N

(( M EUROfusion

/
\

EUROFUSION WPBB-CP(16) 15050

S. Ruck et al.

Thermal Performance Augmentation by
Detached Rib-Arrays for Helium Gas
Cooled First Wall Applications

Preprint of Paper to be submitted for publication in
Proceedings of 29th Symposium on Fusion Technology (SOFT
2016)

This work has been carried out within the framework of the EUROfusion Con-
sortium and has received funding from the Euratom research and training pro-

gramme 2014-2018 under grant agreement No 633053. The views and opinions

expressed herein do not necessarily reflect those of the European Commission.



This document is intended for publication in the open literature. It is made available on the clear under-
standing that it may not be further circulated and extracts or references may not be published prior to
publication of the original when applicable, or without the consent of the Publications Officer, EUROfu-
sion Programme Management Unit, Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK or e-mail
Publications.Officer@euro-fusion.org

Enquiries about Copyright and reproduction should be addressed to the Publications Officer, EUROfu-
sion Programme Management Unit, Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK or e-mail
Publications.Officer@euro-fusion.org

The contents of this preprint and all other EUROfusion Preprints, Reports and Conference Papers are
available to view online free at http://www.euro-fusionscipub.org. This site has full search facilities and
e-mail alert options. In the JET specific papers the diagrams contained within the PDFs on this site are
hyperlinked




Thermal performance augmentation by rib-arraysfor helium-gas
cooled First Wall applications

Sebastian Ruck, Benedikt Kaiser, Frederik Arbeiter

Karlsruhe Institute of Technology, Institute of Nieun Physics and Reactor Technology, Eggensteipdleshafen,
Germany

Rib-roughening the helium-gas cooled channels énplasma facing components of DEMO (First Wall,itérs or

the divertor) enhances heat transfer and reduceststal material temperatures. The present studynées the
applicability of six different attached rib-arraged of two different detached rib-arrays for insieg the thermal
performance within the helium-gas First Wall cogliconcept. The rib-arrays consist of transversalignted or 60
deg. (with respect to the centerline) V-shape hdmrents with different rib-element cross-sectioqugre, trapezoid,
2 mm radius round-edged front- and rear-rib-sujfaderbulent flow and heat transfer for 8 MPa puezed

helium-gas with a helium mass flow rate of 0.04%kgere computed by Detached-Eddy-Simulations. Astant

heat flux density of 0.75 MW/mand 0.08 MW/rh respectively was applied at the plasma-facing lamding-
blanket-facing First Wall structural surface. Thesults show that structuring the thermally higldgded cooling
channel surface by 60 deg. V-shape rib-elementvigee an efficient heat transfer, increases thelimpo
performance and the structural temperature of trst Wall maintains below the structural temperatupper limit

of 550 °C.

Keywords: First Wall Cooling, Helium Gas, Structt@ooling Channels, Rib-Arrays, Detached Eddy Satioih.

1. Introduction

Pressurized helium-gas is a coolant in severaldimgeblanket (BB) design concepts of the DEMO faspower
reactor. Compared to water and liquid metals, helisiinert for chemical and nuclear reactions, eaus corrosion
or activation and offers a wide temperature ramgecfoling without phase transformation. Improvedgidns of the
First Wall (FW) cooling channels (CC) with rib-rduened or structured CC surfaces enhances therbhaafdr and
can compensate the comparable low volumetric hapadty and thermal conductivity of helium-gas. Tite
elements placed at the thermally highly loaded G@ase induce a three-dimensional, unsteady flahd fand heat
transfer is augmented by mixing the fluid in themeall regions and boundary layers providing auction of the
maximum FW structural temperature and a raise értiean coolant temperature [1]. Both effects irsmethe
functionality of the FW cooling performance and caise the degree of efficiency of the primary heganhsfer
system and balance of plant. Unfortunately, theetéments increase the flow resistance, and tingsptimping
power is raised [2]. Furthermore, the manufacturofgrib-roughened CC surface is complex. Howeveg t
disadvantages due to increased pumping power angler manufacturing can be small compared to timetits of
the enhanced heat transfer, e.g. increased compbfeetime or load flexibility. Flow and temperatu fields of
attached rib-arrays have been investigated extelysior decades [3-5]. The applicability of rib-ghened CC for
helium-gas cooled FW applications and their prospet success in efficiency and effectiveness vadmgicted by
Ruck and Arbeiter 2016 [1], Arbeiter et al. 201$46d Chen and Arbeiter 2015 [7].

The objectives of the present study are to evaliegg@ressure drop, heat transfer coefficientsptgatures and the
efficiency of FW CC structured by several rib-ar@nfigurations. The presented CC designs are esiufdir the
‘integrated’ FW concept, but can be adopted tddeecoupled’ FW concept too.



2. Numerical Methods
2.1 Computational Domain

Flow and conjugated heat transfer were compute@rfionnscaled section of the FW of DEMO including Holid
structure and fluid domain as shown in Fig. 1. k¢ thickness was 30 mm, the channel cross sectany mm x
15 mm with an inner radius of 2 mm or 90 deg. edtesrib-height wag = 1 mm, the rib-pitch-to-rib-height-ratio
was p/e = 10 and the rib-height-to-hydraulic-diameteroatvase/D, = 0.0653 and 0.0638 (depending on the rib-
array). The plasma-facing CC surface was structbse@A) attached rib-arrays and (D) detached ritaygs of 18
centrally positioned, (T) transversally oriented-elements or (V) 60 deg. V-shape rib-elements wifferent rib-
element cross-sections ((1) square, (2) 2 mm radiusd-edged front- and rear-rib-surface, (3) teapd. For the
detached rib-arrays the clearance to the channélwsa c = 0.1 mm. The length of the computational domaasw
180 mm. The rib-array configurations are sketcimeBig. 2.

4=0.08 MW/m’

[Breeding-blanket-facing First Wall surface|

m=0.049 kg/s
p.= 8.0 MPa

q=0.75 MW/m’

\Plasma-facing First Wall surface|

Rib-roughened cooling channel surface |

Fig. 1. Computational domain of the First Wall doglchannels.
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Fig. 2. Rib-array configurations for the First Wadoling channels. All dimensions are given in mm.



2.2 Simulation Details and Boundary Conditions

Turbulent flow and heat transfer were computedheydelayed Detached-Eddy-Simulation (DDES) appro#bke
commercial finite-volume-method solver FLUENT V.18B] was used. Details of the applied algorithm and
discretization schemes are described in Ruck anpeifar 2016 [2]. The computations were conducted fo
pressurized helium-gas with a mass flow ratenof 0.049 kg/s (corresponding to a Reynolds numbeRe =
1.05-10 based on the hydraulic diametBf), with an inlet pressure ofi, = 8 MPa(abs) and with an inlet
temperature off;, = 340 °C. Ideal gas conditions with temperaturpethelent specific heat capacn,y“e, thermal
conductivityk™ and fluid viscosity™ [9] were assumed. The baseline structural matfoighe FW is EUROFER
steel [10]. The specific heat capacittb}E [11] and thermal conductivitk® [12] were temperature dependent
parameters, while an averaged densitpof= 7620 kg/m was applied within the expected temperature range.
Symmetry conditions were employed at the outer, sieler and front walls of the solid domain and astant heat
flux density of 0.75 MW/rhand 0.08 MW/rfi respectively were applied at the plasma-facing lanee:ding-blanket
FW surface, see Fig. 1.

The inlet flow was fully turbulent developed. Thermsponding velocity profile was obtained sepdyaty
isothermal, transient DDES flow simulations in stio@C with identical geometrical dimensions as stractured
CC. Simulations were transient with a CFL numbet.8. Time-averaging of the results were carried after a
computationally developed state was reached, fone period of fifty flow-throughs over one rib-pit-section.

The mesh size varied for the different rib-confagions in the range from 13.8°1® 20.1-16 cells. Local grid
refinement was performed in the vicinity of the-elements and within the inter-rib-spacing resgltin a focus
region with maximum cells sizes ak™ ~ 36 (streamswise) anly* ~ Az" = 25 (crosswise) and a wall-normal first
spacing ofAZ" < 1. Numerical uncertainty has been verified by ¢nid convergence index method as indicated by
Roache 1994 [13] and recommended for CFD Studigs [1

2.3 Manufacturing Concepts

The design of the structured FW CC depends onrdiffemanufacturing strategies, currently considdoedthe

helium cooled FW. The presented design of the latighcib-arrays bases on the manufacturing straiétpbricating

the FW from two separate shells with the interseecplane at the channel symmetry plane and joittiegupper and
lower shell by the HIP technique [15]. The CC ahd attached rib-arrays are designed for a genarafizusual

machining of mill cutting with round and spheritaad cutters.

For generation the detached rib-arrays, ladderthkes of rib-elements can be inserted into suppmithes located
at the CC side walls. The CC (including the supmatches) are fabricated by wire cutting of eleetridischarge
machining [16]. The concept of inserting laddeelitapes can be adopted for the design and falmcati the

attached rib-arrays by generating two support rest¢hto the CC bottom. Both concepts of ladder{dqe insertion
manufacturing are sketched in Fig. 3. Comparedteepts with the die sink erosion techniques foregating rib-

roughened CC surfaces within the wire-cut CC martufeng concept [16], a cost reduction for prodgcthe rib-

roughened CC surfaces per linear meter is expeatbd in the range of two orders of magnitude leylddder-like

tape insertion manufacturing.



Support notches
in the CC bottom

Ladder-like tape

b)

Ziy
Ladder-like Tape

Fig. 3. Ladder-like manufacturing concepts foathiached rib-arrays and b. detached rib-arrays.

To improve the fitting and to ensure a fixationtloé ladder-like rib-array, structural materialshwé higher thermal
expansion than the FW structural material can Insidered for the rib-elements. Small gaps in tlieioof common
manufacturing tolerance occurring between the gillghened CC surface and the rib-element will ndtice the
functionality of cooling the FW compared to fullstached rib-elements, but can raise the requiredping power
[17].

3. Results
2.1 Temperature Distributions

The temperatures in the EUROFER structure and éiarh coolant are dominated by the cooling perforosaof
the CC, the rib-array configuration and the therimedt loads. Maximum temperatures occur at ther@asacing
FW surface. Distributions of mean temperatufeand maximum temperatur@sat the plasma-facing FW surface
and at the rib-roughened CC surface with the AT¥1/and DV1 rib-array along the CC are shown in &jg
representing the characteristics of attached teasslly oriented, attached V-shaped and detachetidged rib-
array(s). For all rib-arrays, coolant bulk temperas T, increase linearly and a fully thermal-hydrauligall
developed state was reached after thared 18 rib-element respectively.
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Fig. 4. Mean and maximum temperatures at the @esiting FW surfaceTf,,, Try) and the rib-roughened CC
surface {, T.).

For the CC with the AT1 rib-array, the steep rais¢he mean and maximum temperatures within the atrance
region develops to a linear increase after fheiBelement. The extrapolated temperature grasiare 185 °C/m at
the plasma-facing FW surface and 220 °C/m at theaiighened CC surface along the CC. Temperataréisei
EUROFER structure exceed the upper limit of 55020] within the flow entrance region between tHeaihd 7'
rib-element.

Temperature profiles of the CC with the AV1 and Dhfi-array differ within the entrance region. Whesdocal
peak values occur for the AV1 rib-array, tempemsudecrease for the DV1 rib-array. Mean and maximum
temperatures of both V-shape rib-arrays remainlpeanstant along the CC within the fully developesdjion:
Maximum temperatures at the plasma-facing FW saréae in the range Gf,, = 528.8 - 529.6 °C for AV1 and in
the range offy,, = 514.6 - 515.4 °C for DV, increases slightly with temperature gradientséo PC/m for the
AV1 rib-array and 19.8 °C/m for the DV1 rib-array.

2.2 Heat Transfer Coefficient and Pressure Drop

The local distributions of the heat flux densiteéghe rib-roughened CC surface vary along the C@. heat transfer
coefficient, spatially averaged over each pitchsdation area of the rib-roughened CC surface withie fully
thermal-hydraulically developed region,

h, = Qr/(Tr - Tb) 1)
and the corresponding mean axial pressure dpigx along the CC are shown in Fig. 5, with the spigteveraged
coolant bulk temperaturB,, heat flux densityj, and wall temperaturg. for each corresponding pitch-rib-section.
For the transversally oriented and V-shape attacibedrrays, the heat transfer coefficients inceemsthe order of
the rib-element cross-section: trapezoid, 2 mmusdibund-edged front- and rear-rib-surface and requbhe
pressure drop is reduced for the trapezoid crostseseand in a comparable range for the remainingso The
varying pressure drop and heat transfer coeffisiang attributed to thermal-hydraulic effects cdusgthe different

cross-sections [2]. The simulation results show tha flow moves smoother over the rib-arrays withpezoid
cross-section than over the square cross-sectidn tans, flow acceleration and deceleration deeresasd the



pressure and velocity gradients were reduced amdtad. Furthermore, compared to the square rimeié cross-
section, the heat transfer area is reduced forithelements with the 2 mm radius round-edged frand rear-rib-
surface and trapezoid cross-section. The increpsessure drops of the detached rib-arrays areypatttibuted to
the increased form drag due to the enlarged trasaleross-sectional area and the developmenbwf stagnation
regions at the conjunction of the rib-elements tiredsidewalls, accompanied by a decrease of momemansport
and pressure penalty. Additionally, effects of gag flow and wall-jet flow beneath the rib-elemesiightly raise
the pressure drop as indicated by Liou et al. J29%
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Fig. 5. Heat transfer coefficient and pressuredvih the fully thermal-hydraulically develop regi.

Compared to the transversally oriented rib-arréigspressure drop and heat transfer coefficienbh@M-shape rib-
arrays are increased. The V-shape configuratiosesastronger secondary flow structures in crossdiieetion.
Vertical flow velocities are up to 4 times highé&an for the transversally oriented rib-arrays. Thihe mixing
between the ‘hot’ wall boundary layer flows and tb@ld’ core flow is intensified and heat transtathancement at
the rib-roughened CC surface and at the sidewéltheo CC is significantly increased for the V-shajiearrays.
However, the intensified secondary flow raisesptessure drop enormously. The heat transfer cogfifie of the V-
shape rib-arrays increase linearly along the CChiwithe fully developed region. The highest heansfer
coefficients are obtained for the AV1 and the DWttarray and are in the range/gf = 7170 -7480 W/ K andh,

= 7620 — 8080 W/MK respectively. The corresponding heat transfeffiment gradients along the CC are 4900
W/m? K / m and 6900 W/mK / m. The heat transfer coefficients of the tramsally oriented rib-arrays decrease
slightly and are in the range bf = 5270 — 4700 W/MK.

Assuming a steady development®andT along the CC, the aforementioned gradients of Aviti DV1 can be
used for temperature and heat transfer estimatiofusther FW studies.

2.3 Thermal Performance

The thermal performance can be evaluated by comgpahie heat transfer coefficient of the rib-rougtaiCC b;)
and the heat transfer coefficient of smooth ®g) (vith equal thermophysical propertiesand characteristic CC
lengthslg, for the constraint of equal pumping pow&P, = f,-1i,-C(p, len, ...) fo1io>C(p, len ...) = 1, with the
pumping powelP, andP,, the friction factoif, andf,, the mass flow ratér, andm, and the constar€ for the rib-
roughened and smooth CC respectively, as recomrdebgld.iou and Hwang 1992 [18]. The friction factier
derived from the pressure drgp= 0.5dpdx:D,p-A m, %, with the CC cross-sectiok. The mass flow rater, and
the heat transfer coefficieht of the smooth CC can be calculated iterativelyrfrine friction factor and Nusselt
number correlation of Petukhov and Gnielinski resipely [19]. The ratidh,/hy (Pr = Py) specify the increased heat
transfer performance for equal pumping power. Gn dther side, the thermal performance can be ealuay
comparing the required pumping power of the ribgteened C@, and the smooth C&, for the constraint of equal
heat transfer coefficient$y, = hy. Applying an analogous calculation procedure taorP,/P, (h, = hg) can be
evolved, specifying the reduced pumping power fpuad heat transfer performance. The rdtithy (P, = Py) is



potted against the ratig,/Py (h, = hy) for the different rib-arrays in Fig. 6. Comparedsimooth CC, the pumping
power can be significantly reduced to obtain ednglt transfer performance by the use of the ptedeib-arrays

or, from another point of view, the heat transfeefficient can be increased with equal pumping pdwethe use of

the presented rib-arrays. Best efficiency was olethifor the AV1 rib-array (highest/h, (P, = Py) and smallest
Pr/PO (hr = hO))
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Fig. 6. Thermal Performance

4, Conclusion

The applicability of different rib-arrays for in@sing the cooling performance of the helium-gademb&irst Wall
cooling channels has been analyzed. It is showtrsthacturing the thermally highly loaded coolingaonel surfaces
with optimized rib-arrays provides an efficient hdeansfer, increases the cooling performance adliaes
structural material temperatures. The main findiagssummarized as follows:

(1) Cost-effective manufacturing concepts for gatieg rib-roughened First Wall cooling channelsthg insertion
of ladder-like tapes are introduced for the fiigtd. (2) The highest heat transfer coefficients prebsure drops
were caused by the detached V-shape rib-arrayTI{@)V-shape rib-arrays show the best efficiency.Te best
thermal performance was obtained for the attachethdpe rib-array with square rib-element crossi@ec(s) The
heat transfer coefficient of the V-shape rib-arregth square rib-element cross-section providesjadi cooling
performance and the temperature of the First Walintain below the EUROFER upper limit of 550 °C) (6
Temperature gradients along the CC were evolved fhe results and can be used in further studies.
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