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Abstract--Photographic studies of vertical pool boiling for near-saturated conditions were conducted in 
order to determine the critical heat flux (CHF) trigger mechanism. The studies revealed that, for heat fluxes 
near CHF, vertical pool boiling exhibits vapor behavior similar to that observed in flow boiling. At fluxes 
slightly below CHF, the Kelvin-Helmholtz instability creates a wavy layer at the liquid-vapor interface. 
The heater surface is wetted, and thus cooled, only by the wave troughs, referred to as wetting fronts, 
which repe~,tedly sweep across the surface. Prior to CHF, the curvature of the wetting front creates a 
pressure force which tends to preserve interfacial contact with the wall. Critical heat flux occurs when the 
pressure force due to interfacial curvature is overcome by the momentum of vapor at the site of the first 
wetting frorLt, causing the interface to lift away from the wall. Once the first wetting front lifts off from the 
surface, the remaining wetting fronts separate from the surface in succession. It is shown that the interfacial 
lift-off criterion facilitates accurate theoretical modeling of CHF in vertical pool boiling, and produces an 
equation which is identical in form, but not mechanism, to traditional horizontal CHF models. © 1997 

Elsevier Science Ltd. All rights reserved. 

1. INTRODUCTION 

Predicting C H F  has been the focus of a considerable 
body of research spanning over four decades. Kut-  
ateladze [1] first addressed the problem by using 
dimensional analysis to prove saturated pool boiling 
C HF can be correlated in the form : 

qm - K  (1) [~(pf-e~)goll/' 
pghfg L- pg2 J 

where K is a constant  and is hereafter referred to as 
the dimensionless critical heat flux. Based on a curve 
fit of  data, Kutaleladze recommended a value of K 
equal to 0.16 for pool boiling from a large horizontal 
fiat plate. Since Kutateladze determined equation (1) 
from dimensional analysis alone, it is presumable that 
most theoretical CHF  models for saturated pool boil- 
ing will produce equations similar in form to equation 
(1), regardless of' the proposed CHF trigger mech- 
anism. 

Influenced by Kutateladze's work [1], Zuber et al. 
[2] utilized well-established hydrodynamic instability 
theory to determine the limits on liquid access to the 
wall and thus derived the above equation for pool 
boiling on an infinite horizontal surface, where K was 
found to equal 7r/24 or 0.131. The well known pool 
boiling CHF model of Zuber et al. has maintained its 
popularity because of its theoretical appeal. However, 
many attempts have been made to alter this model in 

order to account for effects the original model did not  
address, such as finite heater size, heater geometry, 
and surface orientation. The latter of these effects, 
particularly the case of a vertical surface, is the focus 
of the present study. 

As a key element of the model, Zuber et al. [2] 
included the Taylor instability criterion, in addition 
to the Helmholtz instability criterion. Since the Taylor 
instability includes the gravitational force per unit  
mass normal to the heater surface, gc should be 
replaced with gn to account for orientation effects, 
where gn = ge COS 0. The effects of orientation on both 
the theoretical Zuber et al. model and on actual 
dimensionless C HF  data are compared in Fig. 1. The 
orientation angle, 0, is measured from the horizontal 
position. The data presented in Fig. 1 were obtained 
during the current investigation, and the test facility 
and test procedure are described later in this paper. 
For  a vertical surface, the gravitational force normal  
to the surface is zero, so the theoretical model by 
Zuber et al. predicts zero CHF. Conversely, exper- 
imental evidence proves C HF  for this orientation and 
for all orientations between horizontal and vertical 
are only slightly smaller than C H F  for a horizontal 
surface. Clearly, the Zuber et al. model does not  accu- 
rately describe the data for a vertical surface. It is the 
key objective of the present study to develop a new 
model for pool boiling C HF  on a vertical surface. 

Table 1 summarizes the results of  near-saturated 
vertical pool boiling studies identified for the present 
work. Experiments run with circular heaters were 
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NOMENCLATURE 

b wetting front span (length) 
c wave speed 
cp specific heat at constant pressure 
c~ imaginary component of wave speed 
Cr real component of wave speed 
fg wall friction factor 
f interfacial friction factor 
9c Earth's gravity 
g, component of gravitational force per 

unit mass normal to liquid-vapor 
interface 

hfg latent heat of vaporization 
H mean layer thickness 
k wave number, 2n/2 
kc critical wave number, 2zt/2c 
K dimensionless CHF defined in 

equation (1) 
L heater length 
L' dimensionless characteristic heater 

length defined in equation (23) 
n number of wetting fronts 
P pressure 
Pf -Pg  mean interfacial pressure difference 

in wetting front 
q~ localized heat flux in the wetting front 
qm critical heat flux (CHF) 
qm,z critical heat flux (CHF) predicted from 

the model by Zuber et al. [2] 
qm,o' critical heat flux (CHF) for the 

horizontal upward-facing 
orientation 

qs local heat flux 
Re Reynolds number 

t 

th 
T 
AT~.b 

W 

z 

z*  

time 
heater thickness 
temperature 
liquid subcooling 
mean velocity 
heater width 
spatial coordinate in the stream-wise 
direction 
distance from leading edge of heater to 
center of first wetting front, z* = 2c. 

Greek symbols 
6 

q0 
2 
2c 

P 
P 
p "  

0 

O" 

T 

Tg 

"17 i 

mean vapor layer thickness 
interfacial displacement 
amplitude of interfacial displacement 
wavelength of interfacial perturbation 
critical wavelength corresponding to 
onset of instability 
viscosity 
density 
modified density, p" = p coth(kH) 
orientation angle measured from the 
horizontal position 
surface tension 
wetting period 
wall shear stress 
interfacial shear stress. 

Subscripts 
f saturated liquid 
g saturated vapor 
m mean 
sub subcooling. 

0.20 

*~. ' ~ 8 8 o 

~t L l ~  ~ o 

:~ 0.05 
o Present study, water 
o Present study, FC-72 

Zubar at 81. [2], based on gn= gecos e 

0.00 . . L . . , . , t , , I , , l , , 

15 30 45 60  75 90  

Angle (degrees) 

Fig. I. Comparison of the model by Zuber et al. [2] with 
dimensionless pool boiling CHF data for different orien- 

tations. 

omitted because the lack of a heater bottom edge 
introduces three dimensional effects which, even 

though usually considered small, are beyond the scope 
of this paper. Additionally, transient studies were 
omitted since they often produce reduced CHF values 
[3]. For  completeness, the table also includes an 
empirical correlation by Lienhard and Dhir [4] for 
vertically oriented ribbon heaters insulated on one 
side. 

Although fairly reliable empirical CHF correlations 
exist in the literature for a variety of heater sizes, 
shapes, and orientations, in recent years many 
researchers have refocused their efforts on deter- 
mining the key physical mechanisms responsible for 
initiating CHF in pursuit of a universal CHF model. 
At high heat flux conditions leading to CHF, vertical 
pool boiling experiments exhibit vapor behavior that 
resembles flow boiling more than horizontal pool boil- 
ing. With regard to flow boiling, five main types of 
models have been proposed which encompass vir- 
tually all of the CHF research. These are boundary 
layer separation [10--12], mechanical energy criterion 
[13, 14], bubble crowding [15-17], sublayer dryout [18- 
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Fig. 2. (a) Pool boiling test facility and (b) angular rotation 
platform. 

20], and interfacial lift-off [21-24]. The latter is the 
model discussed in the present paper. 

Using an apparatus which lends itself to a high 
resolution photographic study of interfacial features, 
the present study will first show that the trigger mech- 
anism for CHF from a vertical surface in near-satu- 
rated pool boiling is interfacial lift-off. This study 
will then treat pool boiling on a vertical surface as a 
limiting condition of flow boiling corresponding to 
zero liquid velocity, resulting in a simplified expression 
for vertical pool boiling CHF. 

2. EXPERIMENTAL INVESTIGATION 

2.1. Pool boiling test facility and CHF orientation 
study 

Figure 2(a) shows a schematic of the pool boiling 
test chamber which was constructed of G-10 fiberglass 
plastic and fitted on the front and back with Lexan 
windows. The chamber was equipped with two con- 
densers and three cartridge heaters. The condenser 
coil inside the chamber effectively recovered almost 

all of the vaporized liquid, and an external reflux 
condenser connected to the chamber's vent acted as a 
final barrier to any escaping vapor during both deaer- 
ation and testing. The cartridge heaters allowed the 
fluid to be dearated prior to testing and also main- 
tained the bulk liquid at near-saturated conditions. 
To prevent the boiling on the cartridge heaters from 
influencing CHF on the primary test heater, the car- 
tridge heaters were placed at the back of the test cham- 
ber and isolated from the test heater by a baffle plate 
(not shown). 

For the orientation study, distilled water and FC- 
72, a 3M dielectric fluid, were tested at atmospheric 
pressure. The heater utilized to test FC-72 consisted 
of a 12.7 x 12.7 mm 2 copper block which was heated 
by a thick-film electrical resistor silver soldered to its 
back. A similar configuration was used for pool boil- 
ing of water but with a heater measuring 12.0 mm in 
width and 62.0 mm in length. Current and voltage 
transducers measured the heat flux and thermocouples 
placed just beneath the heater surface were utilized to 
infer the surface temperature of the heaters from a 
one-dimensional heat conduction model. Since the 
heaters were imbedded in insulative G-7 fiberglass 
plastic, heat losses through the heaters' sides and 
backs were found to be negligible. Each heater was 
mounted on an angular rotation platform shown in 
Fig. 2(b) to facilitate testing at different surface orien- 
tations. Further details of the pool boiling test facility 
can be found in ref. [25]. 

2.2. Vertical pool boiling flow visualization facility 
The photographic portion of this investigation was 

conducted with FC-72 at 1 atm. Figure 3(a) shows a 
schematic of the heater module utilized during the 
flow visualization study. The heater module contained 
three 10-mm wide heaters with lengths of 10, 30 and 
110 mm, and was used previously in near-saturated 
flow boiling CHF tests performed by Gersey and 
Mudawar [23]. As shown in Fig. 3(a), two transparent 
Lexan walls approximately 20 mm in height were 
added to the heater module to create a 10 mm wide 
gap directly above the heaters. This eliminated any 
side effects from liquid gaining access to the heater 
surface in the transverse direction. The module was 
oriented vertically inside a 150 mm×250 mm rec- 
tangular pool boiling test facility similar in con- 
struction to the one shown in Fig. 2(a). Complete 
visual access to the heater surfaces was possible 
through the Lexan enclosure as well as the Lexan side 
walls on the heater module. Still pictures of the near- 
wall interfacial features were made with a 35-mm 
Nikon camera with a 200 mm lens and assorted 
attachments. 

The 30 mm heater is shown in Fig. 3(b). The 10 
and 110 mm heaters were similar in construction. The 
heaters were powered by thick-film resistors [Fig. 3 (e)] 
that were silver soldered to the underside of the respec- 
tive copper slabs: one resistor on the 10 mm heater, 
two on the 30 mm heater, and six on the 110 mm 
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FIE;. 3. Construction of  (a) heater module, (b) 30 mm heater, and (c) thick film resistor. 
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heater. Thermocouples placed just beneath the heater 
surface, as shown in Fig. 3(b), were utilized to infer 
the surface temperature of the heaters from a one- 
dimensional heat conduction model. The total power 
generated by the resistors on each heater was mea- 
sured with current and voltage transducers, and the 
heat flux on the surfaces of the two longer heaters was 
calculated by dividing the total energy generated by 
all the resistors by the total heater surface area. During 
a given test, only one of the three heaters was operated 
at a time so that the heaters did not affect each other. 

2.3. Test procedure and measurement uncertainty 
Prior to being set into the pool boiling facility, the 

heater surfaces were vapor blasted with a water-par- 
ticulate spray consisting of particles with an average 
size of 10/~m. In the nucleate boiling region, the heat 
flux was increased and then the system was allowed 
to reach steady state before a measurement was taken. 
CHF was achieved when a large and rapid rise in 
surface temperature was experienced. Near CHF, 
small heat flux increments were used to ensure that 
CHF was not reached prematurely. In this study, CHF 
was denoted as the highest heat flux that gave a stable 
temperature reading plus one half of the last power 
increment. In order to protect the thick-film resistors 
from burnout, the data acquisition system was con- 
figured with relays to shut off all electrical power to 
the resistors once CHF was reached. Stable heat fluxes 
approximately equal to 95% of CHF are hereafter 
termed C H F - ,  and heat fluxes slightly greater than 
CHF, but less than a few seconds after the temperature 
excursion commences, are hereafter indicated as 
CHF +.  For the current investigation, CHF data were 
repeatable to within + 7%. 

Propagation of error [26] was utilized in calculating 
the uncertainties associated with the experimental 
readings. All thermocouples were calibrated for a 
maximum uncertainty of + 0.1 °C. At heat fluxes close 
to CHF, the maximum uncertainty of the heat flux 
measurements obtained from the voltage and current 
transducers was estimated to be + 1.0 W cm -2. 

(a)_ _ _  
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Fig. 4. Wetting front propagation along a vertical surface, 
shown at t = 22jcr, for (a) CHF-  and (b) CHF+. 

3. PHOTOGRAPHIC STUDY OF VAPOR LAYER 
INTERFACIAL FEATURES 

Still photography studies of the wall region revealed 
that at high heat flux conditions leading to CHF, 
the vertical pool boiling experiments exhibited vapor 
production behavior patterns similar to flow boiling 
experiments performed by Galloway and Mudawar 
[21] and Gersey and Mudawar [23] : (1) at a heat flux 
of about 85%0 of CHF, large coalescent bubbles were 
observed sliding over the heater surface ; (2) the length 
of these coalescent bubbles increased with increasing 
heat flux until, eventually, a fairly continuous wavy 
vapor layer was formed over the heater surface at heat 
fluxes close to C H F - ,  as illustrated in Fig. 4(a) ; (3) 
boiling was sustained by liquid entrainment near the 
lower edge of the heater, as well as in wetting fronts, 

where the liquid-vapor interface made contact with 
the heater surface; (4) regions between neighboring 
wetting fronts experienced dry out; (5) CHF com- 
menced when the liquid-vapor interface of the most 
upstream wetting front separated from the heater sur- 
face and (6) remaining wetting fronts were separated, 
in succession, after separation of the upstream wetting 
front, as illustrated in Fig. 4(b). Experimental evi- 
dence supporting this wetting front description is also 
available from flow boiling studies by Fiori and 
Bergles [27] and Hino and Ueda [28, 29], all of whom 
measured fluctuations in heater surface temperature 
synchronous with the passage of vapor slugs. 

Still photographs of the near-wall interfacial fea- 
tures were made with a 35-mm Nikon camera with a 
200 mm lens and a 1/64 000 s, high intensity flash. 
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ge 

30 mm 

Fig. 5. Wavy vapor layer development just prior to CHF for 
vertical pool boiling on the 30 mm heater. 

Figure 5 shows the wavy vapor layer formation on 
the 30 mm vertical heater corresponding to C H F - .  
Using a magnification better than 50 x ,  no vapor jets 
could be seen emanating from the heater surface. 
Rather, a violent surge of small bubbles in the wetting 
fronts was observe, d to be feeding the vapor layer. 

4. CHF MODEL 

4.1. Vapor wave and wettiny front behavior 
The proposed CHF model is built upon physical 

observations from extensive video imaging and still 
photography studies as discussed in the previous sec- 
tion and illustrated in Fig. 4(a). At a reference time 
t = 0, a disturbance in the liquid-vapor interface hav- 
ing a wavelength equal to 2c is assumed to touch the 
heater surface at z = z* (where z* is equal to 2c for 
pool boiling). This enables the liquid to contact the 
heater over a localized region. The wetting front then 
propagates along the heater surface at a speed Cr. 
A short time later, at t = 2c/cr, another disturbance 
approaches the heater surface at z = z* but is forced 
away by the momentum of vapor emanating from 
residual liquid left after the passage of the previous 
wetting front. Not until a later time, t = 21c/c,, after 
the residual liquid has been consumed at the location 
of the first wetting front, will a new wetting front be 
established on the heater surface. Wetting is, there- 
fore, skipped every other cycle and wetting fronts are 
separated by 21c wavelengths. The wave placement 
shown in both Fil~;s. 4(a) and (b) is for time t = 22dq. 

4.2. Surface energy balance at CHF 
A Lagrangian frame of reference is used to model 

the heat transfer to the moving wetting fronts. Equa- 
tion (2) sums the transient energy removed from the 
heater by the passage of all the wetting fronts in con- 
tact with the heater between the time a wetting front 
first forms on the heater surface and the time the 
next wetting front is established at the same location. 
Equation (2) also accounts for the steady heat removal 
from the continuous wetting zone, 0 < z < z* : 

qm Cr/(22-----~) l- I* i L "+ ffLqs,,dzdtl L - z  UoJ~. qs'ldzdt+'" fo ~. 

(2) 

where qs,~, q,,2,..., qs,, are the local heat fluxes cor- 
responding to wetting 1, 2 , . . . , n ,  respectively. The 
local heat flux, q~, is essentially zero where the heater 
surface is dry and is equal to some heat flux value, q~, 
where a wetting front is present. 

A photographic study of flow boiling by Galloway 
and Mudawar [21, 22] revealed that the span (length) 
of each wetting front, b, was one-fourth the separation 
distance between wetting fronts. Vertical pool boiling 
photographs from the current investigation exhibited 
the same trend in the wetting front span ; i.e. CHF is 
about one-fourth the heat flux concentrated in the 
wetting fronts. A surface energy balance detailed by 
Galloway and Mudawar [22] reduces equation (2) to 
the following expression for CHF : 

2c 
qm=bqll l  ~ ]  (3) 

where the wetting front span, b, is equal to one-fourth, 
ql is the localized heat flux at the wetting front, and 
the coefficient in the brackets accounts for continuous 
wetting in the region 0 < z < z* and any partial wet- 
ting fronts in the downstream region and is close to 
unity for most operating conditions. 

4.3. CHF triyger mechan&m : lift-off criterion 
CHF will commence when the upstream wetting 

front lifts off the heater surface. This occurs when the 
localized heat flux at the wetting front, q~, is large 
enough that the normal momentum of vapor gen- 
erated in the wetting front just exceeds the pressure 
force exerted upon the interface as a result of inter- 
facial curvature : 

(4) 

where the average pressure difference across the inter- 
face, P f - P v  is calculated by integrating the pressure 
difference over the span of the most upstream wetting 
front. As lift-off occurs, the interface curvature is 
reduced and the vapor momentum flux increases, 
accelerating the interfacial lift-off even further. 
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Combining equations (3) and (4) and substituting 
one-fourth for the wetting front span yields an 
expression for CHF which is applicable to flow boiling 
for both straight and curved heaters, as shown by 
Galloway and Mudawar [22, 30] and Gersey and 
Mudawar [24], and to vertical pool boiling : 

L P~ J (5) 

Equation (5) shows predicting CHF requires esti- 
mation of P f -Pg .  The next section will discuss an 
instability model which will be used to predict this key 
parameter. 

4k 

an 
4k 

Heater z - eft z - Crt 
Surface 

\\ 
\ , 

-T 0 + ~ 0 = ~  1] - O'1]0 k2 0 +O'~0 k2 P I - P 0  

Fig. 6. Pressure distribution across a wetting front. 

4.4. Interfacial instability o f  vapor layer 
The interracial waviness illustrated in Fig. 4(a) can 

be idealized as a hydrodynamic instability of an inter- 
face between a vapor layer of velocity ag and a liquid 
layer of velocity af. Using classical instability theories 
[31, 32], the interfacial pressure difference resulting 
from a sinusoidal disturbance of the form 
q(z, t) = t/0e ik~z-c° perpendicular to the unperturbed 
interface can be expressed as : 

e r -  eg = - qk[p'f'(c - af) 2 + p'~(ag - c) 2 ] 

- (P f -  Pg)g.tl = - ak2tl (6) 

where g.  is the body force per unit mass perpendicular 
to the unperturbed interface, and the modified density 
terms for a straight heater can be expressed as 
P7 = p f c o t h ( k H f )  and pg = pgcoth(kHg) ,  where Hf 
and Hg are the mean liquid and vapor layer thick- 
nesses, respectively. Solving equation (6) for the wave 
speed, c, and utilizing the fact that for vertical pool 
boiling, fin ~--- 0 ,  Uf = 0 ,  p i  p = p f ,  and pg ~ pg ,  the fol- 
lowing equation results : 

pgag [ ak  pgpfa2g 

c - ( p ~ f )  -I- 4 (Pg+Pf)  (pg+pf)2 " 
(7) 

When the liquid-vapor interface becomes unstable, 
c can be expressed as an imaginary number, with a 
real component : 

cr = pgag (8) 
(pg + P0 

and an imaginary component : 

ci = / 
pgpffi2 tTk 

V(P, + P0 2 (pg + pf). (9) 

The critical wavelength, or the wavelength that pro- 
duces a neutrally stable wave, can be calculated by 
setting c~ in equation (9) equal to zero, such that : 

2c - 2~ _ 2na (o f+  pg) (10) 
ko pfpga~ 

The interface instability analysis, and equation (9), 
demonstrate that surface tension is the stabilizing 
force, so longer wavelengths will become unstable 
first. However, close to the leading edge, where the 
velocity is small and thus the critical wavelength cal- 
culated from equation (10) is large, the wavelengths 
cannot exist because their lengths are larger than the 
corresponding stream-wise location. Therefore, the 
first critical wavelength that exists corresponds to the 
first wetting front and the stream-wise location z*, as 
shown in Fig. 4(a). 

Figure 6 shows how the interfacial curvature pro- 
duces a pressure force on the interface which tends to 
maintain liquid contact with the heater surface in the 
trough regions of the waves. At  the onset of instability 
the interfacial curvature of any wetting front can be 
described as a sinusoidal shape with a wavelength of 
22c, or : 

t/(z, t) = 6 cos [ k ( z -  crt)] (11) 

where k = 2~z/(22o). By substituting equation (11) into 
equation (6), and integrating the pressure difference 
over the span of the most upstream wetting front, the 
mean interfacial force over the wetting front becomes : 

ef-eg = 

f3 s~/4k - abk  z cos [ k ( z -  Cr/)] d(z-- Crt) 
~/4k 

~(2,~c) 
a6 

= (12) 

Substituting the above expression in equation (5), and 
neglecting the coefficient due to the upstream con- 
tinuous wetting zone and the downstream partial wet- 
ting fronts, gives : 

= lpghrg [1_~ eofATs ,b]V , -  a6 -]l/Z 
qm '~fg _][(2X/2X) p ~ 2 J  • 

(13) 
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The critical wavelength is determined from equation 
(10) where the mean vapor velocity, ag, and the vapor 
thickness, fi, are determined from the separated flow 
model described below. 

4.5. Separated flow model 
Applying mass and energy conservation for a con- 

trol volume of the vapor layer of length dz, and then 
combining the two equations and integrating with 
respect to z, gives : 

pg/~g6 -- qmZ 
Cp fA Tsu b " hr~ [1 + ~ ]  (14) 

A momentum balance on the same control volume 
yields : 

d [PgEl2gO] =(Pf-Pg)get~-'ci-zg ( l  + 2~w (15) 

where the wall shear stress, Zg, and the interfacial shear 
stress, % are defined as %=0.5f~pga 2 and 
r~ = 0.5fpga 2. The wall friction factor, f v  can be pre- 
dicted from the Blausius correlation for turbulent 
flow, fg = O.0791/Re °25, where Re is the Reynolds 
number based on 1:he hydraulic diameter of the vapor 
layer, 2wf/(w+ 6) For the interfacial friction factor, 
Galloway and Mudawar [22] and Gersey and Mud- 
awar [24] found that a constant value o f f  = 0.5 pro- 
vided the best agreement between measured and pre- 
dicted pressure drops obtained from flow boiling 
studies. It is important to point out that this value for 
f was determined for a range of heat flux values and 
has no bearing on Lhe other sub-models used to predict 
CHF. For  vertical pool boiling, a parametric study of 
f ranging from 0.?.5 to 1.0 indicated that the value of 
f does not significantly affect separated flow model 
results. Therefore, a value o f f  = 0.5 was utilized in 
the present study :as well. 

Combining equations (14) and (15) produces a 
differential equation relating ag to z. The authors were 
unable to solve the resulting differential equation ana- 
lytically, but found that the limiting case where the 
wall shear stress and the momentum gradient in equa- 
tion (15) are neglected closely approximates the 
numerical solution for the two fluids examined in the 
current investigation, water and FC-72 at 1 atmo- 
sphere. For  this limiting case, ag can be approximated 
as : 

iqm 
0.5fpghrg 1 4 hr~ _l ] 

(16) 

Details of the numerical solution and the limiting cases 
examined can be found in the Appendix. 

Substituting the above equation for the mean vapor 
velocity, ag, into 1:he combined mass and energy con- 

servation equation (14) gives the variation of vapor 
thickness, fi, with the stream-wise distance, z : 

3 -  q_m_ AT. [(Pf-P~g) 

qm ] -  l/3 

x ge 0.5fpghfg Lrl + ~]]cpfATsub l z2/3. (17) 

Since the first wetting front is established at z = 2c, 
the critical wavelength equation (10) can be combined 
with the mean vapor velocity equation (16) cor- 
responding to z = 2~ and reduced to : 

L L \ P~-g/J 

[(Pf--Pg~ge qm ]-2/5 
x cpfATs,b . (18) 

The current model assumes that the character of the 
wave is preserved downstream of the first wetting 
front. Thus, the critical wavelength does not vary with 
axial direction for z greater than 2c. 

4.6. CHF prediction 
In order to obtain a closed form expression for qm 

from equation (13), the expression for 6, equation 
(17), must be evaluated at some axial location. Gal- 
loway and Mudawar [22] observed that the wetting 
front formed at z = ko, but then propagated down- 
stream a short distance before the l iquid-vapor inter- 
face lifted from the heater surface. For  the present 
model, 6 was taken at an axial location of 3/22c, the 
average between the location where the wave is gen- 
erated, z = 2~, and the location of the wave peak, 
z = 22c. Substituting the expressions for 6 (based on 
z = 3/22c) and 2c, equations (17) and (18), respec- 
tively, into equation (13) and solving for qm yields the 
following CHF relation : 

qm = 2-113/2435/6 pf~-~pg pghfg 

× [i + co,'  'ubl TM (19) 
] L ] 

w h e r e f  = 0.5. The above equation assumes that the 
waves are perfectly sinusoidal and repeatable, and 
that the liquid wets the surface continuously through- 
out the span of the wetting front. It also omits friction 
effects from the liquid moving in the wetting front, 
and does not account for the statistical spread of the 
vapor wavelength, 2c, and the vapor wave thickness, 
6. These effects contribute to the scatter observed in 
the experimental CHF values listed in Table 1. 
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The heat flux equation (19) can be further simplified 
for saturated conditions and pressures much smaller 
than critical to : 

Vtr(Pr-- Pg)gell  /4 
qm = 0 . 1 5 1 p g h f g  L pg2 A " ( 2 0 )  

Interestingly, equation (20) is identical in form to the 
non-dimensional form recommended by Kutateladze 
[1] and to the model by Zuber et al. [2], although the 
mechanisms proposed in the individual models are 
distinctly different. Also, while the model by Zuber et  
al. includes a gravity term normal to the heater 
surface, resulting in a prediction of zero CHF for 
vertical surfaces, the present model predicts a finite 
value for vertical pool boiling CHF. 

It should be noted that the present model is only 
valid for near saturated conditions, since it does not 
account for condensation at the interface. Addition- 
ally, this model ignores conduction-convection con- 
tributions and thus is not valid for liquid metals. 

5. RESULTS 

If the closed form heat flux equation (19) is sub- 
stituted into the critical wavelength equation (18), the 
critical wavelength can be reduced to : 

2c - - / ~ ' f  ] 1/2 

3'/' L Pf J (pf--pOvo 

Dividing the characteristic length, L, by the critical 
wavelength, 2c, gives : 

~,c 2 2 ~ 2 0 z f i )  - '/2L Pf (Pf g ) g e  1/2 
- - - . ( 2 2 )  

For pressures much smaller than critical, equation 
(22) produces the same grouping of parameters as the 
critical Taylor wavelength, which has often been used 
to non-dimensionalize the characteristic length of hea- 
ters in pool boiling CHF studies. That is, 

2~ oc L ' =  L - . (23) 

Thus, the dimensionless characteristic heater length, 
L', described in equation (23) is valid for the present 
analysis even though it was derived in prior studies 
from the Taylor instability ; the presence of the gravity 
term in the present model and in equation (23) results 
from the buoyancy driven vapor flow, not the Taylor 
instability. 

The non-dimensional CHF pool boiling data 
obtained during the present investigation, along with 
data from Monde et al. [7], are plotted in Fig, 7 with 
respect to the dimensionless characteristic heater 
length, L'. CHF data obtained from thin heaters [4, 
6] were not included because the low thermal capacity 
of thin heaters results in reduced CHF values [33]. 
Additionally, liquid helium and liquid nitrogen CHF 

0.25 
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0 .15  

~ present study, water I Present mtudy, FC-72 
Monde et al.[7], water 
Mo~da et al. [7], ethanol 

f Average experimental value 
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-o lp  - - - ~ - -  _ 
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Fig. 7. Dimensionless CHF data plotted with respect to 
dimensionless characteristic heater length. 

values were excluded from Fig. 7 because of the lack 
of measurement accuracy inherent with cryogenic 
experiments. The average of the 27 non-dimensional 
vertical pool boiling CHF data shown in Fig. 7 is 
K = 0.155, with a standard deviation of 0.015, which 
is very close to the model prediction of K--0 .151 
obtained from equation (20). Although the average 
non-dimensional CHF value does not change much 
if the cryogenic CHF data are included (K becomes 
0.154), the standard deviation of  the data becomes 
0.021, indicating that the scatter in the data is greater if 
cryogenic fluids are included. Because of the stretching 
and merging of waves as they travel downstream, the 
dimensionless CHF, K, decreases slightly with the 
dimensionless characteristic heater length, L'. 
However, since this effect is small, it has been neg- 
lected for the current analysis. 

The lengths of the liquid-vapor waves were mea- 
sured from still photographs of the 10, 30 and 110 
mm heaters. The wavelengths were measured from 
trough to trough, and the stream-wise location of the 
peak of the wave was taken as the z location of the 
wave. Because of the statistical scatter of the wave- 
lengths, the data were sorted into 1 mm bins and the 
percentage of wavelengths in each bin were calculated 
and are shown in Fig. 8. The wavelengths were seg- 
regated by stream-wise position into two groups. For  
the first group, 0 < z < 10 mm, the majority of the 
wavelengths were close to 22c, which is consistent with 
the current model. As the waves traveled downstream, 
they stretched and merged with other waves, so the 
majority of the wavelengths of the second group, 
10 < z < 50 mm, were close to 42c. Because of the 
large wavelengths at the far downstream positions 
there was not enough data in the region where z was 
larger than 50 mm to statistically determine anything 
conclusively, so this data was omitted from the plot. 
These results explain why CHF values for long heaters 
tend to be somewhat smaller than for short heaters in 
vertical pool boiling. 
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6. C O N C L U S I O N S  

Experiments involving pool boiling from vertical 
surfaces were performed to ascertain the C H F  trigger 
mechanism. Key conclusions from the study are as 
follows : 

(1) At high heat flux conditions, vertical pool boil- 
ing exhibits vapor  production and vapor flow patterns 
similar to those found in flow boiling. 

(2) A fairly continuous wavy vapor  layer engulfs 
the heater surface at heat fluxes slightly smaller than 
CHF.  Boiling remains active in the wetting fronts, 
where the interface of  the vapor  layer contacts the 
heater surface. C H F  is triggered when the normal 
momentum of the vapor  produced in the wetting front 
exceeds the pressure force exerted upon the interface 
due to interfacial curvature. 

(3) For  pressures much smaller than critical, the 
dimensionless characteristic heater length produced 
from the current analysis based on the Helmholtz 
instability is the same as the dimensionless length pro- 
duced from an analysis based on the Taylor instability. 
The presence of  tl:Le gravity terms in the present analy- 
sis is due to the buoyancy effects responsible for vapor  
flow, not  to the Taylor  instability. 

(4) The present pool boiling C H F  model reduces 
to an expression identical in form to the models by 
Kutateladze [1] and Zuber et al. [2], although the 
mechanisms proposed in the individual models are 
distinctly different. Additionally, while the model  by 
Zuber et al. [2] includes a gravity term normal to the 
heater surface, resulting in a prediction of  zero C H F  
for vertical surfaces, the present model  predicts a finite 
value for vertical pool boiling CHF.  
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A P P E N D I X  

Equations (14) and (15) were combined along with the 
expressions for interracial and wall shear stress to produce 
the following differential equation relating ag to z : 

4[ a~z] (pr -&)go  z 
Pg Ug 

% fA T,.b 

-0.Sf&az, 
qm 

-- 0.5fgp,tTg z (1 + 2q=z t wpgaghrg[l+~]) 
h [.  C p , r A  T s u b  ] r.L,+~j 
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qm 
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Fig. A1. Comparison of terms in the momentum balance, 
equation (15), for (a) water and (b) FC-72. 

fg = 0.0791 
qm z 

• V. cp,rAT~.b7 

J 

2w ] -0.25 

x [ qmZ t (A2) 
W -t" - r C p , f A  T s u  b ' ]  / [ 

(ml) / " u ' h "  L' + - -V - -~ ,  J/J 

wheref = 0.5 andfg can be expressed as : Equation (AI) was solved numerically with a 4th-order 
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Runge--Kutta routine for both water and FC-72 at 1 atm, 
using experimental values for the maximum heat flux, qm. 
The stream-wise step size of 0.0001 m provided an accuracy 
of  _0.01 m s - t  for the velocity solution. The code was 
verified by solving equation (A1) both analytically and 
numerically for the limiting case when both shear terms 
are neglected. The numerical results agreed well with the 
analytical solution. 

Based upon the numerical results, the four terms in equa- 
tion (15) are plotted in Figs. Al(a)  and (b) for water and 
FC-72, respectively. The momentum term, d/dz[pgf~]6], was 
determined from a first order central differencing scheme. 
For illustrative purposes the water solution was extended to 
110 mm in length even though the heater from the actual 
experiment was onl~ 62.0 mm. Figures A1 (a) and (b) indicate 
that the wall shear stress is negligible. Figure A2 shows the 
vapor layer thickness predicted from the numerical solution. 
As expected, the water vapor layer was thicker than the FC- 
72 vapor layer profile because the term (Pr-Pg)/P~ is larger 
for water. 

In addition to th,~ numerical solution, two limiting cases 
were examined which produced analytical solutions. If shear 
stresses are neglected and equations (14) and (15) are com- 
bined and solved, a~ can be expressed as : 

F l '/2 
/2 [pr-pg~ I 

If the wall shear stress and the momentum gradient are 
neglected in equation (15), ag becomes: 

= [ ( P r - - P , i g ¢  q m  ] , / 3  

ag / \ ~ - -  / Cp,rA T~ub z 0,SfhOghf, [ i  + ~ ]  I .  (A4)  
L 

Figures A3(a) and (b) show the comparison of the mean 
vapor velocities produced from the numerical solution of  
equation (A1) and from the limiting cases of  negligible fric- 
tion, equation (A3), and negligible momentum gradient, 
equation (A4), for both water and FC-72. Since the limiting 
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Fig. A3. Mean vapor velocity obtained numerically and ana- 

lytically for (a) water and (b) FC-72. 

case of  negligible momentum gradient, equation (A4), comes 
closest to approximating the numerical solution for water 
and FC-72 at 1 atm, it was chosen for the analysis described 
within the paper. For completeness, if the same analysis was 
carried out with equation (A3) rather than equation (A4), 
the following CHF relation is obtained : 

l 
L hr, J L m + p , J  

x p hr [~(Pr-PDg°I~/4 
g L ~ J . (A5) 


