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Abstract-A theoretical CHF model is presented which is based upon the flow visualization of the wavy 
liquid-vapor interface near the heated surcdce as reported in Part I of this study. At approximately 90% 
of CHF, bubbles coalesced into a continuous wavy vapor layer and vigorous boiling was observed in a 
liquid sub-film beneath the vapor layer. This efficient boiling mechanism was transformed to boiling at 
isolated regions, wetting fronts, at approximately 95% of CHF. Wetting fronts were established when 
minimum points in the wavy vapor interface made contact with the heater surface. Regions surrounding 
the wetting fronts remained dry as the supply of liquid was consumed. CHF was triggered by intense vapor 
production which lifted the upstream wetting front away from the heater surface, cutting the supply of 
liquid locally and causing the heat flux to become more concentrated at the remaining wetting fronts. Soon 
after, remaining wetting fronts were also lifted from the heater surface and the surface temperature increased 
more rapidly. The new mechanistic CHF model incorporates classical interracial instability theory for a 
confined two-dimensional wave, a separated two-phase flow model and a crilerion for separation of the 
liquid-vapor interface from the heater surface. The model predictions show good agreement with the 

experimental data. 

1. INTRODUCTION 

MOST CHF models are based on a description of a 
limiting process that restricts liquid flow to the heated 

surface during intense boiling. CHF modeling efforts 

may be classified into three general categories : bound- 
ary layer separation models, bubble crowding models 

and sublayer dryout models. All three types of models 
are based on conditions that promote heater surface 
dryout, but differ in the physical description of the 
CHF triggering mechanism. 

Boundary layer separation models are based on 
predicting the hydrodynamic conditions that cause 
the bulk liquid flow to separate from the heater 
surface, leaving the downstream heater surface dry. 
Kutateladze and Leont’ev [I] studied flow separation 
in an adiabatic tube with the aid of dye injection 
normal to the wall. Tong [2] examined liquid sep- 
aration from a heater surface during flow boiling in a 
concentric annulus. In both cases, the bulk liquid 
separated from the heater surface when the rate of 
fluid flow normal to the wall (due to boiling or injec- 
tion) reached a critical value. Kutateladze and 
Leont’ev, Tong and Baines et al. [3] all identified 
boundary layer separation as the trigger condition in 
modeling CHF. Boundary layer separation models 
have lost general acceptance because of observations 
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such as those of Fiori and Bergles [4], Mattson et al. 
151, and Hino and Ueda [6, 71. In these studies, CHF 
was observed to occur on a localized basis as a result 
of isolated liquid-vapor interactions and not by the 
complete separation of the liquid flow from the heater 
surface. 

Bubble crowding CHF models focus on the liquid- 
vapor exchange near the heater surface. Hebel ef al. 
[8] identified the CHF trigger mechanism as the con- 
ditions for which departing bubbles obstruct the flow 
of liquid towards the heater surface. Weisman and 
Pei [9] postulated that CHF commences when the 
turbulent fluctuations in the liquid flow near the wall 
become too weak to transport liquid through the bub- 
bly layer. At CHF, the critical void fraction in the 
bubbly layer was estimated from experimental bubble 
size and shape measurements to be 82%; however, 
other researchers have measured void fractions at 
CHF ranging from as low as 30% to as high as 95% 
depending on flow velocity, pressure and subcooling 
[lo]. The validity of the bubble crowding models is, 
therefore, questionable in view of both the critical 
void fraction assumption and the empiricism required 
to determine the turbulent exchange in the bubbly 
layer. 

Unlike the bubble crowding models, the sublayer 
dryout CHF models treat the liquid-vapor exchange 
on a more localized basis by performing energy 
balances over discrete surface areas. Gaertner [l I] 
observed such a liquid sublayer beneath coalescent 
bubbles in pool boiling as did Fiori and Bergles [4] in 
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NOMENCLATURE 

b fraction of vapor layer wavelength uln mean liquid velocity upstream of heater 
occupied by wetting front AU velocity difference, Ug - Ur 

c wave speed, c = c,+iq Z spatial coordinate in the stream-wise 
ci imaginary component of wave speed direction 

CP specific heat at constant pressure z* distance from leading edge of heater 

7 
real component of wave speed surface to center of upstream wetting 
friction factor front 

en component of surface tension force z. position from leading edge where 
normal to interface per unit interfacial ug- Uf = 0. 
area near the center of contact with the 
heater surface Greek symbols 

9 gravitational acceleration 6 time-averaged vapor layer thickness 
gn component of gravitational acceleration 9 interfacial displacement 

normal to liquid-vapor interface 90 initial amplitude of interfacial 
H channel height displacement 
H, mean liquid layer thickness L wavelength of interfacial perturbation 

H, mean vapor layer thickness A critical wavelength corresponding to 
h ii latent heat of vaporization onset of instability 
k wave number, 2a/l 1* distance between centers of consecutive 
kc critical wave number, 2n/l, wetting front 
L heater length P density 

,, 
4 mass flux due to evaporation at CT surface tension 

liquid-vapor interface T wetting period 
n number of wetting fronts Tr wall shear stress in the liquid layer 
P pressure 5 wall shear stress in the vapor layer 

p: pressure on vapor side of interface in the ?i interfacial shear stress 
presence of a vapor momentum flux * distance from center of downstream 
from the heater surface wetting front to trailing edge of heater. 

4 heat flux (electric power input divided by 
heater surface area) Subscripts 

41 lift-off heat flux A acceleration 
%n critical heat flux (CHF) after following interfacial separation from 
4. local, instantaneous surface heat flux heater surface 
s channel thickness normal to viewing axis before prior to interfacial contact with 
t time heater surface 
T temperature f  saturated liquid 
A Tsub inlet liquid subcooling F friction 
Ub average velocity of vapor perpendicular g saturated vapor 

to heater surface following interfacial G gravity 
lift-off i interface, imaginary component 

u, mean velocity of liquid layer r real component 

u, mean velocity of vapor layer sub subcooled. 

flow boiling. CHF was postulated to result when the 
liquid sublayer dried out before the subcooled liquid 
could reach the surface. 

Zuber et al. [12] modeled CHF in pool boiling by 
determining the hydrodynamic instability conditions 
that promote merging of vapor jets departing normal 
to the heater surface. Haramura and Katto [13] 
extended these observations to develop one of the 
first sublayer dryout models for pool boiling and also 
predicted CHF in flow boiling from short heaters by 
accounting for the inflow of liquid into the sublayer. 
A surface energy balance was written for the entire 

heater length, relating the surface heat flux to the 
power required to vaporize the liquid inflow from 
upstream. They assumed the fraction of heater surface 
covered with jets is equal to that determined from 
their pool boiling correlation, an assumption which 
undetermined the validity of their model. The sublayer 
dryout model proposed by Haramura and Katto for 
saturated boiling was extended to predict CHF in 
subcooled falling liquid films by Mudawar et al. [ 141 
and in subcooled channel flow by Mudawar and Mad- 
dox [15], but without utilizing the jet area criterion 
proposed in the original model. 
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Lee and Mudawar [IO] proposed a mechanistic 
sublayer dryout model which eliminated the need for 
much of the empiricism found in previous flow boiling 
CHF models. An energy balance was written for a 
liquid sublayer trapped beneath a discrete elongated 
bubble. The length of the elongated bubble was 
assumed equal to the Helmholtz wavelength based 
upon the bubble rise velocity and liquid velocity, since 
bubbles which are longer than the Helmholtz wave- 
length become unstable and break inio shorter 
bubbles. For bubbles to remain in the vicinity of the 
heater surface, a reaction force must oppose the out- 
ward vapor momentum flux from the evaporating 
sublayer. The sublayer thickness was modeled by per- 
forming a momentum balance in a direction normal 
to the heater surface. The vapor momentum flux into 
the elongated bubble was balanced by an opposing 
radial hydrodynamic force generated by bubble 
rotation and relative linear motion with respect to the 
mean liquid flow, known as the Magnus effect. Unlike 
most prior models, the CHF analysis proposed by Lee 
and Mudawar is theoretically based, requiring only 
a single empirical constant. Also, it closely predicts 
several well known CHF data bases over wide ranges 
of flow and pressure conditions. 

Recently, Katto [ 16, 171 attempted to remove some 
of the objections to the Haramura and Katto model 
by employing essentially the same theoretical model 
constructed by Lee and Mudawar. An energy balance 
was written over discrete bubble lengths determined 
by the Helmholtz instability for a stationary liquid 
sublayer and an elongated bubble moving at a fraction 
of the two-phase flow velocity. Three empirically- 
based relations were required to model the bubble slip 
velocity, one for void fractions between 0.25 and 0.70, 
a second between 0 and 0.25 and a third for highly 
subcooled flow. The sublayer thickness was indirectly 
modeled using a correlation for pool boiling, remov- 
ing many of the attractive theoretical features of the 
Lee and Mudawar model, that the Katto model was 
based upon. 

The above review reflects both the complexity of 
CHF and the disagreement among investigators on 
the trigger mechanism for CHF. One reason for this 
confusion is the scarcity of near-wall microscopic 
observations which are essential to depicting the true 
nature of liquid-vapor exchange at CHF. Such obser- 
vations are paramount ingredients in the construction 
of any CHF model. Part I of this study [ 181 served to 
provide detailed observations which are used in the 
present paper to develop a new theoretically-based, 
mechanistic model for flow boiling CHF. 

2. CHF OBSERVATIONS 

The CHF model is built upon a mathematical rep- 
resentation of the observed liquid-vapor exchange 
mechanism reported in Part I of this study [l8]. AS 
described in Part I, a vapor wave was observed to 
cover the heater surface at heat fluxes above approxi- 

mately 90% of CHF. Liquid was supplied to the 
heater surface though the wavy vapor layer at mini- 
mum contact points, wetting fronts, causing wetting 
and vigorous boiling. 

Figure I (a) shows a schematic representation of the 
vapor wave at approximately 99% of CHF, known 
hereafter as CHF (-), illustrating the general wetting 
front formation and propagation. Wetting fronts are 
formed when the liquid-vapor interFace becomes 
unstable, forcing the interface to touch the heater 
surface. Wetting fronts were observed to be estab- 
lished consistently at the same distance, z*, from the 
leading edge of the heater as illustrated by the wetting 
front labeled I corresponding to f  = 0. The next 
depression in the interface could not establish a wet- 
ting front at a later time corresponding to f  = i*/2c, 
because vapor generated by the boiling of liquid 
deposited earlier by wetting front 1 pushes away the 
interface. Without a resupply of liquid, the upstream 
wetting front begins to recede, I = 31i*/2c,, as boiling 
consumes part of the liquid sublayer. At a later time, 
the heater surface becomes dry directly beneath the 
wavy interface at z = Z* and this allows the interface 
to touch the dry heater surface at the upstream pos- 
ition marked + I corresponding to t = 1*/c,. A new 
wetting front is then established at z = Z* and the 
sequence is re-initiated, producing wetting fronts sep- 
arated by a wavelength ,I*. This sequence is periodic, 
repeating itself at 1*/c, intervals, where c, is the propa- 
gation speed of the interfacial wave. 

A small increase in power above CHF, referred to 
hereafter as CHF( +), produced sufficient vapor mo- 
mentum perpendicular to the heater surface at z = z* 
to lift the first wetting front away from the surface, 
Fig. l(b). Ultimately, all wetting fronts are lifted 
from the surface except for a small region of persist- 
ent wetting remaining at the leading edge of the heater. 

A summary of the key observations, based on Part 
I of this study, are given for reference in constructing 
the CHF model. 

I. Continuous wetting was observed along the 
leading portion of the heater up to some distance z*. 

2. Wetting fronts were established repeatedly at 
approximately the same distance, z*, downstream 
from the leading edge of the heater. 

3. Wetting fronts maintained an approximately 
equal spacing, 1*. 

4. Intense boiling was observed in the wetting 
fronts while the other portions of the heater surface 
remained dry. 

5. Wetting front lengths appeared to be preserved 
as the wetting fronts propagated downstream. 

6. Wetting fronts propagated at a speed equal to 
the interfacial wave speed, c,. 

7. The liquid-vapor interface lost curvature at wet- 
ting fronts during the transition from CHF (-) to 
CHF (+) (this observation will be discussed in detail 
later in this paper). 

8. CHF (+) was initiated by the separation of the 
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FIG. I. Illustration of a complete cycle of events observed at (a) 99% CHF and (b) 101% CHF. 

upstream wetting front due to vigorous boiling at the 
surface. 

3. CHF MODEL 

The CHF model is based on four sub-models which 
describe the individual mechanisms leading to the lift- 
ing of the liquid-vapor interface. First, an interfacial 
instability analysis is used to describe the spacing of 
the wetting fronts and pressure force created by inter- 
facial curvature. Second, a separated flow model is 
used to predict the local mean values of liquid velocity, 
Ur, vapor velocity, CJB,, and vapor layer thickness, 6. 
Third, an energy balance is written for the heater 
surface, relating the average heat flux at CHF to the 

heat flux concentrated in the wetting fronts as they 
transverse the heater length. Fourth, the CHF trigger 
mechanism is determined by calculating the heat flux 
required to generate a momentum fiux of vapor 
effusion from wetting fronts that equals the new force 
exerted on the interface due to curvature. 

3.1. Instability of the liquid-vapor interface 
Interfacial instability observations were illustrated 

in Fig. 1 and reported in Part 1 of this study [18]. 
The spacing of wetting fronts and the pressure force 
exerted upon the interface may be predicted using 
classical instability theory [19, 201 by invoking the 
assumptions of incompressibility and invicid flow. 
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The pressure difference generated by interfacial cur- 
vature is given by equation (1). 

P,- P, = -prk(c- Uy)2 
cash k (H, - ‘1) 

sinhkH, ’ 

, cash k (H, + r/) 
-p,k(U,-c)- 

sinh k H, v-(Pr-PJS”b (1) 

Equating the pressure force exerted upon the interface 
to the surface tension force yields 

kp,(U,-c)‘coth(kH,)+kp,(c-Ur)‘coth(kH,) 

= -g.(pr-p&+ok”. (2) 

The wave speed, c, in equations (I) and (2) has both 
real and imaginary components, c, and ci, respectively. 
The real component determines the wave propagation 
speed while the imaginary component defines con- 
ditions which promote interfacial instability. 

cr = 
p,U,coth (k HJfprlJrcoth (k H,) 

pg coth (k H,) +pr coth (k H,) (3) 

ok’ 
- ‘lk2 = [p, coth (k H,) + pr coth (k H,)] 

_ pcpr coth (k H,) coth (k HT)[Ug - U,]‘k’ 
[p, coth (k H,) + pr coth (k H,)]’ 

- [p, coth (k H,) +pr coth (k H,)] (4) 

When -c,‘k’ becomes negative, an interfacial dis- 
turbance having a wave number k, = 27r/l, will grow 
and approach the heater surface. Equation (4) shows 
surface tension is the stabilizing force opposing the 
destabilizing effects of both the inertial force and the 
body force. Longer wavelengths will become unstable 
first. However, close to the leading edge, these wave- 
lengths cannot exist because their lengths are larger 
than the corresponding stream-wise location. Con- 
ditions become more favorable for interfacial insta- 
bility further downstream as the phase velocity 
increases and longer wavelengths can be accom- 
modated. 

A difficulty arises in identifying the first wetting 
location, z*, shown in Fig. I(a). At the leading edge 
of the heater, the vapor velocity is smaller than the 
liquid velocity, but further downstream the trend 
reverses at some location z = z,. In the case of vertical 
flow, g. = 0 and all wavelengths would be stable at 
z = z,. Establishing a wetting front before z = z,, is 
possible but unlikely since z, is typically less than 0.65 
mm (approximately 5% of the heater length), and the 
velocity difference is relatively small. Therefore, the 
first opportunity for the interface to contract the 
heater surface occurs at a distance 

z* = z,+l,. (5) 

Since upstream wetting was observed to occur every 
other cycle (due to the receding wetting zone illus- 

trated in Fig. l(a)), wetting front spacing is modeled 
as twice the critical wavelength, 

i* = 21,,. (6) 

3.2. SeparatedJlow model 
Determining Z* and 1, requires knowing the local 

values of Ur and Us. A one-dimensional separated 
flow model was developed to predict UI, Ug and 6 by 
writing mass and momentum conservation equations 
for both the liquid and vapor layers, along with a 
surface energy boundary condition. Modeling the 
hydrodynamics of the separated two-phase flow was 
complicated by the transient nature arising from the 
waviness of the liquid-vapor interface. To make the 
analysis more tractable, the model predicted values of 
Dry and Ug based upon a time-averaged thickness, 6, 
of a smooth vapor layer, and a time-averaged heat 
flux. which was assumed uniform over the heated 
surface. Details of the separated flow model are sum- 
marized in Appendix A. 

3.3. Surfuce energy balance 
The boiling surface heat flux, qS, is actually a func- 

tion of both time and space due to the motion of 
wetting fronts. Hence, a Lagrangian description is 
necessary for describing the energy balance at the 
heater surface. An energy balance, written over a con- 
trol volume extending from the heater surface in a 
direction normal to the heater surface to a depth in 
the heater large enough to allow a uniform heat flux 
boundary condition to be imposed, gives 

(7) 

The period, T, in equation (7) corresponds to a com- 
plete cycle starting from the formation of a wetting 
front near the leading edge of the heater, Fig. I (a), to 
the time just before the next wetting front touches the 
heater surface at the same position, Fig. 1 (e). 

Two separate boiling zones were observed on the 
heater surface. A continuous boiling zone persisted 
near the leading edge of the heater whereas down- 
stream locations experienced dry periods followed by 
intermittent periods of vigorous boiling in the wetting 
fronts. The heat flux in the upstream wetting zone is 
assumed equal to q,,, since steady boiling precluded 
any heat storage or release of high heat fluxes. The 
continuous and intermittent wetting zones are 
modeled by separating the spatial integral in equation 
(7) into two terms. 

4mLr = l J;q.dzdt+ l i:q,dzdt 

= qmz*7 + 4s dzdt (9) 
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where z* is the extent of the continuous wetting zone 
at the leading edge. Equation (9) can be separated 
into the sum of integrals corresponding to each wet- 
ting front in contact with the heater surface. 

qs., dzdf+ ..’ 

r 

IS 

1. 

+ q. .“-, dzdr+li:q..didr) (10) 
0 ;* 

where qs.), q..2, . . , qr.“- ,, q..,, are the surface heat 
fluxes corresponding to wetting fronts 1, 2, n, respec- 
tively. The number of wetting fronts, n, is specified by 
the relation 

arately by considering.the travel time and contact 
length for each wetting front. Depending upon the 
values of L, A* and b, one of three downstream wetting 
front configurations is possible as illustrated in Fig. 
2. The last wetting front, n, will either extend beyond 
the trailing edge, with the center of the wetting front 
falling upstream, case (I), or downstream, case (II), 
off the trailing edge, or will be fully on the heater 
surface, case (III). Equation (12) identifies the dis- 
tance between the center of wetting front n and the 
trailing edge, which may be used to infer which wetting 
front configuration is present. 

n = INT((L--*)/A*) + 1 (11) 

where INT is a function that takes the integer of the 
argument truncating the remainder. 

I) = L-z*-(n-1)1*. (12) 

Surface energy balances written for downstream 

At any given location, z, the local heat flux, q., is 
assumed equal to a concentrated heat flux, q,, if the 
wetting front is present, otherwise qs = 0 cor- 
responding to the dry surface. The concentrated heat 
flux, which is larger than q,,,, is modeled (see next 
section) as the heat flux required to lift the first wetting 
front at z = z* from the heater surface. This is a 
sufficient and necessary condition for triggering CHF 
since all downstream wetting fronts and wetting fronts 
yet to form will be deactivated once the upstream 
front is lifted from the surface, Visual observation in 
the present study revealed the liquid-vapor interface 
assumed a sinusoidal shape and boiling takes place 
over a fraction b = l/4 of the wavelength 1* (see ref. 
[18]). This fraction encompasses interfacial distances 
from the heater surface which are smaller than about 
30% of the interracial amplitude. A value of b equal 
to l/4 was, therefore, used to estimate the span of 
wetting fronts in modeling CHF for all flow velocities. 
Similar approaches have been used in previous theo- 
retically-based CHF models to predict interfacial 
instability features [12]. 

wetting fronts must accommodate the transition from 
the heater surface to the insulated channel wall as 
wetting front n travels past the trailing edge. Details 
of these energy balances are presented in Appendix B. 

3.4. Lift-off heat flux 
The lift-off heat flux, q,, was modeled as the heat 

flux required to produce a momentum flux of vapor 
that exceeds the pressure difference created by the 
curvature in the wavy liquid-vapor interface. Flow 
visualization at CHF revealed a liquid-vapor interface 
being lifted from the boiling surface, a condition ident- 
ified earlier as the trigger mechanism for CHF. This 
condition is modeled by examining the momentum 
balance in a direction normal to the heater surface, 
including the effects of pressure difference, surface 
tension and the momentum flux of vapor departing 
from the boiling surface. 

Figure 3(a) shows the liquid-vapor interface as it 
approaches the heater surface at z = z* to form the 
first wetting front. The differential control volume 
shown identifies a balance between the surface tension 
force and the net force due to the pressure difference 
across the interface. 

Each integral in equation (10) is evaluated sep- pr - p, = Fb),,bchc (13) 

4 

Case (I), w < b li, Case (II), b h, s y/s (2 - b) 4 Case(W), (2-b)&<~<2& 

FIG. 2. Downstream wetting front configurations. 
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nterlace Approaching 
Heater Surface 

(a) 

Inlerface Lifting From 
Heater Surface 

lb) 
FIG. 3. (a) Interface approaching dry heater surface at z = z *just prior to wetting. (b) Lifting of interface 

after wetting the heater surface at z = z*. 

where F&ln.~rorc is the component of surface tension 
force normal to the interface for a heater surface 
which is dry at z = z*, divided by a small interfacial 
area near the center of contact. Vapor motion in the 
control volume at this instant is assumed to be parallel 
to the heater surface in the absence of boiling at 
z = z*. After making contact and wetting the heater 
surface, a momentum flux due to vapor effusion is 
generated perpendicular to the heater surface, which 
alters the previously established interfacial mech- 
anical balance. If a slight increase in heater power 
causes the momentum flux to exceed the net force on 
the interface due to the previously stable CHF(-) 
condition, the interface will be lifted from the heater 
as shown in Fig. 3(b). Pressure on the vapor side of 
the interface must now assume a higher value, Pz, 
equal to the sum of the vapor layer pressure, J’,, 
and the momentum flux generated by boiling in the 
wetting front. 

(14) 

where Ub is the average velocity of vapor per- 
pendicular to the surface. The new force balance 
becomes 

pr - vg + fJp u,‘, = ~“.an,r (15) 

where C,.ancr is the component of surface tension 
force normal to the interface following wetting front 
lift-off, divided by a small interfacial area near the 
center of contact. Combining equations (13) and (15) 
yields, 

psC.G = (Pr- PJ -Fb’n;,n,r = C,.berorc -Cn,,n,,. (16) 

Figure 4 shows the curved interface above a wetting 
front and, a few milliseconds later, the vapor momen- 
tum flux lifting the flattened interface away from the 
heater surface. Therefore, the term Fin.,n,, in equation 
(16) may be neglected due to the infinite radius of 
curvature precluding any surface tension effects. Once 
the interface starts lifting, the vapor and liquid layer 
pressures are altered by changing stream-line curva- 
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U t-n = 0.35 m/s 
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and Lifting - 

of Interface 

Onset of Lift-Off Interfacial Separation 
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FIG. 4. Flattening of interface at CHF(+) following separation from heater surface (U,,, = 0.35 m s-‘, 
qm = 27.0 W cm-‘). 

ture. With a reduction in stream-line curvature fol- 
lowing lift-off, the vapor momentum flux becomes 
increasingly larger than the net pressure force, which 
accelerates the interfacial lift-off even further. Hence, 
the trigger condition for interfacial lift-off at CHF 
should correspond to the point of initial separation 
of the interface from the heater surface. Realizing that 
~“,,k, is negligible immediately following lift-off, 
equation (16) yields 

p,v,2 = P,-Pg. (17) 

An expression for (P,- PJ can be written using a 
relation derived from the interfacial instability analy- 
sis, equation (1) where H,( = H-6), Hg, Vr and V, 
are determined from the separated flow model given 
in Appendix A. The velocity differences, (V,- c) and 
(c- V,) were calculated using the real component of 
wave velocity, c,, predicted from equation (3). The 
local interfacial displacement, I], was determined from 
a sinusoidal shape assumed in the instability analysis 
with an amplitude equal to 6 and wavelength equal to 
21, based on conditions at z = z*. 

The pressure difference increases from zero at q = 0 
to its maximum positive value at n = -6, the point 
of contact with the heater surface. Figure 5 shows the 
local pressure difference across the interface at CHF 
predicted from equation (1) as a function of distance 
measured from the center of the wetting front for 
q,,, = 37.0 W cm-* and V,,, = 1.0 m s-‘. Since the 
pressure difference predicted at q = -6 is a local 
maximum, the pressure difference used in the force 
balance was calculated by averaging the normal com- 
ponent ofpressure over the length of the wetting front. 

The term pe Vf in equation (17) couples the hydro- 

dynamic flow conditions (i.e. Vr, V,, and 6) to the 
applied heat flux. The vapor velocity perpendicular to 
the heater surface can be related to the lift-off heat 
flux, q,, by the expression 

Combining equations (17) and (18) yields 

41 = P&k 
(l+5&)p3~2. (19) 

4. RESULTS 

An iterative procedure is required to reach a con- 
vergent solution because of the coupling between the 
lift-off heat flux, interfacial instability analysis, sep- 
arated flow model and the surface energy balance. The 
iteration begins for a specified V,,, by guessing the 
value for q,,,. The separated flow model uses this value 
to predict VP V, and 6. Knowing the values of these 
parameters, the stability analysis determined &, z, 
and (Pr- P&. The lift-off heat flux is based upon the 
calculated (P,- P&. A surface energy balance is then 
written using the guessed q,,, and the calculated q,. 
Iteration continues until the guessed q,,, equals the 
calculated q,,,. Figure 6(a) shows the CHF model pre- 
dictions match the experimental data with a 7.1% 
mean absolute error. Figure 6(b) compares the mea- 
sured wavelengths (with the indicated error bars 
showing one standard deviation in the data) to the 
predicted wavelengths, 21,. 
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FIG. 5. (a) Interracial pressure difference over one wavelength, I*. (b) Effect of vapor momentum on 

pressure distribution due to boiling over a fraction. b. of the wavelength. 

Table 1 compares measured to predicted values of 
CHF, wavelength, number of wetting fronts and lists 
the downstream wetting front configuration. For vel- 
ocities below U,,, = 1.00 m s-‘, the CHF model pre- 
dicts two wetting fronts maintain contact with the 
heater surface, characterized by case (II) given in Fig. 
2, and shows reasonable agreement with the photo- 
graphs reported in Part 1 of this study. A transition 
from a case (II) to a case (III) downstream con- 
figuration is predicted at a velocity of II,,, = 1.0 m s-‘, 
resulting in an upstream, an interior and a down- 
stream wetting front. At velocities greater than 
U,,, = 1.0 m s-‘, the downstream wetting front con- 
figuration follows case (II) and three wetting fronts 
are predicted. Smaller wavelengths were observed and 
predicted at high velocities, although there appears 
to be larger disagreements perhaps resulting from a 
greater difficulty in clearly discerning interfacial fea- 
tures. Nonetheless, the agreement is fair and supports 
the overall modeling approach, considering the com- 
plex nature of the interfacial waviness. 

The results of Table 1 provide some insight into 
many previously reported macroscopic descriptions 
of CHF. In a study of flow boiling from a short heater 
in a rectangular channel, Mudawar and Maddox [15] 

observed significant differences in CHF at high flow 
velocities as compared to low velocities. At low vel- 
ocities, U,,, << 2 m s-‘, a large vapor blanket seemed 
to engulf the heater surface at CHF, while at high 
velocities, Cl,,, >> 2 m s-‘, smaller, discrete blankets 
seemed to propagate along the heater surface prior to 
dryout. The present study proves the observed blan- 
kets are actually perturbations in the liquid-vapor 
interface. Low velocities produce large wavelengths 
which may engulf over one half the heater length 
(which was equal, 1.27 mm, to the heater used in the 
present study), taking the shape of a single blanket. 
On the other hand, higher flow velocities promote 
wetting in several fronts separated by relatively short 
wavelengths. 

5. CONCLUSIONS 

A new understanding of the CHF mechanism in 
flow boiling has emerged from near-wall microscopic 
observations of heater surface dryout. These obser- 
vations were employed in the development of a new 
theoretical CHF model. Key findings from the present 
study are as follows : 
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FIG. 6. Comparison of model predictions to experimental data of (a) CHF and (b) wavelength (21,). 

1. Bubbles which form at the heater surface 2. The CHF trigger mechanism is the separation of 
coalesce into a wavy vapor layer at heat fluxes well the liquid-vapor interface from the heater surface at 
below CHF. Hydrodynamic instability of the liquid- the location of the upstream wetting front due to 
vapor interface promotes the formation of wetting intense vapor effusion normal to the heater surface. 
fronts at points of liquid contact with the heater The upstream interfacial separation concentrates the 
surface. As the heat tlux approaches CHF, boiling heat removal from the remaining wetting fronts, caus- 
persists in the wetting fronts while the surrounding ing a catastrophic cascading separation of the down-. 
surface regions become dry. The distance between stream wetting fronts and acceleration of the heater 
consecutive wetting fronts and the propagation speed surface temperature excursion resulting from the 
of the wetting fronts can be predicted from classical ensuing dryout. The separation of the liquid-vapor 
instability theory coupled with a simple separated flow interface from the heater surface is a result of the 
mode1 of the vapor layer. momentum of the effused vapor exceeding the net 

Table I. Comparison of model predictions to experimental data 

urn 
(m SK’) 

%n.cxp 
(W cm-*) 

%lLmcdcl 
(W cm-‘) 

Measured 
wavelength 21, 

(mm) 

Number of waves 
touching heater Case 

surface number 

0.35 26.5 33.9 5.64 6.4 0.00 3.2 
0.50 33.0 34.2 4.6 6.1 0.10 3.1 
0.75 35.5 35.1 5.66 5.6 0.20 2.9 
1 .oo 37.0 36.1 4.67 5.1 0.30 2.7 
1.25 38.3 37.1 3.94 4.7 0.40 2.5 
1.50 40.3 37.6 3.02 4.4 0.50 2.4 
1.75 41.3 38.4 3.28 4.2 0.60 2.4 
2.00 40.8 38.8 2.50 4.0 0.65 2.4 

01) 

g:; 
(III) 
(1) 
(II) 
(11) 
01) 
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pressure force normal to the heater surface caused by 
the curvature in the wavy interface. 

3. The observed CHF trigger mechanism differs 
radically from the theory of dryout due to merging of 
vapor jets in the liquid sublayer [13]. In many ways, 
the present model captures several key macroscopic 
observations adopted by Kutateladze and Leont’ev 
[ 11 and Tong [2] in the development of boundary layer 
separation models. The present observations also lend 
validity to key assumptions in the Lee and Mudawar 
model [IO], such as the determination of the charac- 
teristic length of a vapor cluster and the role of vapor 
momentum normal to the heater surface in restricting 
liquid inflow toward the surface. However, unlike pre- 
vious models, the present mode1 possesses the unique 
attributes of predicting the detailed interfacial features 
of the wavy vapor layer, and of incorporating the 
conservation of mass, momentum and energy in the 
near-wall region in a theoretically-based treatment. 
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equation (A.2) serves to validate predictions of pressure drop 
between the two pressure taps used in the channel. 

The mass balance for a control volume extending over the 
entire channel cross section gives expressions for the liquid 
velocity. 

KH Ur=-- q= 
H-6 p,(H-b)(h,,+c,.,AT,,,) 

0 < z < L (A.3) 

UDH qL -- 
” = H-6 pf(H--g)(h,,+c,.,AT,,,) 

z 2 L. (A.4) 

Thus, two sets of equations are available expressing ug and 
lJr in terms of b. 
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APPENDIX A. SEPARATED FLOW MODEL 

q =! q* 
6 dh, + c,.rATld 

O<z<L (A.11 
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the vapor layer, Fig. A. I (a), and then for the entire channel Summing the pressure drop components across the entire 
cross-section, Fig. A. I(b), provides closure to the analysis. channel cross section, Fig. A. I(b), gives 
Summing forces and momentum fluxes over the vapor layer 
control volume shown in Fig. A. 1 (a) gives (A.6) 

-/h;U,sAr = Pds- P6+ ;- (P&AZ 
> 

s 

+~~sA;-r,(sAl+?dAz)-r,.~Ar-ppssA~. (AS) 
2 

Boiling at the heater surface from the stationary liquid 
sublayer does not contribute to momentum in the stream- 
wise direction since vapor is ejected normal to the heater 
surface. Also, for the low subcooling conditions of the 
present study, interracial evaporation had a negligible con- 
tribution to momentum transport in the stream-wise direc- 
tion ; therefore, the term ti:IUIsAz shown in Fig. A. I was set 
equal to zero. 

where 

dP -- 
dz o 

64.81 

dP 

--I [ dz ,, 
=; pl~(Ui(H-s,,+p~~(UjS) (A.9) 

z 1 
The vapor layer thickness is adjusted until the pressure 

drop for the vapor layer determined from equation (A.5) 
equals the pressure drop calculated using equation (A.6). 

Due to the large aspect ratio of the flow area for each 
phase, shear stresses rr and rp are modeled using friction 
factors Jr and J, predicted from the Blausius correlation, 

P6S +$(pg) SAZ 

PSS +&(pti) SAZ 

$ufss ’ P6S 

(4 

I= W - 6) S +%(P (H - 8)) s AZ 

I 

qU:W)s +&&H-6))sw 

-------___ _ 

4 f 

1 
I 

q(s+: -* * !(h -a) J AZ 

(b) 
FIG. A. I. Separated Row control volume for (a) vapor layer and (b) full channel cross-section. 
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FIG. A.2. Comparison of separated flow model predictions and experimental data for (a) total pressure 
drop, (b) mean vapor layer thickness, and (c) relative velocity. 

/= 0.0791/Re;“S. based on the hydraulic diameter of each 
respective layer. 

Tr = jhprlll’ (A.10) 

5% = :/,p,u;. (A.ll) 

The interfacial shear stress, T,, is modeled using an inter- 
facial friction coefficient, ./;. and the velocity difference across 
the interface. 

5, = :P,j;(Ll,-u,)‘. (A.13) 

Levy [21] introduced a friction factor correlation for a 
wavy vapor-liquid interface in vertical annular flow. Based 
on the mean distances of the interface from the wall measured 
in the present study, Levy’s correlation gives /; values 
between 0.2 and 0.4. Mudawar [22] measured a friction factor 
of 0.2 for air flow over a solid sinusoidal wall having an 
amplitude to wavelength ratio of 0.37. There is, therefore, 
some uncertainty in estimating the interfacial friction factor 
for the flow conditions and shape of wave described in the 
present study. However, good agreement between the pre- 
dicted and measured pressure drop was achieved using 
/; = 0.5 which is higher than the two estimates perhaps due 
to intermittent contact of the interface with the wall. The 
frictional pressure drop contributes about 40% of the pres- 
sure drop in the vapor layer at a mean inlet velocity of 1.0 
m s-‘. Judging from the strong influence of the interfacial 

friction and the good agreement with the data, Fig. A.2, the 
value of 0.5 is recommended for conditions similar to those 
of the present study. It is important to point out that this 
value was determined from pressure drop data measured at 
fluxes smaller than CHF. and has no bearing on the deri- 
vation of the other sub-models used in predicting CHF. 

APPENDIX B. SURFACE ENERGY BALANCE 
FOR DIFFERENT DOWNSTREAM WETTING 

FRONT CONFIGURATIONS 

Downstream surface energy balances are written for the 
three cases shown in Fig. 2 assuming the heater length is 
sufficiently long such that wetting front n- I does not contact 
the upstream continuous wetting zone. This limitation will 
be relaxed later for short heaters. 

Figure B.1 shows the downstream wetting front propa- 
gation for case (I), $ < bl,. The heat transferred to wetting 
fronts n and n- I during one wetting period, r, can be 
expressed as 

= q,($+l/261*-c,r)dl 
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n 
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FIG. B. I. Positions of downstream wetting fronts during period T for case (I), J/ < bl,. 

s’ s IIT- I + Odrf q,W*) dr 
contacted neither the upstream continuous wetting nor the 
trailing edge during period r) and the downstream wetting 

Ill 0 fronts. Accounting for the overlap in the continuous wetting 

+ 
s 

~,~_~q,[b~*-c,(~-~,,-,)ldf 
zone, the heat transferred to the first wetting front is given 

by 

= :(21/b& +461f). @.I) 

For short heaters, wetting front n-1 overlaps the 
upstream continuous wetting zone and the downstream 
energy balance, equation (B.l), must be modified by sub- 
tracting the term 

Long heaters are those having at least three wetting fronts 
centered on the heater surface for case (I) and at least two 
wetting fronts for cases (II) and (III). The surface energy 
balance is modeled by summing the heat dissipated from 
the first wetting front, the interior wetting fronts (which 

= E (461; - ; b’l:). (B.3) 

Each of the interior wetting front has a constant wetting 
length and the heat dissipated during period T is equal to 4b 
k%,lcr. 

Surface energy balances similar to those of case (I) can 
also be derived for cases (II) and (III). Table B. I summarizes 
the surface energy balances used to model CHF for both 
short and long heaters. Details of the derivations of these 
relations can be found in ref. [23]. 

Table B. 1. Summary of critical heat flux relations for short and long heaters for which z* < L 

Case (I) 
# < 61, 

Case (II) ’ 
bl, < $ < (2--i+& 

Case (III) 
(2 - b)l, < + < 21, 

n=2 n=l n=l 

Short heaters qm = 
{2q?bl,+462:-$b’1,2} 

(L-z*)(21,) q’ 
{2$bl,-+b21:} 

qm = (L-z*)(22,) q’ 

{2~bl,--~b2A~} 

qm = (L-z*)(21,) q’ 

n>2 IZ>l n> I 

Long heaters q,,, = {461:-;b*c+((n-3)462: q,,, = {4bl;-+b21:+(n-2)4bAf qm = {4bbn:--1,b2,1:+(n-2)4bl; 

+‘WA+4W (L-z:)(2i;,) 


