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Abstract--In this paper, Helmholtz instability is imposed on the vapor-liquid interface of columnar vapor 
stems distributed in a liquid layer wetting a heated surface. This vapor-liquid system is collapsed wholly by the 
instability, but due to the suppression of the solid surface, a thin liquid film including vapor stems is left stable 
on the surface with a certain definite thickness relating to the Helmholtz critical wavelength. A vapor blanket, 
thus formed on the liquid film, restricts the feed of liquid from the bulk region to the film, resulting in the 
disappearance ofliquid from the heated surface, that is, the appearance ofcritical heat flux (CHF). Based on the 
foregoing concept, a new hydrodynamic model is developed, and analyses of CHF in fundamental boiling 
systems are exemplified not only for pool boiling but also for forced convection boiling, suggesting the validity 

of the physical structure of this model. 

NOMENCLATURE 

cross-sectional area of vapor stems [m’] ; 
area of heated surface [m’] ; 
diameter of cylinder or disk [m] ; 
mass velocity of liquid, up, [kg rn-’ s- ‘1; 
acceleration due to gravity [m se21 ; 
latent heat of evaporation [J kg- ‘1; 
vertical dimension of horizontal ribbon [m] ; 
dimensionless height, H/[g/g(pl - p,)]“’ ; 
factor for liquid addition due to inflow ; 
length of flat plate [m] ; 
heat flux [W m ‘1; 
critical heat flux in saturated boiling [W m-2] ; 

qcO,z, qco, predicted by Zuber’s equation (1) 
[W mm2]; 

R’, dimensionless radius, (d/2)/[~/g(p,--p,)]“2 ; 
L time [s] ; 
% velocity of uniform liquid flow [m s ‘1; 

4 velocity of liquid [m s- ‘1; 

%I velocity of vapor [m s- ‘1; 
ul, volumetric growth rate of bubble [m3 s- ‘1. 

reek symbols 
6 C) critical thickness of liquid film [m] ; 
4 wavelength [m] ; 
i Taylor critical wavelength [m] ; 
iI, Gh most susceptible (or dangerous) Taylor 

wavelength [m] ; 
Helmholtz critical wavelength [m] ; 
density of liquid [kg m - 3] ; 
density of vapor [kg m-“1 ; 
surface tension [N m - ‘1; 
hovering period of bubble [s]. 

1. INTRODUCTION 

FOR CRITICAL heat flux in pool boiling, a number of 
models have been proposed, but the one that seems to 

have been most widely accepted is that presented by 
Zuber [l] for the boiling on an infinite, upward-facing, 

horizontal, flat plate [2]. This model postulates that the 
vapor generated at the flat plate accumulates to form a 
continuous columnar escape flow of diameter A,/2 at 
intervals ofTaylor critical wavelength A,, and that CHF 
takes place when the vapor-liquid interface of the 
escape passage becomes unstable due to Helmholtz 
instability. However, the magnitude of the Helmholtz 

critical wavelength 1, is indefinite, so it is determined as 
1, = 7~142 from the Rayleigh stability limit ofacircular 
gas jet in a liquid, and a few approximations such as 

3/s k 1 are made to give the critical heat flux qco,z 
as 

55&g(;;Pd]l’4 = 0.131. (1) 

As is well known, equation (1) has the same form as the 

older equation of Kutateladze [3] correlating 
experimental data through dimensional analysis. 

Extending Zuber’s model to include finite bodies 
such as illustrated in Fig. 1, Lienhard and co-workers 
[4-71 carried out a number of studies about CHF with 
many valuable results. Furthermore, Lienhard and 
others [S-l l] attempted to explain CHF in forced 
convection boiling as well as in pool boiling, by 
replacing hydrodynamic instability analyses with a 
very simple concept of “mechanical energy stability 
criterion”, which considers a balance between the 
kinetic energy of the vapor flow and the surface energy 
necessary to develop the vapor-liquid interface. 

However, it must be noted that in the case of infinite 
plates, the vapor outflow and the incoming liquid flow 
become unstable simultaneously because ofthe counter 
flow pattern. This is not so in Fig. 1, where the incoming 
liquid flow can remain stable even if the vapor escape 
passage has collapsed. In addition, as Chang pointed 

out [12], the continuous vapor escape passages such as 
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q?por escape passage 

\ Cylinder 

F‘I~. 1. Pool boiling at high heat fluxes on a horizontal 
cylinder. 

illustrated in Fig. 1, to which Helmholtz instability is 
applied, are quite different in nature from the actual 

flow aspects involving vapor slugs with unsteady-state 
behavior. 

Meanwhile, for nucleate boiling at high heat fluxes, 

Gaertner and Westwater [13, 141 reported the 
following facts from the experiments of pool boiling of 
saturated water at atmospheric pressure: (i) as 
illustrated in Fig. 2, the heated surface is wetted with a 
liquid film, which includes numerous, continuous, 
columnar vapor stems, (ii) the massive vapor bubble, 
sitting on the liquid film and being nourished with 
vapor from the underlying vapor stems, rises away from 
the liquid film when it grows enough, and after a bubble 

leaves the liquid film, a new one is immediately 
established in its place, (iii) as for vapor stems, the 
population density increases while the diameter 
decreases as heat flux is increased, and the total cross- 
sectional area of vapor stems remains constant 
independently of heat flux, and (iv) the height to 
diameter ratio of vapor stem is kept constant 
independently of heat flux, which means that the height 
of vapor stem (thickness of liquid film) decreases with 

increasing heat flux. 
For the massive vapor bubbles generated success- 

ively on the liquid film, the following quantitative 
behaviors have been reported by Katto and Yokoya 
1151. First, the heat transferred constantly from the 
heated surface is absorbed by latent heat in the liquid 
film, and consequently the bubble volume V increases 
in proportion to the time t after the commencement of 
growth as 

v= n,t (2) 

where V, is the volumetric growth rate of bubble. 
Second, the hovering* behavior of the massive bubble 
growing on the liquid film can be analyzed by utilizing 

*This massive bubble hovers on the liquid film mainly due 
to the hydrodynamic action, because the surface tension of 
vapor stems is generally much weaker than the buoyancy 
force. 

Liquid film 

, Vapor bubble 

Heated surface 

Vapor stem 

FIG. 2. Vapor structure near heated surface at high heat fluxes. 

the theory of Davidson and others [ 16, 171 for the 
periodic formation of bubble due to the flow of gas into 

a liquid, where the upward motion ofa growing bubble 
is determined by a balance between the buoyancy force 
and the upward mass acceleration of the two-phase 
fluid. Thus, the hovering period for a bubble of 
volumetric growth rate u, is given as 

where t, the volumetric ratio of the accompanying 

liquid to the moving bubble,can be assumed to be 11 ,‘l 6 
for the present purpose. Equations (2) and (3) can 
predict a relationship between the bubble formation 
frequency and the bubble diameter, agreeing well with 
the empirical relationship obtained by Ivey [lg] from 
the data of high heat flux boiling [ 151. 

In the present study, therefore, a new hydrodynamic 
model will be created so as to include not only 

Helmholtz instability effect but also the actual fluid 
behaviors such as mentioned above, and the validity of 
this model will be tested for forced convection boiling as 
well as for pool boiling. 

2. A NEW HYDRODYNAMIC’ MODEL. 

Consider the case that the liquid film shown in Fig. 2 
is sufficiently thick,? so the heat transferred from the 
heated surface is absorbed by latent heat near the base 

of vapor stems, inducing the upward vapor velocity I(, 
in the stems and the corresponding downward liquid 
velocity u,. In this case, first, it is well known that the 
wave velocity c in the vaporrliquid interface of stems i:, 
given theoretically by 

Second. the heat balance qA, = pVu,A,H,, gives 

u,. = (YIILH,,)AA,: A, 1 (i! 

____~~ ~_..._~_ ____. 
t The thickness ofliquid film determined in this chapter will 

be used as the initial thickness (maximum value) of liquid film 
in the subsequent analyses of CHF. 
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whereqis the heat ~&IX, A, thecross-sectional areaofthe 
vapor stems, and A, the area of the heated surface. 
Third, the continuity equation pvuvA, = p,u,(A, - A,) 

gives 

ui/‘uv = (~“/~,)(A”/A~)/Cl- (A,/A& (6) 

Equation (6) reveals that UJU, is far less than unity, 
because pV/p, < 1, and also Ay/Aw is much less than 
unity as will be found in Section 2.3. Therefore, using u, 
of equation (5), and ignoring u, as compared with u,, 
equation (4) with c = 0 gives the critical wavelength & 
for Helmho~tz instability as 

However, we must not forget that the wavemotion is 
suppressed by the solid surface, and its effect must 
extend to a certain distance from the surface. In other 
words, a liquid film including vapor stems (causes of 
instability) can exist stably up to the distance 6, from 
the heated surface. The exact value of 6, is unknown at 
the present time, but it must depend on the unstable 
wavelength, being probably somewhere between 
6, = 0 and 6, = &/2. In the present paper, therefore, 
6, is assumed tentatively to be the middle value : 

6, = (0 + &/2)/2 = a J4, 

when 6, can be determined through equation (7) as 
follows 

2.2. CHF on a horizontal, injiniteflat plate 
Equation (8) includes an unknown quantity A,/A,, 

but the CHF on an infinite, horizontal flat plate will be 
analyzed before proceeding to the evaluation of AJA,, 
for the sake of convenience. 

Figure 3 illustrates the configuration of the nucleate 
boiling on an infinite plate corresponding to Gaertner 
and Westwater’s observations (i) and (ii) mentioned in 
Section 1. The interval 1, between bubbles is 
determined by Taylor instability, and according to the 
studies of Lienhard and others [7,4], we must take the 

/Vapor bubble 

For Zuber’s model described at the beginning of 
Section 1, Lienhard et al. [6] advocate that the interval 
1, between the escape passages should be 1, of equation 
(9), and that Helmholtz unstable wavelength AH 
determined as AH = 1, is preferable to Zuber’s L, 
= n&/2, resulting in the increase of the constant on the 
RHS of equation (1) by 14%. Examining the data of 
critical heat Aux qcO obtained for finite, horizontal, flat 
plates with vertical side walls to prevent induced 
convection effect (i.e. to simulate the condition of 
infinite plates), Lienhard et al. regarded the foregoing 
result of qcO/q EO,Z = 1.14 as appropriate. However, the 
data points of qcO/qeO,Z plotted in Fig. 8 of ref. [6] are 
statistically somewhat below 1.14 in the range of 
L/l, > 3, where L is the representative length of the 
finite plate. Also, the data listed in Table 1 of ref. [6] give 

average qcO/qcO,z = 1.07 for L/A, > 3, and average 
qcO//qaO,Z = 1.06 for L/i&, > 9.8. In the present paper, 
therefore, it will be assumed, for simpli~~tion 
purposes, that Zuber’s original equation (1) applies to 
the CHF of infinite flat plates. 

FIG. 3. Pool boiling at high heat fluxes on a horizontal, infinite Now, we can postulate that the RHS ofequation (12) 
flat plate. equals that of equation (l), and if the assumption of 

most susceptible (or dangerous) wavelength instead of 
critical wavelength, thus 

a, = 31’22K[o/g(p,-py)]1’2. (9) 

Now, the unit heater area participating in the growth of 
one vapor bubble is a; [ 19,203, and therefore, if the heat 
ffux is q, the volumetric growth rate of bubble u, in 
equation (2) is given as 

01 = &/(P”&J (10) 

and the corresponding hovering time of bubble zd is 
given by equation (3). 

Now, if the liquid film on the heated surface is not fed 
with liquid from the bulk region during the hovering 
period ofbubble T,,, then it can be postulated that CHF 
appears when theliquidfilmevaporates away at theend 
of the hovering time, for which the heat balance is 
written as 

z,qA, = P+$(&-AJH,, (11) 

where 6, is the initial thickness of the liquid film at the 
start of bubble growth, and it has been given by 
equation (8). Thus, solving equations (2), (3) and (8)-j 11) 
for the critical heat flux q, and writing q as qcO,z gives 

2.3. E~~iu~~ion ofA,./A, 
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AJAw c 1 in Section 2.1 is used again, it yields 

For @,/,J, << 1. equation (13) can be reduced to 

A*/&, = U.O584(p,/p,)“.‘. (14) 

The values of A,;A, calculated by equations (13) and 
(14) are compared in Fig. 4, suggesting that equation 

(14) will be enough to predict A./A, up to pV/$r : I if 
only minor errors are ignored near ~J~/JJ, = 1, Equation 
(14) is in accord with Gaertner and Westwater’s 
observation (iii) mentioned in Section I, that ,~,;A, is 
kept constant independently of 4 for fixed py;p,. In 

addition, Fig. 4 shows that the magnitude of A,iA, is 
rather unchangeable, and is much less than unity. This 
explains well the empirical fact that when wetted with a 
liqujd film, the heated surface is cooled in spite of the 
existence of numerous vapor stems in the liquid film. 
Substituting A./A, of equation (14) into the RHS of 
equation (5) gives 

For water boiling at atmospheric pressure and at the 

critical heat flux y as given by equation (t), the above 
equation predjcts rt, = 6lSm~~~.Ifcomparedwiththe 
sonic velocity of steam 473.5 m so ’ at 0.1 MPa and 
I@J”C, the value of 61.5 m s ~’ is relatively very low 

(Mach number 0.13), suggesting that there are no 

serious problems associated with sonic velocity. 
Finally, the thickness of liquid film 6, can be 

determined by substituting A,/A, ofequation (14) into 

the RHS of equation (8) as follows : 

Equation (15) predicts a character that 6, varies in 

proportion to I/y2 under the condition of fixed 

pressure, which accords with Gaertner and Westwater’s 
observation (iv) mentioned in Section 1. For water 
boiling at atmospheric pressure with a heat flux of 

it = 0.946 M W m ^. *, equation (15) predicts ti, = 0.050 
mm, while Gaertner f 14-J measured the average height 
of vapor stems as 5, = 0.12 mm at the periphery of ;I 
horizontal 50.8 mm dia. disk heater. The measured S, is 
about twice as thick as the predicted ,j,_, but the Iiqtnd 
film must have a greater thickness in the periphcr:lt 
region than in the interior, because of the straight- 
forward exposure to the bulk hquid. ‘fhercforc. tht: 
assumpti~~n offi, =: i+,/4 For the relationship between i’.. 
and 2), made in Section 3.1 will be Icfi as it is 

In order to test the validity of the model derived IT! 

Section 2, a few typical analyses ofC%IF in pool boiling 
will be made, 

The configuration of high heat flux boiling on an 

inhnite’ly long, horizontal cylinder of a comparatively 
small diameter il (actually, the length to diameter ratio 
must be greater than, say, 20) is shown in Fig. S(a). In 

this case, a liquid film of thickness 6x including vapor 
stemsappears on the cylindrical surface ;IS ihustrated in 
Fig. 5(b). Thus, the heat balance associated with the 

total evaporation of a liquid him in an hovering period 
of bubble ?d is given by the following equation, instead 
of equation i 1 1): 

~dlhv = p,&(A,- 4,. + A,ij,/d)Hf,. il6) 

Hut, excluding the case of excessivety small diameter. 
the normal condition of cytinder will be considered 
below, where 6,jd is far less than unity-. and hence the 

third term in the parentheses on the RFIS of equation 
(16) can be ignored as compared with the first term. 

According to the study of Lienhard and Wong [7:1. 
the most susceptible wavelength & for the horizontal_ 

cylindrical vapor-“liquid interface is given by the 
following equation, instead of equation (9), due to the 
additionai effect of surface tension along the curvature 

FK;. 4. Magnitude of &,:A, 
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Vat or bubble Vapor stem 

Cylinder ~... 

Liquid 

Liquid film 

w 

(b) 

FIG. 5. Pool boiling at high heat fluxes on a horizontal 
cylinder. 

in the transverse direction : 

writing the q as qco result in 

where R’ = (d/2)j[~/g(p,-p,)]“‘. Comparison of 

equation (19) for cylinders with equation (12) for infinite 
plates gives the following relation : 

%+)“‘“[l+20illlpz (20) 
4co.z 

where the value of qco,z is given by Zuber’s equation (1). 
In Fig. 6, the value predicted by equation (20) is 

compared with the range of about 900 experimental 
data points collected by Sun and Lienhard [S], and 
shows a fairly good agreement. For caution’s sake, it is 
noted that if all the terms on the RHS of equation (16) 
are taken into account along with the conditions that 

A,/A, is given by equation (14) and A,JA, cc 1, then the 
following equation is derived instead of equation (20) : 

Since the unit heater area participating to the growth of 
one vapor bubble is now rrd& as is noticed from Fig. 
5(a), the volumetric growth rate of bubble ur is 

VI = ~d~ql(~&g). (18) 
Thus, solving equations (2), (3), (8) and (16H18) for q 
under the above-mentioned condition of 6,Jd cc 1, and 

5 

2 
q to 
q co, z 

1 

(19) 

’ [’ +“‘156(zr’4 (’ ’ E) R’(q,o~q,,,z)z]l’1s.(20a) 

Values of qco/q co,z predicted by equation (20) are 
compared with those of equation (20a) in Table 1, 
suggesting that with decreasing R’, some slight 

Lz23 / // Range of about 900 data 

0.5 

t 

\ Equation (20) 

0.2~ 
O,l 1 10 

R’ 

FIG. 6. Critical heat flux in pool boiling for horizontal cylinders. 
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Table 1. Values of yJycO,z predicted by equations (20) and (20a) 

R’ 

ao/~,o,r by equation (20) 

/‘,,//I, = 0.000 I 

4co/4co.z 
by equation (20a) 

PvIPI = 0.001 
(J”/(), = 0.01 
p,/p, = 0.1 
pJ{J, = 1.0 

dispersions appear according to the change of pJp,, 
particularly when R’ is near 0.1 and pJp, is very high. 

3.2. Infinitely long, horizontal ribbon oriented vertically 
Consider next the case of an infinitely long, 

horizontal, thin and flat ribbon heater with the broad 

side oriented vertically and with both sides heated. At 
the present time, the exact value ofthe most susceptible 
wavelength for Taylor instability is unknown. 
However, if the vertical dimension H of horizontal 
ribbon is sufficiently small, a rough estimation of CHF 
may possibly be made by substituting a cylinder of 
equal heated surface area for the ribbon. Various effects 
of the thickness of ribbon are now ignored for 
simplification purposes. Thus, the equivalent diameter 

d, defined by 

nd = 2H 

is substituted into equation (20) to give 

(21) 

(22) q:zZ _ ($)“16[I+;(??)‘l”3z 

where H’ = H/Co/g@,-pp,)]“‘. Figure 7 shows a 
comparison ofthe value predicted by equation (22) with 
the experimental data listed in Table 1 of Lienhard and 

Dhir’s paper [4]. Agreement is not so good as in Fig. 6, 
but it seems rather natural because of the use of various 
broad approximations. 

3.3. Upward-facing horizontal small disk 
When the diameter d of an upward-facing horizontal 

disk is much smaller than the most susceptible 

0.1 0.2 0.5 1.0 10 
1.351 1.241 1.118 1.048 0.896 

1.360 1.246 1.120 1.049 0.896 
1.373 1.253 1.123 1.051 0.896 
1.402 I .270 1.131 1.055 0.897 
1.472 1.313 1.153 I .067 0.89X 
1.699 1 470 1.243 1.123 0.906 

wavelength i, ofTaylor instability. one vapor bubble is 
formed successively on the disk as illustrated in Fig. 8. 
In this case, the heated surface area for the formation of 
one bubble is nd2/4, independent of &,, and the 
volumetric growth rate of bubble 11, is 

2 
~‘1 = (nd /‘WWf,,). (23) 

Furthermore, it must be noted that in the preceding 
cases of Figs. 3 and 5, the inflow of liquid across the 
periphery of the base of a bubble is blocked up by 
adjoining vapor bubbles, but now the whole periphery 
of a small disk is exposed straightforwardly to the bulk 
liquid as seen in Fig. 8. Besides, according to the 
experimental study of Katto and Kikuchi [21], the 
vapor pressure within the bubble, averaged for a 
hovering period, is lower than the surrounding liquid 
pressure at the disk heater level due to the buoyant 
effect. Therefore, an inflow of liquid to the liquid film 
from the surrounding can take place even in the 
hovering period of bubble. Hence, in order to take the 
inflow effect into account, equation (I 1) is now modified 
as follows : 

wAw = p,&(A, - A,)(1 -t k)H,, 124, 

where k is the factor for the liquid addition due to 
inflow. Katto and Kunihiro [22] have shown that CHF 
in pool boiling can be raised by artificial addition oi 

liquid to the disk heater through a very thin tube. 
Hence, equations (2), (3), (8), (23) and (24) are solved for 
the critical heat flux qcO, and the comparison of qCO with 

, Equation ( 22) 

I 
I V.. ., 

0.1 1 10 

H’ 

FIG. 7. Critical heat flux in pool boiling for horizontal ribbons oriented vertically. 
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c-7 
liquid flow of velocity u. In this case, the vapor flowing 
out ofnumerous vapor stems distributed in a liquid film 

Vapor bubble maintains a continuous vapor flow blanketing the 

liquid film. The underlying liquid film also forms a flow 
along the heated surface, decreasing its thickness in the 
direction of flow due to evaporation. Phenomena such 
as entrainment and deposition of droplets are ignored 

here, because they are presumed to be scarce. At the 
upstream end of the heated surface, the liquid film has a 
maximum thickness 6, given by equation (15), and 
thereby can receive fresh liquid constantly from the 

main flow of velocity of u. Thus, it can be assumed that 
CHF appears when the heat being transferred from the 
heated surface of length ljust balances with latent heat 
of the total evaporation of the liquid flowing into the 
liquid film.* Hence, the heat balance is written as 

ql = ~,bHr,. (26) 

FIG. 8. Pool boiling at high heat fluxes on a horizontal disk. 

qco,z of equation (12) gives 

e; = (1 +k)5”6 

x {[3112.2n(~~‘z~i(~dI)jl’16. (25) 

Now, six qco data points (1.62, 1.70, 1.43, 1.30, 1.54 
and 1.67 MW me2) found in previous studies [ 1.5, 23, 
241 for saturated water boiling on a 10 mm dia. copper 
disk heater at atmospheric pressure are averaged to 
giveq,, = 1.54 MW m-‘,for which kinequation(25)is 
evaluated as k = 0.83. This is only an empirical value, 
but this value does not seem unreasonable for a small 
10 mm dia. disk surrounded by the bulk liquid. 

4. CHF IN FORCED CONVECTION BOILING 

OF EXTERNAL FLOW TYPE 

Now, the model derivedin Section 2 will be applied to 
the CHF in forced convection boiling on flat plates and 
cylinders submerged in saturated liquids flowing with 
sufficiently high velocities. 

4.1. Flat plates in a parallelJEow 
Figure 9(a) illustrates nucleate boiling at high heat 

fluxes on a flat surface of length 1 parallel to a saturated 

,Heated surface 

( a I Flat plate ( b 1 Cylinder 

FIG. 9. Forced convection boiling at high heat fluxes. (a) A flat plate in a parallel flow, (b) a cylinder in a cross 
flow. 

Substituting 6, of equation (15) into equation (26), and 
writing q as qco gives 

+& = 0.175(;~‘467 (1 + gy’3($3 (27) 

where G = up,, the mass velocity of liquid flow. When 
pV/p, is much less than unity, equation (27) is reduced to 

E = 0.175(;y’467 ($, (28) 

Figure 10 shows a comparison ofthe values predicted 

by equation (28) with the experimental data obtained 
by Katto and Kurata [25] for water (pipi = 0.000624) 
and R-113 (p,/p, = 0.00488) flowing over the heated 
surfaces of 1 = 10, 15 and 20 mm at atmospheric 

*This gives the answer to the question why the viscosity of 
fluid exerts no significant influences on the CHF in the forced 
convection boiling of external flow type. 

Liquid film 

Liquid 
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A R-113 1 
0 Water Jr 

p= 0.1 MPa [ 25 i 
! =lCJ Ir7 713mr-i: 

t Eq.(29! ,,_& 

pressure. In Fig. 10 are also shown two broken lines 
representing the empirical equation obtained by Katto 
and Kurata for the above-mentioned data 

Agreement between the theoretical prediction and the 
experimental data points is fairly good for water, while 
it is somewhat inferior for R- 113, though for unknown 
reasons at the present time. In any case, however, it can 

be noted from equation (29) and Fig. 10 that the 
experimental data points of both water and R- 1 I3 have 
the exponent of ap,/G21 of about 0.26, which is slightly 
less than the theoretical value of 113 in equation (28). 
This difference may be attributable to the effects of 
forced flow on the flow conditions at the upstream end 
oftheheatedsurface,suchas thethicknessofliquidfilm, 
the inflow of liquid, and some others. 

4.2. Cylinders in a cros.s$ow 

Figure 9(b) illustrates nucleate boiling at high heat 
fluxes on a heated cylinder of diameter d perpendicular 
to asaturated liquid flow ofvelocity u. In this case. ifthe 
effect of curvature can be neglected, and if the same 
mechanism of CHF as in the preceding section can be 
assumed, then the flow structure along the semicircular 
surface extending from the front to the rear stagnation 
point becomes equivalent to that along a flat plate of 
the same length as the semicircle. Hence, putting 
/ = nd/2 in equation (27) yields q,, for a cylinder as 
follows : 

Figure 11 shows a comparison of the values predicted 
by equation (30) with the experimental data of water 

(symbol 0) and R-I 13 (symbol x ). both measured at 
atmospheric pressure : the former being thedataofVliet 

and Leppert [26, 271 for a comparatively small 
diameter rl = i. 1 X mm, the !attcr those of Yilmaz and 
Westwater [ZS] ford = 6.5 mm. It is interesting to note 
from Fig. I I that like the case of flat plates shown in f;ig. 
10, the exponent of o/j,iG’(i is nearly 0.26 for the data 
points ofboth water and R- 113 (Yilmaz and Westwater 
[2X] have given a relationship q,,,,‘GH,, = const. 
(opl/G2d)“.2” to their data). suggesting the possibility of 
quite the same tnechanism of CHF‘ between the plate 
and the cylinder. The reason why the agreement 
between equation (30) and the data is inferior in the 
upper diagram of Fig. 1 1 may possibly be due to the 
effect of the curvature. 

Meanwhile, broken lines in f;ig. ! ! represent the 
values predicted by the following equation obtained bj 
I .lenhard and Eichhorn [9] from the experimental data 
for four direrent kinds of fluids (,j, ‘i)) m= 0.00068 to 
0.0059 and il : 0.5 to 1.7 mm): 

In the lower diagram of Fig. 1 I. the accuracy oi 
equation (3 1) is clearly seen to be lost, and it is due to the 
specific character of equation (31) that (fCo:GHf, tends 
to become constant with decreasing np,..‘C;“d for fixed 
~~,~~I,. In the case of the upper diagram of Fig. I I. 
CJ,), /G2d is on favorable orders, and hence the first term 
on the RHS of equation (3 1) can exert its proper efl‘ect 
on the second term. It must be noted here that equation 
(3 1) was derived by L&hard and Eichhorn from the 
experimental data ofap,,‘G’d ranging from 9 x 10 ’ tc) 
5x10 ’ 
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FIG. 11. Critical heat flux for cylinders in a cross flow. 

5. MECHANISM TO APPROACH CHF 

IN NUCLEATE BOILING 

It is well known [12, 14, 291 that nucleate boiling 
consists oftwo main regions : oneis the ‘isolated bubble’ 
region at low heat fluxes, where a sequence of incipient 
discrete bubbles is maintained, and the other is the 
‘interference’ region at high heat fluxes, where vapor 
structure such as illustrated in Fig. 2 appears on the 
heated surface. Hence, in view of the function of 
Helmholtz instability assumed in Section 2.1, we are led 
to a logical conclusion that throughout the interference 
region, nucleate boiling is subject to Helmholtz 
instability, maintaining the boiling configuration of 
Fig. 2 up to the CHF point. In other words, the 
interference region is nothing but the prodrome of CHF 
created by Helmholtz instability. This view is quite 
different from that of the existing instability model, 
where Helmholtz instability is assumed to act as the 
CHF point only, causing a sudden collapse of the vapor 
removal. 

Besides, in the interference region mentioned above, 
the massive vapor blanket obstructs the feed of liquid 
from the bulk region. Therefore, the way the heated 
surface is fed with liquid ranks with Helmholtz 

instability in the importance for CHF. In pool boiling, 
the feed of liquid is performed through the periodical 
departure of the blanketing vapor bubble (Taylor 
instability relates to the bubble spacing only), and at 
times, there are the cases where the addition of liquid 
takes place due to the inflow of liquid across the 
periphery of the heated surface. In forced convection 
boiling, there is a steady-state flow of liquid into the 
liquid film at the upstream end of the heated surface. 

As is well known, existing models of CHF are divided 

broadly into two opposite groups : one laying emphasis 
on the breakup of the vapor escape route due to 
hydrodynamic instability, and the other laying 
emphasis on the blockage of the liquid inflow due to 
vapor blanketing. Now, it is interesting to note that the 
new hydrodynamic model presented in this study is 
successful in making a compromise between the above 
two opposing groups, and moreover in overcoming 
difficulties in bridging the gap between pool and forced 
convection boiling. As to the mechanism with which 
transition boiling is introduced naturally after CHF, 
the description will be omitted here because it has been 

explained in a previous study [23] though in an 
imperfect form. 

6. CONCLUSIONS 

(1) Helmholtzinstabilityoriginates the‘interference’ 

region in nucleate boiling, leaving a stable liquid film of 
a certain definite thickness on the heated surface. CHF 
occurs through the total evaporation of liquid on the 
heated surface being subject to the restriction of the feed 
of liquid to the liquid film due to the vapor blanketing. 

(2) Based on the physical structure mentioned 

above, a new hydrodynamicmodel has been developed, 
opening a sure access to CHF for various conditions of 
the heated surface and the fluid flow. A few examples of 
typical analyses of CHF have been shown in this paper 
not only for pool boiling but also for forced convection 
boiling on submerged bodies in saturated liquids, 
suggesting the broad validity of the model. 

(3) As have been described in Section 5, the feed of 
liquid to the heated surface is no less important than 
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Helmholtz instability in the problem of CHF. Besides, 

in relation to the inflow of liquid, there are second scale 
problems proper to individual conditions, such as the 
liquid addition due to the inflow of liquid in pool 
boiling (Section 3.3), the effects of forced flow on the 
inflow conditions in forced convection boiling (Section 
4), and others. 

I2 

13 

14. 

(4) In this paper, the heated surface is assumed to be 
wettable. In the case of very poor wettability, adequate 
modification must be made on the behavior of the 
liquid film on the heated surface. 
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UN NOUVEAU MODELE HYDRODYNAMIQUE DU kLUX THERMlQlJh. C’RI’IIQI’I 
APPLICABLE LARGEMENT A L’EBULLITION EN RESERVOIR ET A L’EBULLITION 

FORCEE SUR DES CORPS IMMERGES DANS LES LIQUIDES SATURFS 

R&me--Une instabilitk d’He1mholtz est imposte sur I’interface vapeur-liquide des colonner du iapcul 
distribubes dans une couche liquide mouillant une surface chauffie. Ce systt-me vapeur- liquidc c’st coll:~ps~ 
compl&ement par I’instabilitt, mais i cause de la suppression de la surface solide. un film liyuide mince 
incluant les troncs de vapeur part de la surface avec une CertaineCpaisseur definite en relation avec la longueur 
d’onde critique de Helmholtz. Une couverture de vapeur form&e sur le film liquide restreint I’alimentation en 
liquide par le coeur du film, ce qui provoque la disparition du liquide sur la surface chaude et I’apparrtion du 
fluxcritique(CHF). Bastsurceconcept, unnouveaumod~lehydrodynamiqueestd~ve1oppCetleCHFdanalea 
systkmes d’kbullition fondamentaux sont repr&sent&s non seulement pour l’&bullition en rkservoir mais ausst 

pour l’tbullition en convection for&e, ce qui suggkre la validit& de la signification physique du mod& 
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EIN NEUES HYDRODYNAMISCHES MODELL DER KRITISCHEN 
WARMESTROMDICHTE FUR EINEN WEITEN BEREICH DES BEHALTER- UND 

STRGMUNGS-SIEDENS AN KGRPERN IN GESATTIGTER FLUSSIGKEIT 

Zusammenfassung-In diesem Aufsatz wird die Helmholtz-Instabilitat auf die Dampf-Fliissigkeits- 
Grenzllache von Dampfsaulen angewandt, die in der Fliissigkeitsschicht verteilt sind, welche eine beheizte 
Oberfllche benetzt. Das Dampf-Fliissigkeits-System ist durch die Instabilitiit vollstindig zusam- 
mengebrochen, aber infolge der diimpfenden Wirkung der festen Obertllche bleibt ein diinner 
Fliissigkeitsfilm, der Dampfsaulen enthiilt, stabil aufder Oberflache erhalten. Er besitzt eine bestimmte Dicke 
entsprechend der kritischen Helmholtz-Wellenllnge. Eine Dampf-Decke, die sich iiber dem Fltissigkeitsfilm 
ausbreitet, verhindert die Fliissigkeitszufuhr vom Kerngebiet zum Film mit dem Ergebnis, dag die Fliissigkeit 
von der beheizten Oberlllche verschwindet. Dies ist das Auftreten der kritischen Wlrmestromdichte. Auf der 
Grundlage des vorgenannten Konzepts wird ein neues hydrodynamisches Model1 entwickelt. In analytischen 
Untersuchungen wird die kritische Wiirmestromdichte in fundamentalen Siedesystemen veranschaulicht, und 
zwar sowohl beim Behalter- als such beim Stromungssieden, was die Gtiltigkeit der physikalischen Struktur 

dieses Modells bestltigt. 

HOBAII lH~PO~MHAMB~ECKA5l MOAEJIb KPMTM’IECKOI-0 TEIIJIOBOIO 
IIOTOKA, HPHFOAHAR JUI5l OfIMCAHM5l KMIIEHHR KAK B EOJlbIBOM 
OF&EME, TAK I4 l-IPM BbIHYXAEHHOH KOHBEKUMM B CJIY’IAE TEJI, 

HOTPY~EHHbIX B HACbIIIIEHHYIO ‘HCMAKOCTb 

AimoTaqnn-B HacTormel pa6oTe ycnoB,ar ycTolveBaocT&4 renbMrOnbua nanararorca ua rpamiuy 
pasnena f$a3 nap-*snxocrb a craonax napa, pacnpenenemibrx B cnoe xkinrtocre, CMawiBammeM 

"arpeTyH3 nOBepXHO‘Zrb. PaWaL, TaKOti napOXWTKOCTH0~ CUCTeMbI IIpOHCX0JW-r HCKJuOYHTenbHO 38 

C',eT HeyCTOiiWBOCTH, OL0IaKO Ha TBepLIOfi IlOBepXHOCTH OCTaeTCIl TOHKBII uneHKa XGiLIKOCTh 

BKJIIO'iaEOmaR Bce6xCTBOnbIIlapa,TOnmHHa KOTOpOiiCOCTaBn5leTHeKOTOpyEO BenEiWiHy,COOTBeTCTBy- 

IOmyK7KpUTHSeCKOii.Wl&iHeBOnHbI ~enbMrOnbua.~apOBOe~OKpblBanO,O6pa30BaHHOeTaKHM o6pa3oM 

Ha nneHKe winKocTH, OrpaHHWiBaeT IlOAa'iy TWKOCTB 1(3 OCH,OBHOrO o6beMa Ha IlJleHKy, B 

pe3ynbTaTe vero winKocTb wqe3aeT c HarpeToii noBepxsocm, 9T3 cooTBeTcTByeT KpeTwecKoMy 

TennoBoMy noroky (KTH). Ha ocrioaamiu Bbnnen3no~emioro pa3pa60TaHa noaas rsnponeeabis- 
YeCKas Monenb, a aHa.JIEi3 KTII WInIocTpHpyeTcr npuMepaMB He TOnbKO !~nll Kl(neHRK B 6OJIbmOM 

o6aeMe, HO B nnr Knnemix c BbIHyXUJeHHOi-4 KoHBeKuueii, 'IT0 n03BOnReT rOBOpATb 0 npasAnbHocTri 

@iswiecKoi! cTpyKTypb1 naHHoti Monena. 


