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ABSTUCT

An assessment of the cooling requirements for fusion reactor

components, such as the first wall and limlter/divertor, was car-

ried out using pressurized water as the coolant. In order to

establish the coolant operating conditions, a survey of the

literature on departure from nucleate boiling, critical heat flux,

asyaaetrical heating and heat transfer augmentation techniques was

carried out. The experimental data and the empirical correlations

indicate that thermal protection for the fusion reactor compo tents

based on current design concepts can be provided with an adequate

margin of safety without resorting to either high coolant veloci-

ties, excessive coolant pressures, or heat transfer augmentation

techniques. If, however, the future designs require heat transfer

enhancement techniques, experimental verification would be neces-

sary since no data on heat transfer augmentation techniques exist

for complex geometries, especially under asymmetrically heated

conditions. Since the data presented herein concern primarily

with thermal protection, the final design should consider other

factors such as thermal stresses, temperature limits, and fatigue.



i. xsi

A critical parameter in fusion reactors is the upper bound of the surface

heat flux on the Halter or dlvertor. Determination of the heat flux Halts

would allow the designer to accommodate the uncertainties in calculations

(froa plasaa engineering) of surface heat fluxes, as well as provide soae

flexibility in deteralning the heat loads aaong various coaponents, such as

the first wall and the liaiter/divertor.

The purpose of this scoping study is to establish an upper bound on the

surface heat flux for a llaiter froa thermal hydraulic viewpoint which in-

cludes considerations of pressure drop, critical heat flux, etc. It should be

noted that other factors, such as teaperature Halts of coating and structural

materials, thermal stress, fatigue, etc., will also Halt the surface heat

flux and should be included In the overall design evaluation.

The geometry adopted in this study is a double-edge liaiter shown in Fig.

1, which is siallar to the design for FEO/INTOR [1). This design is consid-

ered to have the thermal hydraulic response that is typical of other Impurity

control systems. The linear length (L) that is exposed to surface heat flux

is assumed to be one aeter. The coolant channel cross-section is 8 aa x 4 am

which corresponds to a hydraulic diameter (0) of 5.33 aa. Table I summarizes

the parameters adopted In this study.

Table I

Range of Paraaeters Eaployed

Pressure (P)

Velocity (V)

Length (L)

Equivalent Diaaeter (D)

3.45 and 6.89 MPa
(500 and 1000 psla)

2.5-15.0 a/s

1.0 a

5.33 aa
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The coolant passage from supply Manifold to return manifold Includes

three relatively straight sections and six 90-deg bends (see Fig. 1). The

straight sections have a total length of approximately 2.5 •• For the veloci-

ties (V) used in this study, the flow is turbulent and the coolant channels

are assumed to be made of smooth (copper) pipes. The pressure drop through

bends (AP^) depends on the ratio of the radius of curvature of the bend and

the pipe diameter. For the present calculations, it is assumed that each bend

has an average equivalent length to diameter ratio (L/D) of 20. Using the

method described in Ref. 2, the results of single-phase pressure drop and

pumping power (V) for the limiter are shown in Table II. The total pressure

drop (AP ) for a velocity of 15 m/s is approximately 1.6 MPa (230 psi). This

pressure drop is not small, and it does not include the pressure losses asso-

ciated with the piping system outside the limiter. Unless one is willing to

accept even a higher pressure drop (and the associated piping and pumping

costs), a velocity of 15 a/s in the coolant channels should not be exceeded.

It is likely that the flow in a portion of the heated length (~1 m) will be in

the two-phase regime and the pressure drop will be different from the single

phase results shown in Table II. However, the total pressure drop Is not

likely to differ significantly from that shown in Table IX since the length of

the two-phase region is expected to be small compared to the overall length of

the coolant channels.

Table II

Single-Phase Pressure Drop and Pumping Power for the Limiter

V
(•/a)

2.5

5.0

7.5

10.0

12.5

15.0

Reynolds No.
Re

(x 10"5)

0.366

0.732

1.10

1.46

1.83

2.20

f
" (Friction
Factor)

0.040

0.033

0.030

0.028

0.026

0.025

APp

(MPa)

0.057

0.188

0.380

0.640

0.920

1.280

(MPa)

0.015

0.048

0.103

0.162

0.240

0.330

APt

(MPa)

0.072

0.236

0.483

0.802

1.160

1.610

APt

(psi)

10.4

34.2

70.1

116.3

168.3

233.5

M
(W)

1.15

7.55

23.20

51.33

92.80

154.56



III. CKITICAL BEAT IUDC

The critical heat flux (CHF) referred to here corresponds to the depar-

ture from nucleate boiling (DNB) in the subcooled or low-quality region at

relatively high heat fluxes. If the applied heat flux exceeds the CHF, a

sharp rise in the coolant channel vail temperature could occur leading to

failure of coolant channel. Thus, CHF forms a practical upper limit for the

imposed heat flux in a system.

Table III is a list of six CHF correlations employed in the present eval-

uation. The relevant parameter ranges for these correlations are also listed

in Table III. Since all of these correlations are applicable only within the

range of the parameters listed in Table III, extrapolation outside these para-

meter ranges is not recommended. The Bowrlng [3] and Katto [4] corrections

are among the recommendations of a recent evaluation by Boyd, et al. [5j.

Groeneveld and Snoek [6] recently provided the CHF table look-up techniques

based on 10,000 tube CHF data. The Jens and Lottes (7], Vestinghouse AFD [81,

and Bernath [9] correlations are some of the older correlations chosen here

for comparison. All the correlations are developed for uniformly (axially and

circumferentially) heated vertical tubes. Host of the correlations are based

on the local parameters such as the quality or subcooling. CHF always occurs

at the pipe exit for uniformly heated test sections.

Figure 2 shows the results of the various CHF correlations versus veloc-

ity (or mass flux) for a systec pressure of 3.44 » a (500 psia), an axial

heated length of one meter, a pipe diameter of 5.33 mm, and an inlet water

temperature of 60°C. Each correlation is represented by a solid line if it Is

within the parameter range listed in Table III. The dashed lines in Fig. 2

represent extrapolations outside the range of parameters listed in Table III.

Several interesting observations can be made by examining the results shown in

Fig. 2:

1. The results of various CHF correlations appear to differ signifi-

cantly from each other. The magnitude of difference among some

correlations can be very large (a factor of 2 to 3).

2. It appears that all of the correlations evaluated here are developed

with velocity less than 10 m/s (except the Bovring correlation) and

with heat flux less than 12.6 MwVmr2 (except the Bernath correlation).



Table III

Parameter Ranges for Various CHF Correlations

Correlation

Bowrlng

Krttto

Groeneveld &
Snotk

Jens & Lottes

Westlnghouse APD

Btrnath

Pressure
P (HPa)

0,20-19.3

3.0-19.9

0.20-15.0

3.45-13.8

5.51-18.9

0.10-20.6

Mass Flux
G (kg/«2-s)

136-18,600

750-4,000

0-7,500

1,302-10,170

271-10,848

V - 1.82-12.8 n/s

Axial Length
L (•)

0.15-3.7

0.08-6.3

—

0.076-0.625

L/D - 21-365

L/D - 58

Diameter
D (on)

2.0-45

8

8

3.63-5.75

2.54-13.7

2.06-19.0

CHF
MW/a2

(?)
7.95

0.16-11.2

up to 12.6

1.2-12.6

0.2-18.1

Ref/y

3/1972

4/1981

6/1983

7/1951

8/1963

9/1960



GxlO"4, kg/in2 -«
0.4S6 0.973

2.5 15.0
m/%

Fig. 2. CHF versus velocity froa various correlations for a limi-
ter with a heated length of 1 •, a channel diaaeter of
5.33 ma, and an average system pressure of 3.44 HPa.

This indicates that there is a lack of data and reliable CHF correla-

tions for high velocity and high heat flux applications.

3. The more recently published correlations (Bowriog, Katto, and

Groeneveld and Snoek) appear to give CHF values much lower than the

older correlations (Jens and Lottes, Meetinghouse, and Bernath).

The wide difference in CHF values among various correlations is an accu-

rate descriptiou of the current state-of-the-art and shows the lack of under-

standing of the basic mechanism for CHF. For the present evaluation, the more

recently published CHF correlations (Bowring, Katto, and Groeneveld and Snoek)

will be adopted for the following t-<ro reasons: (1) the recently published CHF

correlations give conservative results coapared to the earlier correlations;

and (2) the more recently published CUF correlations are probably based on



better and more sxtecaiva data base (for example, the Groeneveld and Sooek

correlation Is based on 10,000 tube CHF data).

Figure 3 shows the CHF versus velocity plot at a pressure of 6.89 KPa

(1000 psia) by using the Bowing, the Katto, and the Groeneveld and Snoek cor-

relations. Again, it must be noted that the reliability of these correlations

decreases as the velocity is Increased beyond 10 m/s.

0.486
Gx'lO"4, kg/m*-»

C.973

7.5 10.0
V, m/s

15.0

Fig. 3. CHF versus velocity from various* correlations for a limi-
ter with a heated length of 1 m, a channel diameter of
5.33 mm, and an average system pressure of 6.89 KPa,

Fro* the results shown in Figs. 2 and 3 (based on the three recently pub-

lished correlations), it can be observed that the CHF is approximately 6 MU/m2

for a velocity of 10 m/s and a pressure of 3.4«» MPa, and 10 Mf/m2 for a veloc-

ity of 10 m/s and a pressure of 6.89 »a. For the design of a lialter or

other components, the applied heat flux must be lower than the CHF at the

operating conditions. This is discussed further in Section V.
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In addltirs to the pressure drop and CHF limitations, there are other

thermal hydraulic constraints which may limit the velocity or pressure of the

liaiter system. Among these constraints are flow-induced vibrations, cavita-

tlon, erosion, two-phase flow instability, etc.

Referring to Fig. 1, the relatively thick core structure would probably

prevent any large-amplitude vibration of the limiter for velocities up to 10

m/s. However, for velocities beyond 10 m/s, tests should be conducted to

determine the impact of flow-induced vibrations on such a system.

In a moderately pressurized system C3.45 MPa), there is sufficient margin

for cavitation even at relatively high velocities (>10 m/s). Erosion is not

likely to be a problem for a water velocity of 10 m/s and a llmiter lifetime

of two years.

Two-phase flow instability Is system-dependent and should be examined if

subcooled boiling occurs in the coola.it channels of the llmiter.

V. BU1VLE

As an example, we shall consider a limiter exposed to a peak heat flux of

3.5 MW/a2, to determine the minimum coolant velocity and the heat transfer

coefficient (h) for this design (the heat transfer coefficient is needed to

calculate the structural temperature). The heated length is assumed to be 1 m

and the coolant channel diameter is 5.33 mm. The average pressure in the

heated coolant channel is assumed to be 3.44 MPa (500 psla) and the water in-

let temperature is 60°C.

As mentioned previously, the applied heat flux should be lower than the

critical heat flux to provide some margin of safety. For pressurized water

reactors (PUR), this safety margin is expressed in terms of the DNB ratio [10]

_™ R m DNB heat flux predicted by applicable correlation

Reactor local heat flux

and a typical PWR design criterion is that DHBR >. 1.3 at the maximum overpower

conditions. Pending further evaluation of the safety margin for fusion appli-

cations, the PWR design criterion of
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will be adopted here.

For an applied peak heat flux of 3.5 M5*/«2 and a DKB ratio of 1.3, the

critical heat flux at the operating condition should be

CHF >, 4.55 HW/a2 .

Examination of the results shown in Fig. 2 (use the Bowriog correlation which

appears to give the average CHF values between the Katto and the Groeneveld

and Snoek correlations) Indicates that the velocity should be greater than 5

a/s in order to satisfy the OIF requlreaent.

The designer now has the choice of a range of velocities (say between 5

and 10 a/s in order not to have excessive pressure drop in the Halter) to

ceet the CHF -equireaent. The higher the velocity, the larger the heat trans-

fer coefficient, and the larger the safety Margin towards CHF. The price one

has to pay Is larger pressure drop and puaplng power.

To assist in selecting a velocity and the corresponding heat transfer

coefficient, the designer aust decide which flow regiae (single phase or sub-

cooled boiling) exists in the Halter. To do this, the aethod and procedure

recoiwended by Boyd, et al. [5] will be eaployed. The bulk fluid temperature

(TB) increases along the pipe. The bulk fluid teaperature at the location of

onset of nucleate boiling ( T Q ^ ) is given by

T0NB " T S A I - o/h + 14.6

where q (kw/ca2) is the applied heat flux, h (kW/ca2-^) is the single-phase

heat transfer coefficient, and Tg^j is the saturation teaperature. The bulk

fluid teaperature at the location of the net vapor detacbaent point (Tjjyp) is

given by the Saha and Zuber correlation,

(0.22

X5,

22 (qO/k) for Pe < 7 x 10*
TSAT V D 1«, g (q/G(g for pe > 7



11

where D is the pipe diameter, k is the thermal conductivity of the fluid, C

is the specific heat of the fluid, G is the mass flux, and Pe Is the Peclet

number. The Inside wall temperature (Tw) along the pipe also increases along

the pipe length and can be calculated by using h up to the point of onset of

nucleate boiling.

Figure 4 shows the variations of various temperatures along the coolant

channel for a velocity of 5 m/s which is the minimus velocity required to sat-

isfy the CHF criterion. It is seen that the onset of nucleate boiling occurs

at an axial distance of ~0.62 • from the inlet. From this point on, partial

nucleate boiling exists in the channel. Fully-developed boiling does not

exist anywhere in the heated channel since the bulk, fluid temperature is

always below that of net vapor detachment. This design (with a velocity of 5

m/s) is acceptable, but partial nucleate boiling must be tolerated in the

Halter. To calculate the wall temperature accurately, two heat transfer

coefficients should be used; one corresponding to the single-phase region and

the other corresponding to the partial nucleate boiling region.

260

6 0
0.4 0.6

AXIAL DISTANCE, m

Fig. 4. Variations of bulk fluid temperature and the vail tempera-
ture along the coolant channel of a llmlter with a peak
heat flux of 3.5 Mf/m2 and an average velocity of S m/s.
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The alternate would be to increase the velocity and operate the entire

Halter In the single-phase reglae. Figure 5 shorn the various teaperature-

versus-axial distance plots for a velocity of 7.5 a/s. In this case, the balk

liquid te»perature Is always below T,,^ (onset of nucleate boiling), and the

wall temperature is always below the saturation teaperature* Thus, the flow

Is single-phase and only one heat transfer coefficient Is needed. For this

case

f- - 0.023 Rfc
0 J >

111

<

111

220

ISO

MO

100 —

I

TNV0

1

1
0.2 0.4 0.6

AXIAL OISTANCE, m
1,0

Fig. 5. Variations of bulk fluid teapecature and the wall teapera-
ture along the coolant channel of a Halter with a peak
heat flux of 3.5 MH/a2 and an average velocity of 7.5 a/s.

where Hu is the Nusselt nuaber, Re is the Reynolds nuaber, and Pr Is the

Frandtl uuaber. The total pressure drop for the Halter (Table II) is

approxiaately 0.48 MPa (70 psi). This pressure drop is acceptable and thus

this design is preferred since It ellainates partial nucleate boiling In the

channel. Further increases in velocity will Increase the heat transfer

coefficient and the D M ratio, reduce the bulk fluid and wall teaperatures,

and increase the pressure drop and ptaping power.
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Table IV summarizes Che results of the theraal hydraulic parameters for a

Halter with a peak heat flux of 3.S MW/*2, a uniforaly heat length of 1 a, a

channel diameter of 5.33 aaf and an average system pressure of 3.44 HPa.

It should be noted that In the example shown In Table IV, the peak heat

flux of 3.5 Htf/a2 was assuaed to be applied uniforaly along the coolant chan-

nels. This is a conservative assumption since the heat flux decreases linear-

ly from the center of the Halter (where the peak heat flux occurs) towards

either leading edge. It should also be emphasized that the design described

here is based on theraal hydraulic considerations only and the final accep-

tance of a design aust Include other considerations, such as structural tem-

perature, thermal stress, fatigue, etc.

The results shown In Table IV are for a liaiter with a uniforaly heated

length of one aeter and a systea pressure of 3.44 HPa (500 psla). For a peak

heat flux of 3.5 MW/m2, a velocity ~5 m/s is enough to satisfy the CHF

requirement.

If the applied heat flux Is increased, the velocity will have to be in-

creased correspondingly to satisfy the CHF requirement until other constraints

(such as pressure drop or flow-induced vibrations) become the limiting fac-

tors. Th3 CHF can be further increased by varying the system pressure or by

shortening the heated length through design changes. If none of these are

feasible, heat transfer enhancement techniques should be considered and some

of these techniques are described in the next section.

VI. CUTIC&L BEAT FLDX FOfc ASTWCTRICALLT BATED SOIFACES

A review of the literature was carried out to assess how nonsyametrical

heating influences DNB. The experimental data reviewed Included both axial

and radial flux variations covering a wide spectrum of flux profiles such as

hot patches, cosine, chopped cosine, and skewed cosine [11,12]. The experi-

mental parameters also cover a range of L/D ratio, inlet subcooling, inlet

pressure, and heat fluxes. The results indicate that the experimentally ob-

served variations in DNB values are so large that no single empirical correla-

tion can be used to represent the data, especially In situations where marked

nonuniformities exist. However, these data Indicate that the Influence of

nonuniformities on CHF decrease as the inlet quality increases. Experimental



Table IV

Thermal Hydraulic Parameters for a Llnlter With a Peak Heat Flux of 3.5 MW/mz, a Heated Length of
1 m» a Channel Diameter of 5.33 am, and an Average System Pressure of 3.44 MPa

Velocity
(•/•)

5.0

7.5

10.0

12.5

15.0

AP
(MPa)

0.236

0.483

0.802

1.160

1.610

CHP
(MW/a*)

4.8

6.2

7.6

9.2

10.9

DNBR
(»)

1.37

1.77

2.17

2.63

3.11

Flow Regime

Single-phase and partial,
nucleate boiling

Single phase

Single phase

Single phase

Single phase

Heat Transfer
Coefficient

h x lO"1*
(W/m2-C)

3.09

4.27

5.38

6.43

7.44

Bulk Temp,
at Exit

<T»)

cJb -
189

146

124

112

133

Wall Temp.
at Exit

(Tw)
CC)

302

228

189

166

150

* Minim* required DNBR > 1.3.
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data from an asyaaetlcally heated tube [13] show that correlations for uni-

formly heated tubes may be used co predict the DMB behavior of asymmetrically

heated tubes. It should be noted that since Kef. 13 covers only a Halted

range of test paraaters, Its validity aay be questionable. The experimental

results as reported In Kef. 13 are Halted to heat fluxes less than I MW/n.2.

Hence, there are not sufficient data for asymmetrically heated surfaces that

would be directly applicable to Halter/divertor design.

TII. nuuKnar or HEAT TEAMSTER

A survey of the literature on heat transfer enhancement techniques indi-

cate that attempts to improve heat transfer characteristics dates back to the

early 1930s [14]. These experiments were confined to simple techniques such

as surface roughening, and no attempts have been made for a fundamental under-

standing of the nature of augmentation techniques untii 'he mid-1950s. Since

then a large nunber of augmentation techniques such as surface roughening,

surface treatment, chemical additives, mechanical and acoustic vibrations,

electrostatic fields, extended surfaces, turbulence promotors such as coiled

wire inserts, twisted tapes, helical tubes, porous surfaces, porous coating,

and reentrant cavities [15-20]. Experiments have been conducted under non-

boiling, boiling, and condensation in free convection and forced convection

modes to identify augmentation techniques that are best suited for a given

operating systems. The experimental results show that the augmentaiton tech-

niques have widely varying effects on heat transfer coefficients. From a

modest improvement of the order of 20Z for simple augmentation techniques such

as surface roughening to more than a 20-fold increase in heat transfer coeffi-

cients for twisted tape inserts have been reported in the literature. Hence,

it is desirable to make an assessment whether any of the proven augmentation

methods is applicable to the fusion reactor components subjected to intense

heat fluxes.

A closer examination of the literature indicates that most of the heat

transfer enhancement techniques have been developed for simple shapes such as

round tubes and flat surfaces. In addition, these techniques have been

developed for the external surfaces using soft aaterials. Hence* most of the

potential heat exchanger surfaces that have been examined may be unsuitable

for fusion reactor components such as limiter/divertor and the first wall.
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ever, the results of experiments based on turbulence promoters such as twisted

tape seem co have special Interest for fusion reactor components. The results

of Ref. 15 are discussed below froa the standpont of coaponente requiring pro-

tection froa unusually high (e.g., q > 10 MW/a2) heat fluxes.

The operating conditions for the data of Ref. 13 are summarized in Table

V.. An examination of data presented in Table V shows that the experiments

covered quite a wide range of operating conditions. The burnout heat fluxes

Table V

Ranges of Test Conditions at Burnout

Variable

D, mm (in.)

Inlet pressure, MPa (psia)

y, diameters/180-deg twist

L/D

Tube material

Velocity, m/s (fps)

Inlet temperature, #C (°F)

Outlet temperature, *C (*F)

AP (overall), MPa (psi)

Subcooling (At . ), at wall
SUD

Critical heat flux, MW/m2 (Btu/hr«ft2)

Swirl Flow (40 Tests)

3.45-10.2 (0.136-0.402)

0.1-3.75 (15-545)

2.08-12.03

6.6-88.2

Al, Cu, "A"-nickel

4.5-47.5 (14.7-156.0*)

27-77 (48-138)

51-194 (91-350)

0.02-3.0 (3.0-432)

17 wt X quality - 144#C (260#F)
subcooling

8.7-117.8 (2.77 x 10b - 37.35 x 106)

aWhlch corresponds to a range of exit resultant velocity of 16.6 - 195.3 fps.

for twisted tape swirl generators are quite high, the lowest burnout heat flux

being 8.7 MW/m2. This indicates that very high heat fluxes are possible with

turburlence promoters. For the expected peak heat flux of 4.6 Hi/2 for the

limiter, the margin of safety can be very high for twisted tapes and can be

incorporated into the limiter design. For the design concepts presently under

consideration, it may not be feasible to Include the twisted tapes. However,

there is no reason why alternate designs cannot be pursued that will make it

possible to use swirl generators to augment heat transfer. Incorporation of



17

turbulence promoters into the complex geometry will require further evaluation

in terms of stresses, Inlet and outlet ducting, inlet pressure, and coolant

velocity requirements.

Till. SOMOKT Mm O0WXDSI0RS

The three CHF correlations employed here also included the effects of

heated length (L), channel diameter (D), and inlet subcooling which are not

shown in Figs. 2 and 3. The user* can choose these correlations to optimize

their design. The Bowring and the Katto correlations are listed in the

Appendix. These two correlations are straightforward to use since the CHF is

expressed explicitly in terms of all the parameters. The table look-up method

reported by Groeneveld and Snoek requires some iteration. For a set of given

pressure, mass flux, and equilibrium quality, one can look up the table pro-

vided by Groeneveld and Snoek and determine the CHF. If this CHF divided by

DNBR is greater than the applied heat flux, the chosen parameters for the

design are acceptable. Otherwise one or sore of the system parameters (pres-

sure, flow rate, heated length, etc.) has to be changed to increase the CHF

until it meets the design requirement. Again it must be cautioned that one

should not extrapolate the results beyond the parameter ranges listed in Table

III.

The data presented in Table V are limited to pressures less than 3.8 HPa

(545 psia). These pressures fall within the expected lmiter design pressure.

Since the operating pressure for the first wall is of the order of 14 MPa

(2000 psia); the data presented in Table V may not be directly applicable to

first wall design.

As mentioned previously, most of the data used to develop CHF correlation

are from tests of uniformly heated, both axially and circumferendally, tubes.

For fusion components such as the limiter or divertor, the surface heat flux

Is nonsymmetric circumferentially and nonuniform axially, and the coolant

channel may not be circular. The coolant channels are exposed to the surface

heat flux on one side only.

Regarding the effect of nonuniformlty, axial heat flux along the coolant

channel, it is recommended that the peak heat flux be used as the requirement

for CHF. This would give a conservative estimate of margin for CHF. This
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requirement could be relaxed by examining the specific heat flux distribution

of a given design together with the DNBR requirement described previously.

The following conclusions may be made:

. 1. The limiting factor for the water-cooled Halters is che critical

heat flux (CHF). The limiter design must provide adequate margin of

safety so that the expected peak heat flux never approaches the CHF.

2. The predicted CHF based on a number of empirical correlations vary

over a wide range (by a factor of 2 to 3). For this study the most

conservative correlations were chosen to determine the operating

parameters.

3. For a moderately pressurized system (3.45 to 6.89 MPa), the upper

bound of CHF is of the order of 10 MW/m2 for an average velocity of

10 m/s over a heated length of 1 m. For velocities greater than 10

ta/s and heat fluxes greater than 12 MW/m2, there are not sufficient

data. The upper bound of CHF can be increased somewhat by increasing

the system pressure and coolant velocity, and by decreasing the

heated length.

4. The CHF can be increased significantly without increasing either the

systems pressure or the coolant velocity by using heat transfer

enhancement techniques (e.g., swirl generators). For the peak neat

flux considered in this study, no heat transfer enhancement tech-

niques are needed.

5. A numerical example for a peak heat flux of 3.5 HW/m2 shows that the

required CHF (with a margin of safety of 1.3) can be met in a 1 m

long channel when the coolant inlet velocity Is 7.5 m/s at a coolant

pressure of 3.45 MPa. Hence, cooling of the limiter with an adequate

margin of safety does not seem to be a problem for the limiter design

considered herein.

Finally, It is considered to be convenient and useful to assess the CHF

limit for water-cooled systems. The fallowing statements and classifications

are the opinions of the authors since a certain amount of judgment is in-

volved, and is applicable for a system with a pressure below 6.90 MPa (1000

psia) and a heated length of I m.
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a. q £ 10 (W/m2

Adequate cooling of the component can be achieved based on

existing technology.

b. 10 HW/m2 <_ q <_ 20 MW/m2

Adequate cooling can be achieved only with heat transfer

enhancement techniques.

It should be pointed out that for complex geometries such as the fusion

reactor first wall and limiter/divertor, application of heat transfer enhance-

ment techniques may not be feasible. Hence, one cannot rely on enhancement

technques if the heat flux exceeds 10 Mtf/m2. If one were to use heat transfer

enhancement techniques for such critical parts, the results must be verified

with prototype components under simulated operating conditions.

c. q >. 20 MM/m2

Difficult to provide adequate cooling with a reasonable margin

of safety.
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OPT Carr«latlo—

Bowring Correlation [3]

B AH s u b jCHF - (A + B AHsubj/(C + t)

where
B - 0.25 DC ,

Pv - 0.145 P ,

A - [2.317(0.25 Hfg DG)Fx]/(l.O + 0.0143 F2D
0*5

n - 2.0 - 0.5 Pi ,

C - 0.077 F3 DG/[l.O + 0.347 F^CG/lSSe)11] .

For Pi < 1

Fi - [pJ8*9<*2 20.89(1 - P j + 0.917J/1.917 ,

- [*i*316 2.444(1 - Pi) + 0.309]/1.309 ,

" [*i?*°23 16.65t(l - Pi) + 0.667]/1.667 ,
- P } * 6 " 9 .

For Pi > 1

FX « P l°* 3 6 8 0.648(1 - P j ,

Fi/F2 - p^0*1*1*8 0.245(1 - ti) ,

^0.216

CHF -

D - (•) ,

G » (kg/m2-s) ,

AHsub * enthalpy of eubcooling - (J/kg) ,

L « (») ,

P - HPa

H, * latent heat - (J/kg).
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Katto Correlation [4]

CHF - CHFO[(1

n -ir t0.0221 + P/L)(P/L)0'27

( / ) ° * 1 3 3 W-»-"33

We

1 + 0.0031 L/D
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