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ABSTRACT

Boiling heat transfer system keeps a nuclear ppleatt safe without getting over-heated. Crisis witur if
the dissipated heat flux exceeds the critical fieatvalue. This study assumes the flow boilingtegs at high
heat flux is characterized by the existence of iy tkin liquid layer, known as the “sublayer”, whids
trapped between the heated surface and the vagukets. In the present study, it is hypothesizatttie heat
transfer through the liquid sublayer is dominatgdt® heat conduction and the sublayer is drieddoetto
occurrence of Helmholtz instability as the relatiedocity of the vapor blanket to the local liguit the
sublayer reaches a critical value. By recognizhig hypothesis, a theoretical model for low-quafiow is
developed to predict boiling heat transfer andiciitHeat Flux (CHF). To verify the validity of th@esent
model, the predictions are compared with the erpantal data of flow boiling heat transfer in thegiation
of Pressurized Water Reactor (PWR) and Boiling WRtactor (BWR) conditions. For the PWR low-quality
flow, the comparison demonstrates that the Helmhiogtability is the trigger condition for the ohsé CHF.

Keywords: Nuclear Crisis, Critical Heat Flux (CHF), Helmholtwstability, Boiling Heat Transfer, Boiling
Water Reactor (BWR), Pressurized Water Reactor (P\WBative Velocity

1. INTRODUCTION In the review of high heat flux boiling mechanisms
many studies have found the existence of liquidasigy

Subcooled or low-quality forced convective boiling between the heated surface and the bubble layeiglat
system is utilized in the design of nuclear reactoes, heat flux conditions. Based on the formation oflthald
because its high heat fluxes can be dissipatedefite,  sublayer, Katto and Yokoya (1968) developed a
to protect the heated surface from overheatinguandut, ~ hydrodynamic model near the CHF according to the
a reliable estimation of the boiling heat transded its consumption of liquid film.
limitation Critical Heat Flux (CHF) is extremelyqeired Through a measurement of the transient variation of
in the flow boiling system. In general, the boilihgat  heated surface temperature during nucleate podéihgoi
transfer mechanisms are different at the low haat f of water, Yu and Mesler (1977) confirmed the existe
(g<0.6 CHF) and the high heat flux (g>0.6 CHF) e of a liquid film beneath the growing vapor which is
in Fig. 1. At the former condition, most of the heat flux is paramount in transferring heat. Bhat al. (1983)
provided for nucleation of bubbleBi{. 1a); while at the  hypothesized that the heat transfer, in the higit Hax
latter, the boiling heat transfer is dominated by heat  region between 0.6 CHF and CHF, takes place mainly
conduction in the liquid sublayer trapped betweke t due to the heat conduction through the liquid layer
heated surface and the vapor blankég.(1b). formed on the heated surface.
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Fig. 1. Liquid-vapor configuration for up-flow boiling watga) low heat flux condition (<0.6 CHF) (b) highdt flux condition (>0.6 CHF)

In a subsequent paper of Bhait al. (1986), sublayer dry out was triggered by Helmhotz instgbih

experimental results of sublayer thickness andthe sublayer-vapor blanket interface whiale asléheth
frequency of vapor mass show good agreement withst the vapor blanket is equal to the Helmholtzicait
their previous predictions. Later, many high hdak f wavelength. Later, by replacing the single-phasedfi

models based on heat conduction in the liquid layer . . L
have been reported (Pa al., 1989; Jairajpuri and properties with the two-phase homogeneous equililri

Saini, 1991; Rajvansfet al., 1992). Although all the fluid properties, Liret al. (1988a; 1988b; 1989) made an
available models are developed specifically for Ipoo improved sublayer dry out model to extend the
boiling, Panet al. (1989) expected that the same applicable range from the subcooled flow boilingttte
concept of heat conduction through the sublayer maylow-quality saturated flow boiling. By accountingrfthe
also be applied to flow boiling conditions. passage time of the blanket, Katto (1990a; 1990821
The sublayer concept with heat balance ratheryseq the similar idea yet different approach tolsate
than heat conduction has also been applied in th&he DHF required to vaporize the liquid film undeath
research of flow boiling for predicting the CHF.1Fo  the planket. Celata (1991) suggested that this arésm
example, Haramura and Katto (1983), as ones of thanay also be applied in the thermal-hydraulics tsidif
pioneers of the sublayer dry out theory, originally nhigh heat flux, high mass flow rate fusion reactor.
derived a high heat flux model, based on the heat  Although thickness of liquid sublayers calculatgd
balance of liquid film located between the heated Lee and Mudawwar (1988) and Katto (1990a; 1990b;
surface and a vapor blanket, to predict the flow 1992) models are quite different, it is worth tdenthat
boiling CHF on flat plates. Lee and Mudawwar (1988) the magnitude of sublayer thickness is extrematy fi

N7 (order of 10°~10°m). It is thus appropriate to
postulated that CHF occurs when the liquid film hypothesize that the convective boiling heat transs

underneath the vapor blanket dries out due to theyominated by the heat conduction through the liquid
oscillation motion of the blanket for an inteartiaw sublayer at superheated conditions. Therefore,dbase
boiling system. They emphasized that the onset ofheat conduction in the sublayer, Ligt al. (1994)
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developed a theoretical model for subcooled flovlirop heat conduction through the thickness of sublayertth
heat transfer at high heat flux conditions. the temperature difference of heated wall and the

Lee and Lin (1993) conducted the flow transientFCH Vapor blanket T i.e.:
experiments in the simulation of Pressurized Watsactor
(PWR) conditions. The experimental data were coatpar g = Ki(Tu ~Tea)
with the predictions of improved model by ldéral. (1989). 5

Their results reveal that the sublayer dry out rhasle
appropriate. All of the afore-mentioned theoretical
approaches for predicting the flow boiling CHF (Laed
Mudawwar, 1988; Liret al., 1988a; 1988b; 1989; Katto,
1990a; 1990b; 1992) acknowledged that the subldser q=h(T,-T) @)
out is triggered by Helmoholtz instability at thebkyer- v

vapor _bIanket interface. However, so far the_re ds__n From Eq. 1 and 2, the subcooled boiling heat temsf
theoretical model based on the Helmholtz instgbilit . tficient h can be obtained as Eq. 3:

concept proposed for prediction of occurrence ofCld

1)

In this equation kis the conductivity of liquid. By
newton’s law of cooling, the heat flux also can be
expressed as:

the present study, a critical condition for onseCsIF is h=q/(@/k +T,-T,) (3)
derived based on the Helmholtz instability at ifaee of “
two streams. The relative velocity of two streamss i Thys to determine the heat transfer coefficients it

calculated using the heat transfer model byetad. (1994).
The predicted transient time to the onset of CHvided
reasonable agreement with the Lee and Lin (1993)
experimental data.

needed to calculate the sublayer thickn@sshich can
be obtained by force balance on the vapor blankéte
axial and the radial directionki@. 2). For the two-phase
flow, the effective fluid properties such as depgitand

2 MATERIALSAND METHODS viscosityy need to be modified first.

2.1. Effective Homogeneous Fluid Properties
Based on the boiling configuration of subcoolexhfl
through a vertical tube at the high heat flux ctods as
shown inFig. 1b, a theoretical boiling heat transfer model
was proposed with the following assumptions:

The homogeneous two-phase flow model is assumed
to be suitable for the present subcooled or lowityua
flow boiling conditions.

2.2. Magnitude of True Quality
* In the subcooled flow through a vertical tube, the

vapor blankets are formed from small bubbles  The true quality x can be evaluated by using Saha
pilling up as vertical distorted vapor cylindersll A and Zuber (1974) formula Eq. 4:
the vapor blankets glide up parallel to the heated
wall and shield the heated wall from the cooling of y = Xe =Xa€XP(Xe /X4~ 1) (4)
bulk flow. As a result, a liquid sublayer forms 1-xgexp(x /x;,— 1
between the vapor blankets and the heated wall

«  For high heat flux, the passing period of the vaporwhere, xis the thermodynamic equilibrium quality angd x
blanket becomes sufficiently long as that repoited is the thermodynamic quality at the point of bubble
Hino and Ueda (1985) investigation. Thus, the sdsla  detachment from that heated wall. The valueya$ ¥q. 5:
seems always exist between the heated wall and the

vapor blanket qC,D
. Since the thickness of the sublayer is very thin s =~0.00227= — ;forPg< 7000
with low flow rate, it is reasonable to assume that o (5)
in the sublayer, the bubble generation is ceased xd:—154i;forP¢> 70000
and the heat convection can be ignored due to H,,G
small velocity, the heat transfer across the liquid
sublayer is dominated by heat conduction where, g; the specific heat capacity of liquid, D the inner

diameter of the tube, ¢ is the latent heat of

Figure 2 shows the temperature distribution in the vaporization, G the mass velocity and; fhe Peclet

sublayer and the force balance on the vapor blaieet number of liquid. Note that, asskqy the true quality is
mentioned above, the g heat flux can be calculated identically zero for the single-phase flow.
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Fig. 2. Schematic diagram of vapor blanke moving in vettigebulent flow at high heat flux condition

2.3. p and p for Homogeneous Flow R+KR=0 (8)

For the homogeneous two-phase flow of true quality

X, the fluid density is generally given by Eq. 6: Where:
1_ox,0=x 6 n
o pf P, 6) K —ZDZbLbApg 9)

In this equationpy and p; respectively, denote the ppg-
density of vapor and liquid, while the mean two-gda

viscosity 4 will be evaluated by using the formula of 1 TD.2
Dukleret al. (1964) Eq. 7: Fo==5PeColy =2 (10)
H = PIXH,V g + (1= X)H,V,] (1)

in which Ap = py-pg is the density difference between
the two phases, LCthe drag coefficient and (J the
relative velocity of the vapor blanket with respéztthe
liquid at the position corresponding to the ceimerbf the
blanket. The negative sign in Eq. 10 indicates that
2.4. Relative Vel ocity of Vapor Blanket to Liquid direction of the drag force is opposite to the flow
direction. Chan and Prince (1965) proposed an sxjme
of the drag coefficient for a small deformed bukibte 11:

where, g and p; represent the viscosity of vapor and
liquid; and y and v are specific volume of vapor and
liquid, respectively.

At high heat flux condition, the vapor blanket éisrhed
by the coalescence of small bubbles. The vaporkbtan
is assumed to be a distorted cylinder of lengflaid 3
diameter, which forms a flat interface near thelwal ¢ S T (11)
Consider the force balance in the axial directitivg P DepU

relative velocity of the blanket with respect te tiquid

will be determined by a balance between the bugyanc  Since the vapor blanket is formed initially by the
force F and the drag forcegFEQ. 8 and 9: coalescence a vertical column of small bubbles, the
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equivalent diameter fy and [ are assumed to be equal _ ou, T
to the bubble departure diameter (Lee and Mudawwar, = =G U"LcTyZ DL, (16)
1988) and the latter can be obtained from the tadiom

of Cole and Rohsenow (1968) Eq. 12:

0.5
D,1.5% 10° [0] PiCor T
gA pg Hfg

where, | is the local liquid velocity and C is a
125 parameter which accounts for the effects of turbule
] (12) fluctuations and local bubble concentration on the

rotation of the vapor blanket.

From a liquid-gas two-phase flow experiment in the

where,o is the surface tension. Weisman and Pei (1983)adiabatic boundary condition, Beyerlegt al. (1985)
indicated that the bubbles are approximately ediiesl found that C is a function of the average voidtfoacand
with the ratio of long to short ellipse axis bewdgout 3:1  the liquid Reynolds number. In the present model fo
in the case of high heat flux. So the length ofwhpor  vapor-liquid system with wall heating, the depenmisnof
blanket L, is assumed to be three times of the bubbletwo-phase Reynolds number and the boiling numbtren

diameter . Combining Eq. 8 through (12) with the parameter C are taken into account and is modgi€&jb17:
relations RQ=Dy, and L,=3D, gives the relative velocity

of the bubble with respect to the liquid as Eq. 13: C = 3 Ré& Bo™ (17)
u, :M (13) In which a, aand @ are empirical constants, Re =
8y GD/u is the effective Reynolds number for homogeneous

flow and Bo is a modified boiling number defined as

2.5. Liquid Velocity Gradient Eq. 18

The local liquid velocity gradient can be evaluated q
by the force balance of a vapor blanket in thealadi B0 =——— — ~=Bo[1-x)/1-a] (18)
direction and the velocity profile distribution. Hy [Gﬁ)

2.6. Force Balancein Radial Direction

The force balance of a vapor blanket in the radial In which BO - q/(qﬂ-’) S the conve.zntlonal boiling
direction is shown a§ig. 2. Vapro generation due to Nnumber andt is the void fraction Eq. 19:
sublayer evaporation creates a rate of change of

momentum F which pushes the vapor blanket away o =VX/[VX+V(1-X)] (19)
from the wall. However, the lateral motion of thartket
is resisted by a lateral forcesz Eaused by the vapor Upon combining the above equations, the liquid

blanket rotation, which is resulted due to the wijo
gradient associated with the liquid boundary lapethe
tube. The inertial force Hs given by Eq. 14:

velocity gradientdU /0, can be evaluated as the values
of &, @ and g are treated known quantities, it is Eq. 20:

ou 32, f
F =p,V3D L 14 L= t (20)
O (14) dy  gnC,p, (; - p,)H;,D;

where, \} is the vapor velocity due to evaporation of the

sublayerand can be expressed as Eq. 15: 2.7. Velocity Profile Distribution

Applying the Karman's three-layer structure of
V, =a/(pHy) (15) turbulent flow in a tube, the friction velocityl&an be
derived by the non-dimensional wall distande that is

Beyerleinet al. (1985) derived an expression for the Eq. 21a-d:

lateral force on a bubble in turbulent two-phasevfin a

vertical tube. The lateral force on the vapor béinis UT=y"ifor0<y <5 (21a)
determined by the relative velocity of the blanket the
gradient of the liquid velocity profile, i.e Eq.:16 U" =5.0Iny" - 3.05;for y < 3( (21b)
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U*=2.5Iny" +5.5;for30< y (21c) 5+D /2t 1/
U, = /%W 5.0|n[(")"”p]—3.0
v

Where: (26)

+(pf _pg)Dbzg
U'=U/{Jt,/p, Y =yT,p/1 (21d) 8y,

And 1, is wall shear stress which can be obtained by2 10, Critical Velocity for Oneset of CHF
Eq. 22: ) N ) )
Figure 3 represents the flow boiling ctiguration

of subcooled or low-quality flow immediately justfore
and occurrence of CHF. This phenomenon is called
Helmholt instability which causes a wavy motiontbé
where, the friction factor f is the fanning friatidactor, sublayer-vapor blanket interface. Based on the euonc
can be calculated by Eq. 23: of Helmholtz instability as the relative velocity the
two streams, i.e., the liquid in the sublayer dmal\tapor

in the vapor blanket, reaches a critical value, avyw

) ) ) . motion of the interface is induced. Due to thedbdity
The effective value of he velocity gradient causing nature, the amplitude of the wavy motion can be

vapor blanket rotation can be approximated as W§loc gmpjified. The critical value will be evaluated bdson
gradient at the radial position 6+ Dy/2 from the wall.  the following assumptions:

Lee and Mudawwar (1988) found that the liquid véioc

profile around the vapor blanket locates in thefdsuf e+ The length of the blanket changes suddenly to the
region and the effective velocity gradient can be Helmholtz critical wavelength when the vapor

T :fp% 22)

w

F=0.046 R&"? (23)

calculated from Eq. (21a-d): blanket velocity reaches the critical valueand the
sublayer also adjust its thickness

oU 1 e The vapor blanket touches the heated surface as

a;=5\/TW/p(6+(Db/2)] (24) result of the Helmholtz instability, the dry patch

persists and spreads very quickly, which induces a
sudden rise in wall temperature
. e CHF occurs when the rate of sublayer mass loss by
2.8. Thickness of Sublayer evaporation exceeds the mass flow rate of thediqui
Comparing Eqg. 20 and 24, the thickness of sublayer ~ entering the sublayer from the core region

0 is obtained by: 2.11. Thickness of Sublayer

Since CHF is postulated to occur as a result of
Helmholtz instability, the length of the sublayemathe
vapor blanket are assumed to be equal to the Héimho
critical wavelength Ly, as shown irfrig. 3a, i.e Eq. 27:

D
T, 1pgCp, 0Py JHe OE——2
5= & _ 2 (25)
32ufq

Thus, the heat transfer coefficient h can be ptedic 216(0, +p,)
by substituting Eq. 25 into Eq. 3. Lo = L=

. _pfpg(UbH_Um)2
2.9. Velocity of Vapor Blanket

To determine the onset of CHF, it is needed to
calculate the velocity of vapor blanket, Which can be
approximated as the superposition of the localidiqu
velocity at the radial position a¥+Dy/2 from the wall
and the relative vapor blanket velocity. Therefdie 2160, +p.)
velocity of the vapor blanket can be calculatednfraq. Ly =————2*
21b and 13, it is Eq. 26: PPy U

(27)

In which Uy, is the critical velocity of the vapor
blanket to onset of CHF, Jthe liquid velocity in the
sublayer. Since  is always much higher than,Uthe
above expression can be reduced to:

(28)
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sublayer, G the liquid mass flux flowing into the
sublayer, can be express as Eq. 30:

Gm = pf(UbH - Um) Up;Uyy (30)
' Since Hy = C;; and in general, J;= Ty, the second

term in RHS of Eq. 29 can be neglected. Therefore,
combining Eq. 28 through (30) givég the thickness of

q ' the sublayer as Eq. 31:
2
5, = 0% 0 *P,) (31)
Pt PgHigUpk

2.12. Relative Vdocity of Capor Blanket to Liquid

Near the CHF condition, the relative velocity of
the vapor blanket to local liquid JJ; can be
determined by a balance between the buoyancy force

Sy

(a) Fg and the drag forcegEq. 33 and 34:
F+FR=0 (32)
? i
o \ Where:
_M
0 R 2 DiLon(Pr —Pg)9 (33)
. @ -
U : Ly And:
1 D?
Fo ==—pP G Uy zh (34)
D ] 2 4
T p In which G is the drag coefficient, can be evaluated
o through the Chan and Prince (1965) Eq. 35:
Co=— Bk (35)
5:'_1 ) prbUbLH
(b) Combining Eq. 28 and 32 through 35 gives the

Fig. 3. The proposed sublayer dry out mechanism (a) Justrelative velocity of the vapor blanket:
befor CHF (b) Occurrence of CHF

2 _ 2
Since the occurrence of CHF is a result of local u,,, _To(pr ~Py)Dg (36)

sublayer dry out, the minimum critical heat flux g 1200 P, Uy
Eie;e;;?sr-y to evaporate the mass flux in the sub(age 2.13. Critical Velocity of Vapor Blanket
The critical velocity of the vapor blanket is dexil
Ul =Grdu[Hyg + Cr (Tea = Tl (29) by the supersession of local liquid velocity at thdial
_ . position of &+Dy/2 from the wall and the blanket
where, 8y is the thickness of the sublayer to onset of relative velocity |, which can be obtained from Eq.
CHF, T, the temperature of the liquid entering the 21b and 36. it is Eq. 37:
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2r0q,(p, +p,) Db]”, 200

-3.0 (37)

[pszU 22
Uy =, |2 {5.0ln) A2 22
P

u

100
2 2
+TID'(p, Py )Dyg
124, P, Uy?

L
=

Thus, the critical blanket velocity yy can be
predicted by the numerical iteration.

e (KW M K

3. RESULTS AND DISCUSSION

3.1. Verification of Heat Transfer Model =

By a regression analysis of 321 experimental data
in the simulation of Light Water Reactors (LWRS) 10 .
conditions (P = 6.9~15.5MPa), that is conducted by 0 20 <0 100 200
Lin et al. (1994), empirical constants, s and g are o (KWK
found to be 0.50, 1.20 and 2.21, respectivélig. 4
provides a comparison of predicted and experimentalFig. 4. Comparison of the predicted heat transfer coefiicie
heat transfer coefficient for subcooled flow bdilimat with the experimental data at high heat flux
high heat flux (0.6 CHF < q<CHF). The predictions
agree well with the experimental dataand the mgjafi
data points fall within the error band of 40%.

Gungor and Winterton (1986) evaluated the various
correlations for subcooled flow boiling, by compayi ~ Gungor and Interton 321 45.4 46.1
with measured data, they reported that the coioelat Moles and Shaw 321 23.9 32.7
by Moles and Shaw (1972); Shah (1977) and Gungdr an Shah 321 754 76.0
Winterton (1986) are the best ones among others”résent model s21 126 186
Therefore, the above mentioned three correlatioes a
selected in the study of subcooled flow boiling thea
transfer coefficients. The comparison of these ; = . ;
correlations with the experimental Iglata isTiable 1. and low-quality saturated flow bailing water inosiabiin the
The correlations by Moles and Shaw (1972) and Gungo tabul_ar CHF data of the. .USSR Academy of Sciences
and Winterton (1986) that performed well with thighh  (Collier, 1981), at the conditions of P =819 .6MPa, G =
pressure (6.9MPa~15.5 MPa) boiling data give meanl000~5000 kg s anda = 01107 . The analysis provided
deviation of 32.7% (Moles and Shaw, 1972) and 46.1%the Average Deviation (AD) of 5.3% and mean deviabf
(Gungor and Winterton, 1986), this error is clogethe ~ 22.8%. Thus, based on the Helmholtz instabilitythe
report for subcooled flow biling data at the pressiiom  sublayer-vapor blanket interface is the triggerdition for
13.2 t0002020.3 MPa. the onset of CHF as the blanket velocity reachestiaal

The correlation by Moles and Shaw present a bettenvalue, this hypothesis is appropriate.

agreement with the experimental data within average e .
deviation of 23.9% and mean deviation of 32.7%. 3> Verification of TrO061nsient CHF

However, this correlation is derived by direct Lee and Lin (1993) conducted an experiment flow
dimensionless  analysisand no significant physical ransient CHF in the simulation of PWR at the linea
meanings. Since the present model is developedilmase mass flow decay rate from 0.1 to 30%igure 5
the high heat flux mechanisms of vapor blanket laeak  shows the variation of the inflow mass velocity ahd
conduction in sublayer, it is superior to otheretations. wall temperature with the transient time at thewflo
P : decay rate of 0.1%/s. The onset of CHF is deterdhate

3.2. Verification of Steady-State CHF the exit of the test section while the wall tempae

To verify the trigger condition for onset of CHFEjs excursion occurred, since the abrupt drop anddiened
needed to examine the comparison between theatritic jump in wall temperature implies rewetting and amyt
value Uy and the vapor blanket velocity, & CHF occurs.  process of liquid film underneath the vapor blanket

Tablel. The statistical results for predicting boiling hea
transfer coefficient by the various correlation

Correlation Number of points  AD(%) MD(%)

Therefore, an analysis of relation betweeggn &hd U will
be study based on a total of 362 data points ofamied
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Fig. 8. Comparison of the predicted time to Ckfth the experimental data under simulating PWRvfteansient
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Table2. The statistical results for predicting transidme to model is also useful to the analysis of the cooling

CHF by the various correlations technology related to the flow boiling heat tramsfe
Correlation No. of points AD(%) MD(%)
EPRI-1 15 -40.8 -40.8 5. REFERENCES
Bandw-2 15 -12.2 13.9
Lin, Lee and Pei 15 -25.7 -25.7 . .
Present model 15 178 20 Beyerlein, SW., R.K. Cossman and H.J. Richter,5198

Prediction of bubble concentration profiles in
vertical turbulent two-phase flow. Int. J. Mul. Rlp
11: 629-641. DOI: 10.1016/0301-9322(85)90083-7
onset of CHF is determined as the blanket veloisty Bhat, A.M., J.S. Saini a_nd R. Prakas_h, 1986. Rdle o
reached the critical velocity macrolayer evaporation in pool boiling at high heat
. 7 . flux. Int. J. Heat Mass Trans., 29: 1953-1961. DOI:
Figure 6 show the variation a vapor blanket velocity 10.1016/0017-9310(86)90014-1
and sublayer thickness with the transient time hat t Bhat, AM R. Prakash and J.S. Saini, 1983. Heat
condl_'uzons of T, = 290°C, P = 15.5MPa, i = 3800 transfer in nucleate pool boiling at high heat flux
kg m*sec and flow decay rate =0.1%/. The CHF is  |nt. J. Heat Mass Trans., 26: 833-840. DOI:

The experimental data will be compared with present
model predictions. In present study, the predititee to

occurred when Blis equal to U, it is worth to note that 10.1016/S0017-9310(83)80107-0
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