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ABSTRACT

The mechanisms and limitations of heat transfer in flow boiling of highly subcooled water in a

nonuniformly heated channel are examined from both an experimental and a conceptual

standpoint. The heat flux is evaluated utilizing measured temperatures on the surface of a copper

block heated on a single side, and cooled through water flow in a central channel. The

experiments covered water flow in a 9.5 mm diameter channel with velocities up to 20 m/s. The

water subcooling was over 100"C for pressures between 2 and 3 MPa. A new correlation is

proposed for the subcooled boiling region. Limits on heat transfer by various mechanisms at high

heat fluxes are established. The homogeneous nucleation limit (spontaneous nucleation limit) on

the heat flux and the limit for subcooled film boiling are defined and correlations are developed for

their estimation.
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I. INTRODUCTION

This paper is focused on the mechanisms and limitations of heat transfer in flow boiling of

high velocity water at high subcooling. The results of this study should help designers establish

cooling requirements for high heat flux components, such as high power density research reactors,

plasma facing components of fusion tokamaks, and targets of some intense beam accelerators.

High heat flux technology must be developed in order to assure the reliability of these

components. The heat fluxes of interest here are in the range of 10-20 MW/m2, an order of

magnitude higher than the peak heat fluxes in Light Water Reactors (LWRs). In recent years, a

few investigators have produced data relevant to the very high heat and mass fluxes, mostly in

connection with fusion technology development, as is the present work.

In fusion devices, energy deposition on a single-side of a metallic block is transferred by

conduction towards a coolant channel which results in an axially and circumferentially non-

uniform heat flux at the channel wall. A promising candidate cooling system is based on the use

of highly subcooled water (subcooling more than 100 0C) flowing at very high velocities (more

than 5 m/s). These conditions are quite different from those used to obtain the vast majority of

existing correlations for single-phase convection and subcooled nucleate boiling.

The Petukhov single-phase liquid convection correlation described by Boyd and Meng [1] is

usually highly reliable for local turbulent forced convection heat transfer with variable physical

properties during heating and is defined as follows:

S 0.11

h (kf / D)(f / 8)Pe 9b
h - K +K 2(f/8)1 /2 (Pr 3 _ (1) gw

where properties are evaluated at bulk conditions (Tb) except for , which is evaluated at Tw; K

is a function of the Darcy friction factor (f); and K2 is a function of Pr:

Ki = 1+3.4 f

K2 = 11.7+1.8 Pr~1/3
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Numerous equations to calculate the values of subcooled nucleate boiling heat transfer

coefficients have been proposed. Some of these give very low values of wall superheat. A good

example is the Jens-Lottes equation, which may be written in the following form (P in MPa, q in

MW/m2) [2]:

q = (2.56-10-6)(exp(P/1.55))(Tw - TS)4 (2)

where, for a given wall temperature, this nucleate boiling heat removal is applied only if it

predicts a wall heat flux higher than possible by single phase convection: i.e., q > hs, (T, - Tb);

otherwise equation (1) should be applied.

However, in some experiments for high heat fluxes the wall superheat values were found to be

much higher. Yin [3] empirically derived an equation applicable under fusion reactor thermal-

hydraulic conditions and for a small channel diameter of 3.6 mm:

AT, = 7.195 q f .8 2 -0 .0 7 2  (3)

where q is in MW/m2, P is in MPa, and y= length at location of subcooled boiling as a fraction of

total channel length. Equation (3) gives very large values of wall superheat in comparison with

Equation (2). A subcooled nucleate boiling heat transfer can also be computed using the

extension to the Chen [4] correlation originally suggested by Butterworth [5]:

qw = he(T - T) F+ hb(Tw - Ts) S (4)

where:

he is the single phase convective heat transfer coefficient given by

= 0.023 Re-. Pr0.4 kf / D (5)

and, hnb is the nucleate boiling heat transfer coefficient calculated using the original Chen

correlation [4]:

h = 0.0a00122 kr 079c 045 0-49 (T 0 - Ts)0.24 -P)6)

where Pw and Ps denote the saturation pressure at Tw and Ts respectively. F and S are special

factors to represent enhancement of single phase flow and suppression of nucleation

respectively.
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Shah [7] proposed the following correlation for the highly subcooled region:

qw = V ATs he (7)

where the boiling effects are taken to enhance the convective flow heat transfer coefficient

through the factor 'P given by:

V = 1 + 46 Bo" if Bo < 0.3 10~4, or

W=230Bo0 5  if Bo > 0.3 10~

The Chen and Shah equations take into account the two physical processes which occur in

the nucleate boiling region: single phase heat transfer and heat transfer by vapor bubble

formation/collapse. Equation (2) treats only the heat transfer removal by vapor bubbles, because

q is proportional to (Tw - Ts) 4 . Yin's correlation (Equation (3)) shows that AT, is proportional

to q, indicating dominant single-phase removal, although it reflects some heat removal by vapor

bubbles. For high velocity conditions, nucleate boiling is suppressed, and at very high heat flux

values, wall temperatures may approach the value of the Temperature of Homogeneous

(Spontaneous) Nucleation (THN) [8,9]. There is no flow velocity in equation (3), which makes

it impossible to determine when nucleate boiling is suppressed. The correlations of Chen

(Equation (4)) and Shah (Equation (7)) both take into account single phase and nucleate heat

removal. However, only Chen's correlation accounts for suppression of nucleate boiling at high

velocities.

Kinoshita et al [27] reported the subcooled boiling heat transfer rate from a tube of 6.0 mm

diameter at an exit pressure of 0.6 MPa for water velocity in the range 2<V<9 m/s. They

observed a significantly more gentle slope for the q - ATs curve at 9 m/s than at lower velocities

(2 to 5 m/s), which could be the result of boiling suppression at the higher velocity. However

their wall superheat, while reaching 100 K, did not apparently reach the thermodynamic THN

limit.

On the basis of the short discussion given above, it can be concluded that validation and

improvement of subcooled nucleate flow boiling correlations are necessary for the high heat flux,
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high velocity region, where nucleate boiling can be suppressed and the thermodynamic

spontaneous nucleation limit can be reached producing critical heat flux (CHF) conditions at a

lower power than expected.

Hechanova [11], Simon-Tov [18] and Celata et al. [23] provided good reviews of CHF data as

related to high heat and mass flux conditions. These reviews show that, except for a few

investigators, the data are usually outside the high mass flux, high subcooling region or are for

small channels (d<5mm). Also, most CHF experiments were performed using channels with

uniform heat fluxes. This paper presents results for asymmetrical energy deposition. This

deposition is very important from a practical point of view since many of the high heat flux

devices of interest have nonuniform heat deposition. Azimuthally nonuniform heating

experiments were carried out by Nariai et al [24] and Gaspari [25]. The focus of these

experiments was on CHF values. Gaspari observed that at similar exit subcooling, the local CHF

values for uniform and non-uniform heating were similar, indicating the dominance of local

phenomena in determining the CHF condition.

Physical descriptions in the literature of possible causes for critical heat flux occurrences in

subcooled boiling include the following:

(a) Near-wall bubble crowding and vapor blanketing.

A bubble boundary layer accumulates at the heated wall and becomes so dense that it

effectively prevents fresh subcooled liquid from reaching the surface. This mechanism was first

proposed by Kutateladze [20]. Weissman and Ileslamlou [21] proposed that CHF occurs when

the volume fraction of vapor in the bubbly layer exceeds a certain critical value. Celata [10] used

the Weissman model in order to correlate his own data and found that it needs some

improvements.

(b) Liquid film vaporization.

Vapor bubbles grow and connect near the surface to form a vapor blanket and CHF occurs as

a result of vaporizing the thin liquid film attached to the wall. This mechanism was proposed by
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Lee and Mudawar [26] who tested their model for ATsub below 59'C. A similar model was

proposed by Katto [22], who tested his model against data with ATsub below 117 0C.

(c) Overheating at nucleation sites.

At very high heat fluxes, nucleation sites which become locally dry heat up so much during

the bubble growth phase that they cannot be rewetted properly after bubble departure.

(d) Temperature of Homogeneous (Spontaneous) Nucleation ( THN ) limit.

Suppression of nucleate boiling on the coolant wall surface allows very high wall

temperatures and CHF based on homogeneous (spontaneous) nucleation. This mechanism was

suggested earlier by the present authors [8]. When the wall temperature reaches THN, nucleation

occurs spontaneously in the liquid layer near the heated wall. That may lead to the CHF

occurrence because under THN conditions the heated wall is covered by a vapor film.

Because of the high potential for suppression of nucleate boiling at high velocity and high

subcooling , the first two mechanisms (a) and (b) are not expected to occur in the conditions of

interest, namely at high velocity and high subcooling. However, the Katto model for mechanism

(b) was found adequate for the conditions reviewed by Celata et al. [23]. Mechanism (a) can

happen only at moderate heat fluxes and low subcooling. This mechanism is the dominant one

for the familiar saturated pool boiling condition. Whether this occurs in highly subcooled boiling

is uncertain as are some details of this mechanism.

Flow instability or flow excursion may induce CHF especially for a system consisting of

parallel channels. However this is not a separate CHF mechanism because the physics of the

CHF phenomena do not change under these conditions. CHF by one of the above mentioned

mechanisms occurs under flow instability conditions as a direct result of flow reduction.

In high heat flux devices thermal wall inertia may play an important role under transient

conditions. However, if CHF results are obtained as local heat fluxes under steady state

conditions there is no effect due to the thermal wall inertia and CHF results are applicable to

tubes or channels with different wall thickness under steady state conditions.
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II. EXPERIMENTAL APPARATUS AND COMPUTATIONAL
MODELING

II. A. Experimental Apparatus

Experiments under representative non-uniform channel heating conditions have been

performed by Hechanova et. al. [11]. Hechanova extracted CHF data from these experiments.

Subsequently some of these experiments were analyzed by the present authors for heat transfer

data over the entire boiling region to obtain nucleate boiling, CHF and post CHF data.

A copper test section (see Figure 1) was heated on one side by passing an electrical current

through a tungsten film (about 0.25 mm thick) which was plasma sprayed over an alumina

coating (about 0.1 mm thick) which had itself been sprayed on the copper. The alumina coating

electrically insulated the copper test block (19x19x130 mm) from the tungsten. The unheated

sides of the test section were insulated. The high velocity coolant flow through a 9.5 mm

diameter channel in the center of the copper block was established by a 16-stage centrifugal

pump. A stainless ball valve upstream and a needle valve downstream were used to adjust the

coolant pressure and velocity.

The incident heat flux ( defined in the present study as the power input to the tungsten per

unit area facing the copper) is simply determined using the following expression:

qin = I U / Ah (8)

The hydraulic variables such as coolant pressure, inlet and outlet temperatures, coolant flow

rate were measured. A computerized data acquisition system was set up and was capable of

reading and storing thermocouple voltages (K-type thermocouples), the flowmeter signal and the

electrical power. Five thermocouples were placed at a non-coated side of the test section such

that three thermocouples measured axial variations of temperature close to the heater and two

I I



thermocouples measured the temperature at other positions on the wall midsection, as shown in

Figure 1.

The experimental data were logged using a data acquisition scanner which eventually creates

text files of the data for the thermocouples, flow meter, resistor (heater and shunt) and voltages

measurements. The operator controlled the power supply, pump speed, the shunt resistor

voltage, and the pressure of the coolant.

The following step-by-step procedure was performed by the operators. It typically took

just 10 to 20 minutes to perform and resulted in a steady flow established with known pressure,

velocity and inlet bulk coolant temperature. The current to the test section was stepped up

slowly by small increments of about 100 A. At a given power level (i.e. after each 100 A current

increment), the test section heating was allowed to stabilize (which took on the order of ten to

twenty seconds). At this time, the power supply current, shunt resistor voltage, and the power

supply voltage were logged. Measurements were taken until component failure due to CHF

occurrence (usually accompanied by flashing and/or arcing on the test section heater). The

resulting data were: manual readings of power supply voltage, power supply current, shunt

resistance voltage, flowmeter readings at the beginning and at the end of test run, and a computer

file containing the heater, shunt resistor and five thermocouple voltage measurements versus time.

The total length of the coolant flow path was long (about three meters), the test section was

located near the middle of that length. Due to the high subcooling, most of the vapor was

condensed shortly after the exit from the heated part of the path. There were no parallel channels

and thus no possibility of density wave instability. The test section contribution to the total

pressure drop was negligible which eliminated the possibility of a static (Ledinegg) type of

instability. That was confirmed by coolant flow rate measurements during experiments, where

no variations of mass flux were observed.

The experimental facility was operated within the test parameters given in Table 1.

Table 1. Test parameter range of present study
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The uncertainty in measurement of the incident heat flux is estimated at 5%. The uncertainty

in measurement of the block surface temperature is less than 30C. The heat transfer coefficients

and the coolant side heat fluxes were obtained using these measurements at steady state stages of

the power ascension using a special inverse heat conduction modeling technique. This technique

is discussed in the next section.

II. B. Computational Modeling

Heat transfer phenomena and representative quantities, such as the heat transfer coefficients,

applicable to the coolant side of the test section cannot be calculated directly from the

measurements described above. However, the measured heat deposition and outer wall

temperature profiles can be used to determine the channel wall heat transfer coefficients by

solving the heat conduction problem. Heat conduction in the copper block was analyzed to

convert the experimental power input and outer wall temperature measurements to coolant

channel wall heat flux distributions and to determine the values of the heat transfer coefficients.

The heat conduction axially and azimuthally was determined in a two step one-dimensional

analysis in each direction.

In the first step a one dimensional axial heat conduction problem is solved taking into

consideration the fact that the copper block is heated along 78 mm in the midsection, with

approximately 26 mm long unheated sections on each end of the copper block. This allowed us to

estimate the axial peak to average heat flux ratio. The heat transfer from the copper block to the
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surroundings was assumed negligible since natural convection to air from the copper surfaces, and

conduction to the stainless steel tube fittings provide negligible heat transfer paths given the high

conductivity of the copper and the highly effective cooling in the channel. Since the temperature

rise in the coolant was at 2 tol0 K, and the coolant was 130 to 200 K subcooled, the midplane

section is the plane of maximum heat flux. That is why the surface temperatures were measured

at the middle and not at the exit of the heated section.

In the second step, the azimuthal peak to average heat flux ratio was estimated considering a

one dimensional heat conduction solution with four zones of uniform heat transfer coefficients.

This allowed the determination of the azimuthal heat flux peaking factor. The highest heat flux

occurs in the zone nearest the heater, and the peaking factor in single phase flow was typically

about 1.8 to 2.2. The analysis shows that only the section nearest the heater had channel wall

temperatures that exceeded the saturation temperature, given the subcooling of the coolant.

Hence, it was assumed that only that section could undergo boiling. With nucleate boiling, the

peaking factor may increase since boiling would enhance the overall heat transfer in that zone.

Even when film boiling occurred in that section, the typical film thickness is tens of microns and

the peaking factor may remain around 1.5.

A single value of the heat transfer coefficient from the wall to the coolant was initially

calculated using Equation (1) and that value was then changed until the experimental

thermocouple readings of wall temperatures at the midsection position (thermocouples # 1 and

2; see Figure 2) were matched by the calculations. Then for this condition the value of the

peaking factor: pf = qw/qin was calculated (qin = heat deposition per unit area at the copper-

alumina interface and q, = heat flux at the coolant-wall interface closest to the alumina (W/m2 )).

The test section was divided into three zones (see Figure 2), with zone #1 being the zone at the

heated side of the block and zone #3 being the opposite side.

For zone#1, the channel wall heat flux (q,) was calculated as:

qw = qin pf (9)
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It was assumed that the values of the heat transfer coefficients for zones #2,3 are equal to

each other (h2 = h3). Calculations showed that no boiling occurs in zones #2,3 since T, remained

below T. For low values of the incident heat flux and for T, < Ts for zone #1, the heat transfer

coefficient for this zone (hi) was assumed equal to the values for zones #2, 3, or in other words

h, = h2 = h3. For these conditions (T. < Ts for all zones) the heat conduction equation was

solved and the values of the heat transfer coefficient was obtained with which the block surface

temperature and the reading of thermocouple #2 matched. An assumption was made that when

T > T, for zone #1 (nucleate boiling in zone #1) h2 and h3 remain at the same values as they had

for T, < T, for the same coolant velocity. For this condition (nucleate boiling in zone #1) the

heat conduction equation was solved and the value of h, (nucleate boiling heat transfer

coefficient) was obtained for which the calculated value of the block surface temperatures at the

position of thermocouples #1 and 2 were matched. Thus the values of heat transfer coefficients

for both single-phase region and nucleate boiling region for the midsection location were obtained.

The midsection here has a special significance since it is the plane where there is the maximum

channel wall heat flux in comparison with other parts of the test section (due to heat conduction

within the copper block).

The analysis method created was validated against HEATING7.2 [12] (3D, finite difference)

computer code, as well as against theoretical calculations of simple problems. By comparison to

three-dimensional heat conduction HEATING7.2 [12] calculations, it was found that the

uncertainty in the calculated values of heat transfer coefficients for a single-phase region is 17%

and for nucleate boiling region is 21%. A comparison between the results of the model used in

this study and the HEATING7.2 results is presented in Figure 3. It can be seen that good

agreement exists between the two analyses at the hottest part of the wall, while only a fair

agreement exists in the cold region of the wall.

In order to evaluate how possible errors in thermocouple readings influence the values of heat

transfer coefficients obtained from calculations, a sensitivity analysis was performed. It was

found that a 1% error in thermocouple reading of block surface temperature (maximum possible
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error) produces about the same error in the value of heat transfer coefficient for a single-phase

condition and about 1.5% error for a two-phase condition.

The midsection wall temperature and coolant bulk temperature are used to obtain the local

heat flux. No account is taken of developing velocity and coolant temperature distributions. This

is done in order to simplify the problem (it should be an acceptable approximation with the

present geometry). Because only high water velocities are considered in this study, the flow is

highly turbulent. The thermal entrance effects for cold water (20 0 C) entering the test section

would be minimal because water at this temperature has a relatively high Prandtl number (about

7). Data presented in [17] show that for Re = 100,000 the heat transfer coefficient for a single-

phase region is expected to be less than 10% higher than for a fully developed flow, well within

the ±17% uncertainty of the experimental technique. Hence, the thermal entrance effects can be

neglected. There should be no thermal entrance effects for the nucleate boiling region.

III. RESULTS

III. A. Single-phase region

For the single-phase convection region (no boiling occurred within the entire perimeter of the test

section) it was found that the Petukhov correlation (Equation (1)) with a viscosity correction

multiplier provides excellent agreement with experimental results. Experimental and theoretical

results are shown in Figure 4. It is possible to obtain high local heat fluxes (up to 35 MW/m2 for

flow velocity of 20 m/s) at high subcooling without getting into nucleate boiling. A comparison

of experimental values of heat transfer coefficients for the single-phase region with the values

obtained form the Petukhov correlation are in agreement within + 15%. Because of the good

agreement of the experimental data in the single-phase region with the Petukhov correlation, it

was concluded that the present study computational modeling and data reduction method are

reliable.
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III. B. Nucleate boiling region

It was found that none of the correlations described above (Equations (2)-(7)) adequately

describe the experimental results for nucleate boiling conditions at high heat and mass fluxes (see

Figures 5 and 6). The Jens-Lottes correlation (Equation (2)) over-predicts the values of heat

transfer coefficients for the present flow conditions. This is not surprising because it was

derived for moderate flow velocity where there is no suppression of nucleate boiling. Yin's

correlation (Equation (3)) under- predicts the present experimental results because it was derived

for a smaller tube diameter (3.5 mm) where the degree of nucleate boiling suppression is higher

according to [9]. Experimental results of the present study show that Shah's and Chen's

correlations are quite correct for low velocities (V<5 m/s) but over-predict the heat transfer

coefficients for higher velocities. The Shah correlation does not take into consideration nucleate

boiling suppression, exhibited in some of the experiments. While the Chen correlation predicts

nucleate boiling suppression, it does not predict the right slope of the wall heat flux versus wall

superheat.

A new nucleate boiling correlation applicable to such conditions is needed. Experimental

results showed that the Chen correlation (Equations (4)-(6)) is one of the better choices when

compared with other correlations for subcooled nucleate boiling. However, because it was

originally derived for saturated flow boiling, alternative corrections are needed for the

suppression factor (S) and for the correction multiplier (F) in the forced convection term, which

allows for the enhancement of heat transfer mechanisms arising from the generation of vapor in

the boundary layer next to the wall. Thus the F factor should be a function of the S factor and

wall temperature.

An assumption can be made that there are two mechanisms for nucleate boiling suppression.

The first mechanism is due to the turbulence influence on steam bubble growth [8, 9, 13] for high

velocity flows. For this case turbulent velocity oscillations can be very high [9] and the

probability of turbulent vortices destroying vapor bubbles on the wall gets larger as the flow

velocity increases. The second mechanism is due to the high heat flux. Although the total
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population of nucleation sites increases with increasing wall heat flux, the startup of new sites

deactivates many of the sites active at lower wall heat flux (lower superheat). So the total

suppression factor in the nucleate boiling term is a function of both Reynolds number and heat

flux, thus:

S=Sv Sq (10)

where Sv is a decreasing function of the Reynolds number and Sq is a function of the heat flux

ratio to CHF (see Equation (23)). Given all of these factors the following form of the correlation

is proposed:

q, = F hs, (Tw - T) + S hnb (TW-TS) (11)

where hs, is to be calculated using Equation (1) with a viscosity correction multiplier and hnb is to

be calculated using Equation(6). Correlations for the F and S coefficients were found using

experimental results. F takes the form:

2

F = (36.7S 106 -37.2Sv05 14.5exp(Sv )+37Sv .16 ) (12)

Equation (12) can be applied for a velocity range V = 4.4 to 15 m/s (Re = 4.2.104 to

1.4-105). For V < 4.4 m/s (Re < 4.2.104), F = 0. Therefore, for low velocities there is no

nucleate boiling suppression and many vapor bubbles are generated on the heated wall. They

destroy the boundary layer and prevent heat transfer via convection. S takes the form:

2 9 (13)
4 1+1.52*10- 16(Re)3 3 7 1+1.41 FJ29

(CHF)

For the value of CHF in Equation (13) results presented in the next section of this paper

(Equation (23)) are used. The ratio of has to be always less than one. For q < 0.85, SgCHF CHF

can be assumed to be equal to one and, thus, CHF value is not needed in order to compute the

value of heat transfer coefficient for nucleate boiling region.
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Comparisons between the proposed correlation and experimental results for velocities V =

4.34 and 10.2 m/s, P = 3 MPa, Tb = 293 K are shown in Figures 5 and 6.

The agreement between the calculated and experimental results was found to be in the range of +

20% for P = 3 MPa, Tb = 290 to 295 K and V = 3-15 m/s (Figure 7). The proposed correlation

can be applied only if it predicts a wall heat flux higher than possible by single phase convection:

q, > h5, (Tw - Tb); otherwise Equation (1) should be applied.

III. C. Critical Heat Flux Region

In order to verify the second possible mechanism (see (b) in Introduction) the CHF data

points are plotted in Figure 8 as Stanton number versus Peclet number. These coordinates also

display the Saha and Zuber bubble departure criterion [14] that distinguishes between the

hydrodynamically-controlled and thermally-controlled bubble departure regions. These regions

are distinguished using the Peclet number. The Onset of Significant Voids (OSV) or bubble

departure is determined using the Nusselt or Stanton numbers as follows:

GDc 

(
Pe = - k (14)

kf

Nu q D (15)
kf(Ts - T)

St = G T (16)
Gc,, (T, - Ts)

For Pe < 70,000, bubble departure is thermally-controlled and occurs when Nu > 455.

For Pe > 70,000, bubble departure is hydrodynamically-controlled and occurs when St >

0.0065.

It is clear from Figure 8 that all data points except those for very low velocity (V < 0.6 m/s)

fall below the line St = 0.0065. Hence, according to the Saha-Zuber criterion, vapor bubbles are

not expected to leave the surface. Furthermore, in such a highly subcooled coolant with a thin

thermal boundary layer, the ability of a bubble layer to exist away from the wall is doubtful since

any vapor that forms should condense very close to the wall. The bubble departure criterion is
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surpassed only for low velocity flow data ( V < 0.6 m/s ). For these cases the thermal boundary

layer has a much better opportunity to develop and behave as suggested by Celata [10]. CHF

predictions for these low velocity cases found by Hechanova [11] suggest that this mechanism

(b) for CHF is plausible in that region.

It seems possible that mechanism (c) for CHF can occur when nucleate boiling is suppressed

and wall temperatures are high, but below THN. For this case bubbles stay on the heated wall,

but their total number is small because of nucleate boiling suppression. Thus, they cannot form a

bubble layer near the wall and they also cannot prevent subcooled liquid movement toward the

heated surface. Thus, if the wall temperature is below THN, the only possible mechanism is

overheating at nucleation sites, i.e. mechanism (c).

Figure 9 shows the maximum inner wall temperature as a function of flow velocity. The

figure also shows the spontaneous nucleation temperature ranges (J is spontaneous nucleation

rate per unit volume). From this figure it is clear that for velocities less than 10 m/s the inner wall

temperature is high but below THN. Hence, the only possible mechanism for this case is

overheating at a nucleation site. However, for velocities greater than 10 m/s, the inner wall

temperature exceeds THN. Thus, for these cases CHF is likely to be due to the THN limit, i.e.

mechanism (d) (see Introduction). When the wall temperature reaches THN, nucleation occurs

spontaneously in the liquid even with a complete absence of nucleation sites on the heated wall.

Using Equations (11) to (13), CHF due to THN can be determined as follows:

CHFTHN= F hSp(THN - Tb)+0.4lShf(THN - T,) (17)

Predicted CHF values due to THN and the CHF data points are plotted in Figure 10. Two

methods of analysis have been used to obtain local critical heat flux values from the recorded data.

Seven data points in the present study (present study CHF data points) are deduced from the

measurements using computational modeling described above. These seven CHF data points

deduced from the measurements using another type of modeling (HEATING7 code with the

Petukhov correlation for single-phase flow and the Shah correlation for nucleate boiling region)

are also shown in Figure 10 (Hechanova [11] data used in this study). The two analysis methods
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give somewhat different results as can be seen in Figure 10. It is felt that the methods of the

present paper are better than those used by Hechanova [11] because of the advantages of the

present paper methodology already discussed in the Computational Modeling section. Other

Hechanova CHF data points for which present computational modeling have not been used are

also shown in Figure 10 (Hechanova [I 1] data not used in this study).

It is clear from this figure that CHF predictions of Equation (17) are reasonable. Data

extrapolations from the Canadian look-up table [16] cannot be used for this range of velocities.

The CHF mechanism here is different from that for the range of velocities in the data of the look-

up table. It is obvious from this figure that the Canadian look-up table [16] can be used for CHF

predictions for velocities below 5 m/s, and Equation (17) can be used in the range of velocities

greater than 11 m/s. The question remains: "What correlation should be applied in the

intermediate range of velocities?" The answer to this question will be developed next.

Let us assume that the local wall heat flux is greater than CHF. In other words, let us consider

the post-CHF region in which high velocity, low temperature liquid is present in the center of the

channel, and the wall is covered by a thin film of vapor. For this case the local wall heat flux can

be represented in the form of a sum:

q, = q g + q (18)

where at the liquid-vapor interface: qg is heat flux due that causes evaporation; qi is heat flux that

enters the liquid by convective heat transfer, and heat transfer by radiation is neglected.

For the general case, the heat flux into the subcooled liquid ( qi ) can be determined as:

q, =hc(Ts-Tb) (19)

where he is an appropriate heat transfer coefficient. That coefficient is likely to be enhanced

above those obtained from typical correlations for turbulent flows. The vapor-liquid interface is

expected to be irregular from waves and from the agitation produced when evaporation occurs.

There seems to be no defensible way of estimating the enhancement. A possible approach

would be to use a type of Reynolds analogy if appropriate measurements of pressure drop were

available. Since it seems that no such measurements exist, we have chosen to use known pressure
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drop enhancement observed in a different physical situation (subcooled flows in the presence of

nucleate boiling on the heated channel walls). An expression to represent such pressure drop

enhancement is recommended for use in Russian codes [17] and has the following form:

\0.7

n b =1+5.3 q (20)
APS fpg

Now we shall assume that the vapor-liquid interface in film boiling plays the role of the

heated wall in nucleate boiling. Because the interface is rough, bubbles can leave this film in the

transverse direction. Hence, we apply Equation (20), assuming that APs, is the value of pressure

drop in the case where there is no vapor flow from the liquid-vapor interface inside the bulk

liquid and APnb is the value of pressure drop when there is transverse vapor flow inside the

subcooled liquid. With the assumption that the Reynolds analogy is valid for our case, the

pressure drop ratio in Equation (20) is the same as the heat transfer enhancement factor. Thus

the heat transfer coefficient in Equation (19) can be determined as:

0.7%

hc = 1+5.38 H V j hP (21)

where: hs, = single-phase heat transfer coefficient, evaluated using Equation (1).

With the use of Equations (19) and (21), the heat flux removed by subcooled liquid from a vapor

film can be calculated as follows:

\0 .7

q, = h,, 1+ 5.3 q, (TS - Tb) (22)
H pgV )

Equation (22) has been used to obtain values of heat flux transferred to the subcooled liquid.

Those values are identified as the heat flux limit for subcooled liquid and are presented in Figure

10. It is interesting that for low velocities ( V < 4 m/s ) this heat flux is lower than calculated

from the Canadian look-up table [16] for CHF, but for high velocities this heat flux is higher than

CHF. Thus, if qi > q, > CHF, then a non-steady state condition will exist on a heated wall.

Because the wall heat flux exceeds CHF, we have film boiling. But, vapor penetration into the
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subcooled liquid increases heat transfer and the heat flux removed from vapor becomes greater

than the wall heat flux. Hence, the vapor in the film will condense. When there is no vapor film,

there is no heat transfer enhancement, and a wall heat flux greater than CHF occurs with film

boiling again. So, the only possibility to get stable film boiling on a heated wall is to exceed the

value of subcooled liquid heat flux (Equation (22)). Hence, another limit exists, designated the

heat flux limit for subcooled liquid. Only when the wall heat flux is greater than this limit can we

have stable film boiling on a heated wall.

Two regions of film boiling can exist in some cases for high velocities and high subcooling. In

the first region (region AB in Figure 11) an unsteady state film boiling exists. In this region, as

was stated before, we have subcooled liquid vaporization and vapor film condensation. This

region can exist only when qi > q > CHF.

But when q > CHF > qi, a stable film boiling can exist on a heated wall (region BC in Figure

11). In comparison with the previous region, there is no steam condensation in this region. Thus

we should expect some reduction in the heat transfer coefficient which may cause overheating of

a tube. If qi < CHF we should have only this film boiling region (classical film boiling). These

regions are shown in Figure 11.

Figure 10 also shows the CHF data. Now it becomes clear why the Canadian look-up table

[16] does not give correct CHF values. The CHF data points may represent post-CHF data

points. Since the vapor film is stable only when the Heat Flux Limit for Subcooled Liquid is

reached, it is difficult to determine CHF from thermocouples readings and we have an apparent

CHF disappearance. In other words there is no sharp reduction in the heat transfer coefficient

because of the transition from nucleate to film boiling. By CHF occurrence we mean the

transition from single-phase convection plus nucleate boiling to film boiling.

The question remains: "Why are data points for high velocities ( V > 11 m/s ) below the Heat

Flux Limit for Subcooled Liquid? " A possible explanation is that Equation (22) is derived on the

assumption that the Reynolds analogy is valid. Also it is based on Equation (20) which was not
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derived for extremely high velocities. Equation (22) is recommended only for water pressure

greater than 1 MPa.

The maximum heat flux for nucleate boiling is proportional to Enb hs, (T, - T), where Enb is

the enhancement ratio for nucleate boiling region (Enb = hnb/hsp). If we compare the last expression

with Equation (22) it is clear that, in order to have q, > CHF, the enhancement factor for film

boiling ( Ef. ) must be greater than the enhancement factor for nucleate boiling region (Enb ). For

low velocities there is no nucleate boiling suppression, and a large nucleation rate causes a very

high Enb. For high velocities there is nucleate boiling suppression. At extremely high heat flux a

vapor film on the heated wall begins to play the role of a vapor source. In other words the heat

transfer rate of film boiling is enhanced and at high heat fluxes and velocities it is enhanced to

values greater than nucleate boiling before CHF occurrence.

IV. DEVELOPMENT OF CHF CORRELATIONS

The preceding subsections indicate that different mechanisms may control the CHF

occurrence at different flow velocities. The following procedure is recommended to assess heat

flux limits. First, the likely CHF mechanism should be determined. This can be done with the

help of the Canadian look-up table [16] and Equation (17) for the THN type of CHF. The

Canadian look-up table provides CHF values caused by overheating at a nucleation site - CHFov.

Equation (17) provides CHF due to the THN limit. Comparison of these two heat fluxes (CHFov

and CHFTHN) should be made over the whole flow velocity range. The critical heat flux equals

the minimum of these two heat fluxes:

CHF = Minimum { CHFov, CHFTHN (23)

Note that the Canadian look-up table [16] covers all possible values of subcooling, but flow

velocities only up to 7.5 m/s. It is assumed here that extrapolations may be done for velocities

greater than 7.5 m/s.
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A local heat flux limit (qiimit) for the wall is obtained by assuming that the larger of the two

physical heat transfer mechanisms can sustain reasonable temperatures even if the other

mechanism is no longer effective. T2

That is,

qiimit = Maximum { CHF , qi } (24)

The results of this procedure are shown in Figure 12 for P = 3 MPa. Note that Figure 12 is a

modified version of Figure 10. It is clear from Figure 12 that the recommended procedure

predicts reasonable results ( within ± 20% ) for the heat flux limit. Once this limit is reached a

wall temperature excursion to much higher values is expected.

The proposed procedure for heat flux limit evaluation was applied not only to CHF data

analyzed in the present study, but also to CHF data presented in [11]. The data show good

agreement with the proposed procedure, since the data fall within ±25% of the predicted value,

75% of the data falls within ±20% of the predicted value.

V. CONCLUDING REMARKS

For the single-phase region, the Petukhov correlation (Equation(1)) was found to be

applicable. A subcooled boiling correlation for high mass flow rate and high heat flux conditions

has been proposed. It is based on the Chen nucleate boiling and convective terms with modified

suppression and enhancement factors. The new correlation was found to be more reliable than

any of the other correlations tested for nucleate boiling. Since the proposed correlation

distinguishes between the nucleate boiling and forced convection effects, it can be used in

assessing the suppression of nucleate boiling which exists at high velocities and for prediction of

the THN limit at the channel wall.

A new procedure is recommended for evaluating the limiting heat flux in highly subcooled

flow. A CHF can occur when the wall temperature reaches the THN limit. This occurs at high

velocity flow which suppresses nucleate boiling. Equation (17) is proposed to calculate CHF
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due to THN limit. Such CHF can occur without accompanying high wall temperatures. Only

after exceeding the Heat Flux Limit for Subcooled Liquid in the post-CHF region are high wall

temperatures expected. Equation (22) is recommended in order to evaluate the Heat Flux Limit

for Subcooled Liquid in post-CHF region. In some cases this heat flux can be a real limit.

When the inner wall temperatures are below the THN value, CHF occurs due to overheating

at a nucleation site. The Canadian look-up table [16] is recommended for this case.

Equations (23) and (24) are proposed in order to evaluate the heat flux limit for high velocity

flows. However, continuing validation and improvement of CHF correlations are still necessary.

So is the development of new physically based correlations and the collection of new relevant

data bases.
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FIGURES

Tungsten Coating, 0.078 m Length

Figure 1: Test section sketch, showing placement of the thermocouples
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Figure 2: Test section cross section specifications for calculational model.
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