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a b s t r a c t

A mathematical model has been developed/updated to simulate the steady state and transient thermal-
hydraulics of the International Thermonuclear Experimental Reactor (ITER) divertor module. The model
predicts the thermal response of the armour coating, divertor plate structural materials and coolant
channels. The selected heat transfer correlations cover all operating conditions of ITER under both normal
and off-normal situations. The model also accounts for the melting, vaporization, and solidification of the
armour material. The developed model is to provide a quick benchmark of the HEIGHTS multidimensional
comprehensive simulation package. The present model divides the coolant channels into a specified axial
afety
usion
TER divertor

regions and the divertor plate into a specified radial zones, then a two-dimensional heat conduction
calculation is created to predict the temperature distribution for both steady and transient states. The
model is benchmarked against experimental data performed at Sandia National Laboratory for both bare
and swirl tape coolant channel mockups. The results show very good agreements with the data for steady
and transient states. The model is then used to predict the thermal behavior of the ITER plasma facing
and structural materials due to plasma instability event where 60 MJ/m2 plasma energy is deposited over

ER di
500 ms. The results for IT

. Introduction

The worldwide research and development effort in fusion
nergy is motivated by the aspiration that a properly designed
nd constructed fusion reactor would allow harnessing the source
f the sun’s energy in a way that will either eliminate or greatly

mprove upon the disadvantages associated with other current
nergy sources. The International Thermonuclear Experimental
eactor (ITER) is a collaborative international project to design,
uild and operate a 500 MW fusion machine. The project involving
he world’s leading fusion energy programs: the European Union,
hina, India, Japan, S. Korea, Russia and United States. The primary
bjective of ITER is demonstrating the scientific and technological
easibility of fusion energy for peaceful purposes [1]. In fusion toka-

ak reactors, such as ITER, the plasma facing components (PFCs)
re exposed to one sided heat fluxes that are created by energeti-

ally charged particles and photons striking the PFC surfaces. The
ivertor modules in a tokamak are used to remove exhaust from
he burning plasma and so receive the highest heat loads of the
FCs. In order to increase the heat removal capability of the diver-

∗ Corresponding author at: Atomic Energy Authority, Cairo, Egypt.
el.: +20 18 9752796.

E-mail address: selmorshedy@etrr2-aea.org.eg (S.E.-D. El-Morshedy),
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vertor response is analyzed and compared with HEIGHTS results.
© 2009 Published by Elsevier B.V.

tor, the device may have several individual coolant channels defined
as divertor plates that run parallel to each other and are assembled
as a unit. The divertor plates always have a protective armour such
as beryllium or tungsten tiles to limit plasma damage to the cop-
per heat sink. During normal operations, ITER PFCs are expected to
absorb an average heat load of 2 MW/m2 while the divertor plates
will be designed to absorb average heat flux of 5 MW/m2 [2]. In
order to insure reactor reliability, the reactor cooling system needs
to be designed to withstand the most probable and highest heat
loads from the plasma, with a substantial margin of safety against
heat sink burnout.

Light water is a solution for ITER coolant. Water has benefit
of being used for cooling purposes in nearly every industry. Thus,
there is a wealth of information pertaining to water performance
as a coolant and on designing water-cooled systems. Some bene-
fits of using water as a coolant type are its relative abundance, ease
of handling and filtration, moderation effect upon neutrons, high
heat transfer capacity with phase change, minimum environmental
and personal safety concerns and compatibility with most tubing
materials. A major safety concern with using water as a coolant is
voiding effects. Fission reactor operating experiences show that sys-

tem temperatures above the departure from nucleate boiling range
result in significant water voiding. Water voiding represents a loss
of heat removal efficiency since the water is coalescing into bubbles
or voids and the entrapped steam has a low thermal conductivity.
Consequently, coolant voiding may cause localized hot spots in the

http://www.sciencedirect.com/science/journal/09203796
http://www.elsevier.com/locate/fusengdes
mailto:selmorshedy@etrr2-aea.org.eg
mailto:hassanein@purdue.edu
dx.doi.org/10.1016/j.fusengdes.2009.02.051
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Nomenclature

A channel flow area (m2)
Cp specific heat at constant pressure (J/kg K)
D channel diameter (m)
De equivalent hydraulic diameter (m)
Dh heated diameter (m)
F0 channel friction factor
Fst friction factor for swirl tape channel
G mass flux (kg/m2 s)
h heat transfer coefficient (W/m2 ◦C)
I enthalpy (J/kg)
Ifg latent heat of evaporation (J/kg)
k thermal conductivity (W/m ◦C)
L active length (m)
Nu Nusselt number = hDe/k
P pressure (Pa)
Pr Pradentl number = �Cp/k
Re Reynolds number = GDe/�
q volumetric heat generation (W/m3)
T temperature (◦C)
u coolant velocity (m/s)
v specific volume (m3/kg)
W divertor width (m)
H divertor height (m)
x distance in radial horizontal direction (m)
x steam quality
y distance in radial vertical direction (m)
z distance in axial direction (m)

Greek letters
˛ thermal diffusivity (m2/s)
ı swirl tape thickness (m)
� density (kg/m3)
� dynamic viscosity (kg/ms)
� surface tension (N/m)
˚ surface heat flux (W/m2)
� time (s)

Superscripts
p time step index
* means dimensionless quantity

Subscripts
c coolant
CHF critical heat flux
fg difference of saturated liquid and vapor
g vapor phase
in inlet
l liquid phase
NCB nucleate boiling contribution
ONB onset of nucleate boiling
out outlet
sat saturated
SP single phase
st swirl tape

t
i
r
p
t

�Cp = k(T) + k(T) + q(x, y, �) (2)
TP two-phase
w wall
ubing, which in turn may result in a loss of the tube’s mechanical
ntegrity. However, the probability of water voiding can be greatly
educed by using water in its subcooled state. Through controlled
ressurization of water, its temperature will be sufficiently below
he saturation temperature at the given pressure. Thus, significant
Fig. 1. ITER divertor schematic (dimensions in mm).

heat must be absorbed by the water before voiding can commence.
At 4 MPa pressure and an inlet temperature of 150 ◦C, ITER has an
approximate subcooling of 100 ◦C. During normal operations, this
level of subcooling should circumvent any voiding concerns. The
prediction of the thermal response of the divertor components is
a major concern for both the thermal-hydraulic design and safety
analysis of the reactor. Therefore, the objective of the present work
is to develop a model to simulate cooling processes of the ITER diver-
tor in both normal and off-normal operation. The model is entitled
ITERTHA (International Thermonuclear Experimental Reactor Ther-
mal Hydraulic Analysis).

2. Model description

Fig. 1 is a typical schematic design of ITER divertor. The structural
material is copper coated by tungsten or beryllium with water being
the coolant. Due to similarity around the vertical axis, the present
model will focus on only one half of the divertor module in which
only one coolant channel. The coolant channel is divided into a spec-
ified axial regions while both the divertor and armour are divided
into a two-dimension mesh in the radial direction, then a nodal
thermal-hydraulic calculation for coolant, divertor and armour is
performed with a uniform incident heat flux on the armour surface.

2.1. Coolant temperature

The model treats the coolant as one lumped node. It thus
assumed that the coolant is well stirred and has a uniform tem-
perature. The coolant channel is divided into a given number of
elements in the axial z-direction where the general energy balance
equation is applied to each element:

�A �z
dI(�)

d�
=

∫ 2�

0

�(�, 	)d	 R
z + G(�)A(Iin(�) − Iout(�)) (1)

where A is the channel cross-sectional area, �(�,	) is the wall heat
flux at time � and radial angle 	, R is the coolant channel radius, G(�)
is the coolant mass flux at time �, and I(�) is the coolant enthalpy
at time �.

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:

dT ∂
(

∂T
)

∂
(

∂T
)

d� ∂x ∂x ∂y ∂y

Based on the finite difference technique, the model solves the heat
conduction in the mesh nodes of a half divertor plate in two-
dimensional explicit scheme. Twenty equations are derived from
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he general conduction equation to cover all the mesh points. One
or each corner, one for each side, one for the interior points, one
or the nodes on the line of interface between the two materi-
ls and one at the beginning and another one at the end of this
ine. Also, the perimeter of the coolant channel is divided into four
egments; each segment has its own equation with a convection
oundary where the heat transfer coefficient is determined at each
ode. There is also one equation for each node connecting two seg-
ents. The number of elements in Z direction and points in X and Y

irections are input and so any mesh size can be used. The armour
esh is divided into two different size meshes to enable choos-

ng a smaller mesh size at the upper part of the armour and so
he model accounts for evaporation more accurate. The time step
s also an input but it varies if necessary during calculation to sat-
sfy the numerical stability condition. In this work 25 elements is
hosen in Z direction, 100 points in X direction and 160 points in Y
irection (100 for Cu and 60 for Be or W). If the armour cell temper-
ture reaches the melting temperature, a quantity of the deposited
nergy equal to the latent heat of fusion is consumed to convert the
rmour material from solid to liquid states. After energy deposi-
ion phase and as soon as the cell temperature reaches the melting
emperature a similar quantity of heat is removed from the cell to
onvert it from liquid to solid state. Once melting commences in
he cell where the cells below this cell are in solid phase and the
ells above it are in liquid phase, the melt–solid cell temperature
s fixed until all the heat of fusion is either absorbed to change to
iquid phase or removed to change to the solid phase according to
he following equation:

Hf
dy

d�
= ks

∂Ts

∂y
− kl

∂Tl

∂y
(3)

here Hf, ks and kl are the latent heat of fusion, the thermal conduc-
ivity of the solid phase and the thermal conductivity of the liquid
hase, respectively.

The model also accounts for the heat removed through armour
aterial due to evaporation. The kinetics of evaporation establishes

he connection between the surface temperatures and the net atom
ux leaving the surface. Since the maximum temperature will be at
he surface, no boiling phenomenon is assumed to take place. Con-
equently, there is no specific temperature where a phase change
rom liquid to vapor phase can occur. Rather there is a continu-
us flow of vaporized atoms in which the rate of material removal
epends only on the surface temperature, the corresponding vapor
ressure and the type of the wall material.

The quantity of heat consumed for evaporation in a time d� is

qev = �v(�)hevd� (4)

here hev is the latent heat of evaporation, and v(�) is the velocity
f the receding surface and given in cm/s by [3]:

(�) = 5.8 × 10−2 ˛
√

APv(T)

�(T)
√

T
[0.8 + 0.2e−�/10�c ] (5)

here ˛ is sticking probability (usually = 1), A is atomic mass num-
er, Pv is vapor pressure (Torr) and �c is vapor collision time (s).

.3. Coefficient of heat transfer

The model calculates the heat transfer coefficient for both
he single-phase and the boiling two-phase flow. The model first
efines the flow regime at each axial node and then performs cal-
ulations to obtain the heat transfer coefficient as follows.
.3.1. Single-phase forced convection
a) Turbulent regime Re ≥ 10,000; Dittus–Boelter [4] equation is

used:

Nu = 0.023 Re0.8Pr0.4 (6)
eering and Design 84 (2009) 2158–2166

b) Transition regime 2100 < Re < 10,000; Nusselt number is cal-
culated by interpolation between the laminar and turbulent
correlations.

(c) Forced laminar regime Re ≤ 2100; Sieder and Tate [5] correlation
is used:

Nu = 1.86
(

Re Pr

L/De

)1/3( �c

�w

)0.14
(7)

2.3.2. Subcooled boiling
Boiling is initiated when the coolant channel wall temperature

is equal to the onset of nucleate boiling temperature, TONB, where

TONB = Tsat + (�Tsat)ONB (8)

where (�Tsat)ONB is given by Bergles and Rohsenow correlation [6]
which is valid for water only over the pressure range 1–138 bar:

(�Tsat)ONB = 0.556
{

�ONB

1082P1.156

}0.463P0.0234

(9)

where P is the local pressure in bar and �ONB is in W/m2.
The correlation developed by Chen [7] for saturated boiling as

described subsequently 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(Tw(z) − Tsat(z)) + hSP(Tw(z) − Tc(z)) (10)

where hSP is calculated as described above in Section 2.3.1 and hNCB
is calculated for saturated boiling detailed in the next section.

2.3.3. Saturated nucleate boiling
The heat transfer coefficient in forced flow saturated boiling is

estimated by the correlation proposed by Chen [7]:

hTP = hSP + hNCB (11)

hSP = 0.023
[

G(1 − x)De

�l

]0.8[�Cp

k

]0.4

l

(
kl

De

)
(F) (12)

F is the convective boiling enhancement factor and calculated as

F =
{

1.0 for 1/Xtt ≤ 0.1
2.35(1/Xtt + 0.213)0.736 for 1/Xtt > 0.1

(13)

where Xtt is the Lockhart-Martinelli parameter and given by

Xtt =
(

1 − x

x

)0.9(�g

�l

)0.5
(

�l

�g

)0.1

(14)

hNCB = 0.00122

[
k0.79

l
Cp0.45

l
�0.49

l

�0.5�0.29
l

I0.24
fg

�0.24
g

]
�T0.24

sat �P0.75
sat (S) (15)

where �Tsat is the wall superheat, �Psat 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

S =
{

[1 + 0.12Re1.14
TP ]

−1
for ReTP < 32.5

[1 + 0.42Re0.78
TP ]

−1
for 32.5 < ReTP < 70

(16)

ReTP is the two-phase Reynolds number and given by

ReTP = Rel × F1.25 (17)
2.3.4. Transition film boiling
In order to calculate the critical heat flux, the Tong-75 corre-

lation [8] is used as it satisfactorily incorporates the thermal and
hydrodynamic effects associated with the onset and progression of
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3.1. Steady state validation

Figs. 2–4 show a comparison between the surface temperatures
predicted by the present model and the measured values of the
bare channel mockup under different heat fluxes and consequently
S.E.-D. El-Morshedy, A. Hassanein / Fusion

HF. Its predictions for the local CHF has been recommended for
usion CHF as it compares well with experimental data

CHF = 0.23f0GIfg(1 + 0.00216P1.8
ratioRe0.5Ja) (18)

here f0 is the Fanning friction factor, f0 = 8.0 Re−0.6D0.32
ratio

;
ratio = De/D0, De is the hydraulic diameter and D0 is a reference
iameter = 0.0127 m; Pratio = P/Pc, P is the local pressure and Pc is the
ritical pressure = 22.1 MPa; Ja is the Jakob number, Ja = −Xsub(�l/�g)
nd Xsub is the quality of subcooled liquid, Xsub = −Cp�Tsub/Ifg.

As the wall temperature reaches the CHF temperature (the wall
emperature at a heat flux = �CHF) the model calculates the heat
ransfer coefficient using Marshall-98 correlation [9] as it demon-
trated agreement with data from fusion-relevant experiments

= �CHF

(
Tw − Tsat

TCHF − Tsat

)−0.23
. (19)

.4. Heat transfer enhancement

Due to the extremely high heat flux values in fusion reactors,
heat transfer enhancement technique is required in order to

chieve a sufficient margin on critical heat flux at a reasonable
ow velocity. The usage of swirl tapes in flow boiling experiments
ere performed in 1962 [10] for pressurized water reactor stud-

es at Argonne National Laboratory. This and subsequent research
eveal that swirl tap inserts in the coolant channels significantly
ncrease the heat transfer coefficient in forced convection regime
11]. The swirl tape inserts influence on the fully developed nucleate
oiling regime is negligible; however, they considerably increase
he critical heat flux [12]. When the cooling channel features a
wirl tape insert, swirl tape factors must be applied to the previ-
usly described heat transfer correlations that were defined for bare
hannel tubes [13].

.4.1. Forced convection heat transfer
The value of Nusselt number given in Section 2.3.1 is multiplied

y the swirl tape modification of Lopina and Bergles [14] as follows:

ust = Nu × 2.26Y−0.248 (20)

here Y is the swirl tape ratio, defined as the number of tube inner
iameters per the pitch length for 180◦ rotation of the tape.

.4.2. Critical heat flux
The critical heat flux correlation for bare tubes (Tong-75 corre-

ation) is also used for swirl tape tubes after modifying its friction
actor to account for the swirl tape inserts. Lopina and Bergles [14]
orrelate their experimental data to obtain a new friction factor in
he following equation:

st = f0 × [2.75Y−0.406] (21)

here fst is the friction factor for swirl tape tube.
For swirl tape tubes the concept of the equivalent hydraulic

iameter should be applied to all the previous heat transfer correla-
ions while the concept of the heated diameter should be applied to
he energy equation. In this model, the concept of both the hydraulic
nd heated diameters are used precisely and no other factors imple-
ented in the swirl tape correlations as done in previous work [13].

he equivalent hydraulic diameter takes the following form:

e = 4 ×
[

(�D2/4) − ıD

�D + 2(D − ı)

]
(22)
While the heated diameter takes the following form:

h = 4 ×
[

(�D2/4) − ıD

�D − 2ı

]
(23)

here ı is the tape thickness.
Fig. 2. Predicted and measured surface temperatures for bare channel mockup with
coolant velocity = 1 m/s.

3. Model validation

The present model is validated by experiments performed at
Sandia National Laboratory by Marshall [13] and [15] for two pro-
totypical International Thermonuclear Experimental Reactor (ITER)
divertor channels for both bare channel and swirl tape channel
mockups. The thermocouples are located at 0.6 mm depth of the
cupper surface for both mockups. The experimental data is obtained
under both normal steady state operating conditions and transient
off-normal situation during simulated loss of flow accident (LOFA).
Fig. 3. Predicted and measured surface temperatures for bare channel mockup with
coolant velocity = 4 m/s.
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ig. 4. Predicted and measured surface temperatures for bare channel mockup with
oolant velocity = 10 m/s.

ifferent heat transfer regimes. The comparison is performed under
he following conditions:

1) coolant inlet pressure = 1 MPa
2) coolant inlet temperature = 70 ◦C
3) coolant velocity = 1, 4, and 10 m/s
4) coolant channel diameter = 7.7 mm
5) mockup length = 40 mm
6) mockup width = 15.7 mm

7) mockup height = 15.7 mm

The comparison reveals that the developed model predictions
ive a very good agreement with experimental data.

ig. 5. Predicted and measured surface temperatures for swirl tape channel mockup
nder pressure of 1 MPa.
Fig. 6. Predicted and measured surface temperatures for swirl tape channel mockup
under pressure of 2 MPa.

Figs. 5–7 show the surface temperature predictions and the mea-
sured values of the swirl tape channel mockup. The comparison is
performed under the following conditions:

(1) coolant inlet pressure = 1, 2, and 4 MPa
(2) coolant inlet temperature = 70 ◦C
(3) coolant velocity = 1 m/s
(4) coolant channel diameter = 7.3 mm
(5) mockup length = 30 mm

(6) mockup width = 15.7 mm
(7) mockup height = 15.7 mm
(8) swirl tape ratio = 2
(9) swirl tape thickness = 1 mm

Fig. 7. Predicted and measured surface temperatures for swirl tape channel mockup
under pressure of 4 MPa.
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(VDE). The initial phase prior to VDE is characterized by unheated
divertor with inlet coolant temperature = 71 ◦C. It is assumed that
all temperature values through are equal to the inlet coolant tem-
perature. At time � = 0, the plasma deposits parts of its energy about
ig. 8. Predicted and measured surface temperatures for bare channel mockup
nder LOFA experiment.

It also shows a good agreement with the experimental data.
owever, at higher heat fluxes more than 8 MW/m2, a transition
lm boiling regime achieved and so the quantity of heat transfer
ecreased exponentially. Therefore, any small deviation in the pre-
iction of the onset of the critical heat flux phenomenon leads to
considerable deviation in the temperature values. It means that

he swirl tape factor used in the critical heat flux correlation needs
ore justification. The results also show how the swirl tape inserts

nhances the critical heat flux and so the mockup can withstand
igher heat fluxes before burn out.

.2. Transient validation

The present model is used to simulate the loss of flow experi-
ents performed at Sandia National Laboratory on ITER mockups

or both bare and swirl tape coolant channels. Fig. 8 shows both
he predicted and measured temperatures for the bare channel

ockup under LOFA experiment. The pump coast down starts at
ime = 123.42 s while uniform heating of the mockup continues
ntil a high temperature trip occurs at 700 ◦C. The comparison is
erformed under the following conditions:

1) coolant inlet pressure = 1 MPa
2) coolant inlet temperature = 70 ◦C
3) coolant channel diameter = 7.7 mm
4) mockup length = 40 mm
5) mockup width = 15.7 mm
6) mockup height = 15.7 mm

As shown the predicted temperatures are in good agreement
ith the experimental data.

Fig. 9 shows both the predicted and measured temperatures for
he swirl tape channel mockup under LOFA experiment. The pump
oast down starts at time = 60.44 s while uniform heating of the
ockup continued until a high temperature trip occurs at 700 ◦C.

he comparison is performed under the following conditions:
1) coolant inlet pressure = 1 MPa
2) coolant inlet temperature = 71 ◦C
3) coolant channel diameter = 7.3 mm
4) mockup length = 30 mm
Fig. 9. Predicted and measured surface temperatures for swirl tape channel mockup
under LOFA experiment.

(5) mockup width = 15.7 mm
(6) mockup height = 15.7 mm
(7) swirl tape ratio = 2
(8) swirl tape thickness = 1 mm

The predicted temperatures in this case are also in good agree-
ment with the experimental data.

4. Results and discussion

The present model is used to simulate the thermal response
of ITER divertor exposed to a plasma vertical displacement event
Fig. 10. Divertor temperatures under 60 MJ/m2 energy deposition in 0.5 s for 10 mm
Be armour.
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ig. 11. Melt and evaporated layer thickness during VDE for 10 mm Be armour.

0 MJ/m2 during 0.5 s leading to a high heat flux of 120 MW/m2 on
ivertor surface. Therefore, the temperature rises rapidly in the sur-

ace region until the melting point is reached. Then, the melt–solid
nterface continues to move deeper into the armour while the tem-
erature continues to rise in the melted surface. Evaporation then

ntensifies from the melted surface until the net heat flux drops
t the end of the VDE, i.e., � = 0.5 s. Then, the energy deposition
nto the divertor ceased and the hot melt layer cooled by evapo-
ation, radiation, and conduction to the divertor coolant channels.
he temperature of the melt surface becomes too low for further

vaporation and resolidification of the melt layer takes place. All
he results presented in the following figures are obtained at the
nd of the heated axial length.

ig. 12. Divertor temperature distributions at the end of the VDE for 10 mm Be
rmour.
Fig. 13. Divertor temperatures under 60 MJ/m2 VDE in 0.5 s for 10 mm W armour.

Fig. 10 shows the thermal behavior of the divertor with 10 mm
beryllium armour under a VDE. The surface temperature increased
sharply from the steady state value (71 ◦C) to more than 2000 ◦C
in only 0.04 s, then the intense evaporation reduces the net energy
deposited through beryllium and significantly suppresses the tem-
perature rise. As soon as the VDE ends, the surface temperature
falls rapidly mainly due to evaporation and conduction until reach-
ing the beryllium melting temperature, 1287 ◦C where the melted
beryllium loses its latent heat of fusion before resolidifying. Then
beryllium temperature decreases due to cooling through the diver-
tor channel. Fig. 11 shows the variation of both the melted and
evaporated layer thickness due to plasma energy deposition. The

beryllium armour starts to melt after about 15 ms and the melt layer
thickness increases to more than 900 �m by the end of VDE, then
the temperature decreased leading the melt layer to rapidly reso-
lidify. The evaporation layer thickness increases linearly to reach

Fig. 14. Melt and evaporated layer thickness during VDE for 10 mm W armour.
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ig. 15. Divertor temperature distributions at the end VDE for 10 mm W armour.

bout 570 �m by the end of the VDE. Fig. 12 shows a contour plot
f the temperature distribution through the divertor with 10 mm
eryllium armour at the end of the VDE.

Fig. 13 shows a simulation of VDE when using 10 mm tungsten
rmour. In this case, higher surface temperatures are predicted as
he melting temperature of tungsten is higher (3407 ◦C) and the
vaporation rate becomes significant above 4000 ◦C surface tem-
erature. After VDE, the temperature decreases to lower values than

n case of beryllium armour due to the relatively higher thermal
onductivity of tungsten.

Fig. 14 shows the variation of both the melt and evaporated layer

hickness due to plasma energy deposition. The tungsten melt layer
hickness slightly exceeds 1500 �m before resolidification starts
fter the VDE duration while the evaporation thickness reaches only
5 �m.

ig. 16. Surface temperature predicted by the present model and HEIGHTS for
0 mm Be armour.
Fig. 17. Surface temperature predicted by the present model and HEIGHTS for 10 mm
W armour.

Fig. 15 shows a contour plot of the temperature distribution
through the divertor with 10 mm tungsten armour at the end of
the VDE. The divertor temperatures have higher values in this case
due to the higher melting temperature of tungsten.

Figs. 16 and 17 show the surface temperature predicted by the
present model and the comprehensive HEIGHTS [16] package under
60 MJ/m2 energy deposition in 500 ms for both beryllium and tung-
sten armours, respectively. There is a good agreement in the region
where the heat transfer by evaporation is dominant, and then devi-
ation occurs due to the difference in the used heat transfer models.
The methodology of predicting the coolant temperature is the main
responsible for this deviation where in HEIGHTS [17,18] a time-
dependent thermal balance is used while the energy equation is
used in the present model in which the rate of change in enthalpy
along each axial element is accounted for and the heat flux used is
the average channel wall heat flux at each axial element (Eq. (1)).
The variation in the coolant temperature leads to a different heat
transfer regimes which in turn leads to a higher deviation in both
the coolant channel wall and divertor surface temperatures.

5. Conclusion

A computer program entitled ITERTHA (International Ther-
monuclear Experimental Reactor Thermal Hydraulic Analysis) has
been developed to simulate the thermal-hydraulic behavior of
ITER divertor modules under both steady and transient states. The
selected heat transfer correlations cover all possible operating con-
ditions of ITER for both normal and off-normal plasma events.
Melting, vaporization, and solidification of the armour material
are accounted for. The present model is validated by experimen-
tal data performed at Sandia National Laboratory for both bare and
swirl tape coolant channel mockups and shows a good agreement
with the experimental data during both the steady and transient
states. The model is used to simulate ITER divertor thermal response
under intense transient energy deposition of vertical displacement
events. This VDE of 60 MJ/m2 deposited in 500 ms leads to a maxi-
mum surface temperature of 2070 ◦C and 4800 ◦C for both beryllium

and tungsten armours, respectively. However, the maximum cop-
per temperatures remain below the melting point, the maximum
coolant channel wall temperatures remain below the burnout tem-
perature and the maximum coolant temperatures remain below
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aturation temperature by good margins for both beryllium and
ungsten armour cases. As a result of the VDE, 570 �m of the
eryllium armour is evaporated while only 35 �m of the tungsten
rmour is evaporated. The surface temperature predicted by the
resent model in this case is also compared with HEIGHTS predic-
ions with a very good agreement is achieved during the deposition
eriod while a slight deviation is predicted after the end of VDE due
o the variation of the heat transfer models used in both programs.
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