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This report presents a complete review of the critical heat flux (CHF) experiments performed by
JAERI in the thermal hydraulic conditions of fusion reactors: one-side heating, high heat flux and
water-cooled. Different geometries were tested: smooth tube, externally finned swirl tube, screw tube
and hypervapotron. Externally finned swirl tube and screw tubes are the most efficient and show
similar performances. The effect of experimental thermal hydraulic conditions on CHF, detected by
thermocouples located in the material, is analyzed. Within the range of experiments, the mass flux
has a strong influence on the CHF and the pressure has a weak effect on CHF. Experimental results

for smooth and externally finned swirl tubes are predicted by Inasaka et Nariai and modified corre-

lation with a &= 20% accuracy.
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1. INTRODUCTION

For the next generation of thermonuclear fusion machine as the International
Thermonuclear Experimental Reactor, ITER, some components facing to plasma will
be exposed to high heat fluxes of several tens of MW/m?. The design of divertor
plates requires the development of a high performance cooling device with pressurized
subcooled water flow under one-side heating conditions. Various concepts have been
proposed and tested by laboratories working on the cooling of high heat flux
components for fusion application (see Ref. 1 to Ref. 7). For design purpose, it s
important to predict with accuracy the Critical Heat Flux (CHF) versus the thermal
hydraulic conditions. This report presents a complete review and analysis of the
CHF experiments performed by JAERI for different geometries: smooth tube,
externally finned swirl tube, screw tube and hypervapotron. In section 2,
experimental conditions are briefly reported. In sections 3 and 4, experimental results
are presented and the influence of thermal hydraulic parameters on CHF is analyzed.
Section 5 deals with CHF modeling. Test results of smooth and externally finned
swirl tube are compared with Tong 75 correlation, which is extensively used and

adapted so far to predict CHF for fusion application.

2. EXPERIMENTAL CONDITIONS

Experimental conditions, previously presented in Ref. 8, are briefly reported.
Tests were carried out in an Ion Beam facility of JAERI, or Particle Beam Engineering
test Facility (PBEF) presented in Fig. 1. Test sections, 400 mm long, were made of
OFHC-Cu. General conditions of experiments are described in Fig. 2. The incident
heat flux and the incident profile were measured with a multi-channel calorimeter. The
longitudinal profile along the flow direction is almost Gaussian with a full width at

half maximum of 120 mm.

Each mock-up was equipped with 5 type-K thermocouples whose outer diameter
is 0.5 mm. The distance between two consecutive thermocouples was 10 mm. Each
thermocouple was located 0.2 mm below the heated surface of the test section. CHF
was detected by thermocouples whose trigger value was set between 500 and 550°C.
CHF event was caught by the third and the fourth thermocouple located at 10 mm and

at 20 mm downstream from the centre of the mock-up, respectively. Due to a rapid
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1. INTRODUCTION

For the next generation of thermonuclear fusion machine as the International
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be exposed to high heat fluxes of several tens of MW/m?. The design of divertor
plates requires the development of a high performance cooling device with pressurized
subcooled water flow under one-side heating conditions. Various concepts have been
proposed and tested by laboratories working on the cooling of high heat flux
components for fusion application (see Ref. 1 to Ref. 7). For design purpose, it is
important to predict with accuracy the Critical Heat Flux (CHF) versus the thermal
hydraulic conditions. This report presents a complete review and analysis of the
CHF experiments performed by JAERI for different geometries: smooth tube,
externally finned swirl tube, screw tube and hypervapotron. In section 2,
experimental conditions are briefly reported. In sections 3 and 4, experimental results
are presented and the influence of thermal hydraulic parameters on CHF is analyzed.
Section 5 deals with CHF modeling. Test results of smooth and externally finned
swirl tube are compared with Tong 75 correlation, which is extensively used and

adapted so far to predict CHF for fusion application.

2. EXPERIMENTAL CONDITIONS

Experimental conditions, previously presented in Ref. 8, are briefly reported.
Tests were carried out in an Ion Beam facility of JAERI, or Particle Beam Engineering
test Facility (PBEF) presented in Fig. 1. Test sections, 400 mm long, were made of
OFHC-Cu. General conditions of experiments are described in Fig. 2. The incident
heat flux and the incident profile were measured with a multi-channel calorimeter. The

longitudinal profile along the flow direction is almost Gaussian with a full width at

half maximum of 120 mm.

Each mock-up was equipped with 5 type-K thermocouples whose outer diameter
is 0.5 mm. The distance between two consecutive thermocouples was 10 mm. Each
thermocouple was located 0.2 mm below the heated surface of the test section. CHF
was detected by thermocouples whose trigger value was set between 500 and 550°C.
CHF event was caught by the third and the fourth thermocouple located at 10 mm and

at 20 mm downstream from the centre of the mock-up, respectively. Due to a rapid
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spread of the dry-out region, the location of CHF occurrence was considered as the
position of the third thermocouple, i.e., located at 10 mm from the centre of the test

section. This location does not correspond exactly to the peak of the heat flux profile.

3. EXPERIMENTAL RESULTS

Four geometries were mainly tested: smooth tube, externally finned swirl tube,
screw tube and hypervapotron. Characteristics are presented in Fig. 3. A total of 59
tests was performed, the distribution according to the different geometries is shown in
Fig. 4. Due to operating conditions of the facility, the main investigated parameter
was the mass flux, whose maximal value was limited by the pressure drop of the test
section. In next figures, error bars represent a = 15% uncertainty of the incident heat

flux measurement.

3.1. Smooth tube
Experimental range was:
6 <G <25Mgm?is!; Ty, =30°C; P =1 MPa.

A smooth tube is able to withstand high incident heat fluxes: 15.3 MW/m? for
G =6 Mg.m?2.s", which was the minimal investigated mass flux. Fig. 5 shows that
Incident CHF is an increasing function of the mass flux G, but this effect appears to

be weak from 15 Mgm?2.s™.

3.2. Externally finned swirl tube

Experimental range was:
4<G<14Mgm?s?; Ty, = 25°C; P=1.0, 1.5 MPa.

This tube is very efficient, especially at a low mass flux: 21.8 MW/m? for
G=4Mgm?2s' and P =1 MPa. Fig. 6 shows that Incident CHF is an increasing

function of the mass flux. The effect of the pressure on the Incident CHF is slight.

3.3. Screw tube

Experimental range was:

2<G<20Mgm?is?; Ty, =30°C; P =1 MPa.

._2“7
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spread of the dry-out region, the location of CHF occurrence was considered as the
position of the third thermocouple, i.e., focated at 10 mm from the centre of the test

section. This location does not correspond exactly to the peak of the heat flux profile.

3. EXPERIMENTAL RESULTS

Four geometries were mainly tested: smooth tube, externally finned swirl tube,
screw tube and hypervapotron. Characteristics are presented in Fig. 3. A total of 59
tests was performed, the distribution according to the different geometries is shown in
Fig. 4. Due to operating conditions of the facility, the main investigated parameter
was the mass flux, whose maximal value was limited by the pressure drop of the test
section. In next figures, error bars represent a + 15% uncertainty of the incident heat

flux measurement.

3.1. Smooth tube
Experimental range was:
6<G<25Mgm?s!; T, =30°C; P=1MPa.

A smooth tube is able to withstand high incident heat fluxes: 15.3 MW/m? for
G =6 Mg.m?s"', which was the minimal investigated mass flux. Fig. 5 shows that
Incident CHF is an increasing function of the mass flux G, but this effect appears to

be weak from 15 Mg.m™.s™

3.2. Externally finned swirl tube

Experimental range was:
4<G<14Mgm?is!; Ty, =25°C; P =10, 1.5 MPa.

This tube is very efficient, especially at a low mass flux; 21.8 MW/m? for
G=4Mgm?s’ and P = 1 MPa. Fig. 6 shows that Incident CHF is an increasing
function of the mass flux. The effect of the pressure on the Incident CHF is slight.

3.3. Screw tube

Experimental range was:

2<G<20Mgm?s’; Ty, =30°C; P=1MPa.

_2_
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Three different configurations were studied: M7, M12 and M16 based on 1SO-261
standard (see Fig. 3). The ratio between the fin height and the pitch is constant and is
equal to 1.15. The best result was obtained with M7: ICHF = 41.6 MW/m? for
G =20 Mg.m?2s". Fig. 8 shows that the Incident CHF is an increasing function of
the mass flux for the different types of screw tubes. Fig. 8 also indicates a weak effect

2 -1

of the screw type on the Incident CHF, especially between G = 5 Mg.m™.s" and
G=12 Mgm?s™.

3.4. Hypervapotron

Experimental range was:
2<G <10 Mgm?is!; Ty, =30°C; P =07, 1.0 MPa.

This tube is able to remove high heat fluxes of about 20 - 25 MW/m?. Fig. 7 shows
that Incident CHF is an increasing function of the mass flux. It can be noticed an
important step at low mass flux and P = 1 MPa: ICHF = 6.8 MW/m’® for
G =2 Mg.ms'' and ICHF = 19.8 MW/m? for G = 4 Mg.m?2s™, that is to say a 2.9
enhancement factor. This effect is much less important from G = 4 Mgm?s"' and
P = 1 MPa: ICHF = 19.8 MW/m? for G =4 Mg.m*“.s"' and ICHF = 25.3 MW/m? for
G = 10 Mg.m™“.s'. This effect may come from an evolution of the heat transfer
process at the wall. At low mass flux and for high heat fluxes, the heat transfer will be
really based on the vapotron effect, ie., vaporization and condensation phenomena at
the wall. For higher mass fluxes, the heat transfer is controlled by the movement of
the liquid due to the creation of vortices in the inter-fin space. Further tests are
necessary to confirm this tendency if this geometry is used for fusion application. On

Fig. 7, it is also shown a very slight effect of the pressure on the Incident CHF.

3.5. Comparison between the geometries

These different cooling structures show a good efficiency in terms of Incident CHF
because they are able to remove about 20 - 25 MW/m?, depending on well selected
thermal hydraulic conditions. As expected, the mass flux is the main factor acting on
the CHF for the different geometries within the investigated range. The best result
was obtained with the externally finned swirl tube: ICHF = 458 MW/m?,
G=20Mgm2s', Ty, = 22°C, P = 1 MPa. The comparison between the different

_3_
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geometries is shown in Fig. 9. It is noticed an increase of the Incident CHF with
reference to a smooth tube. For G =10 Mg.m'z.é‘l, the enhancement factor is 1.16 for
hypervapotron, 1.41 for M7 screw tube and 1.59 for externally finned swirl tube.
Another approach is to consider a given Incident CHF. To reach an Incident CHF of
25 MW/m? at constant pressure, P = 1 MPa, and inlet temperature, T;, = 30°C, a
smooth tube requires G = 12 Mg.m.s”, a hypervapotron G = 10 Mgm™s', a M7
screw tube and an externally finned swirl tube G = 6 Mg.m?Zs'. More generally,

ICHF of a screw tube is 1.5 higher than a smooth tube, within the experimental range.

The other experimental result that characterizes the efficiency of a cooling concept
is the pressure drop. The comparison between the different geometries is presented in
Fig. 10, where the lineic pressure drop, ie., normalized by one mefer, of the test
sample is plotted versus the mass flux at room temperature. Externally finned swirl
tube and M7 screw tube show equivalent results: a lineic pressure drop about three
times larger than for smooth tube. Hypervapotron produces the highest lineic
pressure drop, but this result also includes local pressure drop due to inlet and outlet

connection regions, which were not optimized (Ref. 8).

Finally, as a basic approach to determine the best cooling geometry, the Incident
CHF is plotted versus the lineic pumping power in Fig. 11. The main point is the
similar performance between externally finned swirl tube and M7 screw tube. It can
also be noticed that smooth tube shows a rather good efficiency due to a lower
pressure drop. Hypervapotron does not appear as very efficient according to these

results.

These tests confirm the predominant efficiency of swirl and screw tubes in terms
of incident CHF as well as in terms of pumping power. It appears to be of interest to
perform new experiments to optimize screw geometry by evaluating the effect of
pitch, fin height and shape. As a design approach, manufacturing process has to be
considered. The twisted-tape inserted inside the channel of the tube may be properly
connected to the walls to avoid important pressure drop. Screw tube appears to be
the easiest tube to manufacture if other material, except OFHC-Cu that is too soft, are

considered as copper alloys, for example.
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4. ANALYSIS OF EXPERIMENTAL RESULTS

During tests, tubes are only one-side heated by an incident heat flux that 1s

determined from experiments. However, the dry-out of the inner wall is not directly

controlied by this heat flux. It may be reasonably expected that the dry-out

phenomenon, which is responsible for the CHF occurrence, is directly related to the
maximum wall flux. Thus, the analysis of the resulis requires to determine the
maximum wall CHF from the incident CHF. It may be obtained by solving the heat
conduction in the material, provided that boundary conditions at the inner wall are
known. This process requires the calculation of the heat transfer coefficient at the

inner wall in the convective and in the subcooled boiling regimes.

Heat transfer correlations are only available for one-side heating conditions for

smooth and swirl tubes for these different regimes (Ref. 9):

- forced convection regime: Dittus-Boelter correlation multiplied by a viscosity factor

Nu = (u/p, )" x0.023 Re®® Pr’* (Eq. 1)

where Nu = h ID /k is the Nusselt number, Re = G ID / j the Reynolds number and Pr
the Prandtl number.

- subcooled boiling: JAERI correlation

_ — V3 _-FfR6
Tw TSa1 25729 ¢ (Eq. 2)

In this expression, P [MPa] and ® [MW/m’].

- connection convection / subcooled boiling regimes: Bergles & Rohsenow method
2
q)iarﬁalboi.ling = q)ionvcction + (q)boiling - CDONB) (Eq. 3)

- Onset of Nucleate Boiling (ONB) temperature: Bergles & Rohsenow equation

p.463(102)" "

Tonp — T = 0556 — Zow
1082(10P) (Eq. 4

In this expression, P [MPa] and & [W/m’].

_5.7
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An example of the evolution of the heat transfer coefficient versus the wall

temperature is given in Fig. 12.

The evolution of the wall temperature is obtained from 2D steady state finite
element (FE) calculations with ABAQUS code. The wall heat flux 1s deduced from

the wall temperature by:

@, =h(T,)(T, - T,)

(Eq. 5)

Evolutions of the temperature and the heat flux at the wall are presented in Fig. 13
to Fig. 21 for smooth tube and in Fig. 22 to Fig. 36 for externally finned swirl tube.
The origin of the angle corresponds to the top of the inner wall. The onset of nucleate
boiling, Ton,, temperature indicates the limit between the convective regime and the
subcooled boiling regime. According to calculations, the subcooled boiling regime
occurs at the upper part of the tube. It is also shown a non homogeneous distribution
of the temperature and of the heat flux at the wall. Maxima are reached at the top of

the inner wall.

For smooth tube, calculations reveal that the maximum temperature at the inner
wall is constant, 240-250°C, whatever the mass flux, the pressure and the temperature.
The part of the wall in the subcooled boiling regime seems also to be constant. It
represents an average angle percentage of 40% of the circumference, as shown by Fig.

37, or an angle of 145° as illustrated by Fig. 38.

For externally finned swirl tube, calculations show that the maximum temperature
at the inner wall always remains in the range 250-270°C, which is a little bit higher
than the maximal temperature of smooth tube. This is an advantage of this geometry.
Temperature and heat flux do not decrease continuously. A first local minimum of
both temperature and heat flux occurs for a constant angle of 95-100° that corresponds
to the transition between the circular profile and the external fin profile. As shown in
Fig. 39, the percentage of the inner wall in the subcooled boiling regime depends on the
mass flux and on the pressure. The forced convection regime appears at the inner wall
from G =6 Mgm™s"' for P = 1.5 MPa and for P=1MPa. For P = 1.5 MPa, the
percentage in subcooled boiling regime decreases significantly from G = 12 Mgm?s™t.

For P = 1 MPa, this significant decrease begins from G = 16 Mg.m™.s™".



JAERI-Research 97-033

For hypervapotron and screw tube, heat transfer correlations are not available so

far. Thus, such an analysis appears to be impossible at present.

Thermal hydraulic results are summarized in Table 1 for smooth tube, in Table 2
for externally finned swirl tube, in Table 3 for screw tubes and in Table 4 for

hypervapotron. The subscript 'local’ means "at the CHF location'.

5. CHF MODELING

For smooth tube, the modification of Tong 68 correlation (Ref. 10) proposed by
Inasaka et Nariai (Ref. 11) is used:
_ (I)c/iLV = CGOA”?A?/IDU'ﬁ
C/Coonges =1 - [(52.3 +80X,00q — 50%%, )/ (605 + (107 P ) )] (Eq. 6)

=1.76-7.433x,, +12.222x;

CTcmgﬁS

Fig. 40 shows that Inasaka et Nariai correlation predicts in a *20% range
experimental results.

For externally finned swir] tube, modified correlation proposed by Ref. 13 based on

Tong 75 correlation (Ref. 12) is used:

Bogy, =1.67exp(x) x 1.84(D/D,) ™ Regy[1+ 0.00216(F/P) " Refs Ja|(Eq. 7)

where Bogw = Pc / (P Vsw iLv) is the Boiling number based on the swirl velocity Vgw
and Rep, = G Dh/ p the Reynolds number based on the hydraulic diameter Dh. The

swirl velocity is defined as

Vsw =4/ 1+ (Jt/ 2Ty )2 Vaxial (Eq. 8)

where Tg is the twist ratio. It is the number of nner diameter in a 180° twist. The

hydraulic diameter is

nID?/4) -t ID
Dh=4( [4)tew (Eq. 9)
nID + 21D -2t

where tey is the thickness of the twisted tape.
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For hypervapotron and screw tube, heat transfer correlations are not available so

far. Thus, such an analysis appears to be impossible at present.

Thermal hydraulic results are summarized in Table 1 for smooth tube, in Table 2
for externally finned swirl tube, in Table 3 for screw tubes and in Table 4 for

hypervapotron. The subscript local' means "at the CHF location'.

5. CHF MODELING

For smooth tube, the modification of Tong 68 correlation (Ref. 10) proposed by

Inasaka et Nariai (Ref. 11) is used:

_ (Dc/ir_v = CGO.A’uE;?/IDU'ﬁ

O/ Cnss =1=|(523+ 80 = 501 /(60.5+(10°P,)")| Ea. 6

=1.76 - 7.433x,_, +12.222x%

CTongﬁS

Fig. 40 shows that Inasaka et Nariai correlation predicts in a *20% range
experimental results.

For externally finned swirl tube, modified correlation proposed by Ref. 13 based on

Tong 75 correlation (Ref. 12) is used:

Bogy = 1.67exp(x) x 1.84(D/D,) ™ Regy[1+ 0.00216(F/P)"* Refs Ja|(Eq. 7)

where Bogw = Pc / (p Vsw iLv) is the Boiling number based on the swirl velocity Vgw
and Rep, = G Dh/ p the Reynolds number based on the hydraulic diameter Dh. The

swirl velocity is defined as

VSW = \ 1+ (TE/Q'TR )2 Vaxia] (Eq 8)

where Tg is the twist ratio. It is the number of inner diameter in a 180° twist. The

hydraulic diameter is

1D /4) -ty ID
Dh=4( [4)~tow (Eq. 9)
1D+ 21D - 2tg,

where tew is the thickness of the twisted tape.
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As shown in Fig. 41, the proposed correlation predicts with +20% accuracy the

experimental results.

6. CONCLUSION

This report is a complete analysis of the CHF tests performed by JAERI in the
frame of the design of high heat flux components for ITER. Different geometries were
tested using the same facility of JAERI: smooth tube, externally finned swirl tube,
screw tube and hypervapotron. Experimental results show that the mass flux or the
velocity is the main parameter acting on CHF. It is confirmed that extemally finned
swirl tubes are an efficient means of removing high heat fluxes. It is also shown that
screw tubes can reach the same performance as swirl tube, within the experimental
range. Finite element calculations revealed a non homogeneous distribution of the
temperature and the heat flux at the wall for smooth and externally finned swirl tube.
For smooth tube, the angle percentage in subcooled boiling regime seems independant
from thermal hydraulic conditions such as the velocity. It is shown that an external
fin allows the subcooled boiling regime to be reached on a large part of the wall. For
this geometry, the angle percentage in subcooled boiling regime depends on the
velocity and the pressure. Test results were compared with Inasaka et Nariai
correlation for smooth and modified correlation for externally finned swirl tubes.

Experimental results are predicted with +20% accuracy.
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As shown in Fig. 41, the proposed correlation predicts with 20% accuracy the

experimental results.

6. CONCLUSION

This report is a complete analysis of the CHF tests performed by JAERI in the
frame of the design of high heat flux components for ITER. Different geometries were
tested using the same facility of JAERI: smooth tube, externally finned swirl tube,
screw tube and hypervapotron. Experimental results show that the mass flux or the
velocity is the main parameter acting on CHF. It is confirmed that externally finned
swirl tubes are an efficient means of removing high heat fluxes. It is also shown that
screw tubes can reach the same performance as swirl tube, within the experimental
range. Finite element calculations revealed a non homogeneous distribution of the
temperature and the heat flux at the wall for smooth and extemally finned swirl tube.
For smooth tube, the angle percentage in subcooled boiling regime seems independant
from thermal hydraulic conditions such as the velocity. It is shown that an external
fin allows the subcooled boiling regime to be reached on a large part of the wall. For
this geometry, the angle percentage in subcooled boiling regime depends on the
velocity and the pressure. Test results were compared with Inasaka et Nariai
correlation for smooth and modified correlation for externally finned swirl tubes.

Experimental results are predicted with £20% accuracy.
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NOMENCLATURE

Bo=® /(pViLy)

Cp specific heat at constant pressure [J .kg’l.C"]

Dh hydraulic diameter [m]

G mass flux [kg.m2s'], 1 Mgm™2.s™! = 1000 kgm™.s™!
h heat transfer coefficient [W.m>.C™']

ID internal diameter [m]

iy vaporization latent heat [J/kg]

Ja=(pL/ pv) [Cp( Tea - T)]/ iLy Jakob number [dimensionless]
k conductivity [W.m™*.C"']

Nu = h ID / k Nusselt number [dimensionless]

OD outer diameter [m]

P pressure [MPa]

Pr Prandtl number [dimensionless]

Re = G ID / i Reynolds number [dimensionless]
t thickness [m]

T temperature [°C]

Tg twist ratio [dimensionless])

V velocity [m/s]

x = - CpAT,yp / iLv mass enthalpic quality

@ heat flux [W/m’]

it dynamic viscosity [kgm™.s™']

p density [kg/m’]

Subscripts

m inlet

sat saturation
sw swirl

w wall

__12__
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Figure 1: PBEF facility
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Figure 5: Incident CHF versus mass flux for smooth tube
(T, =30°C, P =1 MPa)
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Figure 6: Incident CHF versus mass flux for externally-finned swirl

(Tin = 25°C)
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Figure 7: Incident CHF versus mass flux for screw tube

(T, = 30°C, P =1 MPa)
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Figure 8: Incident CHF versus mass flux flux for hypervapotron

(Tyn = 30°C)
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Figure 9: Incident CHF versus mass flux for the different geometries
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Figure 10: Lineic pressure drop versus mass flux for the different geometries

(P = 1 MPa, T, = 25-30°C)
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Figure 11: ICHF versus lineic pumping power for the different geometries
(P =1 MPa, T;, = 25-30°C)
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Fig. 37: Angle percentage in subcooled boiling of smooth tube

Average angle : 145°

Fig. 38: Distribution of heat transfer regimes at the inner wall of smooth tube



: JAERL-Research 97-053

. O
1Y R A —— o & .................... L&) g - ]

04 S ]

0.2 ﬁ ¢ P=10MPa

Angle percentage in subcooled boiling

G (Mgm™s™)

Fig. 39: Angle percentage in subcooled boiling of externally-finned swirl tube
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Figure 40: Comparison between test results and Inasaka et Nariai correlation
for smooth tube
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Figure 41: Comparison between test results and Tong 75 correlation
for externally finned swirl tube
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