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Abstract

Due to its position and functions, the divertor has to sustain very high heat flux arising from the plasma (up to 20
MW/m?), while experiencing an intense nuclear deposited power, which could jeopardize its structure and limit its lifetime.
Therefore, attention has to be paid to the thermal-hydraulic design of its cooling system. It is necessary to take effective
cooling methods from the divertor which can sustain very high heat fluxes. Nanofluids have gained extensive attention due
to their role in improving the efficiency of thermal systems. Recently, a further enhancement is achieved in heat transfer
coefficients in combination with the addition of swirl-tape inserts. In a previous work, the author developed a mathematical
model to investigate the steady state and transient thermal-hydraulic performance of ITER tungsten divertor monoblock.
The model could predict the thermal response of the divertor structural materials for bare cooling tube and a cooling tube
with swirl-tape inserts. In this work, the previous model has been updated to investigate the thermal performance of the
ITER tungsten divertor monoblock using the nanofluid heat transfer enhancement technique. A water based TiO, nanofluid
at 3% concentrations is used to cool the divertor. The model is then used to predict the steady state thermal behaviour of the
divertor under incident surface heat fluxes ranges from 2 to 20 MW/m? for a bare and swirl-tape inserts divertor tube cooled
by water and nanofuild. The results showing a considerable enhancement in the heat transfer process in the diveror of swirl-
tape tube cooled by nanofluid.

1. INTRODUCTION

In fusion tokamak reactors, such as the International Thermonuclear Experimental Reactor (ITER) [1], the
plasma facing components (PFCs) are exposed to one sided heat fluxes that are created by energetically charged
particles and photons striking the PFC surfaces. The divertor target plates are the most thermally loaded in-
vessel components in a fusion reactor where high heat fluxes are produced on the PFCs by intense plasma
bombardment, radiation and nuclear heating by neutron irradiation. PFCs are designed to withstand the highest
surface heat fluxes, i.e. 10 MW/m? during steady state operation and 20 MW/m? during slow transients [2]. In
order to meet these requirements, the PFCs employ a monoblock technology, made of pure tungsten armour
joined to the copper alloy pipe via a pure copper interlayer [3,4]. Due to the extremely high heat flux values in
fusion reactors, a heat transfer enhancement technique is required in order to achieve a sufficient margin on
critical heat flux at a reasonable flow velocity. The usage of swirl-tape insrts in flow boiling experiments were
performed in 1962 [5] for pressurized water reactor studies at Argonne National Laboratory. This and
subsequent research reveal that swirl-tape inserts in the coolant channels significantly increase the heat transfer
coefficient in forced convection regime [6]. The swirl-tape inserts influence on the fully developed nucleate
boiling regime is negligible; however, they considerably increase the critical heat flux [7]. Liu et al [§]
examined the heat transfer enhancements of the subcooled flow boiling in the vertically upward screw tubes, the
tubes with swirl-tape inserts and the plain tubes by the Fluent software. In order to remove high heat fluxes for
plasma facing components in ITER divertor, a numerical simulation of subcooled water flow boiling heat
transfer in a vertically upward smooth tube was conducted on the condition of one-sided high heat fluxes [9].
Numerical results indicate that the onset of nucleate boiling and fully developed boiling appear earlier and
earlier with increasing heat flux. With the increase of heat fluxes, the inner CuCrZr tube will deteriorate earlier
than the outer tungsten layer and the middle oxygen-free high-conductivity copper layer. Nanofluids have also
gained extensive attention due to their role in improving the efficiency of thermal systems. A further
enhancement in heat transfer coefficients was reported in combination with structural modifications of flow
systems namely, the addition of swirl-tape inserts. Experiments are undertaken to determine heat transfer
coefficients and friction factor of TiO,/water nanofluid up to 3.0% volume concentration at an average
temperature of 30°C [10]. The investigations are undertaken in the Reynolds number range of 8000-30,000 for
flow in tubes and with swirl-tape inserts of different swirl-tape ratios. A significant enhancement of 23.2% in
the heat transfer coefficients is observed at 1.0% concentration for f low in a tube. With the use of swirl-tape
inserts, the heat transfer coefficient increased with decrease in swirl-tape ratio for water and nanofluid. The heat
transfer coefficient and friction factor are respectively 81.1% and 1.5 times greater at Re” 23,558 with 1.0%
concentration and swirl-tape ratio of 5, compared to values with flow of water in a tube. Azmi et al [11]
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investigated experimentally the heat transfer coefficient and friction factor of TiO, and SiO, water based
nanofluids flowing in a circular tube under turbulent flow under constant heat flux boundary condition. TiO, and
SiO, nanofluids with an average particle size of 50 nm and 22 nm respectively were used in the working fluid
for volume concentrations up to 3.0%. Experiments were conducted at a bulk temperature of 30°C in the
turbulent Reynolds number range of 5000 to 25,000. The enhancements in viscosity and thermal conductivity of
Ti0, are greater than SiO, nanofluid. However, a maximum enhancement of 26% in heat transfer coefficients is
obtained with TiO, nanofluid at 1.0% concentration, while SiO, nanofluid gave 33% enhancement at 3.0%
concentration. Sundar et al [12] conducted experiments in the particle volume concentration range of 0 < ¢ <
0.6%, swirl-tape inserts of swirl-tape ratio in the range of 0 <Y < 15 and Reynolds number range of 3000 < Re
< 22000. Heat transfer and friction factor enhancement of 0.6% volume concentration of Fe304 nanofluid in a
plain tube with swirl-tape inserts of Y = 5 is 51.88% and 1.231 times compared to water flowing in a plain tube
under same Reynolds number. Safikhani and Eiamsa-ard [13] used experimentally derived correlations of heat
transfer and pressure drop in a Pareto based Multi-Objective Optimization (MOO) approach to find the best
possible combinations of heat transfer and pressure drop of TiO,-water nanofluid flow in tubes fitted with
multiple swirl-tape inserts in different arrangement. El-Morshedy and Hassanein [14,15], developed a
computer code entitled ITERTHA to simulate the cooling processes of a flat tile divertor in both normal and
off-normal operation. Later on, El-Morshedy [16] updates this model to investigate the steady-state and transient
thermal-hydraulic performance of ITER tungsten divertor monoblock. The model predicts the thermal response
of the divertor structural materials and coolant tube. The model also accounts for the melting, vaporization, and
re-solidification of the upper layer of the divertor facing plasma. El-Morshedy [17] also used the new model to
perform a thermal-hydraulic simulation and safety analysis on ITER tungsten divertor monoblock in order to
predict the thermal response of its structural materials under loss of flow transient. This transient is initiated by a
trip of the main pump during plasma burn at an incident heat flux of 10 MW/m? at the divertor surface and a
coolant velocity of 16 m/s. The pump coast-down is represented by an exponential reduction in the coolant
velocity with time constants of 5, 10, 15, 20 and 25 s that cover almost all possible pump coast-down flow. In
the present work, the previous model [16] is modified and updated to investigate the thermal performance of the
ITER tungsten divertor monoblock using water and nanofuild coolant for cooling enhancement in a divertor of
bare and swirl-tape inserts tube.

2. METHODOLOGY

The heat generated in nuclear fusion reactors will be extracted by the first wall of the blanket and in the water-
cooled divertor. It is intended to perform a heat collection without losses, which requires materials that can
withstand intense neutron irradiation and very high heat fluxes, without compromising their physical integrity.
The present design for the water-cooled divertor consists of tungsten monoblocks crossed by a CuCrZr pipe
where the coolant circulates while pure copper is used as interlayer. Tungsten has chosen to be the Plasma
Facing Material (PFM) for the divertor of ITER due to its high thermal conductivity, high melting point, low
tritium inventory, etc. During the ITER operation, tungsten -based PFMs are foreseen to face severe heat loads
generated by transient events such as plasma disruption, edge localized modes (ELMs), and vertical
displacement events (VDEs) [18]. CuCrZr alloy has been selected as the baseline heat sink material owing to the
excellent thermal conductivity and good mechanical properties. Such an ideal combination is the unique
advantage of CuCrZr alloy adequate for high heat flux applications. The presence of the thick soft copper layer
is widely thought to be needed to relax the residual stress after fabrication which would be otherwise quite high.

Fig. 1 shows the dimensions of the ITER tungsten divertor monoblock.
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FIG. 1. ITER tungsten divertor monoblock scheme [19].
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The coolant tube is divided into a specified axial regions while the last radial surface of the divertor including
the CuCrZr pipe and Cu interlayer is divided into a two-dimensional mesh in Cartesian coordinate system. Then
nodal thermal-hydraulic calculations for coolant and divertor structure materials are performed with a uniform
incident surface heat flux on the divertor upper surface.

2.1. Coolant temperature

The coolant is treated as one lumped node, thus it is assumed that the coolant is well stirred and has a uniform
temperature. The coolant tube is divided into a given number of elements in the axial z-direction and the general
energy balance equation is applied to each element:

s Te.0)i0 805 6(0) (1, (0)- 1., (0) @

where a is the channel cross-sectional area, ¢(t,0) is the wall heat flux at time t and radial angle 0, R is the
coolant channel radius and G(t) and I(t) are the coolant mass and coolant enthalpy flux respectively at time T.

2.2. Divertor temperature

The temperature distribution through the divertor is governed by the two-dimensional general heat conduction
equation that takes the following form in Cartesian coordinates:
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The heat conduction in the mesh nodes of the divertor is solved in two-dimensions using the finite difference

technique. Many governing equations are derived from the general conduction equation to cover all the mesh

points.

2.3. Coefficient of heat transfer

The heat transfer coefficient is calculated for the single-phase or boiling two-phase flow where the flow regime
is first identified at each axial node and then the heat transfer coefficient is estimated as follows:

2.3.1. Single-phase forced convection

(a) Turbulent regime Re > 10,000; Dittus & Boelter [20] correlation is used:

Nu=0.023Re"* Pr* (6)
(b) Transition regime 2100 < Re < 10,000; Nusselt number is calculated by interpolation between the laminar
and turbulent correlations.
(c¢) Forced laminar regime Re <2100; Sieder & Tate [21] correlation is used:

ReP 13 0.14
Nu:1.86[ ¢ r} [”J (7)
L/p, ) \u,

When cooling by nanofluid in a bare tube, the Nusselt number data of the nanofluids obtained from Maiga et al.
[22] is subjected to non-linear regression analysis and the constant “a” is obtained as 0.085 for TiO,/water
nanofluid resulting in the following correlation:

Nu,,=0.085Re)/' Pry;** ®)

When the cooling channel features a swirl-tape inserts, swirl-tape factors must be applied to the previously
described heat transfer correlations that were defined for bare tubes [23]. The value of Nusselt number is
multiplied by the swirl-tape modification of Lopina and Bergles [24] as follows:

Nu, =Nux226Y " C)

where Y is the swirl-tape ratio, defined as the number of tube inner diameters per the pitch length for 180
rotation of the tape.
When cooling by TiO,/water nanofluid with swirl-tape inserts, the following equation [10] is used:

h D 1.3
Nu,y === 0.027Re"* Prn;F’-S(lJrlj (10)
"k Y

nf
This equation is applicable for nanofluid up to 3.0% volume concentration. The equation was obtained with 321
data points with an average deviation of 4.5%, standard deviation of 5.7% and maximum deviation of 13.5%.
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The density and specific heat of nanofluid are estimated by:

py=0p, +(1-9)p, (11
Cp,=0Cp,+ (1 - (p)pr (12)

Timofeeva et al. [25] equation is used for computing the thermal conductivity of nanofluids:
k,=(1+30)k, (13)

The well-known Einstein’s equation suggested by Drew and Passman [26] is used for calculating the viscosity,
which is applicable to spherical particles in volume fractions less than 5.0 %:

/u,,f:(1+25(,0) w (14)

2.3.2. Subcooled boiling

Boiling is initiated when the coolant channel surface temperature is equal to the onset of nucleate boiling
temperature, Tong, Where

Long =lsar T (Azsat)ONB (15)
where (At,)ons 1s given by Bergles and Rohsenow correlation [27] which is valid for water only over the
pressure range 1—138 bar:

¢ 0.463 PU,(VZ}-" (1 6)
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where P is the local pressure in bar and @oyp is in W/m?.

The inserted swirl-tape induces a secondary swirling flow, which causes ONB to occur at a higher heat flux
condition than the smooth tube. As the swirl-tape ratio decreased, the ONB heat flux enhancement rate
increased. Subcooling and mass flow rate have a proportional relationship with ONB heat flux, whereas pressure
has an inverse relationship. Lim et al [28] correlation is used for the prediction of incipient nucleate boiling in a
one-side heated swirl-tape inserts tube:
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The correlation developed by Chen [29] for saturated boiling is extended for use in the subcooled boiling. It is
assumed that the total heat flux is made up of a nucleate boiling contribution and a single phase forced

convective contribution
¢(Z) = hNCB (Zw (Z) - tsat ) + hSP (tw (Z) - tc‘ (Z)) (19)

where Agp is calculated as described above in Section 2.3.1 and /ycp is calculated for saturated boiling detailed

in the next section.
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where At,, is the wall superheat, AP,,, is the difference between the saturation pressures calculated from the wall
temperature and the fluid temperature and S is the nucleate boiling suppression factor and calculated as

J+012Re )" for Re, < 325 22)
(1+042ReY)" for 325 < Re, < 70
Re 290 (23)

f/“f
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3. RESULTS

The incident heat on the divertor upper surface is deposited in the divertor structure and removed by a high
water flow rate through the cooling tube. It is supposed that, the right, left and lower surfaces of the divertor
module are under adiabatic conditions because the divertor is equipped in the plasma vessel. The operating
conditions are; inlet temperature: 150°C, pressure: 5 MPa and coolant velocity: 16 m/s.

Up to now there is no fully consolidated quantitative prediction of the surface heat flux profile. Thus, the heat
flux profile specified for the ITER divertor targets was adopted in WPDIV as a tentative specification where the
peak heat flux was assumed to be 10 MW/m” for the quasistationary operation (2 h) and 20 MW/m’ for slow
transient events (< 10 s). Therefore; calculations are performed for incident surface heat flux of 2, 4, 6, 8, 10, 12,
14, 16, 18 and 20 MW/m” for a divertor cooled by (a) water through bare tube, (b) nanofluid through bare tube,
(c) water through swirl-tape inserts tube and (d) nanofluid through swirl-tap inserts tube. The swirl-tape
insertion is of ratio 2 and thickness 1 mm and a water based TiO, nanofluid at 3% concentrations is used. Fig. 2
shows the variation of the predicted maximum tube-surface temperature values versus the incident surface heat
flux for the four cases as well as the onset of nucleate boiling temperatures for both bare and swirl-tape inserts
tubes. It is found that, by replacing water by nanofluid in the bare tube diverter, the heat transfer coefficient is
slightly enhanced. On the other hand, when using swirl-tape insertion a considerable enhancement in the heat
transfer coefficient is obtained and this enhancement is considerably increased by the combination of swirl-tape
inserts and nanofluid cooling. It is also found that, for bare tube divertor, the maximum tube surface temperature
exceeds the ONB temperature for incident heat fluxes greater than 10 MW/m” and so subcooled boiling is
predicted at the upper surface of the tube. While for swirl-tape inserts tube divertor, subcooled boiling is
predicted at the upper surface of the tube for incident heat fluxes greater than 18 MW/m?. This is attributed to
the enhancement in the heat transfer coefficient due to swirl-tape insertion. It is noticed that, when replacing
water coolant by nanofluid in the swirl-tape inserts tube divertor, the heat transfer process reveals much more
enhancement and the tube-surface temperature remains below the onset of nucleate boiling temperature by a
considerable margin (68°C at an incident heat flux of 20 MW/m?).
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FIG. 2. Maximum tube-surface temperature FIG. 3. Maximum CuCrZr alloy temperature
versus incident heat flux. versus incident heat flux.

The maximum temperature values in CuCrZr alloy, Copper, and tungsten for the four cases are also depicted in
Figs. 3, 4 and 5 respectively were its temperatures are decreased slightly by replacing water by nanofluid in the
bare tube diverter. On the other hand, when using swirl-tape inserts tube divertor cooled by water, the
temperatures are considerably decreased and decreased much more by using nanofluid and the temperature
reduction rate is equal to the corresponding temperature reduction in the tube-surface temperature due the
enhancement in the heat transfer coefficient.

It is also noticed that, the predicted maximum temperatures of the CuCrZr alloy exceed the upper allowable
temperature limit (specified to be around 300-330°C considering irradiation creep [30,31]) for incident surface
heat fluxes greater or equal to 10 MW/m? for bare tube divertor cooled by water or nanofluid and 12 MW/m 2
for swirl-tape inserts tube divertor cooled by water; while for swirl-tape inserts tube divertor cooled by
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nanofluid, the upper temperature limit is exceeded at incident surface heat fluxes greater or equal to 18 MW/m” .
However, these temperature values could be reduced by using a water-cooling at lower temperature.

Fig. 6 shows a contour plot of the temperature distribution through the swirl-tape inserts tube divertor cooled by
both water and nanofluid at an incident surface heat flux of 20 MW/m®. It shows clearly that, the temperature
values are relatively lower for swirl-tape inserts tube divertor cooled by nanofluid than the corresponding values
for water cooling due to the enhancement in the heat transfer process resulting from the combined effect of
swirl-tape inserts and nanofluid cooling.
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FIG. 5. Maximum tungsten temperature versus
incident heat flux.

Height (mm)
Height (mm)

12 16 20 24 28 12 16 20 24 28
Width (mm) Width (mm)
(a) water cooling (b) nanofluid cooling

FIG. 6. Temperature distribution in the swirl-tape tube divertor at an incident heat flux of 20 MW/m’.

4. CONCLUSION

A previously developed model for simulating the thermal-hydraulic response of ITER tungsten divertor mono
block structural materials has been updated to simulate the divertor cooling by nanofluid for both bare and swirl-
tape inserts tube. The selected heat transfer correlations cover all possible operating conditions of ITER for both
normal and off-normal plasma events. The model is used to predict the temperature distribution through the
divertor structure materials for incident surface heat flux values of 2, 4, 6, 8, 10, 12, 14, 16, 18 and 20 MW/m?
for a divertor cooled by water through bare tube, nanofluid through bare tube, water through swirl-tape inserts
tube and nanofluid through swirl-tape inserts tube. The swirl-tape insertion is of ratio 2 and thickness 1 mm and



SALAH EL-DIN EL-MORSEDY

a water based TiO, nanofluid at 3% concentrations is used. It is found that, by replacing water by nanofluid in
the bare tube diverter, the heat transfer coefficient is slightly enhanced. In contrast, the swirl-tape insertion
considerably enhanced the heat transfer coefficient and this enhancement is considerably increased by replacing
water by nanofluid. Although, subcooled boiling is predicted, for bare tube divertor, at incident heat fluxes
greater than 10 MW/m” and for swirl-tape inserts tube divertor, at incident heat fluxes greater than 18 MW/m’;
nanofluid coolant in the swirl-tape inserts tube divertor remains below the onset of nucleate boiling temperature
by a considerable margin (68°C at an incident heat flux of 20 MW/m?).

Nomenclature
a tube flow area (m?) Greek letters
Cp specific heat at constant pressure (J/kg°C) o thermal diffusivity (m?/s)
D tube diameter (m) ) swirl tape thickness (m)
D, equivalent hydraulic diameter (m) P density (kg/mz)
Dy equivalent heated diameter (m) v dynamic viscosity (kg/ms)
G mass flux (kg/mzs) c surface tension (N/m)
h heat transfer coefficient (W/m® °C) ¢ heat flux (W/m?)
I enthalpy (J/kg) [0) nanofluid concentration
I, latent heat of evaporation (J/kg)
k thermal conductivity (W/m °C) Subscripts
L active length (m) c coolant
Nu  Nusselt number (2 D,/ k) NCB nucleate boiling contribution
P pressure (Pa) nf nanofluid
Pr Pradentl number (u ¢, / k) ONB onset of nucleate boiling
Re  Reynolds number (G D,/ u) SP single phase
q volumetric heat generation (W/m®) st swirl-tape
t temperature (°C) TP  two-phase
u coolant velocity (m/s)
v specific volume (m’/kg)
X distance in radial horizontal direction (m)
X steam quality
y distance in radial vertical direction (m)
Y swirl-tape ratio
z distance in axial direction (m)
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