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Abstract—A physical model is proposed for the mechanism of boiling burnout in saturated forced
convection on heated discs cooled by liquid jets impinging normal to the surface. It is postulated that the
relative velocity between the liquid and vapor bubbles in the film governs the burnout process. Two distinet
critical heat flux (CHF) regions have been recognized. When the liquid and vapor velocities are of the
same order of magnitude. typical of low pressures, burnout results from droplet splash and is surface
tension-controlied. At low vapor velocities relative to the liquid. typical of high pressures. burnout appears
to result from the separation of the liquid boundary layer, and is controlled by liquid viscosity. Correlation
of the model predictions for CHF with the available data for a wide range of liquid~vapor density ratios
has provided new insight into the scaling and the splashing rate of droplets. A criterion for transition
between the two CHF regimes is also suggested.

1. INTRODUCTION

RECENT STUDIES on flow boiling have shown that very
high critical heat fluxes (CHF) are achieved when
impinging liquid jets are used to cool heated surfaces
[1-6]. For instance, with a 2 mm diameter saturated
water jet at 1 atm, CHF of up to 10 MW m~* can be
achieved [7]. which is ten times the corresponding
value for pool boiling. Much higher heat fluxes can
be realized at increased system pressures and with
inittal subcooling of the jet. Thus, there seems to be a
great potential for boiling liquid jets in meeting some
modern demands of technology.

Accurate representation of the physical processes of
burnout is central to the prediction of peak heat flux
in such systems. Although considerable knowledge
was gained regarding the burnout phenomenon in
pool boiling, there is limited information on burnout
processes in flow boiling with impinging jets.

Boiling characteristics of the impinging liquid jets
were first clarified by the excellent observations of
Katto et al. [1-5] using water, R-113 and R-12 over
a wide range of system pressures. The radial flow of
the thin liquid film from the stagnation point is
accompanied by bubble burst and droplet splashing.
Uncertainties regarding droplet size and the rate of
droplet splash from the film complicates the pre-
diction of CHF.

As a result, the proposed correlations for CHF are
primarily empirical or semi-empirical. Katto ez al. [1-
6] presented correlations based on dimensional analy-
sis. Lienhard er al. [7-9] reported a continuous cor-
relation using the mechanical energy stability criterion
{7]. in conjunction with the data of Katto et al. [1-4].
Although these correlations predict CHF with reason-
able accuracy over a wide range of conditions, they do
not present a unified theory of the burnout processes.

In this paper, a physical model is proposed for

burnout mechanisms for impinging jets. The critical
heat flux data of Katte and Shimizu [3] are recorre-
lated in a more general form based on the proposed
mechanisms. A correlation for the droplet splash
rate as a function of the liquid—vapor density ratio is
generated from the modified form of the CHF corre-
lation in the fow velocity region. It is further shown
that the transition Weber number between the low
and high velocity regions depends on the density
ratio of the fluid and an additional dimensionless
group involving the ratio of liquid viscosity and
surface tension.

2. FLOW STRUCTURE

Figure 1 shows the jet—disc configuration to be
analyzed. The impinging jet forms a spreading sheet
in the radial direction. Various flow regimes have been
noticed in the absence of boiling for an upward facing
surface.

Homann [10] studied the stagnation zone. r’ =
0(df2). when the freestream velocity rises rapidly
from 0 to ' = 0 to the jet velocity 1, according Lo

(la)

w, =ar

where « is the stagnation velocity gradient. Laminar
boundary layer thickness, &', in this region is constant
and of O(vd2y)' *, since the thinning due to free-
stream acceleration exactly balances the thickening
due to shear diffusion [11,12].

A detailed boundary layer treatment of the liquid
film away from the stagnation zone was provided by
Watson [13]. For " » d/2, a Blastus-type boundary
layer with a constant freestream velocity u, , = i, was
considered up to " = Dy/2, where D, is given by

Dod=0.3667Re *. (1b)
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skin-friction coefficient
jet diameter
disc diameter
rate of energy
g Newton constant
mass flow rate of jet

n mass flow rate of splashed droplets
latent heat of vaporization
mass flow rate
molecular weight
nucleation site density per unit area
system pressure
peak, critical or burnout boiling heat flux
Gu wall heat flux in nucleate boiling
r radial location

pf/pg

universal gas constant
Re;  jet Reynolds number, peud/p;
t residual film thickness
to film thickness in the absence of splashing
T, critical temperature (absolute)
T.. saturation temperature
T, wall temperature
AT  wall superheat, T, — T,
Uy radial velocity in the liquid film
vapor velocity (superficial) normal to the
wall (y-direction)

SRS

NOMENCLATURE
a constant u; jet velocity
C,,C,,C; constants We;  liquid Weber numbser, pu’ Djo.

Greek symbols

x fraction of liquid flow directed into spray,
G4/CG

B Did

v defined by equation (29b)

o characteristic droplet diameter

& boundary layer thickness

n V(g RT /M)

He liquid viscosity

vy liquid kinematic viscosity

Pt p, saturated liquid and vapor densities

g surface tension

¢ ug.mux/“j = qmax/(pghfg“j)

w Pitzer’s acentric factor.
Subscripts

c critical state

d droplet

f liquid film

g vapor

j Jet

0 freestream.
Superscript

average.

The boundary layer thickness in this region is
O(vir'/21) ", and becomes comparable to the film
thickness ¢, = O(d?/r’) where r' = O((d/2)Re}’?). At
r’ = Dgy/2, the boundary layer thickness is equal to the
film thickness.

Liquid jet, uj

[T

Boundary ~

layer
Shear
thickening
Hydraulic
Jjump

NV

F1G. 1. A schematic of the jet-disc configuration.

For v > Dy/2, a parabolic similarity profile was
considered with a decelerating freestream (dug ./
dr’ < 0). It has been shown that the sheet thickness
has a minimum at r" = D, /2, where D, is given
by

Boar = Druc/d = 0.5245Re] (1c)
with the minimum thickness #; i, expressed as
d
lomin = 0.22 3 Re!>. (1d)

Viscosity was thus shown to slow the sheet, so the
liquid film thins out less rapidly. In fact, the film starts
to thicken as the freestream velocity diminishes far
enough. At some position, probably for r’ > D,,/2,
a hydraulic jump may be initiated which can be
located by equating the rate of loss of momentum to
the hydrostatic pressure thrust.

The presence of boiling can alter the above flow
structure, as will be discussed in the following sections.

3. PHYSICAL MODEL FOR BURNOUT

Possible mechanisms of burnout in the jet—disc con-
figuration are illustrated in Fig. 2. It is postulated that



Burnout in flow boiling

! Liquid jet, uj : Liquid jet, uj

Droplet,
a2 Vapor, ug
bepr M4 * Liquid - Y4 Liquid
i film, uf ! film, uf
a) uf = O(ug) b) uf >> ug

FiG. 2. Proposed mechanisms of burnout in jet-disc con-
figuration.

the relative velocity between the radially flowing liquid
film and the vertically moving vapor due to bubble
generation at the surface plays an essential role in the
burnout process. Two distinct boiling regimes could
then be identified.

Region 1 is depicted in Fig. 2(a), where the liquid
velocity in the film is of the same order of magnitude
as the vapor velocity, i.e. ur = O(y,). It is presumed
that droplets with a size distribution are generated by
bubbles bursting through the flowing liquid film. As
a result, the droplets may move at an average velocity
ug at some angle to the surface such that they probably
do not redeposit on the film. The droplet formation
is linked to surface tension and inertia forces, and so
the burnout in this situation should be controlled by
surface tension. Region 1 is, therefore, termed as the
surface tension-controtled regime or o-regime.

Figure 2(b) describes region 2, where the film vel-
ocity is far in excess of the vapor velocity u; » u,. The
bubbles generated at the surface will not have enough
momentum to escape from the film, but are dragged
along radially by the film inertia. Thus, the probability
of droplet generation in this mode is relatively small.
It is speculated that burnout under these conditions
could result from the separation of the liquid bound-
ary layer due to vapor blowing and blanketing, and
is controlled by liquid viscosity. Region 2 is thus
termed the liquid viscosity-controlled regime or p-
regime.

4. PREDICTION OF CHF

Separate analyses are made to predict the CHF
in the o- and p-regions for describing the different
mechanisms at burnout as postulated.

4.1. Surface tension-controlled regime (or c-region)
The following assumptions are made in analyzing
CHEF in the o-region.

(1) The flow past the heated surface is potential,
due to destruction of the boundary layer by the vapor
generation at the surface and subsequent tearing of
the liquid film.

(2) Flow is nearly radial, with a constant freestream
velocity u; = u;. This assumption is justified for ' > a.

With the above assumptions, we now apply the
mechanical energy stability criterion as originally
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reported in ref. [7] tor the jet-disc system. [t states
that at burnout the rate of mechunical energy supplied
to the wake configuration equals that absorbed by it.

Rate of kinetic energy of jet+ Rate of kinetic energy
of vapor = Rate of surface energy of droplets+ Rate
of kinetic energy of liquid (film +droplets). ()

This can be expressed as

T\ ‘n N\ patg
u((Zd')‘%L +ug(il)“)%>

ptilmd)d™ (ln N
=y, e 06 l—x)petee| - d°
%, (7 6)5° o 6+ 9 ( A )Peut 4(

N

u;
S

T\
+1(p,~u,»(id')\:‘}4 (3)

In the above relation, d 1s the characteristic drop
diameter, and =z is the fraction of the liquid splashed
as droplets defined by

i
%=c (+

i

where
. . . , T -
m = Ky + 0, = au"p:»u;. (M

Assuming that the droplets keep their original
momentum, the drop velocity is taken close to ;. 1.c.
u; = uy. Then the kinetic energy of the vapor generated
balances the surface energy of the droplets. That is

U, (Z D3> pg;lg =z

where J is an average charactenistic droplet diameter.
In terms of the dimensionless critical heat flux
defined by

p,u,-(n/4)d: ~5° (6)
“pm 63t 7 ‘

p=—f—= )

Pty

equation (6) can be expressed as

d i3 r‘. 2
~ 32 o ]
d) % (6) (B I’Vef)l 3 (Q)

Great uncertainties presently exist on the estima-
tion of the droplet diameter § and the rate of droplet
splash «..

4.1.1. Droplet diameter. The mechanism of droplet
formation in this case is basically different from
that usually observed in spray nozzles or annular gas—
liquid flows. We consider here that droplets are
formed due to the bubble burst process within the
very thin liquid film. In view of this. we postulate
that the characteristic droplet diameter, d (presum-
ably Sauter mean diameter) is of the same order of
magnitude as the average liquid film thickness

18 = O(1). ")
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Interestingly, this result agrees with the value
obtained by Taylor [14] for the droplets generated due
to gas blowing over shallow liquid layers, on the basis
of a Kelvin-Helmholtz mechanism. Taylor assumed
that droplets scale as the wavelength of the unstable
wave rather than as the diameter of the ligament
removed from the wave crest [15]. In addition, for
shallow films it is approximated that the wavelength
of the unstable wavelets scale as the average height of
the wall layer [14].

From continuity requirements, the local film thick-
ness in the absence of splashing can be given for poten-
tial flow with u, = y; as

ty = O(d¥r). (10a)

A representative value for £, can be obtained as

1 [ R
== —J‘ —dr.
ty D2 1

Substituting for ¢, from equation (10a) in the above
relation yields that

1o = O(d/p). (10b)

With droplet splashing, the average residual film
thickness is reduced and becomes

t~d(l—2)/B

or

0 ~d(1—a.)/p.

Thus we have

djé ~ /(1 —a). )

Insertion of equation (11) in equation (8) yields the
relation for ¢ as

a. \7? 1
¢ = Cl(l—ac> ri? Wel

where the droplet splash rate «, and the constant C,
are still unknown.

4.1.2. Droplet splash rate. An estimate for the drop-
let splash rate can be made based on the droplet gen-
eration due to the bubble burst process. Considering
the nucleate boiling regime, we speculate that

(12)

a~n

where n is the nucleation site density, i.e. number of
bubbles generated per unit area of the heater surface.

Information on n can be obtained by analogy with
pool boiling. Measurements of Katto et al. [1, 4] reveal
that in the nucleate boiling regime, the g—AT charac-
teristics of an impinging jet follows the nucleate boil-
ing curve for ordinary pool boiling at high heat fluxes.
For instance, it was mentioned in ref. [4] that the
change of water depth from 100 mm to 2 mm on a
heated 10 mm diameter disc surface had no effect on
the boiling curve in saturated boiling at high heat
fluxes greater than 5x 10° Wm~2,

M. KaNDULA

For a large class of factory-finished materials, a

representative value of n for pool boiling is [16]
n~AT ~ AT**. (13)

In pool boiling, the heat flux varies with the wall
superheat for certain surfaces as

g~ AT>. (19
Equations (13) and (14) then result in
a~ gt (15)

This relation is in close agreement with the measure-
ments of x by Monde and Katto [1] for water at
different jet velocities, as depicted in Fig. 3. The data
show that in the nucleate boiling mode increased jet
velocity tends to reduce the droplet splash rate at the
same wall heat flux.

Figure 3 also suggests that the droplet splash rate
at the critical state «. is nearly independent of u;, and
varies in the range of 0.8-0.9. In view of the apparent
complexity of modeling %, we propose to determine
2. by comparing the present theory with the cor-
relation of Katto and Shimizu [3] as given by

I
¢ =0.188r°6"¢ .

1
We,'? (16)

This relation describes data for water at 1 atm
(r = 1600), R-113 at 1 atm (r = 200), and R-12 from
6-18 bar with = 5. Comparison of equations (12)
and (16) yields an expression for «_ as

1

% = 1F150.5C3/r0 % (172)

Using an average value of 2, = 0.85 from Monde
and Katto {1] for water with r = 1600. the constant
C, can be found from equation (17a) as

C, = (0.5848) 173 = (.836. (17b)
Thus, equation (17a) reduces to
Data of Monde and Katto [1]
D(mm) Go (kg min)
a 112 2.39
1006 202 166
0.8 @ 202 2.22
0.6 Fuid: Water
8 r d=2 mm
041 p=1 atm
0.2 — Predicted
Flagged symbol denotes burnout
0‘1 ] 1 1 R N i
1 10 20

qw, MW m~2

F1G. 3. Dependence of rate of splashing of droplets on wail
heat flux in nucleate boiling of a saturated water jet.
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i 1

R ST (17

Figure 4 presents the predicted variation of x, with
density ratio. The quantity x. is found to decrease
with decreasing r. For example, for R-113 at 1 atm
(r = 200), a value of 0.5 is predicted. For R-12at 11.6
bar (r = 18.2). the value of r diminishes to 0.116. This
predicted trend of «, is in qualitative agreement with
the observations of Katto and Ishii {5] that with jets
of R-113 and trichloromethane there was far less spray
splashed out than there was with water.

In the g-region, the CHF varies with jet velocity
(4o ~ ' 7). This regime is also called the velocity-
dependent region or low velocity region. Equation
(12) for the predicted CHF in the o-controlled region
should not be used for arbitrarily large values of j.
Additional effects such as hydraulic jump may com-
plicate the analysis for large values of §.

4.2. Liguid viscosity-controlled regime (or u-region)

At high liquid velocities relative to the vapor. the
liquid film pushes most of the vapor bubbles along the
wall. and greatly diminishes the possibility of droplet
formation (Fig. 2(b)). This result is evident from Fig.
4. which shows that at low values of p;/p, the droplet
splash rate is very small.

In the limiting case of %, « 1, the mechanical energy
stability criterion, equation (3), does not provide the
CHF. This result suggests that the burnout is con-
trolled by a different mechanism. In the high velocity
region. we subscribe to the view of Kutateladze and
Leont’ev [17] that the CHF is related to the separation
of a transpired boundary layer. The problem then
reduces to the estimation of the minimum vapor vel-
ocity at which the liquid flow is separated from the
heated surface. In this region, the burnout is con-
trolled by liquid viscosity, and is independent of sur-
face tension.

A simple analysis of the CHF can now be carried
out by considering the separation of the laminar
boundary layer near the stagnation point. Based on
the knowledge of similarity solutions for blowing near
a two-dimensional stagnation point [12,18] and
accounting for the difference in densities of vapor and
liquid. a criterion for the boundary layer blow-off or
separation may be written as

10 Data of Monde and Katto [1]
08F D(mm) G (kg min®)
r a 112 2.39
0.6 o 20.2 1.66
g r ® 202 222
041 Fluid: Water -— Present theory
0.2 :_ d=2 mm
: p=1 atm
0. P L Y BRI BT
100 101 102 103 104

T

FiG. 4. Prediction of droplet splash rate at burnout.

fﬂi/cﬂgi>zcz as)
Prtty 5 N Hy
where C, is a constant. In the absence of blowing. no
separation can occur in the stagnation zone due to
favorable pressure gradients.

Elimination of r* from equations (18) and (la)
results in

0., ,
Pl  avy)—.
Prity Uy,

(.

Using equations (7) and (19). we then obtain
(20)

The dimensionless group avy/u; is somewhat anal-
ogous to the Reynolds number. This result shows that
CHEF in the high velocity and/or high pressure region
is independent of surface tension and is controlled by
liquid viscosity.

Measurements of the CHF in the high velocity
and/or high pressure region are correlated by Katto
and Shimizu [3] as

ho_ 18 1),61477__1 . ')1~

@ = 1.18r Wl T 2h
The above result implies that the CHF is independent
of jet velocity, and so this region is called the velocity-
independent region.

For the purpose of comparison with equation (21).
equation (20) can be cast in terms of the Weber

number as
_ auD\"* 1 .
(b—C:( p > r”,()r.”. (22)

It is possible to construct a corresponding states
correlation between y;/o and r in the form

12
(5]

nule = f(r) (
where
n =/ (wg.RT./M).

This result is plotted in Fig. S which shows the vari-

102
L Data of pf/ ¢ from [19]
I Data of n from [20} M
o Water 18
o < n-Pentane 72
a R-12 121
=3
3 10tk °
= £
2 C L
L
| 17.18 r-0.74 o
Bopte 2 oo
100 A EEre | ol P S R
100 101 102 103

r

F1G. 5. Variation of py/e¢ with density ratio.
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ation of nu./o as a function of r for three different
fluids—water, n-pentane and R-12. Data used in con-
structing Fig. 5 were taken from refs. [19, 20].

In the low pressure region (r > 40), p/o is nearly
constant, independent of r. However, in the high press-
ure range (6 <r < 20), of greater relevance to the
u-regime being considered, ug/o varies approximately
according to a power law as

Ky

(

1/2
) =417y~ %Y, 6<r<20. (24

Substituting equation (24) in equation (22), we find

I
Wel?"

¢ =4.17C,n~ "2 /(aD)r**? 25

Equation (25) is thus able to predict closely the
observed dependence of CHF on r and We; as cor-
related by equation (21) in the high pressure range

(6 < r < 20). Denoting
ad/n = C, (26a)

we have

B =4.17C,/C3/Br** (26b)

wel™

A relation for the constant C,,/C; can be obtained
by a comparison of equations (26b) and (21), ignoring
the minor difference in the r-exponent

4.17C, /(C,p) = 1.18

1.18

C1JCy = ———=0.127.
VG 4175

Referring to equation (20), the final equation for CHF
in the g-region is written as
’1Vr)
5 |r.

¢ = 0.127\/<du__

J

@7

(28)

M. KaNDULA

To present the results of ¢ in a single graph (Fig.
6) for both g- and p-regions, equations (26b) and (27)
are combined to yield the following equation for ¢ in
the p-region:

Pr=0"% =y Wer 12 (29a)

where

y = 0.1278"(nus/a) ' 2r®3%e, (29b)

The main difficulty with the form of equation (21)
is that it suppresses the effect of liquid viscosity, while
it erroneously brings in the influence of surface
tension. This difficulty is evident from the CHF
measurements of Katto and Shimizu [3]. For instance,
the data for R-12 at p =279 bar (r =35) lie con-
sistently above those in the pressure range of 6-23.5
bar (r = 38 to 7) and parallel to equation (21) when
¢/r%®'% is plotted against 1/We. It is argued here that
at r < 5, the value of y;/o is higher than that given by
equation (24), as indicated in Fig. 5, and therefore
offers an explanation for the above discrepancy. Thus,
it is clear that the proper form of correlating data
in the p-region is through equation (28) rather than
equation (21).

The significance of the proposed mechanism in the
high pressure and/or high velocity region and the
resulting correlation equation (28) is that equation
(28) can be extended for values of r smaller than those
for which experimental data are available.

4.3. Transition

Table 1 presents the information on transition as
deduced by the author from the data of Katto and
Shimizu [3]. For R-12, the transition value of u;/u,
varies weakly from 26 to 37 as the density ratio
increases from 10 to 38, with a minimum value of
u;/u, = 26 corresponding to p = 17.7 bar. No tran-

10°1 ¢

Data for R-12 (p=28

Data of Katto and Shimizu [3]

bar, r=5)

10-2 —
- - 7=0.127 §'7 (g 10y 10386 -5 ' \
z o 27 Data for water,R-113 and R-12
<) =" 7 (low pressure)
4 - \ 7>
P 3 P
- -~
S \ — #r0.614 - 0188 we-1/3 (o-region)
= Data for R-12 =--- ¢r0.614 =yWes-1/2 (p-region)
=6-23.
(P=6-23.5 ban &y onsition
104 1 ll_ll ] yaal 0 1 1l 1 1 1l 1 [o |
10-7 10-6 10-5 104 10-3 10-2
1/Wef

FiG. 6. Correlation of critical heat flux.
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Table 1. Values of 1/¢ = u/u, in saturated flow boiling with jet impingement from Katto and Shimizu {3]
P hy, s uex 100 g x 10° u, 4. u,
Fluid (bar) r (KJkg ")y (kgem™) Nsm™3) (Nm™ ") (ms™") (MWm™) (ms™) u,u, Region
R-12 60 38.5 147 299 2248 8.36 2 0.9 0.21 9.3 |
3 1.0 0.23 22 1
12 1.4 0.32 37 +
15 1.4 0.32 47 2
11.6 18.2 127 65.4 187.0 59 1.1 0.85 0.10 1 1
3 1.0 0.12 23 1
S 1.2 0.14 36 t
10 1.2 0.14 71 2
17 1.2 0.14 121 2
17.7 9.97 109 107 160.3 3.5 1.5 0.9 0.077 19 {
22 1.0 0.086 26 +
5 1.0 0.086 58 2
17 1.0 0.086 198 2
235 7.0 97.6 136 138.2 245 [.2 0.8 0.06 20 2
4 0.8 0.06 67 2
9 0.8 0.06 130 2
I3 0.8 0.06 223 2
279 5.19 79.3 192 123.0 1.54 3 0.8 0.052 58 2
7 0.73 0.052 135 2
10 0.8 0.052 192 2
14 0.8 0.052 269 2
Water 1.01 1603 2257 0.597 283.1 58.8 1.3 4 297 0,44 1
hl 6 4.4 |
13 10 7. 20 |
50 15 1.1 4.3 ]
R-113  1.01 203 146.7 7.447 507 14.56 3.7 0.6 0.55 6.7 1
9.5 0.7 0.64 15 I
11.9 0.8 0.73 16

T Transition.

sition to the p-region is noted in the case of water
(14/, < 4.5) and R-113 (15/u, < 16) at p = 1.01 bar.

The transition between regions 1 and 2 is obtained
by eliminating ¢ from equations (16) and (22)

-, <a;t,-D>' 2
c

This relation can be rearranged as

au.D R
( Hy >r°'77'.
G

With the help of equations (26a) and (27), the above
equations can be recast for the transition criterion as

We!? < 0.456B(nu/o)r®" " (31a)
We!? = 0.456B(nu/o)r®’7 : u-region.  (31b)

r

0.188/0014 .
d Wel ®

Wel®

1.3
We l', 1r Tooy 2

(30)

g-region;

Equation (31) for the transition clarifies the role of
surface tension and viscosity on the CHF mechanisms
with impinging jets. At high pressures involving small
values of r. even small jet velocities can lead to the
CHF mechanism of the g-regime as evident from data
for R-12. On the other hand, at low pressures as
shown by data for water and R-113, the value of r
is large, and so very large velocities are required to
approach the p-region. Furthermore, for a given jet
velocity, large values of the disc-to-jet diameter ratio
f} can cause transition to the g-region.

The present theory reveals that the transition Weber

number We,, depends on w6 and r, as displayed in
Fig. 6. This result is in contrast with the suggestion
by Katto and Shimizu [3]. who proposed a constant
value for We, . as
Wei! = 1.64x10°°
At high pressures (r=6-20). u,o ~r~ S0
equation (30) suggests that We;,, becomes constant,
independent of y; ¢ and r. and equal to that given by
equation (32), as indicated by the data of R-12(r = 6-
20). However, at r = 5 and below. the value of y; 6 is
considerably larger than the value given by equation
(24), so that We, . depends on u;/6 and r. and exceeds
that given by equation (32). Furthermore. the data of
Katto and Shimizu [3] for R-113 (r = 200) do not
seem to show transition to the p-region. even for
We; > We,,, where We:. = 1.64x 107° as given by
equation (32). This inconsistency is easily verified by
the proposed theory. equation (30). which indicates
no transition for R-113 even at the maximum velocity
of u = 12m s " The transition Weber number for R-
113 predicted by the proposed theory is given by
Her, =22x10"%
Thus. it is clear that a single group transition cri-
terion such as that given by equation (32) seems to be
inadequate to identify the burnout mechanisms.

(32)

([

5. CONCLUSIONS

Based on the proposed theory for the critical heat
flux in saturated forced convection over a heated disc
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with an impinging jet, the following conclusions can
be drawn.

(1) Two basic mechanisms of burnout were ident-
ified: a surface tension-controlled burnout and a
liquid viscosity-controlled burnout.

(2) The transition Weber number, We,,., between
the two burnout regimes is shown to depend on two
dimensionless groups r and ay:D/o.
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MECANISME ET PREDICTION DE L'ASSECHEMENT DANS DES EBULLITIONS
FORCEES SUR DES SURFACES AVEC JET IMPACTANT

Résumé—On propose un modéle physique pour le mécanisme de I'asséchement d’ébullition en convection
forcée sur des disques chauds qui sont refroidis par des jets liquides qui les frappent normalement 4 leur
surface. On suppose que la vitesse relative entre le liquide et les bulles de vapeur dans le film pilote le
mécanisme de I'asséchement. On distingue deux régions de flux thermique critique (CHF). Quand les
vitesses de liquide et de vapeur sont du méme ordre de grandeur, cas typique des faibles pressions,
I'asséchement résulte de I'écrasement des gouttelettes et intervient la tension interfaciale. Aux faibles vitesses
de vapeur par rapport au liquide, cas typique des hautes pressions. I'asséchement semble résulter de la
séparation de la couche limite de liquide, et il est contrdlé par la viscosité du liquide. L’accord entre les
prévisions du modéle pour le CHF avec les données disponibles dans un large domaine de rapport de
densités liquide-vapeur, donne un éclairage nouveau. On suggére aussi un critére de transition entre les
deux régions de CHF.
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MECHANISMUS UND BERECHNUNG DES “BURNOUT" BEIM STROMUNGSSIEDEN
AN BEHEIZTEN OBERFLACHEN MIT EINEM AUFPRALLENDEN STRAHL

Zusammenfassung—Ein physikalisches Modell fiir den Mechanismus des “Burnout™ beim Sieden in ge-
sdttigter Zwangskonvektion an beheizten Scheiben wird entwickelt. Die Scheiben werden durch Flissig-
keitsstrahlen, die senkrecht auf die Oberfliche aufprallen, gekihlt. Es wird angenommen, daB die
Relativgeschwindigkeit zwischen der Flissigkeit und den Dampfblasen im Film den “*Burnout™-Proze
bestimmt. Zwei verschiedene Gebiete der kritischen Wirmestromdichte (CHF) werden festgestelit. Wenn
die Geschwindigkeiten von Flussigkeit und Dampf von gleicher GroBenordung sind, dies ist typisch fur
kleine Driicke, wird “Burnout” von einem Versprithen von Tropfen hervorgerufen—der Vorgang ist
dann oberflichenspannungsgesteuert. Wenn die Geschwindigkeit des Dampfes klein ist gegeniiber der
Geschwindigkeit der Flissigkeit, dies ist typisch fiir hohe Driicke, scheint "Burnout” durch eine Abldsung
der Flassigkeitsgrenzschicht verursacht zu sein—der Vorgang wird in diesem Fall durch die Viskositit der
Flussigkeit gesteuert. Die Korrelation von Modellrechnungen fir CHF mit den verfigbaren Daten in
einem weiten Bereich des Verhiltnisses von Flissigkeits- zu Dampfdichte fiihrt zu neuen Einblicken in die
GréBenordnung und die Sprithdichte der Tropfen. SchlieBlich wird ein Kriterium fiir den Ubergang
zwischen zwei CHF-Bereichen vorgeschlagen.

MEXAHW3MbI U ONTPEREJNEHUE KPU3UCA KUITEHHUA TP OBTEKAHUH HATPETBIX
[MOBEPXHOCTEN HABETAIOUEN CTPYEH

Asnoranus—IIpeanoxena ¢uinveckas Mozens AJis MEXaHH3MAa KPH3HMCA KMIIEHKS HaCHIUEHHOH XHI-
KOCTHM NpPH BBIHYXKIEHHOH KOHBEKIIHM HA HAarPETBIX AMCKaX, OX/JaXIOaeMbIX CTPYSAMH KHOAKOCTH, Habe-
raloLMMH NEPNEHAHKYIAPHO K MOBEPXHOXTH. CHHTAIOCH, YTO NPOLECC KPHCHCA KMNEHHA OnpeaefeTcs
OTHOCHTEJILHBIMHA CKOPOCTAMH XHIKOCTH X NY3BIPLKOB Napa B ruieHke. OTYETIMBO pa3/IMYAIOTCS 1Be
0bnacTH xpuTHYeckHuX Ternossix noTokoB (KTIT). B cnyyae, korfa cKOpOCTH XHIKOCTH H mapa O/IMHA-
KOBBI 10 TIOPSAKY BEJIHYHHBI, XapaKTePHOR IS HH3KMX JABJICHHH, KDH3UC KHIEHHSA IIPOHCXOMHT 3a CHeT
pa3bpbI3ruBaHAs Kanesb H PeryJIHPYETCA MOBEPXHOCTHLIM HaTsxeHHeM. [1pu 6onee HH3KHX, O CpaBHe-
HHIO C XHIKOCTBIO, CKOPOCTSX 12pa, XapaKTEePHbIX MI CJIy4aeB C BICOKHM JABJICHHEM, KDHIHC KHIICHHA
BBI3BIBAETCA OTHCJICHHEM MOrPAaHHYHOrO CJIOS XKHAKOCTH H pEryaupyeTcs ee Baskocrsio. Cornacosanne
monesn pacueta KTII ¢ uMerouMuca 1aHHBIMH [UIS LUMPOKOTO AHANA30HA COOTHOLICHAN MIOTHOCTEH
KHIKOCTH M Mapa NMO3BOJNMAO AATh HOBOE NpEAcTasiieHAe 06 YCTAHOBNEHHH Maciutaba H CKOPOCTH
pasbpeiaruBanus kanens. [pennoxen kpuTepuit nepexona ot onHod obnactu KTI1 x apyro#.
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