirbulent buffer layer
thicknessii” of 30. However, the estimated value ©f might need to be adjusted to
enhance the prediction method.

Using the buoyancy parameter

z

6 éz -8 8 (240)

for @artial laminarizatio§ a criterion of a buoyanegided flow can be found as the

following
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The influence of buoyancy forces on the convective heat transfer becomes dominant

when

0 pr.

If this is the case, then Nwill be independent of flow rate:
66 60r 8018 "0 where™Of ——— 1 is the bulk volumetric thermal

expansion (k) andFvp = Fvp as defined above Hrasnoshchekoet al. (1967).

For conditions of mixed convection with negligibb@nuniformity of fluid properties
across the radial direction, the model is the following

g 8
— pubbE — . (2.41)

2. Accelerationinduced DHT:The acceleration effect on the SCHT was explained by

Jacksoret al.(2011) as follows:

AWhenfluid flows through a heated tube, its enthalpy increases, its bulk temperature
ri ses and its density falls. Because the
the bulk velocity must increase. An extra pressure diféeergother than that to come

over friction) has to be applied to cause this acceleration. Medr layers have
velocities lower than the bulk velocity; hence the extra pressure gradient applied near the
wall is higher than that needed to accelerate thedfl Therefore, the shear stress
gradient across the flow near the walls has to be adjusted to balance the excess pressure
gradient. Consequently, the shear stress would vanish quickly with distance from the tube
wall than what would have occurred in thbesance of flow acceleration. In conclusjo

the viscous sulayer/bufferlayer region has a lower shear stress than that of a steady
fully developed flow at the same flow rate and the turbulence production is degraded,

and then the effectiveness of heatirs f e r i s reducedo.

A semiempirical model of the heat transfer with thermatiguced flow acceleration
was given by Jacksaet al.(2011) as the following:
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— pYO ———— — — — (2.42)
5 Tna
Q
Substituting:
0 ‘_l' ”_l'
5o O
Y& 01
Then the model becomes
8 8
— p 60680 — 8 (2.43)

The coefficientCa was estimated as 1r an assumed universal turbulent buffer layer
thickness 0+ of 30. H o @xnaemiglet meed tb beeadjustedttdo mat e d

enhance the prediction method.

Since the Fvpis of order unity, Jacksoet al. (2011) suggested the criterion for
impairment of heat transfer due to thermalhduced bulk flow acceleration to be less

z

1 % obtained from the equationdsd & T8t ¢ in whichd & —s——. Using the

estimated value for the coefficie@ of 10 this givesd & ¢ p 1.

As & hincreases, parametér’O 6 dwill increase, and the ratio ef— is predicted to
decrease systematically due to bulk flow acceleration. As Jaeksdr(2011) noted that
— falls to a value of 0.6 whed "O 0 &reaches 0.385; the following criterion for

strong impairment of heat transfer due to flow acceleration can be obtained from the
equation noting thdD is of the order of unity
6bd ¢ pm

This condition has been described as a partial laminarization.
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Table2.1: List of availableNu correlations for forced flows based in bare tubes data.

Author(s) Correlations Comments
First widely used heat transfer correlation based
Dittus-Boelter . NGCED 1 8 water data at subcritical pressures obtained in rad
(19305 (2 2. 5. Lo mECELruI tubes. It was tested with other fluids over the
decades.
Widely used heat transfer correlation based on w
. ‘ 8 data at subcritical pressures obtained in long tubg
Sieder and Tate v w18 — : h DittBoelt lati
(1936 ( 3) D0 TCYDUI - is more accurate than Ditiigoelter correlatior
because it accounts for dynamic viscosity variati
across the tube diameter.
Mi ropol 6s .o B T First SCHT correlation based on water data obtai
Shitsman (1957} 6o T8¢ edoi® in a tube.
66 o6YQ®0i®

Bringer and Smith

Nu, andRe are evaluated &, if E<0.0,Tpci f BOD. ® Twif a

First SCHT correlation that considers prope
variations along the bulk enthalpy. It is based

(1957)*9) C = 0.0266 for V\Zrelr.gnd 0.0375 for €O water and carbon dioxide data obtained in tubes

o Y YTY Y an accuracy of £16%.
N RE First widely used heat transfer correlation based
‘ ) v water data at subcritical pressures that accounts
Petukhowet al. (1958)" 8t & 8 b pressure drop along the heated section obtaing
P3LX p 7 g P tubes. It was used by many researchers to develo

., PG CYQ pdrt SCHT correlations.

‘ 8 o 8 ¢ 8 First SCHT correlation based on €énd water data
Petukhowet al. 06 U6 — S obtained in ibes and accounts for dynamic viscos

(1961)*%

‘ Q 6
Nu, is given by Petukhov (1958).

thermal conductivity and specific heat across the
diameter.

First SCHT correlation based on water data {

_ ” 8 ’O
Bishopet al. (1965)%> 06 mMInmEPLi® — p ¢8 5 accounts for the ¢rance effects with an accuracy
+15%.
Swensoret al 5 w8 Similar to Bishopet al. (1965) correlation, based ¢
(1965)(1'2’3'4’55 606 mMWnTY¥YdE 0i® — water data obtained in a tube with an accuracy

+15%.
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Krasnoshchekoet al.
(1967)4239

” 8 6

wheren is defined as
n= 0.4, forT,<T,<Tycor for 1.21,<T,<T,,
n= 0.4+0.2[TW/Tpc)-1], for Ty < Tpe <Ty
n= 0.4+0.2[TW/Tpc)-1{1-5[(Ty/Tpe)-11}, for Tpe < Tp <1.Z2T,candT, < Ty
Nu, is given by Petukhov et al. (1958).

First reliable SCHT correlation that accounts
property variation along the bulk enthalpy based
water and carbon dioxide data obtained in tubes.

06 mdrp P 0i%0
F= 1.0 whergE >1

TN 8 _ S b
Yamagatzt al @ X | whenkE®1,0 SCHT correlation based on water data obtained
(1932)(3,5) ' tube and similar t&krasnoshchekoet al. (1967) with
and —  whenE<0. an accuracy of +20%.
Ep T XP — P8 wEC p8Tp — TWO
o Y YXT'Y Y
- 8 . .
Jackson anc(J)Fewster 66 mipws? 0i® — SCHT correlation based on water data obtained
(1975) wherenis given byKrasnoshchekoet al. (1967) tube and similar t®ittus-Boelter correlation.
For carbon dioxide:
8
066 mMWc¢YFoid — — Modified form of the correlation oflackson ang
. . Fewster (1975) based on water and carbon dio
Ghajar and Asadi _
. datawith an average absolute er@f 15 % and 20 %
(1986) For water: o .
-~ 8 for carbon dioxide and water, respectively.
06 Mg 0id — —
wheren is given by Krasnoshcheket al.(1967)
" %5s — — when@<0.01
N 66 Q% wherd >0.01 i i
Kirillov et al. vuo ' SCHT correlation based on water data obtained
(1990) tubeand accounts for HTD.
T " O accounts for free convection. m depends

YQ
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the flow direction. n depends or— ,"Y, and’Y

Griem (1996

06 mpgr@® 01 ® 7,
01 6n o0 Mm™Q 1
1 AQpSTH OO R C o pT O pdT pT
Hy in kJ kg*

SCHT correlation based on water data obtained
tube and similar to the DitteBoelter correlation.

Jackson (200257

” 8 6
00 Tm8rp P 0i® — 5
wheren is defined as
n= 0.4, forT,<T,<Tpcor for 1.21,<T,<T,
n= 0.4+0.2[(T\,‘/Tpc)'1], for Tp < Tpc <Tw

n= 0.4+0.2[Tw/Tpc)-1{1-5[(Ty/Tpc)-1]}, for Ty < Ty <1.2T,candTp < Ty

SCHT correlation based on water and carbon dio
data obtained in tubes and similarkoasnoshchekoy
et al.(1967).

Yang andKhartabil
(2005)

Modified form of Dittus Boelter correlation based g
CO, data at supercritical pressures obtained in a
with many correction factors and with an RMS er
of 11.7 %.

Modified form of Dittus Boelter correlation based g
CO, data at supercritical pressures obtained in a
with many correction factors and with an RMS er
of 6.65 %; it is applicable for HTD conditions.

Kuanget al.(2008}°

Ap g 0.4493 AT 61'9737 3 60'2533
Nu, =34445 8 220 20000
che+ gq—pc 9 G GHp =
-1.4362 0.38793 09771
am, 0 ak, 0 ac, Q
(Nuo)l.0649 U b &P o
NU, is defined as in Petukhat al.(1958).
P& 05196 3 62'5939 8 q - 0.2858
Nu, =9.38868 -9 @b o 20000 -8
@8 @m0 2 e,8
o 02244,  _-040833 = 0764
(N )96 3 g Ko g &p 8
935@ T cfwr Tl
006
- ’-"Q 8 ‘ 8 » 8
ﬂ&(dm 018 6 — — of 8 ﬁ 8
; . o0 n
oF "0od 6 =
] (¢)]
, ng
n @B n R

Modified form of Dittus Boelter correlation based g
water data at supercritical pressures obtained in t
accounts for property variations radially, buoyan
and thermal acceleration with a maximum relat
error of 30%.
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Similar to the coorelation of Jackson (2002) and

Jackson (2009) 606 m¢yPFOi® — ,,O— recommended at high heat fluxegG is not specified
0 by the original paper.
Mokry et al " 8 Modified form of the Dittus _Bpelter correlation
(2009)(3,4,6)' 66 minef 0i® — based on water data at supercritical pressures obt
in a tube with a relative error of +25 %.
w8 9 8 Modified form of the Dittus Boelter corréation
Zhuet al.(2009) O mingr@fo & — — based on water data at supercritical pressures obt
Q in a tube with a maximum relative error of 10 %.
I . 8 ‘ 8 "8 Modified form of the Swensonet al. (1965)
Guptaet al O mrm2 00 — . correlation which considers properties for Nu, Re
3.6) 8 average Pr at wall temperature with an ey
(2010) N W . S L
e O p Aopb— correction factor for the dynamic viscosity; it has
p® O accuracy of +25 %.
06 mripuowWe& 0i1® —  — | for upward flows and
66 mMWrpx¥& 0i® —  — | for downward flows.
where the exponent 6nd can be c g Modified form of the Jackson (2002) correlation w

Wanget al.(2010)

n = 0.5 forT,<T,<Tpc(liquid-like region)

n=0.5 for 1.Z,<Ty<T,, (gaslike region)

N =0.5+0.2[TW/Tpc)-1] for Ty < Tpe<Ty

N =0.5+0.2[Tw/Tpc)-1H{1-5[(Te/Tpe)-1]} for Tpe<Tp <1.2TpcandT, < T,

a maximum relative error of 30 %.

” 8 TQ 8 ¢ 8
.0 mipF o0 — — — _ _
Q 3 different correlations for the same SCHT C
Guptaet al. ~ . " 8 Q °& database based on different reference temperatur
(2013) . O mmtvar - 0 evaluate the thermphysical properties with a relativ
B . n8 O 8 8 error range of £ 2030 %.
O m8im éYl.p.f 008 — 6 —
Kurganovet al. Yo B SCHT correlation based on Reynolds anal
(2013)©® WT T , . . . between heat transfer and friction.
P vp P&’ Ul 670N p
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0l e  FT T QY

Yang (2013)

[} ” T! 13 7(
where, gt 7”6 ,&¢ muwndt 1 x AYQD .
Apg -043274 3 AT ~1-8408751 60'13205
Nu, :o.4117 8 ;—bg gooo%
¢~ ¢ pe+ ¢ b= Similar to the normal SCHT correlation derived

Wang and Li (2014)

Chen and Fang (2014

Churkinet al. (2015)

5092839 0168014 = 072487 Yang and Khartabil (2005) with an RMS error
110223 aky 0 &Cp § 9
%8 %8 O 10.3%.
cw pp 2
whereNy, is defined as in Petukhat al. (1958).
Apg§ 053838 g 62'46823{;1 q d 0.32562
= &b o 0
Nb 1'7065@ Cg gerpcg gooo GH, 2 Similar to the deteriorated SCHT correlation deriy
by Yang and Khartabil (2005) with an RMS error
50388, 05494]a o 6.91%
094871 8 akb§ 3879 .91%.
% éﬁ gcpbg
w8 q 8 Modified form of the DittusBoelter correlation base
.0 miney® 006 — — on waer data at supercritical pressures obtaineg
Q tubes with a maximum relative error of 20 %.
B 5 Modified form of the DittusBoelter correlation base
oy P 0i 80 8 0 or 8 on water data at supercritical pressures obtained
Lo ™ WX = o Fa o tube with mean absolute errof 5.4 % and account
for HTD.
_ ” 8 6
606 m¢eFoi® — —
0 Modified form of theKrasnoshchekowet al. (1967)
Wheren=04at— p correlation based on water data obtained in a {
with an rms error of 25 %.
andn=06at— p

Loewenberget al.
(2008)

SCHT Lookup Table

First lookup table to predict wall temperature
supercritical pressures constructed based on no
heat transfer data of water obtained in tubes, and

31



a standard deviation of 10.2%.

Liu et al.(2011)

SCHT Lookup Table

Look-up table to predict whltemperature of tube
having water flows at supercritical pressur
accounts for both normal heat transfer and HTD.
applicability is limited due to the narrow ranges of
operating conditions.

Zahlanet al.(2015)

SCHT Lookup Table

Most recentiook-up table to predict water SCHT
tubes and accounts for both normal heat transfer
HTD, based on wide ranges of the operat
conditions. The relative error varied from +160%
depending on the heat transfer regime.

AFor turbulent flavs at subcritical pressures.
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Table2.2: List of available HTD critea

Author(s) Criterion Coolant
Vikhrev et al. (1967) q/GO  &J kg’ Water
q/GO 0-1.05KJ kg’ (stable flow)
Ornatsky et al. (1970) a/GO  0-0.%k8kg" (oscillatory Water
flow)
= 8
R 0
Kondr at 6ey ; Y —— Water
d U&pUpanfn&Troocu
Yamagata et al. _ 1.2
(1972) g=0.2G Water
Protopopov and Silin ﬂ i
"0 . r 8 Water
(1973) O 0 6 EJ —
Alekseev et al. (1976) q/GO  &J kg’ Water
T mMor— 1@
Where’:,
Kirillov et al. (1990) o1 Qp — O Water
- " 00
LR 7
0 € O o p
S~ 7 8 i .
Mikielewicz et al. Yo er)1 elri hgl?lfr.n
(2002) a
Ol %)
Yang and Khartabil _ 0.94
apgr
Gabaraev et al. (2007) q=7.9310 4G%8 Water
¢'c~
Farah et al. (2010) gq=- 5897+0.7455 Water
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Table2.3: List of availableNu models for forced flows in bare tubes valid for both normal

and deteriorated heat transfer.

Author(s) Correlations Comments
06 mMWc¢YFoi® —  8Q
For downstream wall temperature peaks data:
QU p onmn® whenKO1l. 0% 1 (
(standard deviation of 7.7%) First SCHT correlation that
"Qu X Tmmn® whenK >1.0*10 *(standard accounts for both wall
Watts and deviation of 5.4%). temperature peaks and
Chou Grp downstream wall temperature
(1982§*¥ k=——"%% peaks data by considering
Re§'7Prb' buoyancy forces based on wat
For data including wall temperature peaks: dataobtained in a tube.
QU p& X pwuur® when K O 4.'%
(standard deviation of 13%)
QU ¢ @ ®mm® whenK > 4.5*10° (standard
deviation of 6.4%).
66 000606
W66 p p pmWO 8 for5*10°%<Bu<7*10’
W66 MWmpYwo &  for 7*10'<Bu<1*10°
"6 6 ) dor 1*10°<Bu<1*10°
Bae and Kim | Q66 Tm8ipp wd o6 B for 1¥10°<Bu<3*10°
(2009): o o@ 608 for3*10°<Bu<1*10® Derived based on CGBCHT data
slightl . e o 0 obtained in tubes, has different
modiglliedyby 66 mdrp grar Oi° — 5 buoyancy functions for different
Baeet al. Oi buoyancy ranges.
(2011) 660 —
YFoi®
ol _rm
wheren is defined by Krasnoshcheket al. (1967).
06 mr¢wFoi’0
0 O & "Qeoho 8 Simple correlation based on bul|
Cheng et al. ";?SULIJ"& Xe pm= temperature only, its accuracy is
(2009) 0 — pP&pp — questionable based on the
“ p T R assessment of Bas al. (2011)
IR and the present estimation.
@
66 06O
O p xm®O 8, forBu<2*10°,
O mino$e 8 ,for2*10°<Bu<1*10*
'O t80806°,for Buf1*104 Similar toBae and Kim (2009)
Baeet al. - NPT 18 with coarse buoyancy ranges ar|
(2011) 66 macpdoi® — different Nu.y ’
. . O
(o6} W
Ol
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06 . 5670 8
— & —
56 pY p Y
066 T¢YvPoi7
Jackson O —I'_ ,,—I'_
(2010) “Oi Semianalytical solutions of
6 € = = buoyancy effect on SCHT.
Y 0i
N . ” ” "m
Ol
Jacksoret al. 0o b6 'O'0 0 b6 & °
(2011) 66 P °°* 750 ©o
06
00
Jacksoret al. 5 ToT 56 g 8 Semtanalytical solutions of
(2011) pu b NG ET T - acceleration effect on SCHT.
Y& 0i ¢ ” 006

2.2 Heat transfer enhancement forsingle-phaseflow at subcritical pressures

Many investigators have examinedigas options to enhance singlbase heat transfer at
subcritical pressures. Their results showed that the augmentation of HTC depends primarily
on specific geometric factors, i.e. obstashape, obstacle ratio and pitch.

Yao et al. (1982) observed that the Nuss@ltimber of an obstructed singhbase flow in
bundles reaches a maximum at, or slightly downstream of the flow obstacle. The obstacle
induced heat transfer enhancement was fadoendecay exponentially downstream of an
obstacle.

The authors recommended Eq4@.for Reynolds number higher than*10

%Nuobsgzl +5 5502 0132/ D) (2449
¢ N =

whereNu, is Nusselt number of the bare bundle &hgysrefers the bundle equipg with
flow obstaclesVis the blockage ratio armis the distance downstream of the obstacle.

Yoder (1985)discussed the ffct of a grid spacer on singdase heat transfer using a

wide range of experimental data obtained from different rod bundles as shdaile?2.4.
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His results indicate that the heat transfer augmentation downstream of a grid spacer
depends on tlee factors, i.e. grid blockage ratio, Reynolds number and the distance

downstream of the grid spacer. The peak Nusselt number ratio increases as the spacer
blockage ratio increases, but decreases with increasing Reynolds number. The maximum

enhanced heatansfer distance downstream the spacer is nearly 30 hydraulic diameters.

Tanase and Groeneveld (2015dentified the following three primary mechanisms that
mayenhance singlphase heatansfer at subcritical pressures.

1) Disruption of boundary layelyao et al. (1982)suggested that the redevelopmenthaf

boundary layer is similar to the entrance effect in a heated channel. This similarity is based
on the assumption that in both cases the viscous boundary layer develops and it needs a
certain distace to reach its fully developed profile.

2) Increase of turbulent mixingfao et al. (1995), Doerffer et al. (1996), Beckeret al.

(2002) and Soussa (2008how that around and downstream of a flow obstacle, steady and
unsteady structures (eddies) &memed. These eddies obey the energy cascade theorem.
Based on this theorem, large eddies will collide with small eddies and this collision is
accompanied with mass and energy transfer from large to small eddies. This process
continues until the smallestigies are dissipated by viscous fa&cehe flow downstream

of an obstacle splits into two paths, i.e. (i) forward flow and (ii) backward flow or reverse
flow; the time to reattach to each other depends on flow and geometric factors such as
Reynolds numberobstacle shape and pitch. This reattachment region represents a local
maximum in heat transfer coefficient as indicated Tsrekhov et al. (2002) the
reattachment lengths varies from 16.5 to 18.5 obstacle heights for obstacle height 20 and
10, respectigly.

3) Fin effect,this mechanism can be used when relatively large obstacles with high thermal
conductivity and good thermal contact with the heated wall are present. The affected region
of the fin effect will be limited to the region very close to thestaclewhere thermal
conductioreffects are significant

Various degrees of augmentation of single phase HT at subcritical pressures have been
observedDoerffer et al. (1996)found that the maximum HT enhancement was 1.14 times

the smooth channel valuehenasingle obstacle at high Re numbers (2)i§ used, while
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Hong and Hsieh (1991found that the enhancement is 4.6 times the smooth channel value
at low Re numbers (~ #pand a bort obstacle pitch (5.4 times the obstacle height).
Moreover, the axialdistance downstream of an obstacle, where the enhancement was
observed, varies significantly betwe#me studies. For examplé)oerffer et al. (1996)
reported that the effect of flow obstruction extended between 5 and 15 tube diameters,
depending on Re muber butYao et al. (1982) and Holloway et al. (2004) reported that
enhancement effects were noted up to 35 channel diameters,Ywotie (1985)reported

that the augmentation region extended up to 30 hydraulic diameters downstream of the
flow obstacle. This variation appears to depend mainly on the turbulenceMeicél is

related to the flow blockage ratidiller et al. (2013)studied heat trassfer to superheated
steam in a typical 7 x 7 pressurized water reactor (PWR) bundle; heat transfer data
obtained from the Penn State/NRC Rod Bundle Heat Transfer (RBHT) facility. An
improved heat transfer correlation accounted for the effect of obstraugtadaxial distance
downstream from the grid and flow Reynolds number was derived. The correlation was
recommended fot5.6< U< 36.2and Re numbers between 8000 and 30,0@@ase and
Groeneveld (2015)performed heat transfer experiments on a stpbbese heat transfer in

a heated tube equipped with flow obstructions usifi3Ra as a coolant over a wide range

of Re number (14,000 to 97,000). Three types of flow obstruction were tested: eccentric
cylinders with either blunt or rounded edges, and anraliatacles, each having a flow
blockage of either 0.15 or 0.30. The heat transfer measurements were between 3D to 70D
downstream the trailing edge of the obstruction. Their experimental data showed that heat
transfer augmentation downstream from the flolwstouctions depends strongly on the
obstructed area, flow Reynolds number, and distance from the flow blockage. A weak
dependence of the heat transfer augmentation on the shape or circumferential location of
the obstruction was found. They derived an imprbprediction method that correlates the
obstructed flow area, Re number and the distance from the trailing edge of the obstacle.
Table 25 and Table & show the correlations that predict the effects of flow obstacles on

single phase heat transfer andgsure drop, respectively.
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Table2.4: Experiments investigating the obstacle effect on sipbkese heat transfer as
reported by Yoder (1985) and additional studies.

Test Rod Pitch to Massflux
Reference | section/ | Fluid dia.(mm) diameter | Spacer/obstacle detai| kgm?s*
No.rods ' ratio (Re)
U=0.2530.348 .
Marek and 3 Air 21.2 1.45 Honeycomb typerid, 127 *1¢
Rehme (1979) 30mm long. (Re)
U=0.3020.348
Hassan and . . (0.0062.0) *
Rehme (1981) 3 Air 21.2 1.45 Hon?(/)cr%mbltgﬁg.gnd, 10° (Re)
Krett and . o (0.41.5) *10°
Majer (1971) 7 Air 7.6 - U=0.303 (Re) 05
Vicek and . i o (1.32.1) *1
Weber (1970) 1 Air 8.0 U=0.24 (Re)
Hoffmanet . o
al. (1970) 7 Air 19.1 1.33 U=0.23 1-80
Anklamet al. o _
(1982) 64 Steam 9.5 1.34 U=0.30 5-30
Wonget al. — _
(1981) 161 Steam 9.5 1.3 U=0.35 3-23
Different grid designs
Holloway et . . 28000 and
5*5 Water 9.5 - with and without
al. (2004) mixing vanes. 42000 (Re)
Karoutaset 545 Water i i Two grid designsvere vg}/;cri?gi
al. (1995) investigated. 6.79 my's1
Miller et al. . i i o (8000
(2013) ™7 Steam 0.1%5<U<0.3& 30,000)
Tanase and
Groeneveld | tube | R134A| 5.59 . Blunt, Irounged’ f‘”d 14,000 to
(2015) annular obstacles 97,000(Re)
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Table2.5: Prediction methods for spacer effect on sifgii@se heat transfer.

. Flow
Reference Prediction method regime Comments
N . .

Marek and | TUMax _ 1, 55502 maximum enhancement at space{ Single | Predicts only
Rehme Nu, phase maximum
(21979) plane. Gas enhancement

At spacer leading edg&’.\!NM =1+Kée?

b
Downstream from spacerlil\l—u =KGZ™
Uo
H d Gzis Graetz number, Sindl
assan an ingle
Rehme m=-30.34Re %2°3¢?  for smooth surface phgse Smooth and
(1981) m=- (1+4.93 10° Re 1'2)6’2, for rough surface gas rough surfaces
K =0.426+0.113C - 2.25¢, for smooth surface
- é0.344+0.35C - 2.25¢
K =ming 5 u, for
g 0.1298C° +1.2466C - 1.8478- 2.25¢y)
rough surface, an€ =logRe
. Re > 10
Downstream from spacer: Single Forbundles
Yaoetal 4 Nu @ 2_-0.13L/D) phase equipped with
(1982) %\I—UO gsp—1+ 5.55¢%e andPDO straightegg
crate spacer
Re: 28000 and
42000
L/ID=14to
Downstream from spacers: _ 33, Bundle
Holloway et Nu _ 2 -al/Dpy Single equipped yv|th
al. N 1+Cye”e , phase supportgrid
(2004) Yo . water (standard
Wherecl = 6.5,U: 0.8 without flow
enhancing
features like
swirling vanes)
. Nu ) a ) x 6| Single Grid
M'I(Ize(r) fé)al' —— =1+4654Re 9° &2 expR 731310 6 Re"1S —8 phase spacers/rod
Nug C Dh+| steam bundle
Nu _ B_-0.13L/D)
Tanase and N, =1+Ae"e Single Obstructed
Groeneveld 5 phase tube by blunt
(2015) A=358310 ~ Re R134A obstacles

B=0.47In(Re)- 3.32
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Table2.6: Spacers (obstacles) pressure drop correlations for single phase flow.

Reference Prediction method rgglg?:nve Spacer Comments
2 2 First term on
DPy = K gp rV2° + g Dt Vep RHS of
€p 2 equation
s represe
Groeneveld - fo t Vo™ . due to spacer,
and Yousef e 2 -~ Single Rod bundles secpnd term,
(1980) fs foare the friction factors for spacer  phase skin fri
and for tube wall without spacer over t of spacer and
spacer length, respectivelyis the third term, skin
spacer lengthy, is the bulk velocity frictio
without the influence of the spac&geis bare bundle over
theequivalent diameter spacer length
Rod The modified
bundles/ drag coefficient,
Rehme and _ _four Cv=61 7,
Trippe K :CVez Single different > 5><10‘,_round
(1979) ob phase | shapes and leading
flow edges, short
blockage spacers and
ratios 0.20> U>045
) . . 1088 Sinl Centrat t
eung an _ 2.0 ingle segmen
Hotte (1997) Kob = 9'379—’%”(% (e) )2 phase flow )
obstacle
D .
Yao et al. LY Single .
(1982) a.bp §5p= f L =1+(%)Kob phase | Grid spacers| -
¢cHro+

2.3 Heattransfer and CHF enhancement duringflow boiling

Heat transfer during flow boiling becomes inefficient wiieafilm boiling heat transfer is
present after the occurrence of a critical heat flux (CHIEyea vapor layer blankets the
heated wall and works as an insulator by reducing heat transfer from the heated wall to the
coolantb t regios is referred to ake post dryout region (PDQ)postCHF regionor

film boiling region Shin et al. (2003)carried out an experimental work aimed to enhance
the CHF(and thus suppress film boilingisidea 22 rod bundle by varyinthe location of

the grid spacerslheir results indicate that the grighacers enhanced the CHF by 10% at
180 mm and 20% at 90 mm downstream of the grid spacerg.al$® notedhat (i) CHF

occurs preferentially just before the grid spacer and (ii) the spacer enhancement effect on
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CHF decays with distance downstream of tha&l gpacer. Similar results have been
observed by several other investigators, e@roeneveld and Yousef (1980),
Doerffer et al. (1996) Groeneveld and Yousef (1980¢oncluded that the spacing devices

in a bundle enhance the pabiyout heatrander rate due to improvement of the
subchannel mixing and the increased flow turbulence level in the downstream regions. The
accompanying increase in hydraulic resistance due to rod spacing devices can be reduced
by 50%, by streamlining the leiad) and trailing edge of the spacing device. However,
streamlining decreases thestdryout heat transfeenhancement.

Many researchers have performed experiments on heat transfer enhancement in the PDO
region using flow obstacles, s@able 27. Investigation of the spacer effects on PDO heat
transfer in rod bundles have been carried ou¥bger (1985)and Stosic (1995) Results
obtained byYoder (1985)indicate similar effects of spacers as found in single phase heat
transfer. He assumdtiat grid spaces decrease droplet sizes which increase the surface
area, and then drive the flow closer to equilibrium st&tesic (1995)ound that spacers
increased the he#éttansfer coefficient by about 20 to 25% at the spacer plane, and the
spacer enhamenent effects was up to/D = 20 to 30 downstream of a spacer.
Uchida et al. (1999)and Anglart et al. (2005) performed experiments on post CHF heat
transfer near obstacles in rod bundles, annuli, and tdbetan (2008) investigated effect

of different obstacles types on film boiling heat transfer over a wide range of flow
conditions. His experiments showed that film boiling heat transfer coefficients along the
test section are enhanced significantly by decreasing the obstacle pitch, byingctieas
obstacle size and by using a blunt instead of a streastiaged obstacld.able 2.8 and

Table 2.9 show the prediction methods of obstacles effects on PDO heat transfer and

pressure drop, respectively.
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Table2.7: Experiments investigating the obstacle effect on PDO heat transfer as reported
by Yoder (1985) and additional studies.

Test Rod dia Pitch to Spacer/obstaclg Mass flix
Reference | section/ Fluid mm | diameter P details kg m?s?
No.rods ratio (Re)
Cluss (1978) | Tube steam/water 9.5 - U= 0.367 25.4
Eraet al. o
(1966) 1 steam/water | 15 andl7 - U=0.30 22-38
Yoderet al. o
(1982) 64 steam/water 9.5 1.34 U=0.30 200800
Yoderet al. o
(1983) 64 steam/water 9.5 1.34 U=0.30 40-260
Morris et al. o
(1982) 64 steam/water 9.5 1.34 U=0.30 1451100
Leeet al. o
(1982) 161 steam/water 9.5 1.3 U=0.35 1-140
U=0.154 and
Gonin and 0.326
Sergeev Tube steam/water 1.0 - Pitch =100and 500-1500
500mm
U= 0154 and
Sergee\et al. 0.326
(1990) Tube steam/water 1.4 - Pitch =100 and 5001500
500 mm
Kim and U= 0.10
. 3 spacers, bex | 420, 847, and
Kor ol g Annulus | steam/water - - h 1200
(1991) _shape
Pitch =500mm
0=0.12, long
Pendet al cylinder, 1000,
(2803) ' Tube HFC-134a 6.92 - OD =2.4 mm, 2000, and
length = 3000
10 mm
U=0.37
Leunget al. Tube HFC-134a 4.1 - Ring, cube, and 2000, and
(2005) hexagorshape 3000
Anglartet al. .
(2005) Annulus Water 22.1*10 - - 5002000
Standardnon
. mixing,
Uc?i%%%t) O HFC-123 9.5 126 | andgridwith | 5603060
mixing vanes,
pitch =460mm
U=0.12and
0.24, Obstacle
Zahlan (2008) Tube | HFC-134a 5.46 . p';%r(‘)esm %;’%:”d 13953575
blunt and
round.
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Table2.8: Prediction methodfor thespacer effect on PDO heat transfer.

Reference Prediction method FlQW Comments
regime
Tube
Sergee\et . PDO ’
al. (1990) Complex calculation procedure Water bundle, and
annulus
Gonin and . PDO Tube,
Complex calculation procedure bundle, and
Sergeev Water
annulus
AL 8 Anng;usbA
. Nu 135 5 needgo be
Kim and o S+ Kee?es a PDO | derived
Kor ol , Where Water from
(1991) Ke = A(X- X )@- X), Ais a numerical factor obstacle
defined experimentally, is the dryout quality data.
Nu* :li =
Nuy
L
1+(0.47+0.481X,(1- Xo)%199)3 K, exp(- 0.13—)
¢ ¢ o Dhy Kop takes
NUgey _ PDO into
Leunget al. Nug HEC. account
(2005) 5 0374 1342 obstacle
a ki @ € 3 5 L
1+aJ.\Iu_”b_f- 19expé 10.8%%- 1§ U Shap{-:‘ and
Mugg kg 0 é HFgp 2 U location.
¢ g = & ¢ a
Ar 60.28
xy -018% f ¢
Yy 5
T
Considers
AFD;
different
Sergeev : - PDO flow
(2005) Calculation procedure similar to Sergeev (19 Water | geometries
tube,
bundle,and
annulus
a Lg
Nu B 6EC2—9
m:1+ Az(Reg) ZKObeQ D
0 ) PDO Stream
Zahlan | whereA, = 25,B, = -0.08, C2 = 0.03%qpis the| HEC. lined
2008) ingleph U fficient
( singlephase pressuiess coe 134a | obstacles

K, = E;eRe B2

whereE; = 2.835,E, = 0.07.
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Table2.9: Spacers (obstacles) pressure drop correlations at PDO conditions.

Reference | Prediction method FlO\.N Spacer Comments
regime
The
homogeneous
Groeneveld TP 14y 1 Rod two-phase
and Yousef ' N\ sat PDO bundles multiplier is
(1980) ' recommended
by the
authors
q ~ Rod The
2
Py, =K, G &, M (x)8 bundles, | homogeneous
Stosic Msa& Msa 2 PDO different | multiplier is
(1995) where, types used:
_ 2 of grid | |, g
Kop =Cy€ spacers M sa
D .
Yaoetal. | apyg f+Kopn Grid
DpQ L _ D -
(1982) P 1+ Kop PDO spacers
¢-ro~

2.4 Heattransfer enhancementexperimentsat supercritical pressures

The main objective of this literature review is to get a better understanding of the flow
obstacle effect on heat transfer and pressure drop at supercptEsdures. Most

experiments have been carried out in tubes rather than rod bundles.

Pioro and Duffey (2007)devoted Chapter 9 of their book to SCHT enhancement; they
reviewed various investigationgported betweerd968 and 2005. These and additional

studies araiscussed in more detail below.

2.4.1 Experimental studies of supecritical heat transferin simple geometries

Shiralkar and Griffith (1970) observed that the swirl generated by a twisted tape inside a
tube of 6.35 mm ID has a significant effect on heat transfer to upwardly flowingnCGO
tube having d.524 m heated length atpressure of 7.58 MPa. Thwisted tapewas one

turn of 360° infour diameters. However, the deterioration in heat transfer was not
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completely eliminated. It occurred to some extent at higher heat fluxes in both upflow and
downflow. Figure 21 shows wall temperature profiles at a heat flux of ®& m™>. As the

mass fux reduced some heat transfer deterioration occurredt a mass flux of
1139kg m? s* and below.

140
120 +
100
O L
08 80
2 60 |
o
g 40 - e BBEBEL ONXXX X
E 20
()
E oo
g 20800 1000 1200 1400_.4600 1800 2000 2200
-40
-60
-80 :
Bulk Fluid Enthalpy kJ/kg
== \Vithout Swirl (G£356) B with swirl(G=2024)
with swirl(G2139 X with swirl(G4722)
X with swirl(G1180) with swirl(G-1600)

Bulk Temperature
Figure 2.1: Variation in wall temperature with enthalpy at various mass fluxes for a bare
tube and tube with a twisted tape: Carbon dioxiBg; = 7.58 MPa, upward flow,
ID = 6.35mm, andHp. = 337.9 kg’ (Shiralkar and Griffith 1970)

Ackerman (1970)investigated heat transfer to water at supercritical pressures in vertical
smooth and ribbed tubes over a wide range of pressure, mass flux, and heat flux, as given
in Table 210. He observed that the heat transfer deterioration at supercritical pressures
could occur due tofipseudefilm boilingd phenomenon, i.e. there is a large difference in
density between the higiensity bulk fluid (liquidlike) which is below the pseudo critical
temperature, and the ledensity fluid (gadike) near the wall which isbove the pseudo
critical temperature. This is similar to film boiling at subcritical pressures. The author
concluded that usage of ribs resulted in elimination of the heat transfer deterioration (HTD)
at supercritical pressures as showFigure 22.

Lee and Haller (1974)observed similar results to those of Ackerman with no heat transfer
deterioration at supercritical pressures for flow inside a ribbed tube. They attributed that to

the higher turbulence level of the flow; hence the heavier densiyfloid from the core
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can move towards the wall much faster than in smooth tubes.\iidreyable to avoid the

occurrenceof HTD in the ribbed tubes at 50%100% higher heat fluxes tham smooth

tubes.
630 KW/m? ~ 10
500 | 4= T Ribbed tube 2
| ~° ~~~~ Smoothtube NE
[ S 8
450 | /N A~ g=315 kWim? s
~ / n / Ribbed tube S
¥ &1 ’f [N e
e X | —_——
¢ 400 ~=7 & }J//PseudocriticalTemperature 2 6
8 gaof— e e Y 2
= . 7 @ =
2350 [/ 0 ! 3
] \(‘c" v | 4
@ o~ f.
= K | Q2 3
300 | / i 2 |
k i g Smooth tube (q315
i t kW/m2)
250 p=24.8 MPa, H_=2150.8 kl/kg, G=407 kg/m"s) s 1
Damooth tupe=18-5 MM, Dy ,=18.0 mm H | T 0 ! !
0 Lu . . . . pef 900 1100 1300 1500 1700 1900 2100
1000 1200 1400 1600 1800 2000 2200
h(kI/ke) h (kJ/kg)
(@) (b)

Figure 2.2: (a) Temperature variations along vertical smooth and ribbed tube cooled by
supercritical water and (b) HTC variation for data giveRigure2.2 (a) (Ackerman 197Q)

Kamenetskii (1980),as reported by Pioro and Duffey (200inyvestigated the effect of the
twisted tape on HTC in a horizontal tube at supercritical pressures. His results showed that
theinstallation of the twisted tapes inside a bare tube reduced the flow stratification (where
temperature difference between top and bottom tube surfaces was reduced compared to the

bare tube); hence the heat transfer coefficient was increased as shogurén23.

Fedorov et al. (1986),as reported by Pioro and Duffey (2007), found a significant heat
transfer enhancement in hydrocarbons flow at supercritical pressures by installing internal
circumferential ribs inside a smooth tube. The ribbed tubeteesid a more uniform wall
temperature profile along the heated length and circumferentially compared to the smooth
tube and the enhancement increases with increasing the heat flux.

Kalinin et al. (1998),as reported by Pioro and Duffey (200€pnductedexperiments in
supercritical Kerosene flowing upward in a smooth and ribbed tube as shévguia 24.

The effect of different Reynolds numbers and geometric parameters of theightand

pitch) have been studied as showirigure 25 to Figure 28. The results show that Nusselt

46



number for a larger ribd(D=0.85) is 35% 90% higher than a smaller rid/P=0.95). As

expected the pressure drop increased/Bsdecreasing, where the friction factor ratio
Z | Z o) is three times highethan that associated witd/P=0.95) as shown ifrigure

2.5 andFigure 26. Figure 27 shows that Nu/N¢mootndecreases as rib pitch increases.

600

S p=24.5 MPa, H_=2145.4 KJ/Kg, G=480 kg/m’s
p=24.5 MPa, ch:2145.4 kJ/kg, G=480 kg/m’s q,,=370 KW/me, /Gy =2, D=21.8 MM -
q,,,=370 kW/m®, q,../q, ,.,=2, D=21.9 mm ./ - i E
550 ’ ) I Heat transfer coafficent 15 =
s o P 13 =
‘:'f\%ﬁ- \&}5 ! ' .r’ Y J 11_/\ =T 5
500 &7 AN N - g
A - .
e &7 L ————==s_~" Twisted tape tubo (10P) s 3
@ §‘\A & iy T - o
= S It b
g 50 S e B ° g
g & & =2 a 8
© a L ) ture (top) —
- Twisted tape tube wall tempera ior [&] L =
R 27y xt ey A a_g A% oo , 400 1 -383.1°C 0 3
L Akﬂ,,;#,,,,_:;_gf, S - S — ] T
- v"ﬂv—- Y 2 ranure
=
350 |7 E 350 | pulk fuid 1eMES
o ——'—"'_'_'_._F._—
2
300 . . . . . . 300 . . . . . .
1500 1550 1600 1650 1700 1750 1800 1500 1550 1600 1650 1700 1750 1800
(a) Bulk Fluid Enthalpy, kJ/kg (b} Bulk Fluid Enthalpy, kJ/kg

Figure 2.3: (a) Temperature variations along horizontal tubes with and without tape
(noncircumferential heat flux) cooled by supaitical water (Kamenetskii 1980) and (b)

HTC variation for data given in Figure 2.3 (a) calculated by Pioro and Duffy (2007).
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Figure 2.4: Schematic diagram of Figure 2.5: Effect of Re on the ratio ©
the ribbed tube wherd, S, andD Nusselt number (Nu/Nyhoory and the
are minimum diameter, pitch, anc friction factor (Z/Zg.,.; ) between the
internal - smooth  tube  diameter ribbed and smooth tubes for supercriti
respectivelyKalinin et al, 1998). kerosene (“normal heat transfer”) flowi
in tubes:9D = 1.5(Kalinin et al, 1998).
25+ i 35
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b L ]
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Figure 2.6: Effect of rib height on Figure 2.7: Effect of rib pitch on
Nu/NUsmooth for Supercritica| NuU/NUsmooth for Supercritical kerosen
kerosene flowing in tubes: Re10* flowing in tubes: Re= 10* (Kalinin et al,
andS/D = 1.5 (Kalinin et al, 1998). 1998).
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Figure 2.8: Effect of Re on Nu/Nshooth fOr supercritical kerosene (deteriorated heat
transfej flowing in tube:SD = 0.75(Kalinin et al, 1998).

Chen (2004, as reported by Pioro and Duffey (2007), investigated heat transfer to water
flowing upwardly in a ribbedube at supercritical pressures for a mass flux range of 400
1800kg m? s, a heat flux range of 26800 kWm™, a pressure range of 23 MPa and a
heated length of 1 nHe proposed the following correlations to calculate HTC for upflow

water in a ribbd tube.

at Hp<Hp,
1114 o ~0.458
Nu=1.277R 0416@% Zz’g %—bg (249
¢ lwo b fw=  ¢¥w=
at Hp>Hpc
1.191, ~1.706
Nu=66.68R 0178H ”Bg 2" g

(2.46)
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H, - H
where —*—2
T. -T,

w

Table 2.10: Parameters range for experiments investigating the flow obstacles effects on

b

SC and neacritical heat transfer.

b represents the integrated specific heat across tube diar@gter (

Heated Conditions
Reference Length Test sectlon_ Mass flux Heat Flow P P/P, Fluid
(m) geometry details kg mi2s? flux , | direction MPa
kW m’
. Tube with a
STQS(S”;"J‘” 15 twisted tape, | 600690 | 90370 |  Up 22‘;“2 ot | water
D=16 mm ' ’
Ribbed tube (from
rib valley to rib
Ackerman valley), Six 315.3
1970 183 | helicalribs Pitch,| 2068 | 6305 | UP 248 | 1.13 | Water
D=21.8 and 18
mm
SS tube with a
Kamenetsk twisted tapedty
y Shitsman 3 =0.8 mm, spiral 540 1190 Up 245 | 1.11 | Water
1970 shape with 300
S/D=15;D=22
mm
Lee and L
Haller 457 | SSwbewihribs, 5,5 5449 | 250 Up 241 | 1.09 | water
(1974) D=38.1mm 1570
SS ribbed tube
with rib
specification
(Height =0.81mm 1.08
Chen 2004 1 " Pitch= 20.5mm, 400 300 Up 24 6 Water
Width = 9mm);
Dav= 15.24 and
Dg, =28 mm
Tube with a
. twisted tape
Shiralkar L ' Re
and Griffith | 1.524 T"‘f"St S oneum | 2.67x16 50.24 Up 758 | 1.03| CO,
1968 0 3_60 in four 8.35x16 452.16
diameters
,D=6.35 mm
Ankudirov . .
and _He_llcal wire Up to
K 1.84 inside a tube, | 21003200 Up 7.7 1.04 | CO,
urgarov D= 8mm 1540
1981
1.3 mm OD
. ) 7.75 | 1.05
Baeet al. Helical wire, 100 400 to
(2011) 265 | mpitch,D=6.32| 1200 | 3¢90 | Up and | and | CO
8.12 1.1
mm
Wanget al. spiral spacer of 200 1.04
(2011,2012 1.4 100 mm length 3501000 Up 2328 . Water
T 1000 1.3
inside an 4 and 6
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mm gap of
annular channel,
Dy~ 8 and12
mm.
BundlesD,,= 4
Silin et al. and 5.6mm, rod
1993 i pitch=5.2 and 350:5000 | 4500
7mm.

Tight bundle (7
rods), having
D,o,¢=5.2mm and
L=0.5 m every
Dyadyakin rod has 4 helical
and Popov 0.5 fins with a height | 500-4000 | <4700 - 245 | 1.11 | Water

1977 of 1 mm, helical
pitch= 400 mm
locatedin a
hexagonal
pressure tube.

Tube having an 215 Up and HCF
4.4 mm ID 4002000 440 Down ' C-22

7-rod bundle
having aDy,= 3.2
mm (No 230 Up and HCF
information about 4001000 455 Down ) C-22
the grid spacers
are available)
. 3-rod bundle
Mori et al having aDy,= 4.4
(2012) mm and 3 grid
spacers (the first
two spacers are
separated from 220 Up and HCF
each other by a 400-1000 430 Down ’ C-22
distance of 300
mm and the last
one is 550 mm
away from the
seond one.
7-rod bundle
havingD,4 = 9.5
Richardset mm and 3 grid
al. (2013) spacers having &
pitch of 500 mm
and /D =1.19).
4-rod bundle
equipped with 5
Hongbo et grid spacers 425 1.04
al.2013) | ®8 | having a pitch of| #3%1775 | 1408 Up | 2326 7 1g | Water
200 mmand @/D
=1.18, 1.3).

180 235 | 1.06
Up 294 | 1.33 | Water

1.95

1.45

Power
4401320 | 2.525 Up 465 | 1.12
(kw)

Freon
R-12

Hongzhi et al. (2009)investigated experimentally the SCHT characteristics of water flow
in a test section having a heated rod (10 mm OD, 1.48 m heated length) equipped with a
helical wire wrap (2.5 mm OD, 200 mm pitch) located inside a 15 mm wide square vertical
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channel. Flowparameters werés = 500, 800, and200 kgm? s*, g = 400 kWm™, and a
pressures of 23 and 25 MR shown inFigure 29a (G = 1200kg mi” s?), the flow at 23

MPa has a more pronounced heat transfer enhancement compared to that at 25MPa.
However, at a low mass flux of 56@ m?s?, the flow at 23 MPa appears to experience an
earlier onset of HTD and a more severe increase in the wall temperature than those

associated with the flow at 25 MPa.

(a) 8 500 T T T T T T T T T T T T T T T
2 450f  —=—P=25MPa Il
B L —o— P=23MPa ]
& 400+ :
E L
D
E 350} A
(1]
= T,=3775°C || T =384.7°C

300.L pe SR pe
70 L Q =400 kw/m?

Lo\
A\

&< 60f G=1200kg/m’s ]
& E 50 helical spacers ]
g2 4of .
= £ 3L ]
§8 2¢r ]
T %5 10F .
8 oL 1 i 1 A 1 3 1 i 1 i 1 : 1 i 1 ]
1400 1600 1800 2000 2200 2400 2600 2800
Bulk Enthalpy (kJ/kg)

(b) o 650 2 T v T T T T T v T T T T T T ]
B o P=25MP. ]
= E —=—P= a ]
2 520 \ —o— P=23MPa ]
£ 450} .
= 400 [ &
g 350 & P=23MPa P=25MPa B

e - = o, -
300_= Tpc_377_5 C Tpc 384.7 °C =
< Q= 400 kw/m?
=g 20 s 2 -
QL = G = 500 kg/m“s
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% 1ol !
8 o W
(] L 4
5 % %]
O 0 " 1 L 1 " 1 1 1 " 1 " 1 L 1 i 1
1400 1600 1800 2000 2200 2400 2600 2800

Bulk Enthalpy (kJ/kg)
Figure 2.9: (a) Comparison of the heat transfer coefficients and wall temperatures at

different pressures (high mass flux). (b) Comparison of the heat transfer coefficients and

the wall temperatures at déffent pressures (low mass flidongzhietal., 2009).
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Figure 2.10: Comparison of the heat Figure 2.11: Comparison of the hee
transfer coefficients and wall  transfer coefficients and wa
temperatures at different mass fluxe temperatures at different heat flux
(Hongzhiet al, 2009). (Hongzhiet al, 2009).

As shown fromFigure 210, at a constant heat flux of 400 kW? the heat transfer
coefficient increases significantly with increasinge tmass flux. The maximum heat
transfer coefficient enhancement occurs at 1Pe> s with a 150% increase in HTC in

the pseuderitical region Thu~Tpc) compared tathe HTC well away fromT,.. However, a
significant deterioration in the heat transfecurred aG = 500kg m? s*, where the heat
transfer coefficients are less than 5 kW K™ whenT,>Ty>Th.

Figure 211 shows that the HTC depends strongly on heat flux in the vicinity of pseudo
critical region (wherm,>Ty>Tp), While the heat transfer is almost independent of heat flux
whenTy<T,c or whenT,<Ty, (i.e.at conditions away fm the pseudaritical region).This
figure suggests that the helical wireap is not effective isuppressing HTD.

Hongzhi et al. (2009) concluded that the helical wire does not provide a significant
enhancement of the heat transterder normal heat transfer conditions at supercritical
pressures where by excluding the deterioration conditions (low Nusselt numbers) the two
flow geometriesvith and without helical wires statistically have the same heat transfer, as

shown inFigure 212.
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Figure2.12: Comparison of the experimental Nusselt numbers of the square annular flow
geometry with and whout helical wirewrapped spacer where HTD occursyoim the

pseudecritical region(Hongzhiet al, 2009).

Bae et al. (2011)nvestigated the effect of a helical wire obstacle (1.3 mm OD, 100 mm
pitch) on heat transfer to G@&lowing upward in a 6.32 mnD tube having 2.65 m heated
length. Experimentsvere carried out at various flow condition3;i{ 5 - 37 °C, G: 400 -

1200kg m? s?, corresponding to Re: 1.8*407.5*10%, : 30- 90kW m?, andP: 7.75 and

8.12 MPa, corresponding t©/P;: 1.05 and 1.1). They observed a 100% heat transfer
enhancement compared to the plain tube dat
(2009). They used predicted data instead of measured data due to difficulties of matching
the experimental conditions beden the wired and plain tube. The maximum heat transfer
enhancement occurred in a region where the bulk temperature was near thecpieablo
temperature; the enhancement effect of the wire on HT decayed as the bulk temperature
exceededhe pseuderitical temperature. However, a local temperature drop at the contact
point indicated a conductn heat transfer through the wire frdaire heated wall (fin effect).

Figure 213 shows thafor h > 400 kJkg™, both the wall and the bulk temperatures were
much higher than the pseuddtical temperature, and the property variations across the
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channel no longer showed drastic changes. Consequently, the heat transfer can be predicted
by the simple DittusBoeltercorrelation equation. Also, the DittiuBoelter correlation can

be applied in the region &f < 250 kJkg™ where both the wall and the bulk temperatures
were well below the pseuetwitical temperature. The maximum heat transfeefficient

was 3.64 timeshe heat transfecoefficient of a plain tube, ath =300 kJ kg*, which is

belowthe pseuderitical point fi,c= 340kJ kgh).
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Figure2.13: Comparison of wall temperature and heat transfer coefficient fare tube
and a tube equipped with a heligdte; P = 7.75 MPaG = 400kg m? s*, g = 30kW m?
(Baeet al, 2011).
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Figure 214 showsa significantthe heat transfer coefficiendiecrease wittan increag in
heat flux at a given pressure and mass flux. However, in the region where the enthalpy is

higherthan 450kJ kg*, heat transfer coefficient was not sensitive to heat flux variation.
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Figure 2.14: Effect of heat flux orlSCHT in atube with a helical wire inse(Baeet al,
2011).

Figure 215 showsa large increase IHTC as the mass flux incress @t a given pressure
and heat flux which cannotbe explained byhe increased ReHowever, in the region
where the enthalpy is above 4K0 kg*, heat transfer coefficierppears nosensitive to

mass flux variations.
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Figure2.15: Effect of mass flux oisCHT in a tubewith a helical wire insersolid line was

evaluated a6 = 600kg m?s* (Baeet al, 2011)

Wang et al. (2011, 2012)jnvestigated experimentally and numerically the heat transfer
characteristics of supercritical water flowing in an annular channel. A spiral spacer having
3 mm OD and 100 mm length was installed insideanular channel having aaéd 4 mm

gap; experimets were performed at various flow conditior®: 350 - 1000 kg m? s™;

0: 2001000kW m'%; andP: 23-28 MPa. They observed that the axial distance, over which
the spacer enhancement effect is effective, depends strongly on flow conditions. In
addition, the spiral spacer had a positive effect on suppressing heat transferateiario
which occurred at higlg/G ratios. A comparison between the two annular channels was

carried out over normal and deterioratiogat transfeconditions.Figure 216 shows that,
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for normal conditionsgfG = 0.2kJ kg*), the 6 mm gap annular channel had a higher HTC

than the 4 mm gap annular channel letupposite trendareshown bythe Dittus Boelter

correlation where HTC~ D2 and which can be used to predict HT& supercritical

pressures over a normal conditiong &nd G), while for the DTH conditions

(/G = 1.5kJ kg, the 6 mm and 4 mm gap resultave almost the same HTCs. That

means effect of the gap size strongly depends on flow conslitwhere the DittuBoelter

correlation is no longer valid for deterioration conditions at supercritical pressures.
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Figure2.18 Comparison of the heat transfer characteristics with and without spacers for a
6 mm gap annular channel (a) wall temperature; (b) heat transfer coefficient éivaing

2012).

Wang et al. (2011, 2012)pbserved that the HTCs for the 4 mm gap bare annular channel
were higher than those of the 6 mm gap laemeular channel &/G = 0.86 and 0.8RJ kg™

for the 6 mm and 4 mm gap annular channels, respectively. This agrees with the reverse
proportional reition between HTC an® as HTC ~D™%2 However, the heat transfer
coefficients for the space&quipped geometry are 25%30% higher than those of the
geometry without spacer for ttee mm gap annular channel witiG = 0.86 kJ kg™ as

shown in Figure 218 (b) and 7% - 33% for the 4 mm gap annular channel

/G = 0.82 kJ kg* as shown inFigure 217. The following plausibleexplanationis
followed. Although the blockage ratio is higher for the 4 mm gap which would give a
higher heat trasfer enhancement, but since the measuring locations are the same for both
annular channel4,/D for the 6 mm gap is lower than that for the 4 mm gap by 50% which
compensatefor the differencen blockage ratio. Taking into consideration the two fagtors
blockage ratio andl/D, can result im higher heat transfer enhancement forGmsm gap.

As known from the knowledge of the heat transfeswabcritical pressures, heat transfer
enhancement decays exponentially witb downstream from the obstacle, but increases
with e?, see Table 8. At temperatures away from the psetatitical temperature, the
enhancement is the lowesthich he authors attributed to thelatively minorvariationin

the thermephysical properties of supercritical watat these conditionsHowever, at a

bulk temperature close to the psetmibical temperature, the heat transfer enhancement is
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most effective; the HTC of the test section with a spacer has a maximum heat transfer
coefficient of about 16 kWh K™, which is 80% higher than those of the bare test section

for the 6 mm gap annular channel.
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Figure2.19: Effect of the spacer on thes&t transfer coefficients gfG = 0.6 kJ kg™ for a
6 mm annular gapNanget al.,2012).

Figure 219 shows heat transfer coefficients at diffier measuring positions (ris ms2,

ms-3 and msb), corresponding respectively k@D of 42, 58, 83, and100, along the heated
channel for the 6 m gap. Measuring positions were at the same axial distances for the
4 mm gap annular channel as well. As showRigure 217, HTCs corresponding to A&

and ms5 are nearly identical at mass flux of 1000rkgs™ that means the effect of spacer

on HT vanished wheit/Dyy 2 58. Wang et al. (2012) mentioned that this observation is
consistent with the study ofao et al. (1982) who found that the enhancement of heat
transfer is relatively shotived and decays with the increasing distance downstream of a

spacer.

60



&00 |- without spacer i a
o—1t -1 (line-1)
350 |- with spacer S | £
) | —e—1 -1 (line-2) ‘/’ ;'-~....___‘_T_.,;(?
' ) — A 0 ' o
‘g’ s00 - —A— tu-z {]me—_a]//i/ \:::\ :,o"c'/ _,.f'l’-
E I 6// \(_3 o ‘__._9-':/'"----_ -
5 aso |- at gt
F=% ey = :
= -~ -
= o J e )
; 400 - ) ,-;.w’:':-- ’_/, N 1
= I o - s ]
= 350 = - i P=25MPa
3s y o _ i
L L] i : — KW/ me
o« // . q=600 11':
3001 // . G=350kg/m’s
=il P H_ _=2137kJ/K
i 1 A 1 " 1 1 1 "
Bk 1200 1600 2UMH 2400 2R(M

Bulk Enthalpy(kl'kg)

Figure 2.20: Comparison of wall temperature at deteriorated haaister condition for a
6 mm annular gap at different measuring location (W&irad, 2012).

At a constanpressure, heat and mass fltixe prehegbower was increased to raise up the

bulk enthalpy.In Figure 220, t,-1 and §-2 represent the wallemperature at thaxial

locations along the heated test sectomresponding respectively tdD of 42 and 58As

shown fromFigure 220, the spiral spacer suppressefiD at high ratie of heat flux to

mass flux ¢/G = 1.71kJ kg") at a certain axial lation §,-1. However, the spacer effeah

suppressing HTDwas locally. So, at a downstream location of the spacer, HTD was
observed as presented by (lBe

Wang et al. (2012) also tested three turbulence models and compared their results with

data of Yamagatat al. (1972). These three models are (i) the standatd kt ur bul enc e
model, (i) the RNGK) t urbul ence model -Uantdur(biuilie)n cteh emo
Figure 221 shows thatthe RNG-K t ur bul ence model gi ves mor e
than the other tested modelsmpared to the experimental dafayamagateet al. (1972)

this agrees very well witthe findings ofKim's resuls.
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Figure2.23; Radial distribution of turbulent kinetic enerdgy £ 25 MPaG = 600kg m?s?,
q = 200kW m?), (Wanget al, 2012).

Based orthe numerical resultd¥ang et al. (2012) suggested a mechanism that explains

the effect of spacer on the heat transfer enhancement. The schematic diagram in
Figure 222 represents the solved geometrythg CFD code FLUENTThe mechanism
assumes that the fluid is subject to rotational forces due tfhotheswirling effect ofthe

spacer. Therefore, the turbulence intensity near the spacer is expected to be highetr than tha
without spacerFigure 223 illustrates this mechanism numerically:zat 570 mm which is

20 mm downstream of the spacer: it can be seen from the magnified picture inside
Figure 223, that the near wall turbulent kinetic energy at this locatioh ggacer is almost

5 times higher than that without spacer, which is probably the main reason of the heat

transfer enhancement.

Zhao et al. (2013) have investigatedhe heat transfer characteristics of water flowing
upward and downward through a 7.6 mm tDbe at supercritical pressures. Flow
conditions were as followsP = 23, 25 and 26 Wa, G = 4501500 kg m? s,

q = 1901400 kW m?, and T;, = 250350 °C.His results showed that upward flows

achieved higher heat transfeoefficients than downward flows at low heat fluxése
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authors observed that HTD is less pronounced in downward flow than upward flow where

the buoyancy forces reduce bulk turbuleand hence heat transfer.
2.4.2 Experimental studies of supercritical heattransfer in rod bundles

Dyadyakin and Popov (1977),as reported by Pioro and Duffey (2007), carried out
experiments using water at supercritical pressures tighda 7-rod bundle;the flow
conditions were as given ifable 210. The following correlation®f Nusselt number and

the coefficient of locatesistance wertsrmulated

° 02o 0.1, ~
7ar ar, 0 a D,, 0
Nu, =0.021Re> W g;fb +25—2 (247

where x is the axial distance in meters.

This correlation fits the experimental data witl§i20% exceptafew points within® 3%

2

2 0.55 gé’lr 602°ng60'2ér g
Xy, =& _O0gw o b (2498
T hat o s

where 94% of data points deviate from this correlation witid@%.

Bastron et al. (2005), as reported by Pioro and Duffey (2007), investigated different
approaches to enhance heat transfer HPLWR (the HPLWR isthe Europeawersion of

the SCWR) Their results indicated that using of artificial surface roughness or staircase
type grid spacewere efficientapproaches to enhance tH&C by 100%compared to the
HTC when these devices are not used.

Mori et al.(2012)investigated heat transfer characteristics of H2RGlowing vertically
upward and downward in a tube having a 4.4 mm ID andbrckannels of a-8od bundle

and a #rod bundle, having a suthannel hydraulic diameter of 4.4 mm and 3.2 mm,
respectively. The tube and rods in the three and sedbundles have heated lengths of
2000 mm, 1450 mm and 1950 mm, respectively. In ordendmtain the design of the
pitch to diameter ratio in the bundle, grid spacers were used. The test conditions were
G: 400- 2000kg m?s* for the tube and 4001000kg m?s™ for both bundlesP =5 MPa

or P/P. = 1.1;q : 215- 440kW m?, 220- 430kW m™ and 230- 455kW m? in the tube,
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3-rod, and #rod bundles, respectively. Ther@d bundle results were expressed with a
distanceL from the downstream of the grid spacer, while theod bundle lacks
information about the distande It is obvious fromFigure 224 and Figure 225, the
inducedheat transfer characteristics for upflow are similar in the tube andribek Bundle,

where the heat transfer enhancement in the bundle is small at a low heat flux. However, at a
high heat flux, he heat transfer characteristics are different due to deteriorditain
happens in the tube but disappears in the bundle near the grid spacer. Withogdgwio

heat transfer deterioration was observed in either the tube or the bundle as skaurein

2.26. Figure 227 shows that the trends of the heat transfer for thed7bundle up and

downflows are similar to those of ther8d bundle.
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Mori et al.(2012),discussed the grid spacer effect on the heat transfer characteristics using

the normalized hearansfer or the upflow; the results indicated that the heat
h lized h fer ¢, ) for th fl h Its indicated that the h
o

transfer coefficients were enhanced just downstream the spacer and the enhancement
decays gradually ovea downstream distance of & 70 Dy, as shown inFigure 229.
However, for dowrflow, no significant spacer effect on the normalized heat transfer
coefficients was observed. In fact, the normalized heat tracsééficientsdownstream of

the grid to the axial location of @Dy, are slightly lower than those of locaris over 6Dy,

in up-flow. This could beattributed to the presence of the scatlata. Therefore, the heat
transfer appears to become worse to some degrees unlike the cadlmwt &3 a result of

this investigationMori et al. (2012)developed a coetation represeirig theeffect of the

grid spacer on the heat transfer coefficient foifflapy within a limited range of heat flux

for a given mass flux; this correlation is independent of mass flux as mentioned by the

authors, as shown Figure 230.

-0.05L
H _14555¢% 70n (2.49)
H (o]
where:

Ho is the heat transfer coefficient unaffectedigspacer
H is the heat transfer coefficient affectedtbgspacer
U is the blockage ratio

L/Dy is a distance downstream from the spacer
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Richards et al. (2013)have investigated experimentathye heat transfer characteristics of
Freon (R12) at a pressure dfi65 MPa flowing upward through ar@d bundle having 1 m
heated length and 9.5 mm rod OD. In order to keep rods apart from each other, 3 grid
spacers have been installed along the heated length spaced by 500 nmiDant.19).

Flow conditions have beesorted out into three groups according to the bulk temperature
along the heated section as follows (l) belth& pseudo critical point, (Il) crossing the
pseudo critical point and (llldbovethe pseudo critical point. At a pressure of 4.65 MPa,

the pseudaritical temperature is 118.7 °C. Another classification has been used according
to the mass flux; (I) low mass flux: 44820 kg m? s, (Il) moderate mass flux:

9907 1030kg m?s* and (ll) high mass flux: 1190320kg m?s®. The esults showed

that although the-vod bundle is equipped with grid spacers, HWBsencountered in all

tests some cases encountered HTD once, while strecountered HTD twicel he dfect

of grid spacer was significant tite low mass flux 51%g m*s™ but not athe moderate or

high mass flux. In addition, comparisom&re made betweendhexperimental datand
predictons from 1-D dimensional empiricatorrelations basedn a tube or annubata

The esults showed that predicted heat transfer coeffis deviate from the experimental

ones by +25% and +50% when the bulk temperature is below and higher than the pseudo
critical temperature, respectively.

Hong-bo et al. (2013)i nvesti gated SCHT of water powing
2 x 2 rodbundle. The test section contains four heated rods, having a heated length of
1328 mm. The flow conditions were: pressi2&:26 MPa, mas$ u x : i 174%@ m?>s?

and heap u x : 11402k m?> Two different pitch to diameter ratiomere tested

(P/D = 1.18 and 1.3). The bundle was equipped with 5 grid spacers spaced by 200 mm.
Results showed théihe geometry oP/D = 1.3 experienced higher wall temperatures than

the geometry oP/D = 1.18. The maximum wall temperature occurred at different carner
with respect to the rothundle geometryCircumferential wall temperature found to be
nortuniform but this noruniformity decreased as the mass flux increased.

Wang et al. (2014)investigatedSCHT ofwat er powi ng vertically up\
rod kundle. The test section contains four heated rods, having an 8 mm OD and heated
length of 600 mm, installed inside a square channel with rounded sofftez flow

conditions were: pressur@3i 28 MPa, mas$ u:x350/ 1000 kg m? s* and heatp u:x
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2001 1000kW m. The esults revealed that (i) the miaum temperature occurred at the

corner, (ii) effect of inlet temperature is minor, especially, at the corners where pseudo
critical temperatur e ax i thd circunoferemttatenoparatuteo e s n 6 t
gradient increases as mass flux decreases and heat flux increases and (iv) heat transfer
coefficient is sensitive to mass flux and heat flux variation but less sensitive to pressure

variation.
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2.5 Numerical studies

This section is dedicated forumerical studies of supercritical heat transfer in simple
geometries and rod bundles.

2.5.1 Numerical studies of supecritical heat transfersin simple ggometries

Chandra et al. (2009)investigated numerically the spacer effects on SCHT duririgpup

of CO, for the following cases(i) an anulus havingd mm ID, 10 mm OD, and 1 m
length equipped with a square ring (Height/Diamete0.5) atdistance of 50 mm and

200 mm from the inlef(ii) the same annulusquipped with a helical wire having a 1 mm

OD anda pitch of 200 mmand(iii) a tube having a 6.32 mm ID and 1050 mm length
equipped with a helical wire (1.3 mm OD, and 105 mm pit€hg flow conditions for the
annulus weres = 400kg m?s* andq = 120kW m?, while q = 30 and 7kW m? have

been aplied to the tube case with = 400kg m? s*. The results showed that a significant
effect of the square ring on SCHT occurred over a short distance downstream of the ring, as
shown inFigure 231 andFigure 232. It can be concluded that the ring location affects the
heat transfer enhancement region: when the ring is located at 200 mm distance from the
inlet, the heat transfer was enhanced up/f,, =50 downstream from the ring, while in

the case of 50 mm distee from the inlet it was up 10Dy =25 downstream the ring.

800 T T T T T T T [ T |
L | P
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n T
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e 7 | —
| I
= 400 _/ _IIL__._(_—-—:T,—-—'—*’*_'—_KHHH — N
/ - -
300 [~ - _
I
200 I | I | I | I | I
0 0.2 0.8 1
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Axial position in the annular tube (m)
Figure 2.31: Computed axial heated inner wall and bulk fluid temperature for annulus
without and with square ring placed at 200 mm, Chaatih (2009).
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As shown fromFigure 233, the helical wire suppressed the HTD by enhancing the heat
transfer rate. This enhancement is du¢h®flow rotation around the helical wire which
resulted in turbulent mixing enhancement. In summary, Chagtdah (2009) concluded
that, usage of obstacles such as helical wire and square ring inside annuiuisearsda
very efficient heat transfer enhancing approach since it suppresses HTD or decreases the
possibility of HTD occurrence.

Bae et al. (2010) investigated numerically the effect of inserting a helical wire spacer
(2.3 mm OD, and 105 mm pitch) ian 6.32 mm ID tubeL{ = 2.65 m) on SCHT during
upflow of CO, and compared the results with those obtained from KAERI's experiments.
The flow parameters wer& = 400kg m? s?, q = 30, 50, and 7&W m?, andP = 8.12

MPa.
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Figure 234bandFigure 234c, show that deterioration of the heat transfer is encountered
experimentally. However, the numerical model was unable to predict this deterioration.
Although the experiments show that theical wire is an efficient device to enhance heat
transfer at supercritical pressures, where the HTD in plot (b) suppressed by using a helical
wire, the CFD analyses show only a very small augmentation of the heat transfer rate due
to the influence of tl wire. The predicted HTC in the heliagire obstructed tube flow
increased about 10% compared to the bare tubevioie the measured increase in HTC
could exceed 106.

A numerical investigation of the effect of a 1 mm high ringnater SCHT located side

an8 mm ID tube midway along the 1 m heated length was performatgliang et al.
(2010)usingthe RNGK) t urbul ence model and Scal abl e V
results show a significant reduction in the wall temperature over a disthhd® = 62.5
downstreamfrom the ring; after which the wall temperature gradually increases until it

reaches the wall temperature of the bare tube as shdvigure 235.
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Figure2.35: Axial wall temperature diribution with and without a ring (or baffle) midway
along the tub¢Yonglianget al, 2010).
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Niceno and Sharabi (2013have used LES model to investigate the enhancement and
deterioration of heat transfer for water flowing upward and downward throughea tub
having (6.28 mm ID and 0.6 m heated length preceded by 0.4 m entry length). The
geometry has been simplified fromcicular to a rectangular shape with more conditions
applied to the region close to the walls to substitute for the differences in geometries. Flow
conditions were as follow$® = 23.5 MPaG = 509kg m? s*, andq = 390kW m™. The
results showd good ageement with the corresponding experimental data. Moreover, this
study showed that the downward flow did not have heat transfer deteridratishowech
monotonic increase of wall temperatures, whileupward flowheat transfer deterioration

was encouttered. The LES model allowed the authors to explain the physics behind the
enhancement and deterioration of heat transfer which agrees with the explanation provided
by Jackson (2013) and others. The heat transfer deterionatidne to a significant
redudion in Reynolds stresses. When buoyancy changes dramaiicale vicinity of
pseudo critical temperaturthe Reynolds stresses decreassulting in a reduction in the
turbulence levelwhich leads toa heat transfer deterioration. Afterwards M-shaged
velocity profile develops close to walls due to acceleration that leads to a turbulence
recovery; hence the enhancement of heat tranafeoccur

Many authorsclaimed thatthe RANS turbulence models are not the best choices to
investigate heat transfer to fluids at supercritical pressures as mentioned Badigoport

this, Ambrosini et al. (2013) verified theinability of the RANS models at supercritical
pressures to predietall temperatures of circular channel$e lengths and diameters of
these channels were varied according to real dimensions of different experifrteants.
results revaled that these models are not reliadéthougha certain model can predict
gualitatiely wall temperatures at certain conditiom usually does not predict wall

temperatures at different conditions even qualitatively.
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2.5.2 Numerical studies of supercritical flows in rod bundles

Shan and Chen (2010jnvestigated numerically the effect of a wikeap spaceor a grid

spacer inside a SCWR fuel bundle having 40 pins in a square arrangement with a total
length of ~425 cm and an estimated grid spacer pitch of 30 cm. The flow conditions were
Tin = 280 °C,G =780kg m? s*, g = 614.2kW m, andP = 25 MPa. The numerical results
suggested that the effect of the wire wrap is much better than the effect of the grid spacer
based on cladding temperature, uniformity of coolant temperature and pressure drop. The
peak cladding temperature was 587.6 °C when wire wrap was used, while it was
603.5 °C when the grid spacer was used as shoWwigure 236. The coolant temperature
became more uniform when the wire wrap spacer was used, due to more forced cross flow
between sulthannels in the wire wrappedsembly. The maximum difference between the
hottest and coldest sudhannel was 25.3 °C, while it was 40.2 °C when the grid spacer was
used as shown ifrigure 237. Pressure drapassociated with the wire wrap spacer was
lower than that associated withetlgrid spacer as shown kigure 238. The effect of the

wire wrap pitch was also investigated; as expected the most uniform temperature profile
and the highest pressure drop occufficedthe smallest wire pitchHyire/Drog = 20) due to

more cross flow(the maximum temperatudifference between the hottest and the coldest
subchannels i21.9 °Caccording to Figure .39). The effect of wirewrap pitch on the

axial pressure drojg shownin Figure 240.
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Jaromin et al. (2013)have used- W SST model, which is one of the RANS moddfst

is optimizedby varying Pr values for watéor wide ranges of mass flux, inlet enthalpy and
heat flux at supercritical pressurd@hey determined th@ptimal Prandtl number for each
individual coupled conditionsP( G, q, andTj,) which fitted the experimentatiata more
accurate than those having a constant Prandtl number. Moreover, wall temperatures

obtained using the best fit of Prandtl number have been compared to the wall temperatures
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obtained using turbulent Prandtl {Pmodels.This studyconcludedthat none of th tested
models provided sufficiently wide range of the Prandtl number to satisfy all investigated
experimentsPodila and Rao (2016performed CFD simulation of SCHT into G@ows
through the dod bundle equipped with wire wrageniversity of Ottawarod bundle)
They tested different RANS models. None of the modeés able to predict the
experimental data. The simulation was not able to prediexperimentatrend either.

Tables 211 and 212 summarizethe experimentéy observed and numeridgplpredicted
effects of the flow oltacles on SCHT, respectively.

Table2.11: Experimentally observed effects of the flow obstacles on SCHT.

Obstacle
Reference | type and Observed effect of the floabstacles
geometry
Shiralkar Twisted | Atqg= 146.5%W m? no HTD occurred &b > 1139
and Griffith | Tapeina | kg m?s?, while HTD occurred ab < 1356kg m? s*
(1970) tube in the bare tube.
Ackerman | Ribs in a At P =24.8 MPa an® = 407kg m®s’, no HTD
(1970) tube occurred afj = 630kwW r2n , While HTD occurred af
> 315kW m“in the bare tube.
Lee and I . o
Haller Ribs in a Heat fluxes can be mc_reased by 509©% over
tube smooth tube values without occurrence of HTD.
(1974)
Kamenetskii TW'S.ted L e .
Tapein a Reduction in flow stratification in horizontal tubes.
(1980) tube
More uniform wall temperature profile along the
Fedorovet Ribsin a heated length and circumferentially compared to t
al. (1986) tube smooth tube were observed. HT enhancement
increased aBeat flux increased.
At P = 25 MPa and) = 400kW m’, the maximum hea
Helical wire | transfer enhancement occurredGat1200kg m? s,
Hongzhiet | inasquare| while HTD occurred a6 =500kg m?s*. At P = 23
al. (2009) annular MPa, the heat transfer enhanced by 100% comparg
channel that atP =25 MPa, but the HTD occurred at low ma
fluxes compared t& =25 MPa.
100% increase in HTC compared to that in the pla
Baeet al. | Helical wire | tube whenTy is very close td .. At enthalpies much
(2011) in a tube | higher tharhpc , HTC becomes independent of the h
flux.
Wanget al. | Spacer in 25%-80% increase in HTC compared to that in th¢
(2012) annulus annulus without a spacer. The least enhancemel
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occurs when Jis away from the pseudoritical
temperature, i.€l,<Tyc or whenT,<Tp

Grid spacers

Downstream from the grid spacer, a significant H

M?Zr(')itzfﬂ' in a 3 and 7| enhancement was observed in the upward flow, bulf
rod bundles in the downward flow.
Richardset G.”d SPACEIS | eat transfer deterioration occurred in all investiga
ina 7 rod
al. (2013) cases regardless of
bundles
(i) maximum temperature occurred at the corner,
Hongbo et 2x2 rod circumferential temperature gradient increases as n
al. (2013) bundle flux decreases (iii) the larg&/D bundle experienced
higher wall temperatures than the smaRép bundle.
(i) maximum temperature occurred at the corner, (i
circumferential temperature gradient increases as I
Wang 2x2 rod flux decreases and heat flux increases and (iii) he
et al.(2014) bundle

transfer coefficient is sensitive to mass flux and he
flux variations but less sensitive to pressure variati

Table2.12: Numerically predicted effects of the flow obstacles on SCHT.

Obstacle
Reference | type and Observed or predicted effect of the flow obstacle
geometry
Ring in an Effect of the ring was shalived over a specific regiot
9 downstream from the ring. However, In case where
annulus, and . . .
. . ring is located at 200 mm distance from the inlet, t
Chandreaet | helical wire h f h d UbDe, =
al. (2009) | in a tube anc eat transfer was enhanced uptony =50
annulus downstream from the ring,hile in the case of 50 mn
: distance from the inlet it was up téDpy =25
(Numerical) :
downstream from the ring.
Helical The HTD cannot be predicted by CFD at high heg
Baeet al. Wire ina | fluxes compared to experiment. However, the predi
(2010) tube HTC in the wired tube increased about 10% compg
(Numerical) to the bare tube.
: Ring in a L .
Yongliang Reduction in the wall temperature for a distance
tube .
et al.(2010) . downstream from the ring.
(Numerical)
Wire wrap Wire wrapped SCWR has a uniform coolant
Shan and and grid temperature; hence it has less cladding temperatt
Chen (2010 spacerina| compared to a SCWR with grid spacers. Moreover
SCWR has less pressure drop which reduces the pumpi
(Numerical) power.
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2.6 Conclusions andfinal remarks from literature review

The objective of this review is to understand the effect of the flow obstructions on SCHT
and pressure drop. This review is carried out based on experimental investigations and
numerical studies. The experimentally observed and numegrigaddicted effects of the

obstacles are as follows

Experimentally observed effects:

1. At SC conditions, the dat transfer coefficientin both bare anchelical wire
equipped geometriebecomes almost independent of heat flux at very low and high
enthapies (away from the pseudo critical enthalpy).

2. The highest heat transfer enhancement due to a flow obstruction occurred near the
pseudecritical temperature where the enhancement can reach 100% compared to
geometries without flow obstructions.

3. Heat transfer at subcritical pressures was enhanced over a diktBnee30-35
downstream from the flow obstruction, while at supercritical pressures, it is over
L/D = 60-70; so, the enhancement of heat transfer at strigral pressures due to
flow obgructionsis more efficient than that at subcritical pressures.

4. Heat transfer deterioration was encountered in upflow but not in downflow
regardless of the geomet@rid spacers can eliminate HTD patrtially in rod bundles
as mentioné by Mori et al. (2012, or they could have no effechs mentioned by
Richardset al.(2013)at certain flow caditions.

5. The heat transfer enhancement downstream of a grid spacer decreasésnin up
however in dwnflow, the effect of grid spacers on heaansfer wasless

pronouned or was absent altogether.
Numerically predicted effest

1. Heat transfer at superitical pressures was enhanced ovesignificant distance
downstream the flow obstructiob/D = 50 and 62.5).
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2. Although numerical tools (CFD) do not always preédlee HTD, they predict the
experimental SCHTs with a reasonable accuracy away from the peetickd
temperaturewhen spacers are not usedFD prediction capability oSCHT in
spacefrequipped geometries is poor.

3. The SCHT is almost independent of h#ak when T,<T,. or whenT,<Ty, i.e. at
conditions away from the pseudadtical regionfor both bare and spacexquipped
geometries

4. Helical wires inside a SCWR dd to a more uniform fluid temperature, a lower

cladding temperature, and a lowessure drop than grid spacers.

It is tentatively concluded that numerical CFD results adiedy well with the
experimental results at normal flow conditiomghout spacerswhile for deteriorated heat
transfer conditions the agreement appears aquredile However,CFD underestimated the
normal obstructed heat transfer and could not predict the deteriorated obstructed heat
transfer see Figure .34. Hence, CFD may be used as a first assessment tool for fuel
bundle design at super critical pressufidse vast majority of the SCHT experiments were
performed in tubes and annular channels instead of bundles. Therefore, more relevant
experiments in bundles are still needed to get a better indication of the flow obstructions

effects on SCHT and pressure jlro
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Chapter 3

Experimental Facility

3.1 The flow loop

The Supercritical Wiversity of Ottawa loop (SCUOL) has been desibed in detail by
Jiang(2015. Figure3.1 showsits man components, while Figurg.2 shows a schematic
diagram of thdoop. The maximum operating pressure is 10 MPa. The heat supplied to the
test section was provided by a rectified DC power supply, capable of providing a maximum
voltage of 60 V DC and a maximum current of 2833 A. The fluid inlet temperature to the
test £ction is controlled by a 22 kW preater. The C@operating fluid was cooled in four

heat exchangers connected in parallel; two of these units used centrally supplied chilled
water as a secondary fluid, whereas the other two used ethylene glycol, shatonkated

from a tank contained in an adjacent freezer room.

22 mm test section

i 8 mm test section
3-rod bundle test section

Heat exchangers
CO; supply 1 =
. —
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oe 00
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e § | |
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Figure3.1: University of Ottawa multfluid supercritical loop (Jiang, 2015
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3.2 Rod bundle test section

The rod bundle was mounted vertically and was cooled by pressurizedid@@ng
upwards. The rod bundle had a total length of 2500 mm and the heated section of each rod
was made oinconel 600 tubing with an outer diamet@r= 10.0 mm and a length of

1500 mm. Figure3.3 shows an overall view of the rod bundle and Figdieshows its

cross section. The three rods were identified as Rod A, Rod B and Rod C. Circumferential
positionsaround each rod were specified such that positions at 0° were facing the exterior
of the rod bundle, positions at 180° were facing the axis of the rod bundle subassembly and
positions at 90° and 270° were facing the gaps with the unheated rod fillersd&ails

about the unheated rod fillerave been provided by Jiang (2015he bare rod bundle
hydraulic diameter wa®p = 4.08 mm. The test section and the associated piping were
insulated by a 2 mm thick layer of fiberglass and a 10 mm thick layesolatmg foam.

The following two rodspacer configurations were tested.

i) In the first configuration, the rods were separated from each other by four emstden

grid spacers, each having a blockage ratio of 5.3% and spaced by 500 mm
(Figures3.5-a,b). For each grid spacer, three thin shims made of stainless steel and having
a thickness of 0.102 mm and a width of 4 mm were-gmbtied on a short piece of
stainless steel T304 tubing, having a length of 12 mm, an OD of 2.9 mm, and an ID of
2.4 mm, which served to separate the three heated rods. Each shim was wrapped around
one rod and spewelded on it. The heated rods were separated from the unheated rod fillers

by an extra shim, having a total lengitlte 76 mm, as shown in FiguBs-a.

i) I n the second configuration, the rods
(actually stainless steel T304 tubing) with a diameter of 1.3 mm that was wrapped around
each rod with a pitch of 200 mm (Figudé-c). The wire wrap pitch was 200 mm, ept

at the first 200 mm of the heated length, where it was 100 mm. The wire was fastened to
the heater rods at the start of the heated section at a 0° location (facing the pressure tube,
see Figure.4). The wire wrap resulted in a decrease in local flosaaf 2.2 % from the
unobstructed rotbundle crossectional area just upstream of the start of the heated length,

where no wire wraps were present. However the flow blockage of the wires projected on a
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plane normato the axis was 32 % he wire wrap haa resistance of 1.82 Ohm/m, which

is much higher than the resistance of the heated rods, which was 0.036 Ohm/m.
3.2.1 Sliding thermocouple assembly

A convenient feature of this apparatus is the use of a sliding thermocouple system, which
measured the inside Waemperature distributions of each of the three heated rods in the
bundle. Each rod contained five thermocouples, positioned at three stations that were
separated axially by a distance of 480 mm; two thermocouples were placed at diametrically
opposite lgations at each of the two upstream stations and a single thermocouple was
placed at the farthest downstream station. Each thermocouple carrier is supported by two
springs pressing the tips of the thermocouples against the heated wall. Each set of five
thermocouples was attached to a push rod that could be traversed along the test section as
well as rotated over the full 360° range by a step motor. These three step motors were
mounted on a traversing system, which was advanced by a fourth step motomaittegber

all thermocouples to be traversed axially over a distance of 50(Fgore 3.5-d).

Heated Inconel rods

Pressure tube

Sliding TC push rods

Sliding TC carriers Fluid

Traverse bt

mechanism Copper extension rods

~— Fluid outlet

Figure 3.3: Overall view of the rod bundle and the thermocoupdedrsing mechanism
(Jiang, 201k
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Heated rod
Unheated rod filler

Figure 3.4: Left: Cross section of the rod bundle with dimensions in mm. Right: angular
coordinate systems for temperature measurements around each of the three rods, marked as
A, B and G while viewed from downstream; CSC, SC and OSC denote the central

subchannel, intermediate subchannels and outer subchannels, respectively.
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Figure3.5: (a) Crosssection of the heated section equipped grild spacers; (b) side view
of the heated section equipped with grid spacers; (c) thewvapped central rod assembly

(not to scale); (d) thermocouple traversing system.
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3.2.2 Instrumentation

The bulk fluid temperature at the inlet and outlet of the rod leyradl well as temperatures

at different locations of the loop, were measured witllaw ultra-precise RTD sensors
(Omega PM-1/10-1/8-5-1/2-G-15). The range of these RTD sensors was from 0 to 100 °C
and their uncertainty wa®.1 °C. Jtype thermocouples were installed in the sliding
thermocouple system; these thermocouples had an uncertainty of 1.0 K at the 95 %
confidence level. Potentiometers were used to measure the axial and angular displacements
of the thermocouples; the mottiometer measuring the axial displacement had a linearity of
+0.25% over its full moving range of 500 mm and the potentiometer measuring the angular
displacement had an estimated uncertainty offTB& absolute pressure at the inlet of the

rod bundle wasneasured with a pressure transducer (Rosemount, Model 3051T), having
an uncertainty of 15.5 kPa. A Coriolis flow meter (Micro Motion® Elite®, Model
CFMO50M320N0A2E2ZZ) was used to measure the mass flow rate; this device was
factory calibrated and had a exjified uncertainty of 0.05 % for liquid flow. The
instantaneous voltage drop across the heated length of the test section was measured with a
24-bit digital voltage measurement module (National Instrument NI 9225). The rectified
voltage fluctuated at adguency of 360 Hz and was sampled at a much higher sampling
rate. The electrical power supplied to the test section was calculated from the measured
time-averaged voltage drop across the rod bundle and the measured electrical resistance of
the test sectignwhich was measured prior to its installation. The measured voltage drop

varied from 11.9 to 21.1 V, within a measurement uncertainty of 0.1 to 0.5%.
3.2.3 Data acquisition

All pressure and temperature measurements were acquired at a rate of 10 saffgdes/s

the operating conditions were stabilized, measurements were recorded continuously.
During recording of the results, the traversing system was programmed to reposition the
thermocouples, either axially or circumferentially, everys8at the beginimg, some tests

were investigated at asmngular displacement of 30 degseand an axial displacement of

20 mm. Because of the many measurement locations, these experiments typically lasted for

12 hrs.For this long period of time, it was hard to maintateady operating conditions
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because of system limitations. Therefore, subsequent experimentinvestgated at an
angular displacement of 45 degrees and an axial displacement of 50 mm, which reduced the
test period to 3.5 hrs and allowed us to maintairly steady flow conditionsDuring data
processing, each data set was divided into blocks, each of which contained data for a
different position of the thermocouple assembly. The data collected during the last 10 s of
each block were found to correspaidsteady conditions. Data processing was done with

the use of a code written in MATLAB. Spurious values in the data were removed. The data
values used in the analysis of the results represent time averages over 10 s intervals.

3.3 8 mm test section

All measuements presented in this thesis were collected using a directly heated-Inconel
600 tubular test section, mounted vertically with ;Gldwing upwards. The test section

had an internal diametdd = 8 mm, a wall thickness of 1 mm and a heated length

Lh = 1940 mm. The heated part of the tube was preceded by an unheated section with a
length of 890 mm, which ensured that the flow entering the heated section was fully
developed. The test section was ingdathermally by layers of fibglass clothdpe, with

a thickness of 8 mm, surrounded by a rubbieram insulation tube with a thickness of

50 mm. In order to study the flow obstacle effect on heat transfer, blunt or rounded
cylindrical obstacles with a diameter of 4 mm (25% blockage ratiopdadgth of 10 mm

were inserted inside the test section, Subsequently, the effect of blockage ratio was
investigated by using a blunt obstacle having a smaller diameter of 2.9 mm (13% blockage
ratio). Because the blockage was located asymmetrically, fieet @f circumferential
blockage location on SCHT was also investigated. Fi§@eshows a schematic diagram

of the test section with the locations of the thermocouples as well as cross sections of the
test section with the main dimensiodsfinitions of azimuthal coordinates aadobstacle

kept in place by a movable magnet. Note that the obstacles were located at 180° and the
wall thermocouples at 0Tables 3.1 and3.2 specify geometridetails and axial positions

of flow obstructions forthe different configurations that were tested at supercritical and

high subcritical pressures, respectively.
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Table3.1: Obstacleequipped tube configuratiofgr supercritical pressuitess

Configuration| Obstacle Number of Distance of Obstacle
shape | Obstacle | obstacles| downstream end off pitch
blockage obstacle from the (mm)
ratio (%) inlet’ (mm)
1% Last
1 1 935 0
2 2 935 1935 1000
3 Blunt 25 2 935 1435 | 500
4 8 935 2685 250
5 Rounded 25 2 935 1435 500
6 Blunt 13 8 935 2685 250

Table3.2: Obstacleequipped tube configuratiomar high subcritical pressutess

Distance of
_ . Obstacle Obstacle Number of downstream end of] Obstacle
Configuration shape blockage obstacles obstacle from the pitch
ratio (%) inlet' (mm) (mm)
1% last
1 2 935 1935 1000
2 Blunt 25 2 935 1435 500
3 8 935 2685 250
'Heated length starts at 890 mm.
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Figure 3.6: LHS: Schematic diagram of the 8 mm test section showing the locations of
thermocouples; PS: power supply; PT: pressure transducer; DPT: differential pressure

transducer; RHS: details of the obstacles and their locations; all dimensions are in mm.
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3.3.1 Instrumentation

The temperature variation along the test section wall was measured yfie TCopper

Constantan) thermocouples (Omega SATIXISRTC), having an uncertainty of 0.5 K (this

and other reported uncertainties correspond to a 95% confidence leyel}iame constant

of less than 0.15 s. The thermocouples were attached to the exterior wall of the test section

using a silicon ased adhesi ve, which has a temperat.t
temperatures at the inlet and outlet of the test seatid at other locations of the loop were

measured with ultrarecise immersion RTD sensors (Omegif/10-1/8-5-1/2-G-15),

having a maximum wuncertainty of 0.1eC betw
pressure was measured by a pressure transduceg@P X01CBKAST) with a specified

uncertainty of 21 kPa; it was calibrated in the range from 0 to 10342 kPa with a maximum
uncertainty of 7.76 kPa. The pressure drop across the heated length of the test section was
measured with a differential pressumansmitter (Omega PX7713800DI), having an

uncertainty of 75 Pa. The G@nass flow rate was measured with a Coriolis flow meter

(Micro Motion® ELITE® CFMO50M320N0A2E2ZZ), having an uncertainty of 0.05% for

liquid flow. The instantaneous voltage drop acritesheated length of the test section was

measured with a 2Mit digital voltage measurement module (National Instrument NI

9225), having a range of £300 V and an uncertainty of 0.034 V. The rectified voltage
fluctuated at a frequency of 360 Hz and was@gad at a much higher sampling rate. The

electrical power supplied to the test section was calculated from the measured time

averaged voltage and the measured electrical resistance of the test section.
3.3.2 Data acquisition

A dedicated computerized data acquisition system was used to monitor and control
different loop operations and to record the dafdl pressure and temperature
measurements were acquired at a rate of 10 samples/s. The measurements were recorded
after the perating conditions had stabilized. Data processing was done with the use of a
code written in MATLAB. Spurious values in the data were removed. The data values used

in the analysis of the results represent temerage values over 60s intervals.
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The rangs of theneasuregharameters and their uncertainti@sed on 2 sigma confidence

intervalare summarized in Table 3.3.

Table3.3: Ranges of measured parametard their uncertainties

Parameter Unit Range Uncertainty

Wall temperature (8 mm ID o N
tube, 'Ftyge thermgcouple) c (-73)T (+260) 0.5
Wall temperature 3od o .
bundle, J?ypetherr;ocouple) c 01750 1.0
Bulk temperature °C 0-100 0.1
Mass flow rate Kgs® 0-25 0.05 %
Voltage Volt (-300)1 (+300) 0.034
Pressurg 8 mm ID tube) kPa 0-10342 7.76
Pressure (-8od bundle) kPa 0-10342 15.5
Obstruction positior§ 8 mm ID

mm 5
tube)
Axial displacement
(thermocoupldraversing mm 0-500 1
system)
Angular displacement
(thermocoupldraversing degree 0-360 5

system)
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Chapter 4

An experimental investigation of supercritical heat transfer in a threerod
bundle equipped with wire-wrap and grid spacers andcooled by carbon

dioxide

This chapter addresses thlestacles (wirevraps and grid spacers) effects on supercritical
heat transfer in a-8d bundle The resultare presented in the form of the manuscript

Eter, A., Groeneveld, D., Tavoularis, S., 2018n Experimental
Investigation of Supercritical Heat Transfer in a Bwed Bundle
Equipped with WireWrap and Grid Spacers and Cooled by Carbon
Dioxide. Nucl. Eng. Des303, 173191

The experimental results showed thathtransfer deterioratiazanoccur for mass fluxes
within the rangeof 200 and 700 kg fis® near tie start of the heated section of the rod
bundle equipped with either type of spacefbe onset ofheat transferdeterioration
occurred at a higher heat flux for the wiseappedbundle than for the one with grid
spacers, and at the lowest heat flux far thbe.Normal heat transfer in either of the rod
bundles behaved similarly to the one in the tidsehe same flow conditiorsnd was also
compatible with the predictions of the correlation of Jackson. Overall, hear transfer was
somewhat better in thevire-wrapped bundle than in the one with grid spacers. For low
mass fluxes (roughly 200 and 400 k¢ 8T), normal heat transfer in the rod bundles was
higher than in the tubeor the same flow conditionsfor an intermediate mass flux

(700 kg n¥ s1), heat transfer in all three case®comparableand,rather surprisingly, at
higher mass fluxes (10G&nd 1200 kg Ms*), heat transfer in the tube appeared to be more
efficient than in the rod bundle¥he minimumSC heat transfer coefficient desased
somewhat with increasing heat flux (35% reduction as a result of a 100% increase in heat
flux) and decreased strongly at a low mass flux (75% reduction as a result of 62% decrease
in mass flux). The grid spacers introduced a strong local enhanceoueriheir effects

disappeared only about 10 rod diameters downstream.
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ABSTRACT

Heat transfer measurements in a tm@® bundle equipped with wierap and grid
spacers were obtained at supercritipassures in the Supercritical University of Ottawa
Loop (SCUOL). The tests were performed using carbon dioxide, as a surrogate fluid for
water, flowing upwards for wide ranges of conditions, including conditions equivalent to
the nominal and nearormal gerating condition®f the proposed Canadian Supéical
WaterCooled Reactor. The test section contained three heated rods and three unheated rod
segments with an outer diameter of 10 mm and a-pitcliameter ratio of 1.14; the heated
length was 1500nm. Detailed surface temperature measurements along and around the
three heated rods were collected using internally traversed thermocouples. The following
ranges of test conditions were covered, with equivalent water conditions given inside
parentheses:rpssure from 6.6 to 8.36 MPa (19.7 to 25 MPa); inlet temperature from 11 to
30 °C (330 to 371 °C); mass flux from 200 to 1175 kgsh (340 to 1822 kgns™); and

wall heat flux from 1 to 175 kWh? (11 to 1847 kW'®). For one set of tests, the heated

rods were fitted with a 1.3 mm OD wire wrap, having an axial pitch of 200 mm along the
entire heated length; for a second set, the heated rods were fitted with grid spacers having a
5.3% flow blockage and located at 500 mm axial intervadlse effects ofspacer
configuration on heat transfer at supercritical pressures were documented and analyzed.
The observed experimental trends were compared to those obtainedxpeaiment in a

heated tube at similar conditions and with predictions of a supercritezl transfer
correlation. Heat transfer was observed to deteriorate near the start of the heated section of
the rod bundle equipped with either type of spacers as well as in a circular tube for mass
fluxes between 200 and 700 kg?si'. The onset of deti®ration occurred at a higher heat

flux for the wirewrappedbundle than for the one with grid spacers, and at the lowest heat
flux for the tube. Normal heat transfer in either of the rod bundles behaved similarly to the
one in the tube and was also comifga with the predictions of the correlation of Jackson.

The grid spacers introduced a strong local enhancement, but their effects disappeared only

about 10 rod diameters downstream.
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INTRODUCTION

The SupeiCritical WaterCooled Reactor (SCWR) is onef ¢he candidate designs
considered by the Generation IV International Forum as an innovative nuclear energy
system with increased safety, more compact size, lower cost of energy production and
reduced volume of nuclear waste, compared to existing systémagpresent research is in
support of the Canadian National Program for the development of the SCWR.

The supercritical heat transfer (SCHT) mode has distinct characteristics not present at
subcritical pressures. When the fluid pressure and temperatureaartheir critical values,

or when the pressure is supercritical (SC) and the temperature is near its-qgaealo

value, small changes in temperature can cause large changes in the-ghgsioal
properties and the heat transfer may undergo enhamtewn deterioration. Of particular
importance for the safety of SCWR is the phenomenon of heat transfer deterioration
(HTD). HTD occurs when the supercritical heat transfer coefficient drops below the value
that would be expected during normal forced @mtive heat transfer. HTD is
characterized by wall temperature increase that is higher than normal can be encountered.
Heat transfer deterioration is thought to be associated with the suppression of turbulence
near the wall and is more likely to be encauatl at low mass flows, high heat fluxes and

in the vicinity of the pseudoritical enthalpy.

Heat transfer in channels may be significantly affected by the presence of flow
obstructions, including rod spacers in rod bundles. &tat. (2013) reviewedHe literature

of the spacer effect on SCHT. It has been observed that flow obstructions generally
enhance heat transfer and that the highest heat transfer enhancement occurred when the
flow temperature was near the psewrtitical value; in such cases, tlmhanced heat
transfer coefficient was more than twice its value in channels without flow obstructions.
Significant heat transfer enhancement was found to occur downstream of grid spacers in
upflow; in downflow, however, the effect of grid spacers on heatsfer was less
pronounced and it was sometimes absent altogether. Ruediaf spacer effects on

supecritical heat transfer using CFD codes were found to be in fair agreement with
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experimental observations for normal heat transfer conditions, et deemed to be of

guestionable accuracy for HTD conditions.

Eteret al. (2013 found the vast majority of previous SCHT experiments were performed in
tubes and, to a lesser degree, in annular channels. Very few experimental studies are
available for SC flows in rod bundles. Dyadyakin and Popov (1977) conducted experiments
in tight-lattice severrod bundles having different flow areas (102, 112, 113, 121, and
134 mnf). A movable thermocouple installed in the central rod was used to measure the
wall temperature. Significant pressure oscillations occurred (£5MPa with frequency of
0.04i 0.033 Hz) at mass fluxes => 2000 kg’rs') and high heat fluxes. The pressure
oscillations appeared at an inlet bulk temperature of 260 °C and resulted in burnout of the
test section. Siliret al. (1993) reported a database for water at supercrifpraksures
flowing in bundles; these data wesbtained in the Russian Scientific Centre (RSC). They
found that no heat transfer deterioration occurred in muodtibundles while HTD occurred

in tubes at the same operating conditions. Wetngl. (2014) inwestigated SCHT of water
pbowing vertically upward through a 2 1T 2 roc
rods, having an 8 mm OD and a heated length of 600 mm, installed inside a square channel
with rounded corner The results revealed that {he maximum temperature occurred at

the corner, (ii) effect of inlet temperature is minor, especially, at the corners where pseudo
critical temperature axi al | ocation doesnoét
gradient increases as mass fldecreases and heat flux increases and (iv) heat transfer
coefficient is sensitive to mass flux and heat flux variation but less sensitive to pressure
variation. Guet al. (2015) investigated the heat transfer characteristics of water flowing in

a 2 x 2 bae rod bundle having a heated length of 800 Miney found the circumferential

wall temperature distribution to be naniform around the heated rod. In general, the
operating conditions impacts on the water SCHT in the bundle are similar to those
observedin tubes and annuli. Fewer experimental studies have addressed directly the
spacer effect on SCHT. Moet al. (2012) used HCF&2 as a coolant. Upward and
downward flows were investigated in a tube having a 4.4 mm ID and iohsuinels of a

3-rod bundleand a #rod bundle, having a suthannel hydraulic diameter of 4.4 mm and

3.2 mm, respectively. The tube and rods in the three and-ses¢dmundles have heated

lengths of 2000 mm, 1450 mm and 1950 mm, respectively. Grid spacers were used to
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maintain the dsign of the pitch to diameter ratio in the bundle. A similar heat transfer trend
among the tested sections was found at low heat fluxes, where the heat transfer
enhancement in the bundle is small at a low heat flux. However, at a high heat flux, the
heat transfer characteristics are different due to HTD that occurred in the tube but
disappeared in the bundle near the grid spacer. They found the heat transfer enhancement
decays gradually over a downstream distance ef(80 With downflow, no HTD was
obseved in either the tube or the bundle and no significant spacer effect on the normalized
heat transfer coefficients was observed. Richatdal. (2013) used Freon (R2) as a
coolant flowing in a #od bundle having 1 m heated length and 9.5 mm rod ODrder

to keep rods apart from each other, 3 grid spacers have been installed along the heated
length spaced by 500 mm and (p#chdiameter ratio =1.19). The results showed that
although the #od bundle is equipped with grid spacers, HTD was encouniteratlitests;

some cases encountered HTD once, while others encountered HTD twice. The effect of

grid spacer was significant only at the low mass flux of 515 kg

For SCWR development and safety analysis, relevant experiments in rod bundles are
nealed. The objective of the current study is to investigate experimentally SCHT in vertical
upflow through a roédbundle subassembly equipped with wiveap spacers and grid
spacers. Of particular interest in this work is to investigate whether HTD is gossthis

device.
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EXPERIMENTAL FACILITY AND INSTRUMENTATION

The present SCHT investigation was conducted in the Supercritical University of Ottawa
Loop (SCUOL), which was constructed especially for this purpose. Heat transfer
measurements in upwafidw through a thre@od bundle, equipped either with wivarap

or with grid spacers, were obtained using a sophisticated thermocouple traversing system.

This section describes the test facility, its ingtemtation and the test section.

The flow loop

Figure 1 shows the major components of SCUOL, while Figure 2 shows a schematic
diagram of the loop. The maximum operating pressure was 10 MPa. The heat supplied to
the test section was provided by a rectified DC power supply, capable of providing a
maximum vdtage of 60 V DC and a maximum current of 2833 A. The fluid inlet
temperature to the test section was controlled by a 22 kWigater. The CQoperating

fluid was cooled in four heat exchangers connected in parallel; two of these units used
centrally supped chilled water as a secondary fluid, whereas the other two used ethylene

glycol, that was circulated from a tank contained in an adjacent freezer room.
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Fig. 2.Schematidiagram of the loop and its components.
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Rod bundle test section

The rod bundle was mounted vertically and was cooled by pressurizedid@@ng
upwards. The rod bundle had a total length of 2500 mm and the heated section of each rod
was made of Inconel 80tubing with an outer diamet& = 10.0 mm and a length of

1500 mm. Figure 3 shows an overall view of the rod bundle and Figure 4 shows its cross
section. The three rods were identified as Rod A, Rod B and Rod C. Circumferential
positions around eachdaawvere specified such that positions at 0° were facing the exterior
of the rod bundle, positions at 180° were facing the axis of the rod bundle subassembly and
positions at 90° and 270° were facing the gaps with the unheated rod fillers. More details
aboutthe unheated rod fillersalve been provided by Jiang (2015he bare rod bundle
hydraulic diameter wa®p = 4.08 mm. The test section and the associated piping were
insulated by a 2 mm thick layer of fiberglass and a 10 mm thick layer of insulating foam.

The following two rodspaer configurations were tested.

i) In the first configuration, the rods were separated from each other by four emstden

grid spacers, each having a blockage ratio of 5.3% and spaced by 500 mm (Fames 5

For each grid spae, three thin shims made of stainless steel and having a thickness of
0.102 mm and a width of 4 mm were spalded on a short piece of stainless steel T304
tubing, having a length of 12 mm, an OD of 2.9 mm, and an ID of 2.4 mm, which served to
separatehte three heated rods. Each shim was wrapped around one rod anclsigok on

it. The heated rods were separated from the unheated rod fillers by an extra shim, having a

total lengthL = 76 mm,as shown in Figure-&.

i) In the second configuration, theods were separated from ea
(actually stainless steel T304 tubing) with a diameter of 1.3 mm that was wrapped around

each rod with a pitch of 200 mm (Figurech The wire wrap pitch was 200 mm, except at

the first 200 mm of the heatéeihgth, where it was 100 mm. The wire was fastened to the

heater rods at the start of the heated section at a 0° location (facing the pressure tube, see
Figure 4). The wire wrap resulted in a decrease in local flow area of 2.2 % from the
unobstructed rodbundle crosssectional area just upstream of the start of the heated length,

where no wire wraps were present. However the flow blockage of the wires projected on a
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plane normato the axis was 32 % he wire wrap had a resistance of 1.82 Ohm/m, which

is mweh higher than the resistance of the heated rods, which was 0.036 Ohm/m.
Sliding thermocouple assembly

A convenient feature of this apparatus is the use of a sliding thermocouple system, which
measured the inside wall temperature distributions of eathecthree heated rods in the
bundle. Each rod contained five thermocouples, positioned at three stations that were
separated axially by a distance of 480 mm; two thermocouples were placed at diametrically
opposite locations at each of the two upstreamosttand a single thermocouple was
placed at the farthest downstream station. Each thermocouple carrier is supported by two
springs pressing the tips of the thermocouples against the heatedEaddl.set of five
thermocouples was attached to a push ratl ¢buld be traversed along the test section as
well as rotated over the full 360° range by a step motor. These three step motors were
mounted on a traversing system, which was advanced by a fourth step motor and permitted

all thermocouples to be traversaxially over a distance of 500 mfRigure 5d).

Heated Inconel rods

Pressure tube

Sliding TC push rods

Sliding TC carriers Fluid

Traverse bt

mechanism Copper extension rods

~— Fluid outlet

Fig. 3.Overall view of the rod bundle and the thermocoumedrsing mechanism (Jiang,
2015.
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Liner
Heated rod
Unheated rod filler

Fig. 4. Left: Cross section of the rod bundle with dimensions in mm. Righgular
coordinate systems for temperature measurements around each of the three rods, marked as
A, B and C, while viewed from downstream; CSC, SC and OSC denote the central

subchannel, intermediate subchannels and outer subchannels, respectively.

[ Y

G8

GS

38
I

a8
[

(a) (®) (d)

Fig. 5 (a) Crosssections of the heated section equipped with grid spacers (GS); (b) the

wire-wrapped central rod assembly; (c) thermocouple traversing system.
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Instrumentation

The bulk fluid temperature at the inlet and outlet of the rod bundle, as well asrédunps

at different locations of the loop, were measured witllaw ultra-precise RTD sensors
(Omega PM-1/10-1/8-5-1/2-G-15). The range of these RTD sensors was from 0 to 100 °C
and their uncertainty was (0.3 + 0.00%) [°C. 3type thermocouples weiastalled in the

sliding thermocouple system; these thermocouples had an uncertainty of 1.0 K at the 95 %
confidence level. Potentiometers were used to measure the axial and angular displacements
of the thermocouples; the potentiometer measuring the disiglacement had a linearity of
+0.25% over its full moving range of 500 mm and the potentiometer measuring the angular
displacement had an estimated uncertainty offTB& absolute pressure at the inlet of the

rod bundle was measured with a pressuresttacer (Rosemount, Model 3051T), having

an uncertainty of 15.5 kPa. A Coriolis flow meter (Micro Motion® Elite®, Model
CFMO50M320N0A2E2ZZ) was used to measure the mass flow rate; this device was
factory calibrated and had a specified uncertainty of 0.0&i#in its full measurement

range from O to 0.945 kg'. The heating power was calculated from the voltage drop
across the rod bundle and the electrical resistance of the test section, which was measured
prior to its installation. The measured voltadyep varied from 11.9 to 21.1 V, within a

measurerant uncertainty of 0.1 to 0.5%.
TEST MATRIX, EXPERIMENTAL PROCEDURE AND DATA REDUCTION
Test matrix

Table 1 lists the test matrix of the tests performed with the rod bundle equipped with grid

spacers andire-wraps.
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Table 1 Summary of test conditions

Rod bundle equipped with grid spacers

Rod bundle equipped with wire wraps

P PP Gz N Tin 9 .| Date P PP G .| Tn q Date
(MPa)| (-) |kgm?s* |[(°C)| (kW m?) (MPa)| () |kg m?s*|(°C)| (kW m?)

7.69 | 1.04| 200 ([15.00 1-50 |1506-11| 7.69 |1.04| 200 |[15.00 1-50 |15-01-08

841 | 1.14 | 714 |10.9 89.9 |150617| 8.41 |1.14] 711 |11.0] 89.9 |14-02-24

8.42 (1.14 743 |11.2] 174.4 | 140430

8.37 |1.13] 1006 |[11.1] 124.7 |14-02-25

8.59 [1.16/ 1175 [10.9] 124.4 |14-0508

837 | 1.13| 731 |20.2] 89.8 |150618| 8.31 |1.12] 731 [20.2] 89.9 |14-0502

8.41 | 1.14 | 713 |20.1] 119.5 |1506-18| 8.39 |1.14 717 [20.2| 119.3 |14-0508

8.35[1.13) 338 [11.0, 84.0 |14-0926

8.38 [1.13] 337 [30.0, 84.0 |14-0925

8.37 [1.13] 334 |11.0, 55.9 |14-0908

8.36 [1.13] 339 [30.0, 55.9 |14-0925

8.36 [1.13| 444 |11.1] 109.9 |14-09-09

8.42 [1.14 445 [30.0[ 109.7 |14-09-22

8.40 |1.14| 442 |11.1] 73.3 |140909

8.39 [1.14| 446 [30.0; 73.1 |140919

7.66 | 1.04| 339 (115 839 |1506-16| 7.66 |1.04| 337 |[11.4 83.6 |14-09-03

7.72 | 1.04| 334 (29.9] 84.0 |1506-15| 7.66 |1.04| 335 [30.2] 84.1 |14-09-24

7.65 | 1.04| 339 ([11.00 56.0 |1506-15| 7.66 |1.04/ 336 |[11.1] 56.0 |14-09-04

7.71 | 1.04| 336 (30.8) 559 |1506-16| 7.73 |1.05| 336 |[30.9] 55.9 |14-09-24

7.74 | 1.05| 443 [11.00 109.9 |1506-08| 7.68 |1.04| 444 |(11.1] 110.0 |14-09-04

7.74 | 1.05| 443 |29.8) 109.6 |150609| 7.69 |1.04 443 [30.0 109.8 |14-09-23

7.86 | 1.06 | 453 [10.9] 73.1 |1506-08| 7.75|1.05| 451 |[11.00 72.9 |14-09-05

7.71 | 1.04 | 441 |(29.9] 73.1 |1506-09| 7.73 |1.05 445 |29.9] 73.3 |14-09-23

6.58 [0.89] 548 [20.4] 659 |140513

6.66 [0.90| 572 [20.2] 60.2 |140514

6.58 |0.89] 548 [20.4] 659 |140812
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Data acquisition

All pressure and temperature measurements were acquired at a rate of 10 saffgdes/s

the operating conditions were stabilized, measurements were recorded continuously.
During recording of the results, the traversing system was programmed to reposition the
thermocouples, either axially or circumferentially, everys8@t the beginimg, some tests

were investigated at asngular displacement of 30 degrees and an axial displacement of
20 mm. Because of the many measurement locations, these experiments typically lasted for
12 hrs.For this long period of time, it was hard to maintain steady operating conditions
because of system limitations. Therefore, subsequent experimentinvestgated at an
angular displacement of 45 degrees and an axial displacement of 50 mm, which teeuced
test period to 3.5 hrs and allowed us to maintain fairly steady flow condibDamisg data
processing, each data set was divided into blocks, each of which contained data for a
different position of the thermocouple assembly. The data collectedydhenast 10 s of

each block were found to correspond to steady conditions. Data processing was done with
the use of a code written in MATLAB. Spurious values in the data were removed. The data

values used in the analysis of the results represeatau®ages over 10 s intervals.
Thermocouple and RTD calibration check

To check the accuracy of the thermocouples, a-geweer test at a high mass flux was
performed for every run. Figure 6 shows that all sliding thermocouples measured the same
wall temperatue within +0.1K and were in excellent agreement with the RTDs (within

0.1K), even at the relatively low mass flux of 502rkg s*.
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Fig. 6. Temperature readings along the unheated rod bel&48kg m?s™.

Heat balance check

As an overall checlof the accuracy of the measured flow rate, the inlet and outlet RTD
measurements and the NIST code property values, we compared the electricNpower
supplied to the test section to the powerQ "Q absorbed by the fluidThe heat
balance error wasalculated as

o 0 a'Q Q

Yo b prnw - p (1)

The specific enthalpies at the intgt and the outlehy of the test section were calculated

from the corresponding measured bulk temperatures and the measured pressure at the inlet.
The heat balance error was about 3%, except for cases for which the specific bulk enthalpy
at the outlet of the rod bundle was s#oto the pseuderitical enthalpy, in which cases it

was about 5% (Figure 7a). This is because of the strong property variation in the vicinity of
the pseudaritical enthalpyh,; here, a slight variation in the outlet temperature, due to a
slight increae inqg or decrease i or due to the uncertainty of the measuring device can
have a significant effect dm: and consequently the heat balance error. If one assumes that
the heat balance error is due to the heat loss only, a monotonic increasdosshedh an
increase in bundle wall temperature would have been expected. However, no sdch tre

was observed in Figure 7b.
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Fig. 7. (a) Percentage error in heat balance &sdiy (kJ kg") and (b) Heat loss (W) vs.
the bundleaverage temperaturéQ); solid and dotted lines indicate the pseudocritical
specific enthalpies fdP/P, = 1.04 and 1.13, respectively.

Repeatability checks

We performed two types of repeatability checks, a classical one, in which we compared
measurements for nominally tteame test conditions at roughly the same time, and a
second one, in which we compared corresponding measurements taken after a long period
on inactivity or after making changes to the loop. The second type would indicate the
appearance of errors in measgridevices due to instrument drift or due to changes made

to the loop. Figure 8 shows an example of a test of the first type of repeatability, performed
within a time interval of 3 hrs; it can be seen that the wall temperatures were in excellent
agreementor the two trials. An example of the second type of test, performed with a time
separation of 3 months, is shown in Figure 9; in this case as well, the measurement
repeatability was excellén
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Fig. 8.Repeatability test results for 0° angle (trialdnd 360° angle (trial 2, obtained 3 hrs

later, with the thermocouple rotated by 360°).
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Fig. 9.Comparison of test results taken with a separation of three months.

CALCULATION OF THE ROD OUTER WALL TEMPERATURE AND THE
LOCAL HEAT TRANSFER COEFFICIENT

Thebulk specific enthalpyh, at an axial location having a distangge from the inlet of the

heated test sectiomas calculated as

h=h @
wherehy, is the specific enthalpy at the inlét,is the measured electrical power supplied to
the test sectionf# is the mass flow rate arld, is the heated length. The corresponding
local bulk fluid temperaturd@, and the bulk thermphysical properties of carbon dioxide
for each value oh, and a specified pressuf® were calculated using NIST software
(Lemonnet al.,2002). Considering that the thermal resistivity coefficient of Inconel 600 is
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very small, one may assume that théuwmetric heat generatio@ for each of the three
heated rods was uniform and equal to

N
(- L, ©

wherer, andr; are, respectively, the rod outer and inner radii. The nominal, or average,

Q:

heat flux from each rod to the fluid was computed as

N
6L, 1, “)

q:

The nominal heat flux was uniform in tleatire heated section, but the local heat flux to
the fluid varied because of heat conduction in the rod walls as a consequence of wall
temperature nenniformity in the circumferential and axial directions. To determine the
local heat transfer coefficiermccurately, one would need accurate estimates of the local
outer wall temperature and the local heat flux, but obtaining such estimates is a complex
matter, as will bdllustrated in the following.

In cylindrical coordinates, ¢ , z, the heat conductioequation in the rod wall is described

by the equation

——i— — — - mh (5)

wherek is the local thermal conductivity of Inconel 600, which, for convenience, may be
evaluated at the local measured inner wall temperdiyreThis equation is subjected to

two boundary conditions. First thavi b i must match the measured lock); and
second that the inner wall should be adiabatic, which implies'@rat T. This

equation can be easily solved numerically, but it requires specificatioh, ot all
locations, which would require measurements with a very fine spasslution, as
necessary for an accurate determination of second order temperature derivatives. This was
unattainable in the present setup, because it would mean that each run would extend over
several days, making it impossible to maintain constantatipgr conditions. For this
reason, we adopted a simplified approach, which was deemed to be suitable for rough
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estimates of the local outer wall temperature and the local heat transfer coefficient,

especially at locations where temperature changes weng aban the vicinity of spacers.

The simplest means of calculating the outer wall temperaysérom the measured inner
wall temperaturd,,; would be to neglect circumferential and axial heat conduction through
the rod wall and solve the ommensimal (.e., radial)heat conduction equation instead of
the 3D equation (5). This would give (Incropetaal, 2007) the 1D estimate
2
Too =T - Q_rilni"'(riz' roz)g
' o2k, 4k (6)
Following this procedure, the 1D estimate of the local wall heat flux to the fluid would be
uniform and equal to the nominal heat flgrand the 1D estimate of the local heat transfer
coefficient would be

e @
This approach, althougladopted by many previous investigators, would introduce
significant error at locations having strong circumferential and/or axial wall temperature
variations. An alternative approach may be based on the analysis by etuain1996),
which neglects theadial variations of the circumferential and axial temperature derivatives

and solves equation (5) to estimate the local wall heat flux to the fluid as

é 1 lJ'ZTWi uZTWi 6
q3D:q+k(r - 1) L+ LQ 8
TR et et 2 ©
It must also be noted that this solution was based on the approximation —, which,

for the current ratio- p®, introduces an error of less than 5%. Huatagl. (1996)

compared the values of local wall heat flux calculatechfequation (8) by neglecting axial
conduction to exact solutions of equation (5) for a representative circumferential variation
of inner wall temperature and found them to be close to each other for the diameter ratio
value used presently. In view of tleefindings, one may be confident that equation (8)
would provide a good estimate of the local wall heat flux, except possibly at locations with
strong axial wall temperature variations (as would likely occur in the vicinity of spacers)

and provided that mer wall temperature measurements allow for fair estimates of second
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order derivatives. This still leaves the task of calculating the outer wall temperature. The
literature provides no approximate method for this calculation and one would need to solve
eguation (5), which would be impractical in the present setup because of the coarse spacing
of inner wall temperature measurements. As will be demonstrated shortly by example, it
was found that conduction effects can be significant for calculation of thehaelflux

and, consequently, for the heat transfer coefficient, but they are generally small for the
calculation of the outer wall temperature, because of the small rod wall thickness. In turn,
an error in outer wall temperature would introduce a muchlesngror in the heat transfer
coefficient, because of the relatively large difference between wall and bulk temperatures.
For this reason, we decided to estimate the outer wall temperature by using the 1D
conduction equation, having first substituted #lwéual volumetric heat flux by its portion

that was transferred to the fluid. Thus,

T3'D :T - roq r.i |nr_|_ roq . (9)

Finally, the local heat transfer coefficient was estimated as
e 10

Before showing some examples of the application of the present method, it seems
necessary to review its advantages and limitations. An important observation is that the
error in the local heatdnsfer coefficient estimate would mainly depend on the error in the
local wall heat flux estimate, and to a much lesser degree on the error in the outer wall
temperature estimate. Another important point is that circumferential heat conduction
correctionsof the local wall heat flux and the local outer wall temperature would even out
when averaged circumferentially. For this reason, we content that a fairly good estimate of

the average HTC would be obtained as

av_ ¢
Hv=_ 9
TVZ\II.‘DOaV _ Tb (11)

where T, >*'is the circumferentially averaged 1D outer wall temperature. The accuracy in

the H* estimate would depend mainly on the accuracy of determination of second
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derivatives (cwature) of inner wall temperature variations. Curvature would be most

significant at local minima and maxima df,; . At a T,,; maximum, H* would have a

local minimum and the 3D correction for wall heat flux would be such as to further

diminish the H*value. On the opposite, at §,; minimum, H*would have a local

maximum and the 3D comgon would be such as to further increase th8value. As a
result, if heat conduction had not been considered, the estimates of HTC would have been
systematically distorted: minima would have been overestimated and maxima would have

been underestimated, although average values may not have had significant errors. In

practice, because the curvature @f,;must be determined from coarsely spaced

measurements, additional errors, both of precision and bias type, wouldrdmticed.

Huang et al. (1996) demonstrated by example that precision erroiT jnintroduced

significant scatter on the wall heat flux estimates, which would then propagate into HTC.

The coarseness ofl,; measurementsvould likely result in underestimation of the

curvature magnitude at maxima and minima, which means that the results would be under
corrected at such locations. Close circumferential and axial spa&ings5(degrees and
10 mm, respectively) would havienproved the accuracy of the estimates, but were

unattainable for the reason mentioned previously.

In the present tests, we measufgd at evenly spaced circumferential and axial intervals.

For a small number of early runs, the axial spacing was s€0tanm and the
circumferential spacing was set to 30 degrees. Because, however, even such runs required a
relatively long time to complete, the spacings were increased to 50 mm and 45 degrees for
the majority of runs. This axial spacing was not suffictentesolve local extrema and the

axial conduction correction that was based on the available data was, in general, found to
be negligible. For this reason, axial conduction effects were not accounted for in our
results. On the other hand, circumferentiah@uction effects, even when estimated from
relatively coarsely spaced measurements, were found to be substantial and were accounted
for to the degree that was possible.

Figure 10 shows comparisons between 1D, 2D (this means that axial conduction was

neglected) and 3D estimates of the outer wall temperature and the heat transfer coefficient
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for a case with a rather extreme circumferential variation of measured wall temperature
around one rod. The largest wall temperature correction for this case was fobed t

1.1 °C, whereas the largest correction Howas 37%. The largest differences iy, and

H occurred at locations at which the circumferential profile of the inner wall temperature
had a strong curvature, which in most cases occurred near a minimum or a maximum of
Twi. Near a maximumil,,;, the 2D estimate ofl,,, was typically larger than theDL
estimate, whereas the 2D estimatéHofvas smaller than the 1D estimate; the reverse was
observed at locations with a maximuig;. Figure 11 shows representative axial variations

of the uncorrected and corrected maximum heat transfer coefficientsaaloingwrapped

rod and the corresponding axial variations of the average heat transfer coefficients in the
central subchannel, whekewas higher than the circumferentially averaged values. These
plots clearly demonstrate that the 2D estimates of the mmi were generally lower

than the 1D estimates, and, on the opposite, the 2D estimadda tfie central subchannel

were in most cases higher than the 1D values. The previous discussion may serve as a
warning when analyzing heat transfer data in tightgked i(e., with a pitchto-diameter

ratio that is lower than 1.2) rod bundles, in which temperature may change significantly in
the circumferential direction. We also found that, despite the use of a sophisticated method
for measuring the rod inner t@erature distribution and the application of corrections for

2D conduction effects, the estimated local HTC may still be subject to appreciable errors,
both of precision and bias types. Such errors would be much higher, if, instead, one had
used the 1D mhbbd for evaluating the local HTC, as this method would underestimate
significantly the spread in HTC around the rod circumference, which could affect adversely

the accuracy of SCWR safety analyses.
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Fig. 10. Circumferential variations of the inner wall temperature (IWT), the outer wall
temperature (OWT) and the heat transfer coefficient (HTC), estimated by 1D, 2D and 3D
analyses; the variation of the wall heat flux estimated by a 2D analysis is also shesen; th

results correspond to rod C of the wwveapped rod bundle at= 184 mm;P = 8.36 MPa,
G = 700kg m? s?, Ti, = 11°C andq = 89.9kW m™ (plotted as a dashed line); in this run,

inner wall temperature was measured at circumferential increments a@¢g3@nd axial

increments of 20 mm.
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Fig. 11. Axial variation of the minimum heat transfer coefficient along the heated section

(top) and the average heat transfer coefficient in the central subchannel (bottom) of a

wire-wrapped rod bundle; conditions & Figure 10.
EXPERIMENTAL RESULTS AND DISCUSSION

In this section, the results are presented graphically as plots of the outer rod wall
temperature and the heat transfer coefficagdinsthelocal bulk enthalpy. In some cases,

the heat transfer coefficient has also bedettgd against axial location.
Axial and circumferential variations of wall temperature and heat transfer coefficient

Representative plots of the wall temperature at diffececumferential and axial positions

and the corresponding heat transfer coefficient along one of the three rods are presented in
Figures 12 and 13. One may observe a significant spread in temperatures around the rod at
each axial location and an irregulaxial temperature variation. Although wall temperature

and HTC variations may appear to be random to a casual view, they were actually found to
be systematic and repeatable. The complexity of these variations is such, however, that it is
impossible to dentify their causes, or connect consistently the specific local temperature
values to local geometrical features, including the local-wnap patterns. The only clear

observation in both figures is the lo@hancement dfeat transfeat the grid spasrs and
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just downstream of themAmong the factors that could affect the wall temperature and
HTC variations are (i) possible imperfections in the fabrication or the materials of the
device and possible local distortions from the unheated shape as theofethiermal
expansion, (ii) the distance from the nearest wirap location or grid spacer, (iii) the
orientation of the measurement position, namely whether the thermocouple faces an open
subchannel, an unheated wall, or a heated wall, (iv) the entlalgp flow imbalances
between the different types of subchannels. In addition, for certain flow conditions, HTD
may have occurred in one sabannel but not another, and this would have given rise to
further increases in the temperature spréadeed, insome cases, the results near the
entrance of the heated wivaapped rod bundle show evidence of local HTD in the form of

a peak in wall temperature and a minimum in HTC. This was, for example, the case shown
in Figure 12, for runs with a relatively smaflass flux and a relatively large heat flux. In
contrast, Figure 13, which shows cases at a higher mass flux and somewhat lower heat flux,
bears no signs of HTD. It is noteworthy that, in this respect, results obtained with either
wire-wraps or grid spacetsad similar overall characteristics. Tube results under the same
conditions, also shown in Figures 12 and 13, provide further evidence for HTD near the
heated section entrance for the first runs and lack of HTD for the second runs. The
important lesson wdearned from these observations is that one may not exclude the
presence of HTD in wirgvrapped rod bundles under some conditions, in contradiction to
some statements in the literature. The issue of HTD will be discussed in more detail in a

later section.
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Fig. 12.Wall temperature and heat transfer coefficient at various circumferential positions
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spacer locations.

100 2014-05-02 RodB 490 . . 2015-06-22 Rod B

80
60
40 |

(=]
=]
T
v
'
1
'
\
3
[}

“BPLE1.13, G="731 ke/m’s ]
T, =202 °C, g=89.9 kW/m?

)
§
Z
S

O =W RN D
T

245 265 285 305 325 345 245 265 285 305 325 345

&, (kJ/kg) b, (kJ/kg)
+ 0 m 45 4 90 0 ¥ 45 e 90
135 180 e 225 135 180 + 225
270 315 8mm ID tube 270 A 315 — 8mm ID tube
----- Tb ——==-Th
(@) (b)

Fig. 13. Wall temperature and heat transfer coefficient vs. bulk enthalpy at different
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Parametric trends of maximum wall temperature and minimum HTC

In this section, we present representative axial profiles of the maximum wall temperature
Tmaxa@nd the corresponding minimum heat transfer coeffidi, as thes properties are

of primary concern in nuclear safety analysis. In particular, we examengependence of
these extremes upon the values of the imposed heat flux, mass flux, pressure, inlet
temperature and spacer type. We present mostly measurementedldta the wire
wrapped bundle, but note that corresponding data for the bundle equipped witrageissp
showed similar effects.

Heat flux effect:Figure 14 shows the axial variations ®fax and Hmin for four
representative pairs of runs; each paadhthe same pressure, mass flux and inlet
temperature but two different heat fluxes. Note thht, generally decreased with

increasing heat flux, but this dependence was much weaker than the dependgpgerof

heat flux. For example, in one case arrémeent of 100 % in heat flux corresponded to a
decrement ofHqn by 35%. A comparison between the measurements and the
corresponding predictions of Jacksonds corr ¢
Although this correlation was based on baree data, it predicted approximately the

observed trends of the heat flux effect on thelsoddle wall temperature and heat transfer
coefficient. The predicted heat transfer coefficients were roughly 25 to 150% higher than

the experimentavalues.

Mass flx effect: The effects of mass flux ofnax and Hmin for nearly constant pressure,

inlet temperature and heat flux are shown in Figure 16 for the fairly wide flaasange

from 440 to 1175 kgn®s™. As expected, a decrease in mass flux resulted in an increase in
wall temperature and a decrease in HTC. The overall decrease of 62% in mass flux caused
a decrease dfimin by 75%. These results do not show any clear evidence of HTD, although

it seems possle that some mild form of HTD may have occurred near the inlet of the

heated section ah¢ lowest considered mass flux.

Pressure effectFigure 17 shows a comparison ©fax and Hyn for P/P, = 1.04 and
P/P. = 1.13.1t appears that the pressurdueawithin this SC range had little effect on these

two parameters. In addition, one can see that the corresponding data points for the two
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pressures nearly coincided, which provides further proof that the variation of wall

temperature was systematic argeatable.

Inlet temperature effectThe effect of inlet temperature Ohnax and Hmin for the same
values of otheflow conditions is shown in Figure 18. For the range of-18D C° no
significant effect was observed, thus providing support for udipgas the main

independent parameter affecting the wall temperatnuéaat transfer coefficient.

Effect of type of rod spacefigure 19 shows axial profiles ®f, andH» in the rod bundle
equipped with wiravrap spacers (WR) and grid spacers (GS). It is evident that the spread
in Hmin was greater for the GS bundle than for the WR bundle, which indicates that wire
wrapping was more effective in mixing the flow in the entiod bundle. Both the lowest

and the highest values bk, occurredin the GS bundle, with the latter appearing at the
locations of the spacers and shortly downstream of them. The grid spacer effect is

discussed andnalyzedn more detail later in thipaper.
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Fig. 16. Effect of mass flux on the maximum wall temperature and the minimum heat
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Normal heat transfer in the rod bundle and comparison with tube measurements and

predictions of a correlation

In this section, we are concerned only with cases having normal heat transfer in the rod
bundle equipped with eithéype of spacers, as well as in the 8 mm tube that was used as a
reference. We examined results within the full range of nfhs®es (G = 200 to

1175 kgm? s?) and, for each mass flux, we selected cases for which the heat flux was
sufficiently low for the heat transfer to show no signs of deterioration. Representative
measurements of the wall temperature and the corresponding heat transfer coefficient are
presered inFigure 20 t oget her with predictions of Jac
normal heat transfer in tubes. Because our tests with grid spacers (GS) in place were more
limited in scope than tests with wiveraps (WR), some plots are missing GSulss
Moreover, in view of the strong circumferential variation of wall temperature in the rod
bundle, we considered the average wall temperature in the central subchannel (CSC)

formed by the three rods, rather than local v&lue

For very rough purposesne may assert that the results in the two rod bundles and the
tube, as well as the predictions, show similar trends and that differences among the
corresponding values are relatively small or moderate. The most notable differences may
be observed for thipwest mass fluXG = 200 kgm?s?), in which case the HTC in the

WR bundle was clearly higher than that in the GS bundle and the HTC in the tube was
significantly lower than the two others. Based on this observation, one may conclude that
grid spacersd@ as to enhance normal heat transfer at low mass fluxes and thatrejie

are more efficient in this respect than grid spacers. At moderate mass fluxes
(G = 713 kgm? s, all results fell within the experimental scatter and se amy
conclude that spacers had a small effect on normal heat transfer in this range. Surprisingly,
however, at the higher mass fluxé& £ 1006 andl175 kgm™s%)? the HTC in the tube

was measurably higher than that in the WR bundle and the diffesereoes to increase

2 The reason why the tube has a higher HTC than the bandigh mass flowss not clear but it may be
related to variations in bulk temperatures. Figure 20 is based on the central subchannaliiC®®@ps the

largest heated perimeter and hence is the hottest subchannel of our geometsingsthe crossectional

average bilk temperature will undeestimate the fluid temperature in the CSC and thus uestanate the
true CSC HTC.
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with increasing mass flux. This reversal agrees téhobservations of Millegt al. (2013)

and Tanase and Groeneveld (2015) that heat transfer enhancement by obstuwadions
diminished at higher mass fluxeBg. 8 of Miller et al. (2013) in fact quantifies this
diminishingheat transfer enhancement effect at higher mass fluxes. This observation may

act as caution against the intuitive presumption that heat transfer in rod bundles with
spacers would always be stronger than thatilies. Another surprising observation is that

the HTC predicted by Jacksonds <correlation
measurements, although it deviated from the tube results. In view of the fact that this
correlation was based on tube data, tredwes subjected to large scatter, we consider the

level of its agreement with the rod bundle data as rather fortuitous.
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Fig. 20. Comparisons of wall temperatures and heat transfer coefficients at normal heat
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wire-wraps (WR) or grid spacers (GS) and in a 8 mm ID bare tube; predictions of
J a c ksscormeléibn are also shown in the plofdotted lines) solid lines represent the

bulk temperature
Heat transfer deterioration in the rod-bundle

Although a significant volume of data under presumably HTD conditions have been

published over several deam] this phenomenon lacks a clear definition and its
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occurrence, even for flows in circular tubes, remains largely unpredictalgiausible
explanation is that HTD is caused by buoyancy and acceleration efflsatkson, 2011).
Pioro and Duffey (2007)eviewed SCHT in channels having flow obstructions and
speculated that HTD is unlikely to occur in rod bundles equipped with spacers. This
conjecture was supported by the work of Meiral. (2012), wo did not observe any HTD

in a spacerequipped bundle at SC conditions. In contrast, Richardd. (2013) showed

that HTD occurred in a gridpacerequipped severod bundle at SC pressures. As already
shown in Figure 12, HTD was observed to occur under certain conditions neaeths inl
the heated section of the present rod bundle equipped with eithewraips or grid
spacers, as well as in a tube. In these cases, the onset of HTD was demonstrated by a peak
in wall temperature, or, equivalently, by a significant local decreasE @. The issue of

HTD in the present rod bundle will be discussed in more detail in this section. As for the
normal heat transfer, HTD plots will present the average wall tenyperat the central

subchannel.

First, let us examine the onset of HTD forsea with the lowest considered mass flux

(G = 200kg m?s™h), which is most likely for HTD to occur at relatively low heat fluxes.
Figure 21 shows comparisons between measurements in the rod bundle equipped with the
two types of spacers and the tufidne only significant difference among the conditions
applying to the four shown plots is the heat flux, which was gradually increased. At the
lowest heat flux off = 3 kW m™, heat transfer was normal in all cases, although the HTC

for the tube was vislip lower than those in either rod bundle. An increase to
q=5.1 kWm? triggered HTD in the tube, as indicated by a peak in wall temperature near
the inlet; heat transfer in both rod bundles remained normal. Further increase to
q= 7.2 kWm?resulted in HTD in the GS bundle, but not in the WR bundle. Finally, at

q = 12.4 kWm?, all three test sections contained HTD regions near their inlets. These
observations demonstrate that, as in tubes, heat transfer loumdtes at low mass fluxes
deteriorates when the heat flux exceeds a certain threshold. The level of this threshold is
apparently higher for wirgvraps than for the present lowfictor grid spacers. The HTC

in the WR bundle under normal heat transfer d@oots was in all cases in good agreement
with predictions of Jacksonds correlation
onset of HTD.
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Additional evidence for the occurrence of HTD near the inlet of the rod bundle for mass
fluxes in the range ém 334 to 740 kgn?s™ is presented iffigure 22. The two cases with
relatively high inlet temperature, which have been included in this figure, are qualitatively
compatible with cases having low inlet temperature and indicate that HTD occurred under
wide ranges of conditiond he results presented in this figure also demonstrate that the
change of spacers from one type to the other had a rather small effect on the heat transfer,
except at locations near the grid spacers. Measurements in the 8 mumdebe¢he same
conditions showed similar trends, but also made it clear that heat transfer in the tube was
less efficient than in the rod bundle and that the difference increased with decreasing mass
flux. Inspection of our measurements in both rod bundled the tube at mass fluxes
higher than 1000 kqn?s™ did not identify any cases with HTD, but it must be noted that it
was not in the scope of this work to assert conclusively whether or not HTD could be

induced at high flow rates.
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Fig. 21 Onset of heat transfer deterioration in a flow with a low mass flux
(G = 200 kgm?s?); WR and GS refer to rod bundles with wire wraps and grid spacers,
respectively predictions of Jacksondés (dotedlines)l at i on

solid lines represent the bulk temperature
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Fig. 22. Evidence for heat transfer deterioration in the central subchannel of the rod bundle
equipped with two types of spacerspasurements in a tube are also presented; vertical

lines mak the grid spacer locations.
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Effects of grid spacers and wirewraps on wall temperature and heat transfer

coefficient

To illustrate the effect of grid spacers on the local heat transfer in the rod bundle, Figure 23
shows representative variations of walhiperature and HTC along one of the rods at two
circumferential positions: one facing the central subchannel (180 deg) and another in the
gap with another rod (135 deg). The first observation from this figure is that the differences
between values at thes&o circumferential locations were not very significant, which
implies that the spacers were effective in mixing the flow at least in the core of the rod
bundle. The patterns of axial temperature variation were similar for the three spacers. A
wall tempeature minimum appeared at the spacer location; this was followed by a rapid
temperature increase to a local maximum at a downstream distance of very ro(ily 10

is the rod diameter), beyond which the temperature decreased gradually and settled at
approxmately 30 to 40 downstream of the spacer. The local extrema at the spacers would
be subjected to larger uncertainty than values elsewhere, because of (i) significant axial
heat conduction corresponding to the sharp axial temperature gradient, (ifjahstdrthe
electric current athe points of contact betweehe rods and sger material, and (jii
additional heat dissipation due to heat conduction to the spacer. Therefore, the wall
temperature and HTC values at the spacers should be considereglftatige purposes
rather than quantitative on€ghe decaying trend in HTC with distance downstream of the
spacer is only noticeable over thgpical distanceof 10D, which is muchshorter than
distances observed in other SCHT experiments (typicallp 3WD, see Eteet al.,2013).

This can be partially explained by the vamall blockageatio (only 5.3%) of the present
spacers. The decaying trend is qualitatively similar to the exponentially decaying trend of
subcritical heat transfer correlatiorigr bundles equipped with spacers (Yetoal, 1982;

Miller etal., 2013); it is noted, however, that such correlations predicted corrections in the
local Nusselt number closely downstream of spacers that were two or more orders of
magnitude smaller thanhé present observations. A peculiar pattern of decreasing
temperature following the pespacer maximum may be noticed for all three spacers at the
particular conditions of Figure 23his pattern was at its strongest downstream of the last

spacer, wherehe specific enthalpy crossed its pseudtical value of about 31%J kg";
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this may be attributed to an improvement in heat transfer due to the drastic change of

thermophysical properties in the psetatitical region.

P/P.=1.04, G =336 kg/m2s, ¢g=56 kW/m2, T, =11.1°C
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Fig. 23. Axial variations of wall temperature and local heat transfer coefficient along a rod
at circumferential locations facing the axis of the-bothdle subassembly (180° angle) and
a gap between two heated rods (135° angle); grid spacer locations are ihHicaiaid

lines.

To help visualize the effect of the wiverap spacers on the local heat transfegure 24
showsthe axial variations of the measured thireel-average wall temperature and HTC at
180 (facing the axis of the central subchannel). These variations are quite complex, but,
when all runs are considered together, a pattern appears to emerge with frequent mild
minima in wall temperature and corresponding local maxima in HTC at the locatithes o
wire-wraps, which had a pitch of 200 mm (as mentioned previously, the pitch was shorter
in the first 200 mm of the heated lengths of the rofigjirect comparisomf the effects of

grid spacers and wireraps on wall temperature and heat transfeshiswn in Figure 25.

The rather mild, if any, local increase in local heat transfer caused by themaps, by
comparison to the sharp increase by grid spacers, is not surprising in view of the facts that
(i) wire-wraps deflected the flow by the smallghe of 9° and were not placed normal to

the flow like the grid spacers; (iithe wirewrap pitch was much shorter than the grid
spacer pitch (200 mms 500 mm), and so the wingrap effect was distributed more
evenly along the rod bundle; and (iii) hét@insfer on each rod was affected by wineps

on adjacent rods, unlike heat transfer in the-gpdcer geometry, in which the obstruction
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was placed at the same location for all rods. All these effects tended to even out any large

changes in HTC alongné heated lengtbf the wirewrapped rod bundle.
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Fig. 24. Axial variation of the threeod average wall temperature and heat transfer

coefficient at circumferential locations facing the center of the {tuwéebundle
subassembly (180° angles); wisgaplocations are indicated by solid vertical lines.
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Fig. 25. Comparison between witgrap and grid spacer effects on wall temperature and
HTC at circumferential locations facing the axis of the-lboddle subassembly (angle of

180°); grid spacers locationseaindicated by solid lines.
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CONCLUSIONS

Our comparative study of heat transfer at supercritical pressures in adtireendle
equipped with either wirgvrap spacers or lowlockageratio grid spacers has led to the

following man conclusions.

1. The circunfierential and axial variations of wall temperature were quite complex but
systematic and reproducible. It was shown that some of these measurements were
subjected to significant uncertainty, and corrections were applied to the measurements
to compensate fdhe effects of circumferential heat conduction in the heated wall.

2. Heat transfer deterioration appears to have occurred for mass fluxesapptiogimate
rangebetween 200 and 700 kgs™ near the start of the heated section of the rod
bundle equippe with either type of spacers as well as in a circular tube under the same
flow and heating conditions. The onset of deterioration occurred at a higher heat flux
for the wirewrappedbundle than for the one with grid spacers, and at the lowest heat
flux for the tube.

3. For rough purposes, normal heat transfer in either of the rod bundles behaved similarly
to the one in the tube and was also compatible with the predictions of thetcmrefa
Jackson. Overall, hear transfer was somewhat better in thewdmoed bundle than in
the one with grid spacers. For low mass fluxes (roughly 200 and 40F Eg)rmormal
heat transfer in the rod bundles was stronger than in the tube; faeemeadiate mass
flux (700 kg n s%), heat transfer in all three cases had comparable strengths; rather
surprisingly, at higher mass fluxes (100 and 1200 Kgsh), heat transfer in the tube
appeared to be more efficient than in the rod bundles.

4. The minmum super critical heat transfer coefficient decreased somewhat with
increasing heat flux (35% reduction as a result of a 100% increase in heat flux) and
decreased strongly at a low mass flux (75% reduction as a result of 62% decrease in
mass flux). The féects of pressure and inlet temperature were weak.

5. The grid spacers introduced a strong local enhancement, but their effects disappeared
only about 10 rod diameters downstream.
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NOMENCLATURE

D rod diameter, mm

Dy hydraulic diameter of the rod bundle, mm
G mass flux, kg ifs*

H heat transfer coefficient, KW K™

Hav circumferentially averaged heat transfer coefficient, kWit
Hmin minimum heat transfer coefficient at an axial location, KWt
h specific enthalpy, kJ k

ho bulk specific enthalpy, kJ Kg

hin specific enthalpy at inlet, kJ Kg

hout specific enthalpy at outlet, kJ kg

hpc pseudecritical specific enthalpy, kJ kg

k thermal conductivity, kW mK

L length of grid spacenaterial

Ln heated length, mm

£ mass flow rate, kg's

P pressure, MPa

Pc critical pressure, MPa

Q volumetric heat generation, kW

Qe electric power to the test section, kW

heat flux, kW nf
q*° heat flux, kKW n?

Fi

)

rod outerradius mm

rod innerradius mm
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bulk temperature, °C

temperature, °C

test section inlet temperature, °C

maximum wall temperature across an axial locati@n,
outer wall temperature, °C

outer walltemperature, estimated by 1D analysis, °C
outer wall temperature, estimated by 3D analysis, °C
circumferentially averaged outer wall temperature, estimated by 1
analysis, °C

measured rod inner wall temperature, °C

rod wall thickness, mm

axial distance, mm

axial distance from the start of the heated section, mm

angular coordinate, deg
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Chapter 5

Convective heat transfer in supercritical flows of CQ in tubes with and

without flow obstacles

This chaper addresses the obstacles effects on supercritical heat tranafe8 imm ID
tube at supercritical pressure$he results are presented in the formaehanuscriptthat

has been submitted for publication.

Eter, A., Groeneveld, D., Tavoularis, S., 20C@énvective heat transfer in
supercritical flows of CQ in tubes with and without flow Obstacles

Under review byNucl. Eng. Des.

This paper presents a new database of ¥at transfer measurements at low, moderate
and high mass fluxes, and supercritipegssures obtained Bn 8 mm ID tube with and
without flow obstructionsAt low flows and low heat fluxes HTilke phenomena were
observed near the start of the heated length at supercritical pressure (in thékkquid
phase).This new dataset has immved ourunderstanding othe variousheat transfer
modes at supercritical pressures and the effect of flow obstructions on these heat transfer
modes. Thsedata can be used to improve flamfluid scaling methods or enhance the
accuracy of available calations to predict the heat transfeome of the novel
observationglescribedn this paper arg¢i) mass flux has insignificant effect on SCHT at

HTD conditions and the same bulk enthalppd (ii) spacerscan trigger heat transfer

deterioration (HTDunder certain conditions
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ABSTRACT

Heat transfer measurements to &foled tubes with and without flow obstacles at
supercritical pressures were obtained at th
test facility. The effects of listacle geometry (obstacle pitch, obstacle shape, flow
blockage) on the wall temperature and heat transfer coefficient were investigated. Tests
were performed for vertical upward flaw a directly heated 8 mm ID tube for a pressure
range from 7.69 to 8.361Pa, a mass flux range from 200 to 11&Am? s?, and a heat

flux range from 1 to 17%W m. The results are presented graphically in plots of wall
temperature and heat transfer coefficiemtoulk specific enthalpy of the fluid. The effects

of flow parameters and flow obstacle geometry on supercritical heat transfer for both
normal and deteriorated heat transfer are discussed. A comparison of the measurements
with leading prediction methodsrfsupercritical heat transfer in bare tubes and for spacer
effects is also presented. The optimum increase in heat transfer coefficient was found to be

for blunt obstacles, having a large flow blockage, and a short obstacle pitch.

Keywords:

Convective heiatransfer
Supercritical pressure
Experimental data
Carbon dioxide

Heat transfer deterioration

Obstacles
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1. INTRODUCTION

The supercritical heat transfer (SCHT) mode has distinct characteristics not present at
subcritical pressure$Vhen the fluidpressure and temperature are near their critical values,

or when the pressure is supercritical and the fluid temperature is near its-psé&odio

value, small changes in temperature can cause large changes in the-ghgsioal
properties, and the heamtinsfer may undergo enhancement or deterioration. Of particular
importance in the safety analysis of the swupéical water reactor (SCWR) is the
phenomenon of heat transfer deterioration (HTD), during which the supercritical (SC) heat
transfer coeffient (HTC) drops below the value that would be expected during normal
forced convective heat transfer, thus resulting in a rise in surface temperature. Peaks in wall
temperature have been encountered closely downstream of the beginning of the heated
length and this has been attributed to heat transfer degradation associated with the
development of the thermal boundary layer (Pioro and Duffey, 2007). Peaks in wall
temperature have also been encountered within the developed thermal boundary layer and
this maybe attributed to buoyancy effects in mixed convection flow (Fewster and Jackson,
2004). Investigations of heat transfer to supercritical fluids usingaS@ modeling fluid

have been performed by several research groups, because, compared to SC whtes, CO
lower critical pressure (7.4 MP&s. 22.1 MPa) and temperature (31%S. 374 °C) and

lower power requirements. Many researchers, including Jackson (2008), Zwelireki
(2011), Chenget al. (2011) and Zahlaet al. (2015) have developed fluitb-fluid scaling

laws based on the similarity in the thermalhydraulic behaviours of water apdatCO
supercritical pressures. Supercritical heat transfer in fuel channels is affected by the
presence of flow obstructions, such as spacer grids in rod bundésetEdl. (2013)
reviewed the literature of the spacer effect on SCHT. They found that flow obstructions
generally enhance heat transfer and that the highest heat transfer enhancement (sometimes
exceeding 100%) occurred when the coolant temperature was neauds-psgcal value.
Significant heat transfer enhancement was found to occur downstream of grid spacers in
upflow; in downflow, however, the effect of grid spacers on heat transfer was less
pronounced and was sometimes absent altogether @¥lali,2012) Predictions of spacer

effects on supercritical heat transfer using CFD codes were found to be in fair agreement
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with experimental observations for normal heat transfer conditions, but were deemed to be
of questionable accuracy for HTD conditions.

The pesent experimental investigation is a continuation of the experimental program at the
University of Ottawa, following the article by Zahlan et al. (2015b) on-Cgoled directly
heated tubes. Whereas that investigation was primarily designed to providienseiptary

data for a transritical multi-fluid look-up table (Zahlan et al., 2015a) for heat transfer
coefficients, the present study was designed to investigate systematically the effects of flow
obstructions on supercritical heat transf@he resultsof this investigation fill the
presengap in our knowledge concerning supercritical heat transfer downstream of
obstructions and can be uded assessinthethermalhydraulic impact dfiel bundle

spacers iIlBCWRs.
2. EXPERIMENTAL FACILITY AND INSTRUMEN TATION

The present SCHT investigation was conducted in the University of Ottawa Supercritical
CO; loop (SCUOL). This section describes the test facility, its instrumentation and the test

section configurations.
2.1 Test facility

Figure 1 shows the majoomponents of SCUOL. The maximum operating pressure is

10 MPa. The heat supplied to the test section was provided by a rectified DC power supply
having a maximum voltage of 60 V DC and a maximum current of 283BhA.main

power supply draws power fromhe uni ver sityobés AC iplsepr gr i d
and provides a rectified current with a frequency of 360 Hz, which is sufficiently high to
maintain a steady heating of the test section. Four parallel cables were used to transmit the
current acrosshe test section; power loss due to heating of the cables was kept at
acceptable leveldhe fluid inlet temperature to the test section was controlled by a 22 kW
pre-heater. Cooling of the loop was achieved by passing the operating fluid through four
heatexchangers connected in parallel; two of these units used centrally supplied chilled
water as a secondary fluid, whereas the other two used ethylene glycol, that was circulated
from a tank contained in a freezer room. More detwilge beemprovided by Jiag (2015).
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Figure 1: 3D view of University of Ottawa C@supercritical loop (Jiang, 2015
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2.2 Test section

All measurements presented in this paper were collected using a directly heated Inconel
600 tubular test section, mounted vertically with ;G@wing upwards. The test section

had an internal diametdd = 8 mm, a wall thickness of 1 mm and a heated length

Lh = 1940 mm. The heated part of the tube was preceded by an unheated section with a
length of 890 mm, which ensured that the flow entering the heated section was fully
developed. The test section was intedathermally by layers of fibglass cloth tape, ih

a thickness of 8 mm, surrounded by a ruHbam insulation tube with a thickness of 50

mm. In order to study the flow obstacle effect on heat transfer, blunt or rounded cylindrical
obstacles with a diameter of 4 mm (25% blockage ratio) and a lendgtB afm were
inserted inside the test secti®@ubsequently, the effect of blockage ratio was investigated

by using a blunt obstacle having a smaller diameter of 2.9 mm (13% blockage ratio).
Because the blockage was located asymmetrically, the effectcaifegrential blockage
location on SCHT was also investigated. Figure 2 shows a schematic diagram of the test
section with the locations of the thermocouples as well as cross sections of the test section
with the main dimensiongjefinitions of azimuthal cardinates and awobstacle kept in

place by a movable magnet. Note that the obstacles were located at 180° and the wall
thermocouples at OT.able 1 specifies the pertinent geometric details and axial positions of

the flow obstructions for the six differecdnfigurations that were tested.
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Figure 2: LHS: Schematic diagram of the 8 mm test section showing the locations of
thermocouples; PS: power supply; PT: pressure transducer; DPT: differential pressure

transducer; RHS: details of the obstacles il locations; all dimensions shown are in

mm.
Table 1: Obstaclequipped tube configurations
Configuration| Obstacle Number of Distance of Obstacle
shape Obstacle | obstacles| downstream end o] pitch
blockage obstacle from the| (mm)
ratio (%) inlet' (mm)
First Last
1 1 935 0
2 2 935 1935 1000
3 Blunt 25 > 935 | 1435 | 500
4 8 935 2685 250
5 Rounded 25 2 935 1435 500
6 Blunt 13 8 935 2685 250

Heating started at 890 mm.
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2.3 Instrumentation

The temperature variation along the test secti@ll was measured with-fiype (Copper
Constantan) thermocouples (Omega SATIXISRTC), having an uncertainty of 0.5 K (this

and other reported uncertainties correspond to a 95% confidence level) and a time constant
of less than 0.15 €1 thermocouples werattached to the exterior wall of the test section

(38 on the heated section and 3 on the unheated section) using a-4ihsedeadhesive,

whi ch has a t e mp e Tha thermoeouplea wererattachedfto ti2e@xXiegidl .
wall of the test sectionsing a siliconédased adhesive, which has a temperature rating of
260¢C. The bulk fluid temperatures at the

locations of the loop were measured with ufiracise immersion RTD sensors (Omega

P-M-1/101/8-5-1/2-G-1 5 ) , having a maxi mum uncertainty

The test section inlet pressure was measured by a pressure transducer (Omega PX01C1
3KA5T) with a specified uncertainty of 21 kPa; it was calibrated in the range from 0 to
10342 kPawith a maximum uncertainty of 7.76 kPa. The pressure drop across the heated
length of the test section was measured with a differential pressure transmitter (Omega
PX771A300DI), having an uncertainty of 75 Pa. The Gfiass flow rate was measured

with a Qoriolis flow meter (Micro Motion® ELITE® CFM050M320N0A2E2ZZ), having

an uncertainty of 0.05% for liquid flowrhe instantaneous voltage drop across the heated
length of the test section was measured with-aiRdigital voltage measurement module
(National Instrument NI 9225), having a range of £300 V and an uncertainty of 0.034 V.
The rectified voltage fluctuatieat a frequency of 360 Hz and was sampled at a much
higher sampling rate. The electrical power supplied to the test section was calculated from
the measured timaveraged voltage and the measured electrical resistance of the test
section. A dedicated coraferized data acquisition system was used to monitor and control
different loop operations and to record the dafdl pressure and temperature
measurements were acquired at a rate of 10 samplsés. the test conditions were set
(pressure, inlet tempdrae, mass flux, and heat flux), we waited for the wall temperature

to reach a constant levelThen the system was considered steady state and the
measurements were recordethe measurements were recorded after the operating
conditions had stabilized. Datprocessing was done with the use of a code written in

MATLAB. Spurious values in the data were removed. The data values used in the analysis
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of the results represent tiraweage values over 60s interval¥he ranges of the

measurement devices and theicertaintieg90% confidenceare summarized in Table 2.

Table 2: Ranges of measdiparameterand their uncertainties

Parameter Unit Range Uncertainty
Wall temperature °C (-73)71 (+260) 0.5
Bulk temperature °C 0-100 0.1

Mass flow rate Kgs' 0-25 0.05 %
Voltage Volt (-300)1 (+300) 0.034
pressure kPa 0-10342 7.76

Obstruction positior mm 5

3. TEST MATRIX, EXPERIMENTAL PROCEDURE AND DATA REDUCTION

3.1 Test matrix

Table 3 lists the ranges of flow conditions covered in the experiments with the bare and
obstructed tube test sectidBupplementary data associated with this article can be found,

in the online version, ditttp://dx.doi.or

Table3: Conditions for investigated flows in a bare and an obstructed 8 mm ID tube

wMPa) | PP lgmzshy | jwm?d | (°C) Re Pr Gr
. 19,4000 | 1-24 |6.7*1CP-

7.69 | 1.04 |200-1000| 1.071 92.4| 9-30 240,000 37110
. . 18,950 1-21 |5.5%10°-

836 | 1.13 [200-1184| 1.01 229 | 97 30 356,000 3 7110

3.2 Heat transfer calculation procedures

The volumetric heat generation in the test section wall was calculated as

v Q.
= 1
P2 1)L, W

whereQe is the measured electrical power supplied to the test seciiandr; are the tube

q

outer and inner radii, respectively, alngis the heated length. The inner wall temperature

Tw was calculated from the measured outer wall temperdtygeising the hetadiffusion
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equation with uniform internal energy generation in cylindrical coordinates (Increpera
al., 2007), as

\

20 ed, - A'TS T 2 .29

T, =T, +-—fosso S IN-2+(r°-r*)— 2
w w,0 2k i (o i )4k ’ ( )
wherek is the thermal conductivity of Inconel 600 evaluated at the Bgabndqssis the

heat loss tdhe surroundings, which was neglected for this calculation. The wall heat flux
was calculated as

& , (3)

pDL,

under the assumption of no heat loss to the surroundings and no heat conduction to the test

q:

section supports. Under the saassumption, the bulk fluid enthalpy along the heated test
section was calculated using the simplified energy equation

Qe Zh
h. =h_ +-=¢ , 4
b in H I—h ()

whereh;, is thespecific enthalpy at the inletfiis the mass flow ratend z is the axial
distance along the heated section. The corresponding local bulk fluid tempé&gatune
the thermephysical properties of carbon dioxide were calculated using NIST software

(Lemonnet al.2002).Finally, the local heat transfer coefficiehtTC) was calculated as

H=—J 5)

3.3 Checks of measurement accuracy

To check the accuracy of the thermocouples, a-peveer test at a high mass flux was
performed for every run. In all cases, differencéesthe readings of all test section
thermocouples and the RTD were less tharKQ.which is deemed to be the temperature
measurement uncertainty. In order to confirm that the performance of the loop and the
instrumentation remained staldaed that nachanges occurred to the calibrated measuring
devicesduring the course of these experiments, repeat tests were performed occasionally.
Figure 3 shows an example of a pair of repeat test, performed with a time separation of two
years; it can be seen thatethvall temperatures and heat transfer coefficients were in
excellent agreement for the two trials.is further noted that Zahlaet al. (2015b)
performed comparisons of SCHT data obtained in SCUOL with previous SCJ&®
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obtained by various authors afudind good agreement, thus confirming the reprodlityibi
of data obtained in SCUOL.

As an overall check of the accuracy of the measured flow rate, the inlet and outlet RTD
measurements and the NIST code property values, we computed the imbalance thetween
electrical powerQ. supplied to the test section and the thermal podvef Q
absorbed by the fluid as

Yo 0 a'Q O (6)
The specific enthalpies at the inlgt and the outleh,; of the test section were calculated
from the corresponding measured bulk temperatures and pressures. This imbalance
includes measurement errors and heat losses to the surrounding air and the test section
supports. It is expected that heat losses would be relatively low for tests for which the
axially averaged test section temperatlig,y was not much higher than the room
temperature, but would increase with increasing,. We verified this hypothesis by
conducting a series of tests with different wall heat fluxes, while keeping the pressure,
mass flux and inlet temperature constant. We performed these tests at the lowest mass flux
of 200kg m? s*, for which the relative imbaland&® 70 was found to be the highest. As
figure 4 shows, the imbalancéd was very small forTya, < 100°C ad increased
monotonically with increasin@. o, for higher average temperatures. For the lowest tested
heat fluxes, the power imbalance appeared to be negative, which we attribute to
measurement errors. With the exception of tests at the lowest massaarftlkes, the
relative imbalanc&0 70 was found to be less than 5% in magnitude, which is deemed to
be acceptable, especially when considering that in the vast majority of tests the relative
imbalance would be significantly lowelt is noted that he number of measurements

obtained in the obstructed tube at low flows was very small.
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4. SUPERCRITICAL HEAT TRANSFER IN A BARE TUBE

In this section, the bare tube results are presented graphically as plots of the wall
temperaturel,, and the corresponding heat transfer coefficldrgtgainst the specific bulk

fluid enthalpyh,. The solid and dashed lines in these plots represent reghechie bulk

fluid temperature and the pseudatical enthalpy. Flow conditions reported in the plots are
averaged values and it is noted that the pressure, mass flux and heat flux could vary by up
to 1% during the course of each test; similarly, thetitemperatre could vary by up to

0.5°C.

4.1 Heat transfer types

Figures 5 to 7 show examples of the bare tube results obtained at low mass fluxes, which
cover a much wider range of bulk enthalpies than the higher mass flux results to be
discussed latefhis permits us to distinguish among three SCHT types.

(i) Heat transfer to liquid-like COg: this happens wheh, << hy. and Ty, < Tpe. For
relatively low heat fluxese.g, q = 2.9 kW m? in Figures 5a,b and = 9.2 kW m? in

Figure 5c,T,, increasedmonotonically along the heated test section, which indicates that
heat transfer was normal. At higher heat fluxes, the wall temperature underwent one or
more peaks, which is evidence of heat transfer deterioration (HTD). HTD in the bare tube

will be discused in the following subsection.

(i) Near-critical heat transfer: this happens wheh, is close toh,. Figure 6 shows
examples of neagritical heat transfer. The heat transfer was enhanced significantly in the
vicinity of the pseuderitical point forG =300 kg n¥ s?, but less so fo6 = 200 kg nfs™.

Figures 6¢ and 7c also show that, at lower heat fluxes, the heat transfer improvement was
more pronounced. This improvement is primarily attributed to the large changes in heat
transport properties, espially in specific heat.

(iii) Heat transfer to gaslike COg: this happens whem, >> hy.. Figure 7 shows examples
of gaslike heat transfer type. In this range, the heat transfer resembles-Enagie,
subcritical heat transfer, especially at condititret are far away from the pseudatical

values.

155



(a) P/P.=1.03, G'=208 kg/m’s, T, =153 °C

40 1.2
PR 2 1 F -
30 o Q . ponat”
— ol
@] o’ a 0.8 o pooo?2
a0 | e Eoe L 8 DW
f * ¢=6.0 kW/m? E 04 - qﬁ;
10 - o ¢g=7.0 kWim? = -
0 g=8.8 kW/m? 0.2 -
0 1 L 0 1 I
230 245 260 275 230 245 260 275
(b) PP.=1.14, G=203 kg/m?s, T, = 14.2 °C
1.2 T
g !
- 0.8
£ 0.6
B A
=04
10 + 0 g=7.3kWim? = 0.2
0 g=8.8 kW/m’ T
0 L L 0 1
230 245 260 275 230 245 260 275
(c) PP.=1.05, G= 308 kg/m?s, T, = 14.6 °C
50 ; " e 24 " " " ‘ :
"o PAooo= EDDDDDDO%?E;: 2+ ,u""o 4
ﬁ‘ﬂ] = o Ogg? 2 S, 0 4 :’2‘
030 *********************** | NE 1.6 o b
& — ~g= 92kW/m’ E 1.2 % ﬁunnnnﬁﬁhunﬂununnﬂ q
320 ¢ cg-15okwi | Zgg | g |
10 | eg=l66kWm? | o | |
0 g=20.0 kW/m? -
0 . . ] ‘ ‘ 0 . . .
230 240 250 260 270 280 290 300 230 240 250 260 270 280 290 300
b, (kJ/kg) b, (kI/kg)

Figure 5: Walltemperature and heat transfer coefficientspecific bulk enthalpy for low
heat fluxes and low mass fluxes. The horizontal dashed line indicates the-psgaalo

temperature.
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Figure 6: Wall temperature and heat transfer coefficientspecific bulk enthalpy for
moderate heat fluxes and low mass fluxes. The solid line indicates the bulk specific
enthalpy, the horizontal dashed line indicates the psertical temperature andhe
vertical dashed line indicates the psewdtical specific enthalpy.
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Figure 7: Wall temperature and heat transfer coefficisrgpecific bulk enthalpy for high
heat fluxes and low mass fluxes. The solid line indicates the bulk specific entlnpy, t
horizontal dashed line indicates the pseadtical temperature and the vertical dashed line

indicates the pseudritical specific enthalpy.
4.2 Parametric trends

The effects of pressure, mass flux and heat flux on the wall temperature and HTG profile
are shown in Figures 810 and are discussed below. The inlet temperature effect was not
investigated in detail, because previous investigations by Zattlaal. (2015b) and

Eter et al. (2015) have indicated that, away from the inlet, the Idgahnd H were not
sensitive to the inlet temperature but were primatdpendenon the local bulk enthalpy.
Sever al sets of the present measur ements
SCHT correlation (2002), which provides the bulk Nussatitloer as
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where Rgand Pg are, respectively, the bulk Reynolds and Prandtl numberand” are,
respectively, the density at wall and bulk temperaturespaaadd are, respectively the
average and bulk specific heats; Jackson suggested empirical values for the exfuatent
depended on the relative values of the bulk, wall and psettittal temperatures.
Jacksonds corr el adata and was eesonghdadsbsPibro and DuEf€y
(2003) and Zahlan et al. (2015), among oth&fgs correlation accounts for changes in
thermephysical properties but not for buoyancy forces or acceleration effects, and is

therefore meant to apply only to normal SCHT.

Pressureeffect: Figure 8 contains representative plotsigfandH vs. h for two pressures

for heat transfer to liquitlke, nearcritical, and gadike CO,. These plots indicate that the

pressure effect is small, regardless of the enthalpy rdhge.the few cass shown,
predictions of Jac khatahe @pressuceceffect oh SCQHT waould lseh o we d
small and that the difference would increase as the specific enthalpy apprdaehed
pseudocritical value 340 K&'. The HTC was measurably higher for the lower pressure

ratio, an effect attributed to the higher specific heat at pressures closer to the critical
pressure.

Mass flux effect: Figure 9 shows four pairs of plots ©f andH vs hy, for different mass

fluxes.For normal heat transfer conditions or recovery from HHl@enerally increased as

the mass flux was increased. An important observation in this figure is that the mass flux

effect on HTC appears to be suppressed at HTD conditions, with the exceptiom of t

highest mass flux. The explanation offered for this is that the buoyancy effect at HTD
conditions is sufficiently strong to suppress the convection effects for low to medium mass
fluxes, while at high mass fluxes the convection effects are too strdyeggoppressed by

buoyancy forces. None of the SCHT correlations predicts this trend. At higher enthalpies,

the data show trends expected for nor mal h e
qualitatively a similar trend.In the vicinity of the pseado-critical enthalpy

(hpe = 340kJ kg') Jackson 0 s-predictedrtree ISEHTI Thibehavioreas
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reported previously by Bae and Kim (2009) for £iata obtained in tubes having different

diameters at different operating catiehs.

Heat flux effect: The effects of heat flux oH, presented earlier in Figures/Sare shown

collectively in Figure 10It can be seen that, in the ligdidle region and at very low heat
fluxes, normal heat transfer was characterized by a smal id H for the sameéh, asq
increased, until the onset of HTD. At HTD conditioksgecreased significantly compared

to normal SCHT Interestingly, further increases in heat flux led to a higheghan for
normal SCHT in the liquidike region for low mas fluxes. In the nearitical and gadike
regions,H increased with an increase in heat flux only for the low mass fluxes, while for all

other mass fluxes the opposite is true.
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4.3 Heat transfer enhancement in the pseuderitical region

We now focus on heat transfer under conditions for which the bulk specific enthalpy
increased éyond the pseudoritical value. At relatively low mass and heat fluxes

(Figure 6a,b), the HTC passed through a mild minimum in the psaitd@l region, but,

at higher mass and/or heat fluxes (Figures 6c ant),the HTC had a clear peak in this

region, which is evidence for heat transfer enhancement due to the favourable variation of

the thermephysical properties. The anomaly at low mass and heat fluxes indicates that

there is a distinct HTD mechanism under such conditions, which is not présegher

mass and heat fluxes. Jacksonb6s correlation
HTC in the neapseudecritical region, with prominent peaks in HTC even for conditions

for which low peaks, or none at all, were seen in the measurerfenis(9).
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5. SUPERCRITICAL HEAT TRANSFER IN A TUBE EQUIPPED WITH FLOW
OBSTRUCTIONS

This section describes the SCHT test results for the obsiqulpped tube configurations
listed in Table 1. The test results are presented as pldtg aidH vs h,. The obstacles
were located at an angle 0° (see Figure 2), unless otherwise specified. The impact of
various obstacle parameters at different flow conditions on SCHT is described first. A more
detailed discussion of the impact of obstacles on SCHTrenuhterpretation of the results

are given in subsequent subsections.

5.1 Effects of obstacle shape, location and pitch

Obstacle shape effectThe effect of obstacle shape, namely whether it was blunt or

rounded, on SCHT was examined for a wide rang®uf conditions by comparing results

for configurations 3 and 5 in Table 1. Both configurations consisted of two obstacles, each
with a 25% flow blockage, installed inside the 8 mm ID tubular test section; the first
obstacle was located at the beginningtted heated length and the second obstacle was
located at a distancBd 500 mm downstream from the first on¥4fO = 62.5; for
comparison, the entire heated test section was R4lkhbg and was preceded by an
unheated section that was Dllong). Figue 11 shows some typical results. For both
obstacle shapes, the HTC had a peak closely downstream of the obstacle and then
decreased rapidly. As observed in previous sipblese flow studiese(g., Tanase and
Groeneveld, 2015), the blunt obstacles weredboto have a stronger impact on the HTC
than the rounded obstacld=r the low mass flux of 200 km? s (Figure 11a), the first
obstacle of either type delayed, rather than eliminating, the mild HTD that occurred near
the bare tube inlet. For a highmass flux (Figure 11b), both obstacles suppressed HTD at
the inlet, but the second obstacle (at 500 mm from the inlet) did not suppress HTD at
locations well downstream from itself. In Figure 11b, the second obstacle also had the
effect of shifting the waltemperature peaks that occurred in the bare tube to higher bulk
enthalpies. Additional measurements at even higher flows showed that the first obstacle

suppressed the strong nealet HTD that was observed in the bare tube. Subsequent
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measurements in ¢hobstructed tube were performed using only blunt obstacles, because
these were found to have a stronger impact on the HTC than rounded ones.

Obstacle pitch effect As a first step for this study, the results of tests with two 25%

blockage ratio blunt obatles spaced by 500 mm were compared with those from tests with
the same obstacles spaced by 1000 mm. The effect of second obstacle location on the HTC
at normal and deteriorated heat transfer conditions can be seen in Figure 12. First of all,
Figures 12and b show that the first obstacle (at the start of the heated length) appears to
have eliminated the mild HTD present for the bare tube case. Figure 12c shows two
temperature peaks for the bare tube case, which are shifted downstream by the presence of
the obstacles over a distance of@lD. These figures demonstrate that the effectiveness of
obstacles in suppressing néalet HTD is very sensitive to flow and power conditions.
Figure 12b further shows th#élhe second obstacle actually created additional peaks in
temperature which were not present in the bare tube case. The multiple peaks in
temperature for the bare tube case in Figure 12c were affected, but not eliminated by the
obstacles. The previous réisumake it evident that the use of two obstacles with pitches
equal to 500 and 1000 mm cannot be considered as an effective strategy for suppressing
HTD under different test conditions. Next, we performed tests using 8 obstacles spaced by
the shorter pite of 250 mm Yo¥O o pconfiguration 4 in Table 1). Figure 13 shows that

this configuration was generally effective in improvidgover most of the heated section,
although some mild HTD was also observed to occur at abe8®2@ownstream of the
obstades, primarily in the liquidike region, as shown in Figure 13b. Figure 13 also shows
that, for the higher bulk enthalpies, the enhanced HTC did not approach the bare tube value
within the 250 mm pitch, but heat transfer enhancement by the obstacle eabpear
maintain a cumulative excess. An inspection of plots of the measured HTC for all three
obstacle pitches (not all of which are shown in the present article) demonstrated that,
although in general obstacles enhanced SCHT, especially for higher fldws tre gas

like region, there were also conditions and configurations for which the opposite was true,
as will be discussed further in the next subsection. This adverse effect of obstacles was
observed for all obstacle pitches. Another observationats tbr higher flows and in the

gaslike region, the enhancement effect of each obstacle persisted over a relatively long
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downstream distance. A more detailed discussion on the obstacle effect on the HTC is
presented in following subsections.

Flow blockageeffect Figure 14 shows an example of the effect of obstacle blockage ratio

on the HTC. Two sets of blunt obstacles with blockage ratios 25% and 13%, respectively,
and both with a pitch of 250 mm were investigated. As expected, the obstacles with the
higher blockage ratio always had a stronger overall impact on SCHT.

Obstacle circumferential location effect All previous results were obtained withe

obstacles located at an angle= 18C°, whereas allall thermocouples were located at

d = 0° (see kgure 2) Considering that the blockage was retsymmetric, we
investigated the effect of circumferential blockage location on SCHT. This was done for
configuration 4 (blunt obstacle, 25% blockage, 250 mm pitch), with the first two obstacles
relocated aicumferentially to four positions in steps of°9While the remaining obstacles

were left in placgo confirm the repeatability of the measurements. The results for four
values of the anglel of the obstacles are shown in Figure 15. Although the spatial
resolution of our temperature measurements is inadequate to show circumferential
differences in wall temperature in the close vicinity of the first two obstacles, it is clear
that, at all locations of shown measurements, the impact of changing the aligrirtrent

first two obstacles with respect to the wall thermocouples and the downstream obstacles
was small and in many cases barely noticeable. It is also noted that the shown differences
could be partially attributed to small inaccuradieshe locationhe obstacles ant slight
variations in pressure, heat flux, and inlet temperature during the course of the experiment.

Obstacle streamwise location effectigure 16 shows representative examples of normal

heat transfer enhancement by an obstacle Idaa¢ar the heated inlet and a second one
located 500 or 1000 mm downstream (configurations 2 and 3). Both thellkp&hd gas

like regions are represented in these examples. It can be seen that the first obstacle induced
a mild localized enhancementhigh was relatively short livedi.€., it was negligible

beyond 1B downstream of this obstacle); the second obstacle also resulted in a mild
enhancement in SCHT, which however persisted over longer distances. These examples
suggest that in general the HEhhancement decay length downstream from an obstacle
would be shorter with the obstacle placed near the inlet than away from it; it also appears
that the enhancement by the inlet obstacle was in general less prominent. A plausible
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explanation for these obsyations is that, because near the inlet the thermal boundary layer
was developing but remained thin, the vigorous mixing downstream of the obstacle had a

relatively weak effect on the overall thermal field inside the tube.
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Figure 11: Effect of obatle shape on SCHT; results for two pairs of blunt and rounded
obstacles are presented; in all cases the blockage ratio was 25 % and the obstacle pitch was
500 mm;H is plotted in semlogarithmic axes; the first obstacle was placed at the start of

the heted section, whereas dashed vertical lines show the location of the second obstacle.
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Figure 12: Effect of obstacle pitch on SCHT; results for two pairs of blunt obstacles are
presented, with blockage ratios of 25 % for both pairs and obstacle pitches of 500 and
1000 mm, respectively is plotted in semiogarithmic axes; the first obstacle was placed

at the start of the heated section, whereas dashed and solid vertical lines show the location

of the second obstacle.
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Figure 13: Effect of blunt obstacles with a blockage ratid5o% and a pitch of 250 mm on
SCHT; vertical lines mark obstacle locations.
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Figure 14: Effect of obstacle blockage ratio on SCHT for blunt obstacles with a 250 mm

pitch; vertical lines mark obstacle locations.

170



Ty (°C)

H (kKW/m2.K)

a) P/P.=1.05, G =800 kg/m’s
() C B g/ =

=40.8 kW/m2, T, = 24.1°C
i ? 1 n = = I? T 7 75
. P ’ 'w 60
Y el uidiining
il | — 45
o ] 30
I o ] 15
1 |E 1 |: : 0
260 270 280 290 300 310
. . - . 12
L om0
090 ?
" 180 -
0270 o o I Fe 6
3 Oy o . L |
e e WO g [ ] u 3
ot .
| | | | 0
265 267 269 271 273 275
i, (kJ/kg)

(b) P/P,=1.03, G=416 kg/m’s,

230

g =40.8 kKW/m’, T,,= 14.5 °C
K o

A . A
R e
l" illlﬁ"iig i

’ — i E i i
T o
0 250 270 290 310 330

IR 8
H o aso o

| 18D | ;
i {0270 I P
L e ™
e SN R
: T | ; L ;

250 270 290 310 330

h, (kJ/kg)

Figure 15: Effect bthe circumferential locations of the first two obstacles on SCHT; blunt

obstacles with a 25% flow blockage and a 250 mm pitch were used; vertical lines mark

obstacle locations; numbers in the legends indicate obstacle angle (in degrees) with respect

to the axis of the thermocouples.
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Figure 16: Normal heat transfer enhancement in a tube equipped with a blunt obstacle at its
heated inlet and a second one at the location indicated by a dashed vertical line; in plots
ac, the fluid was in théquid-like region, whereas, in plotse] the fluid was mostly in the

gaslike region.
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