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ABSTRACT following equations and the Katto correlation which was
proposed for CHF in annuli at relatively high pressures.

It was pointed out earlier that existing CHF correlations based
upon data for annuli at high pressures did not reproduce CHF A. Condition for the Exit Quality x,
very well at the atmospheric pressure. It appears to be
necessary to investigate CHF at intermediate pressures to From the heat balance in the heated section, we obtain:

interpret the apparent discrepancy between CHFs at high and A Ah
low pressures. In view of this an experiment was performed to q= A his + h i
obtain more information on CHF at intermediate pressures and H 19

the effect of pressure was discussed in the present study. It
was revealed from this study that the effect of pressure on the where x,:equilibrium quality at the exit, q:heat flux, hg atent
CHF in the range from 0.1 to MPa could be explained by heat of evaporation, G:mass velocity, Afflow area, A,:heated
the annular flow boundary and the critical quality. area, Ah,:inlet enthalpy subcooling. Thus the conditions for

saturation and complete evaporation at the exit are given by
INTRODUCTION putting x,=O and x,=1 in Equation (1), respectively.

Critical heat flux (CHF) in an internally heated annulus B. CHF Due to Flooding
has been investigated by many researchers in relation to the
core cooling of a light water reactor(LWR). Most of them were When the inlet flow rate is very small or zero, all the
interested in CHF at such conditions as encountered in a liquid entering the heated section from the bottom may be
LV*rR'-8, and some were in CHF at the atmospheric pressure'". evaporated before reaching the exit. Even so, the heated section
It was pointed out, however, that the CHF correlations based can be kept wet because some amount of liquid is allowed to
upon data for annuli at high pressures did not predict CHF fall down into the heated section from the top due to the
data very well at the atmospheric pressure',". Therefore, it is gravity force. Under such a condition, the flow above the
necessary to investigate CHF at intermediate pressures to heated section is counter-current one, and the liquid flow from
interpret the apparent discrepancy between CHFs at high and the top is limited by so-called flooding phenomenon. Thus the
low pressures. In the previous study", it was revealed that this dryout of the heated wall occurs when the flooding condition
apparent inconsistency was partly explained by the stability of is met above the heated section. It was revealed fom the
the flow and the observation that the CHF occurred near the previous study's that the CHF due to flooding determines the
boundary of annular flow. However, it appears that further minimum of CHF as a function of the mass velocity. If one
studies are needed to collect data of CHF at intermediate uses the Wallis equation" for flooding condition, CHF due to
pressures before we arrive at a definite conclusion. flooding can be given by the following equation",

In view of the above, an experimental study has been qF Ah 19 C2(A pgDp g)1/2

performed to investigate the effect of pressure on CHF in an
internally heated annulus at intermediate pressures ranging from Alff (2)

0.1 to 1.0 MPa. This paper presents some of the experimental 1+ Pi
results as well as discussion on the effect of pressure on CHF pg�
in collaboration with previous results.

where q,: CHF due to flooding, C:constant in Wallis equation,
EQUATIONS p,:density of the vapor, p,:density of the liquid, &p:difference

of the densities of two phases, g:acceleration of gravity, D:
Following the previous study, data are compared to the hydraulic diameter.
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C. Pool-Boiling CHF a jg

In a pool-boiling system, burnout occurs due to vapor- A pgD (8)
blanketing on the heated surface caused by excessively high coj+0.35
vapor generation. This mechanism is called eparture from pi
nucleate boiling (DNB)". Then CHF is given by'3,14

�1/4 where j:volumetric flux of two-phase mixture jg+j,, j,:
q� = 16 h, (CT A g P . (3) volumetric flux of the liquid, v,:kinematic viscosity of theg 9

liquid.

where q,:pool boiling CHF, or:surface tension. Athough the The boundary between slug and annular-mist flows is
above equation may not be directly applicable to the present given by the following equations",
system, DNB type CHF may possibly be observed when the
heat flux approaches or exceeds q,. PgCF 1/4 _0.2

ig > - N 1 (9)
2D. Annular-Flow Boundary Pg

The observation in the previous studies revealed that CHF
occurred when the flow regime changed from chum flow to
annular flow. The condition for the boundary between these NPI

Cytwo flow regimes is given by the following equations: �_ 112 (10)

f2 Pic
A gD p

ig = C 0 I 1) (4)
P9

and

where g:volumetric flux of the vapor, ct:void fraction. Equation jg
(4) can be rewritten in terms of heat flux and mass velocity as 1/2 U 1)
followso: q2- (Y9AP

Q 2
A 19 Ahi Pi

qC = - 1- G4___O.11�(,&pgDpg)1�2j (5)
Aly [ hig Co

where N., :viscosity number, i,:viscosity of the liquid.

where approximation a1/CO has been used, and q:heat flux The above criteria for flow regime transitions can be
at the boundary between chum and annular flows, C,: expressed in terms of q and G using Eq.(1) and the following
distribution parameter for the drift flux correlation. Ue second relations based on the mass and heat balance:

term on the right hand side expresses essentially the flooding G = p)g+p�j (12)
CHF since Equation 4 was derived from the assumption that
the chum-to-annular flow transition occurs due to flow
reversal in the liquid film. '17herefore, this equation can be and
rewritten by the following equation:

.A,& h (6) Xe P)g (13)
qCA = qcF+- AH 'G G

Thus we obtain the heat fluxes q, and q, to express the

where q. is given by Equation 2 boundaries for slug-annular flows and slug-annular-mist flows,
respectively. Finally, the heat flux qA, to give the boundary of

The boundary between slug and annular flows can be annular flow is expressed by:

given by solving the following equations simultaneouslyls: qAN = min[qSMrnax(qSAqCA)] (14)

- 71(CO-1)j+0.35 FAP -gD E. Critical Quality

1-0.813 � I PI (7)
A pgD & pgD' 1118 In the previous study, Mishima et a" observed that there

j+0.75 2 still remained some fraction of liquid film on the unheated wall
pi PIVI even when all the liquid on the heated wall dried out. Based

upon the observation, they obtained the critical quality x., i.e.

and exit quality at CHF, for an annulus taking account of the effect
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of unheated wall as follows: turbine fow meters installed in the upstream of the test
section. The pressure in the test section was controlled by

X� � Xs]? �H (15) adjusting the pressure in the pressurizer and throttling of the
inlet and outlet valves of the test section. Before adjusting the
pressure, the whole loop was heated up and all the non-

where Unheated perimeter, �:wetted perimeterand x is the condensable gas was blown off from the system. 'Me pressure

critical quality for a uniformly heated round tube which is in the test section ranged from AMPa to 1MPa.

derived from the Katto L-regirne correlations as follows: To reach a CHF, the power input to the test section was

( 00, 0043 (16) increased by a small step, keeping the inlet flow rate and the

XIR inlet water temperature constant. he occurrence of burnout
G'L was detected by a sudden increase of the wall surface

temperature. When any of the wall surface temperatures rose

where :eated length. It should be noted here that this beyond a set point, the power input to the test section was

equation assumes CHF occurs due to dryout of liquid film on shut down by the trip circuit. In the present experiment, the set

the heated surface. Therefore Equation 16) holds in the point was 300'C. CHF was calculated based upon the power

annular flow regime the boundary of which is given by input measured just before the sudden increase of the wall

Equation 14). surface temperature.

EXPERIMENT RESULTS AND DISCUSSION

The experiment was conducted with a test loop as shown Figures 2 through 4 show the CHF as a function of mass

in Figure 1. Purified water was circulated in the loop through velocity for the pressure of 0.5MPa, and the inlet temperature

a water tank, a pump, turbine flow meters, a preheater, a test at 60, 80 and 100'C, respectively. The predictions with the

section and a cooler. A pressurizer equipped with a heater and above Equations (1) through 16) as well as the Katto

a cooling coil was connected to the loop. Te test section correlations are also shown there. It can be seen from the

consisted of an inner tube made of stainless steel and an outer figure that the CHF occurred near the condition for the critical

tube made of transparent Pyrex glass. The outer diameter of quality given by Equations (15) and 16) which is denoted by

the inner tube was 10 mm, and the inner diameter of the outer x,=x, in the figures. There appears to be some tendency that

tube was 15.6 mm. The heated length was 550 mm. Therefore the CHF falls along the line for slug to annular-mist flow

the hydraulic diameter D, heated equivalent diameter D, and transition and along the line for chum to annular flow

the LID, ratio were 5.6mm, 14.3mm and 38.4, respectively. transition. Similar tendencies were observed in the results for

The inner tube was directly Joule-heated by a stabilized the pressure of LMPa as shown in Figures and 6 for the

direct-current power supply. Twelve alumel-chromel inlet temperature 40 and 100'C, respectively. If one compares

thermocouples were mounted flush with the heater surface to the results between 0.5MPa and LMPa at the same inlet

measure the wall surface temperature, and were connected to conditions, it can be seen that the CHF increases as the

a burnout trip circuit which actuated the relay to shut down pressure increases.

the power supply at the occurrence of burnout in order to

protect the heater from physical burnout. Water flowed 1 0 4

upwardly in the test section. The flow rate was measured with

P=0.5MPa, Tln=60 C xe�i
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Cooling water
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Figure - Schematic diagram of the test loop. Figure 2 - CHF vs Mass Velocity at 0.5 MPa (T.=60T).
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Figure 7 shows an example of existing data taken by and
Kuroyanagi et a" for a near atmospheric pressure. In this
case, too, the CHF occurred near the critical quality condition
given by Equations (15) and 16). In this figure, the vertical (19)
and horizontal axes are expressed in terms of the following
non-dimensional CHF and mass velocity:

q As a summary of te discussion on CHF at pressures
q = - (17) ranging from 0.1 to LMPa, the CHF appears to take the

h19VTP7A maximum value among those which are predicted by the
flooding CHF, heat flux corresponding to chum-to-annular
flow boundary and the heat flux calculated by the critical

G quality, Equation (15). When the flow is unstable, however,
G = (18) there are some evidences that the CHF becomes lower and the

V) _P7P lower limit appears to be the annular-flow boundary".

4 104
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'44 Katto's correlation
3 Katto's correlation 3

10 a10 Slug-Annular mst
Cr

Slug-Annular mistCr

X X
Chum-Annular

4.

4) 2 -Lhu�n- 21 0 1 0 Slug-Chu 7

Slug-

Q
ng Fluid Water rking Fluid Water

10 U'10 2 3 10 2
100 10 10 10 0 lo' 10 0

Mass velocity G [kg/M2Sj Mass velocity G [kg/M2S,

Figure 3- CHF vs Mass Velocity at 0.5MPa (T�,=80 -C). Figure -CHF vs Mass Velocity at LMPa (Tf�=40'4
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Figure 4 - CHF vs Mass Velocity at .5MPa (T,=1000C). Figure 6 - CHF vs Mass Velocity at LMPa (T,=100T).
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Figure 1 - Existing Data of CHIT at 6.OMPa (Ah,1hj,=0.080).

example taken from the same source" In this case, the CHF

Working Fluid Water occurred outside of the annular flow region. Since the CHF is
as high as pool-boiling CHF, the mechanism of CHF may be

I 0 1 2 103 considered as DNB-type. Ile CHF in this case is reproduced
1 10 10 well by the Katto N-regime correlation 8.

Mass velocity G [k g/M2S]

SUMMARY

Figure 8 Predicted Annular-flow Boundary and Critical
Quality for the Present Test Section at 6.OMPa. From the present results, together with the previous results,

it was shown that the trend of CHF for internally heated annuli

As the pressure increases, the annular flow boundary given as a function of mass velocity was approximately reproduced
by Equation 14) moves toward higher quality region, and by the critical quality which was derived from the Katto L-
finally exceeds the critical quality condition given by Equations regime correlation taking account of the effect of unheated
(15) and 16). Figure shows an example of calculations at wall. At low mass velocities, the CHF fell along the annular
6.OMPa for the present test section. It may be interesting to flow boundary which approached the flooding CHF as the mass
note also that the annular flow boundary approaches to the velocity decreased. At high mass velocities and when the CHF
Katto correlation at such a high pressure. was so high as to exceed the pool-boiling CHF, the CHF

appeared to be reproduced by the Katto N-regime correlation.

An example of existing data" at 6.OMPa is shown in
Figure 9 'ne dimensions of the test section were as follows: As for the effect of pressure, the measured CHF increased
the hydraulic diameter =9mm, heated equivalent diameter as the pressure increased from 0.5 to LOMPa. As the pressure
=26.1mm, heated length =300mm, and the LID, ratio =11.5. increased, the annular flow boundary moved toward the higher
The data are plotted in terms of non-dimensional critical heat quality region and finally at a very high pressure, the CHIT
flux and mass velocity given by Equations 17) and (18), given by the critical quality became lower than the annular
respectively. In this case, the annular flow boundary and the flow boundary. Ibis means that the critical quality, Equation
Katto correlations are overlapping each other, and the data (15) does not hold at such a high pressure. In those cases, the

agree fairly well with both of those. Figure 10 shows another Katto correlation appears to be valid.
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