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Structured Cooling Channels for Intensively Heated Blanket
Components

Sebastian Ruck, Frederik Arbeiter, Bjorn Brenneis, Christine Klein, Francisco Hernandez, Heiko
Neuberger, Florian Schwab

“Karlsruhe Institute of Technology, Eggenstein-Leopoldshafen, Germany

The thermal hydraulics of helium-gas cooled channels for First Wall applications structured by truncated fully
attached and semi-detached upward directed V-shaped ribs and spherical dimples were investigated. The rib-height-
to-hydraulic-diameter ratio was e/D;, = 0.1, the rib-pitch-to-rib-height ratio was p/e = 10 and the gap-height-to-rib-
height ratio for the semi-detached rib was c¢/e = 0.1. The dimples were positioned in a staggered array. The ratio of
dimple depth to dimple print diameter was D4/d = 0.3 and the distance between the dimple centers was s; = 1.2, 1.5
and 2.0 in streamwise direction and s, = 1.5 in spanwise direction. Large-Eddy-Simulations were performed and the
global and local heat transfer coefficient, pressure drop and cooling performance were analyzed. It was found that
the heat transfer coefficient ratio of the V-shaped ribs was in the range from 2.6 to 2.8. The semi-detached ribs
provided the highest heat transfer and the best cooling performance. The dimpled structures increased the heat transfer
by the factor of 1.3 to 1.4 without a significant pressure drop rise, but regions of heat transfer deterioration occur over
each upstream dimple half.
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1. Introduction

The upper and lower design temperature limits of the
First Wall (FW) are defined by the steep reduction of
mechanical strength of EUROFER for temperatures
above 550 °C and the Ductile-to-Brittle-Transition-
Temperature under irradiation of about 300 °C. Maximum
temperatures in the EUROFER structure occur on the
plasma-facing surface and depend on the wall heat flux
generated by the plasma and on the helium cooling
performance. Except unsteady power peaks of up to
several MW/m? (which can appear accidently), uniform
heat flux densities at the first wall can be expected in a
range from 0.5 MW/m? to 1.0 MW/m? [1,2]. The low
volumetric heat capacity and thermal conductivity
(compared to liquid coolants) of helium-gas requires
thermal-hydraulically improved surface designs for the
cooling channels to enhance heat transfer and to ensure an
operation within the temperature limits. Surface
structuring in cooling channels of helium-gas cooled FW
applications for heat transfer enhancement and their
prospects of success in efficiency and effectiveness in
terms of cooling performance were investigated for
several thermal-hydraulic conditions and surface structure
designs in the last years, i.e. Ruck and Arbeiter [3], Ruck
et al. [4,5], Arbeiter et al. [6]. Turbulent flow and heat
transfer of cooling channels rib-roughened by upstream
directed, truncated 60° V-shaped ribs and transverse ribs
with various rib shape were analyzed numerically and
experimentally. The rib designs were developed under
consideration of conventional manufacturing aspects.
Here, the results showed that the best cooling
performance was obtained for truncated 60° V-shaped
ribs with square rib cross section and the local heat
transfer can be improved by rib shape modifications. In
the present paper, Large-Eddy-Simulation (LES) was
performed to investigate the thermal-hydraulic

author’s email: sebastian.ruck@kit.edu

performance of cooling channels structured by truncated
fully attached and semi-detached 60° V-shaped ribs and
by spherical dimples.

2. Methods
2.1 Computational Domain

The turbulent flow and heat transfer were determined
in a FW cooling channel model of DEMO. The
intensively heated channel wall was structured by V-
shaped ribs and dimples, as depicted in Fig. 1. a and b.

V-shaped ribs - The rib-height of the upstream
directed truncated V-shaped rib was ¢ = 0.833 mm. The
rib-length-to-channel-width ratio was /W = 0.73 and the
channel blockage by the rib was 6.38 %. The front
inclination angle was 60° and the rear inclination angle
was 69.2 ° leading to a diminution of the rib in spanwise
direction. For the semi-detached ribs, the gap-height-to-
rib-height ratio was c¢/e = 0.1 and the width of the gap fillet
was 6.11 mm and 3.06 mm respectively. The channel
width and height were 12.5 mm each and the inner radius
of the round-edged channel corners was 1.67 mm. The
thickness of the plasma-facing wall was 2.1 mm and the
thickness of the breeding-zone-facing wall was 7.4 mm,
leading to a FW thickness of 22 mm.

Dimples - The spherical dimples were positioned in a
staggered array on one channel wall. A total of 8 rows of
dimples are employed in spanwise direction. The ratio of
dimple depth to dimple print diameter was Dy/d =0.3. The
distance between the dimple centers was s; = 1.2, 1.5 and
2.0 in streamwise direction and s, = 1.5 in spanwise
direction. The channel cross section was 15 x 15 mm? and
all channel corners were round-edged with an inner radius
of 2 mm. The total thickness of the FW was 30 mm, the
thickness of breeding-zone-facing wall was 12 mm and
the thickness of the plasma-facing wall was 3 mm.
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Fig. 1. Geometric details of a) the dimpled channels and b) the
rib-roughened channels. All dimensions are given in mm.

The attached ribs and dimples are feasible for
manufacturing by Electrical-Discharge-Machining or
additive manufacturing technologies of Metal-Powder-
Application in combination with machining as well as
continuous production by Selective-Laser-Melting as
described by Neuberger et al. [7,8]. The manufacturing of
semi-detached ribs requires additional machining, i.e.
wire cutting. However, the design of the semi-detached
ribs was attributed to the cost efficient ladder-like rib
manufacturing concept [5]. In this context, the gap
between the rib and the channel wall represents common
manufacturing tolerances.

LES were performed with periodic boundary
conditions in streamwise direction. The computational
domain including the solid structure and the fluid domain
is displayed in Fig. 2. For the rib-roughened cooling
channels, each computational contained one rib-element
and the length in streamwise direction was L = 8.33 mm
leading to a rib pitch of p/e = 10. For the dimpled
channels, the streamwise length L of the computational
domain varied with the distance between the dimple rows.

The fluid mesh sizes of the periodic computational
domain were in the range from 11.5-10° to 13.0-10°
hexahedral cells for the rib-roughened channels and in
range from 14.7-10° to 15.8-10° hexahedral cells for the
dimpled structured channels. The LES quality conditions
of a non-dimensional maximum cell size in streamwise
direction Ax" . <40 and in span- and crosswise direction
Ay max = Az e < 25 were meet for the most part of all
computational domains. The mesh was refined in flow
regions close to the channel walls. The region from z* =5
to z* = 70 was resolved by 20 nodes and the viscos
sublayer in the range of z* < 5 was resolved by 5 nodes
with a wall-normal first cell spacing of Az* < 1.

2.1 Simulation Details

Simulations were performed for incompressible
helium-gas with an operating pressure of p,,, = 8.0 MPa

¢.= 0.08 MW/m’

cfb; 0.08 MW/m’ -

o | et b)

Periodic

Periodic boundary

boundary

Gy 0.75 MW/m’

Fig. 2. Sketch of the computational domain for the a) ribbed
channel and b) the dimpled channel.

at a Reynolds number of Re = 1.05-10°. Depending of the
channel cross section of the differently structured
channels, the corresponding mass flow rate was m =
0.0490 kg/s and 0.0407 kg/s respectively. The inlet bulk
temperature was 7;, = 340 °C. Non-slip conditions were
applied on all channel walls. A constant heat flux density
of gpr = 0.75 MW/m? was applied on the plasma-side-
facing FW surface and the heat source from the breeding-
blanket modules were approximated by applying a flux
density of ¢gg = 0.08 MW/m? on the breeding-blanket
FW surface as displayed in Fig. 2. Symmetry conditions
were employed on the outer side, rear and front walls of
the solid domain. Averaged material parameters
approximated for the expected temperature range were
used for Helium [9] and EUROFER steel [10]. For
EUROFER steel the specific heat capacity was c,f = 727
J/(kg'K), the thermal conductivity was x£ =29.7 W/(m-K)
and the density was pf = 7617 kg/m>. For Helium, the
specific heat capacity was ¢,/ = 5196.54 J/(kg'K), the
thermal conductivity was x* = 0.2537 W/(m'K), the
dynamic viscosity was u=3.2859-10 kg/(m-s) and the
density was p/ = 6.277 kg/m?. The time step was defined
by the smallest cell size in streamwise direction, the
corresponding maximum flow velocity and a Courant-
Friedrich-Number of CFL < 0.9 for all flow simulations.

FLUENT 19.0 was used for the present study [11].
The subgrid-scales were determined by the dynamic
Smagorinsky model and the subgrid-scale Prandtl number
was Prsgs = 0.85. The governing flow and energy
equations were discretized with the finite volume method
and were solved by the pressure-based segregated solver.
For the pressure-velocity field coupling the SIMPLE
algorithm was applied. The convective terms of the
momentum and energy equation were approximated by
the bounded central differencing scheme and pressure
terms were determined by a second order scheme. The
gradients were Least-Square-Cell-Based approximated
and the bounded second order implicit scheme was
applied for the temporal integration. A computationally
developed state was reached after 93, 74 and 80 flow-
throughs over the periodic domain for the dimpled
channels and after 126, 111 and 136 flow-throughs over
the periodic domain for the rib-roughened channel.



2.2 Data evaluation

After a computationally developed state was reached,
data were time averaged over 1.5 x 10* time steps for the
rib-roughened channel and over 2.0 x 10* time steps for
the dimpled channel. The local heat transfer coefficient
was calculated from

HTC(X) = q(X)/(Tw () — Tp (), (D

with the local wall heat flux density (X), the local wall
temperature Ty, (X) and the local fluid bulk temperature

Tp(x) =Ty +x - Qtot/(m ’ Cge ’ L)~ (2)

Here, x is the streamwise coordinate starting at the
beginning of the computational domain and Q,,, is the
total power transferred by ¢pr and Gpp. The averaged heat
transfer coefficient was determined by

HTC = q/(Ty —Tj), 3)

with the surface averaged heat flux density ¢ and the

surface averaged wall temperature Ty, of the structured
surface. The averaged fluid bulk temperature was

Tp = (2" Tin + Qror/m " ¢*)/2. “4)

The local heat transfer coefficient and pressure drop
(PD), respectively, was normalized by a smooth channel
heat transfer coefficient H7Cy and pressure drop PDy
determined from the Gnielinksi Nusselt number
correlation [9] and from the Petukhov friction factor
correlation [11] for fully developed turbulent pipe flow.

3. Results
3.1 Global heat transfer and pressure drop

The averaged HTC ratio is plotted against the PD
ratio in Fig. 3. The HTC ratio and the PD ratio are 2.6-2.8
and 5.4-5.8 for the V-shaped ribs. The results show, that
the present V-shaped ribs produce higher heat transfer
enhancement than the V-shaped ribs previously tested and
smaller pressure drop than attached or detached V-shaped
ribs with a rib-length-to-channel-width ratio of /./W = 1.0
[3,5]. The semi-detached ribs with the small gap fillet
causes the highest global heat transfer enhancement, but
the pressure drop is comparable to the fully attached rib.
For the dimples, the HTC and the PD are increased by the
factor of 1.31-1.38 and of 1.0-1.11 when compared to
smooth channel flow. The heat transfer enhancement
increases with the distance between the dimple centers:
the closer the dimples, the higher the heat transfer.
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Fig. 3. Normalized global heat transfer coefficient ratio vs
normalized pressure drop.

Evaluating the performance [3] of the different cooling
channels reveals that the best cooling performance of the
presented surface structures is provided by the semi-
detached V-shaped with the small gap fillet, which is
comparable to cooling performance of fully attached ribs
with square rib cross section. The cooling performance of
dimples is better than that of transverse ribs [3], but worse
than that of the V-shaped ribs investigated.

3.2 Local heat transfer

HTC distributions are displayed in Fig. 4. Regions
local heat transfer reduction with HTC/HTCy < 1 are
colored gray. Local heat transfer deterioration occurs at
the rear surface and immediately behind the rib for the
attached and semi-detached rib design due to the
characteristic flow pattern of V-shaped ribs. The regions
of HTC/HTC)< 1 are comparable for the ribs investigated,
but significant smaller than for V-shaped ribs with square
cross section [3]. Semi-detaching the rib from the wall
induces a gap flow beneath the ribs, which increases the
heat transfer additionally [12]. Thus, regions of reduced
heat transfer are narrowed in lateral direction and regions
of high heat transfer occur at the lower rib leading edges.

The dimpled surfaces show typical HTC distribution.
The HTC ratio is low in the upstream dimple halves due
to the recirculation region located beneath the flow
separated from the upstream rims. The HTC ratio
increases further downstream and reaches a maximum
near the downstream rim of each dimple. Local heat
transfer peaks occur on the surface downstream of the
dimples. The heat transfer enhancement is attributed to
the impingement/reattachment of the shear layers
generated from the detached flow across the dimples and
to the unsteady vortical flow motion shed from the
dimples [13,14]. Unlike from previous studies, it was
found for all dimple configurations investigated, that
regions of HTC/HTCy < 1 are expanded over the complete
upstream dimple halves. Thus, reduced heat transfer
occurred for a large part of the channel wall.

4. Conclusion and Outlook

The present results and previous studies about
turbulent flow and heat transfer in structured cooling
channels [3-6] showed, that rib-structuring can yield high
heat transfer coefficients which are required for helium
cooling in thermally highly loaded blanket components.
Local heat transfer deterioration and the pressure drop
increase can be reduced by shape optimization.

The results revealed that semi-detaching the V-shaped
ribs from the wall provides additional heat transfer and
increases the cooling performance. Local heat transfer
deterioration was not avoided by the semi-detached ribs,
which was found for fully detached transverse ribs
[12,15], but the regions were smaller than for V-shaped
ribs with square cross section. Compared to smooth
channel flows, the heat transfer of the dimpled channels
was more increased than the pressure drop. However,
regions of HTC/HTCy < 1 were expanded over each
upstream dimple half which can lead to high wall
temperatures and, thus, to reduced component life time.
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Fig. 4. Normalized local heat transfer coefficient of the a) fully
attached rib, b) the semi-detached rib with the large gap fillet
and c) the dimpled surface with s; = 1.2. Gray areas highlight
possible ‘hot spot’ regions where HTC/HTCy < 1.
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