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Abstract--Observations of stationary subcooled nucleate boiling with forced convection in a glass-pipe 
at a pressure of 0.1 MPa lead to a new interpretation of the superheated liquid state wetting the heated 
wall. This interpretation applied to the rules of linear non-equilibrium thermodynamics results in 
framework equations with non-linear heat transfer as indicated by several empirical correlations. 
Momentum balances at the singular surfaces of a bubble have been combined with a sonic limit for the 
mass transfer through the interfaces serving as a maximum condition with respect to heat transfer (DNB). 
The calculation predicts the corresponding wall temperature from properties of state without using 
empirical coefficients and therefore must be valid independent of coolants' geometries and surface 
conditions. Documented measurements at pool boiling, forced and free convection with cryogenic liquids, 
water and liquid metals emphasize this if data are properly selected corresponding to the precondition 
that void fraction remains low. 

Key Words: nucleate boiling, thermodynamics of irreversible processes, superheated liquid, thermo- 
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1. I N T R O D U C T I O N  

Flow boiling has been investigated for more than forty years and has been mainly supported by 
special interest in chemical processing and energy engineering. In particular, nuclear energy has 
enabled the submission of arbitrary heat fluxes to a channel with boiling flow. Economic interest 
in generating maximum electrical power with compact heat exchangers presents a new problem. 
It has been observed that the heat transfer surface suddenly dries out when a maximum heat flux 
is to be transferred. The vapour covering the heat transfer surface then hinders the heated wall to 
be cooled by the flowing liquid and thus the temperature rises rapidly and may destroy the flow 
channel. For this reason, special knowledge about these boiling phenomena is required in order 
to minimize the risk of such accidents. 

Numerous correlations have been obtained over the last few decades to predict the heat flux 
transferred during flow boiling as well as the maximum heat flux (i.e. the so-called critical heat flux, 
CHF). Various improvements to the boiling correlations have been thoroughly checked by Celata 
et al. (1986) and Hahne et al. (1989). Critical heat flux has been studied recently by Weber (1990) 
using excellent experimental facilities. All these empirical results show arbitrary complexity 
dependent on selected, previously investigated flow parameters. Analytical results obtained without 
using empirical coefficients are very scarce, e.g. Zuber (1958) predicting critical heat flux during 
pool boiling on a horizontal plate, Spiegler et al. (1963) predicting the wall temperature during 
minimum heat flux (i.e. when the heat transfer surface is just completely dry) and Hewitt & 
Hall-Taylor (1970) predicting the dry-out limit from a balance of liquid mass wetting the heat 
transfer surface during annular flow. 

Two idealized flow characteristics can be distinguished during boiling however. At low void 
fraction single bubbles appear surrounded by a continuous liquid phase flowing through the 
channel which is called nucleate boiling. With maximum heat flux the bubbles start to accumulate 

tThis study deals with a single aspect of the Ph.D. thesis by Schroeder-Richter (1991). 
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at the heated wall. This situation is called departure from nucleate boiling (DNB) and leads to 
inverted annular flow with a thin film of  vapour covering the heated wall while the centre of the 
flow channel is still filled with liquid. 

If the void fraction increases, the opposite occurs and the bubbles accumulate in the centre of 
the flow channel. In this case, the heated wall is covered with a thin film of liquid while the flow 
channel is filled with vapour (annular flow), which may carry some droplets of liquid. At maximum 
heat flux the liquid film dries out, i.e. its mass flow along the channel approaches zero (Hewitt & 
Hall-Taylor 1970). 

At intermediate void fraction, the two flow patterns do not change distinctly but show some 
overlapping characteristics such as slug flow, churn flow, wispy-annular flow, etc. However, the 
present study does not try to describe the heat transfer characteristics corresponding to all of  the 
possible flow regimes. Restrictions are still necessary to reduce the number of relevant parameters 
so that they become surveyable using analytical tools. 

Recent literature (e.g. Groeneveld & Snoek 1986) has indicated that boiling phenomena show 
minor dependences on flow parameters during fully developed nucleate flow boiling. These results 
might justify the development of  an idealized analytical model which can be applied at low void 
fraction (i.e. bubbly) flow boiling.t 

As a very long period spent investigating the phenomena of flow boiling has led to only a few 
analytical results, it seems reasonable to consider some basic assumptions, which might be wrong 
even though they are generally accepted. We concluded the strong influence of apparent flow 
characteristics on boiling heat transfer and thus it is obvious that some hydrodynamics should be 
recalled. 

From hydrodynamics we know that during laminar single-phase flow with rotational symmetry, 
constant pressure can be assumed over the cross section since secondary flow phenomena will not 
occur. In contrast, two-phase flow is mainly characterized by the occurrence of  distinct secondary 
flow. A considerable momentum transfer can be caused by phase transitions which are due to the 
differences of both liquid and vapour densities. Hung (1979) has shown from the laws of 
non-equilibrium thermodynamics, that a corresponding pressure difference has to be taken into 
account for model development. 

Despite this fact, constant pressure is usually assumed, since this mechanical non-equilibrium has 
not yet been detected by measurement. Using direct methods of  pressure measurement, phase 
transition is completely hampered by the measuring instrument exactly at the position where the 
measurement is to be performed. On the other hand, the unknown pressure is not a parameter of 
hydrodynamics alone, but is also a property of the thermodynamic state. It is clear that the validity 
of any boiling model hinges on assumptions about which thermodynamic properties might prevail 
in vapour and liquid. Since the pressures are not measured (i.e. neither non-equilibrium nor 
equilibrium is verified) any of the assumptions are reasonable as the results of the models indicate 
proper predictions. 

2. BASIC STEPS IN THE D E V E L O P M E N T  OF A NEW MODEL 

The present model is based on a new hypothesis for the thermodynamic state of the liquid wall 
layer near the heated surface. The new description of state is developed according to some 
observations during bubbly flow boiling. With that information we deduce a phenomenological law 
for heat transfer during fully developed nucleate flow boiling (i.e. bubbly flow) which is based on 
the thermodynamics of irreversible processes. This is not done to create a new correlation for 
boiling heat transfer, but to further emphasize the basic assumption about the thermodynamic state 
of the liquid wall layer. Finally we use the balance of momentum for a single bubble and some 
additional assumptions to conclude analytically that DNB occurs at a special property of state for 
the liquid wall layer, which can be solved for the temperature of the heated wall. 

For verification we simply show that the framework of  the new phenomenological law 
reconstructs empirical correlations and that it could be combined with the model predicting the 

~This bubbly situation alone is called nucleate boiling in the following. 
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wall temperature at DNB when the critical heat flux is to be calculated. More work could be done 
to correlate the heat fluxes but the purpose of this study is to demonstrate the direct consequences 
of assuming a pressure excess in the liquid wall layer which is a fundamentally new hypothesis and 
thus shall be considered in detail here. This is performed when the analytical DNB prediction 
(without empirical coefficients) is verified using documented measurements for various fluids from 
cryogens up to liquid metals. 

First we summarize some macroscopic aspects of the linear thermodynamics of irreversible 
processes which emphasize the analytical structure of phenomenological laws in contrast to 
empirical correlations assuming power laws without physical argument, except that the underlying 
law must eliminate all dimensions. 

2.1. Some basic aspects to correlate irreversible processes 

A typical discontinuous model (lumped body model) can be created when separating a 
thermodynamic system into several sub-systems which are assumed to be at thermodynamic 
equilibrium themselves. Thus, irreversible generation of entropy is possible only by exchange of 
quantities, e.g. mass, energy (which are called thermodynamic fluxes Jg, i = 1 . . . .  , n), across the 
boundaries of the sub-systems. If we calculate the production of entropy for the total of all 
sub-systems 

= ~ J,x, >I 0, [1] 
i= l  

we see that the fluxes contribute as linear combinations to the entropy generation, ['1. The weighting 
coefficients X~ are not arbitrary but result from the balance of entropy. They represent the 
differences of some thermodynamic potentials between the sub-systems and are usually called 
driving forces. Basic assumptions in the thermodynamics of irreversible process are, that all of the 
fluxes can be understood to be unknown functions of all driving forces 

4 = f (X ,  . . . . .  X,) [2] 

but these functions are assumed to be continuous around Xk = 0 (k = 1 . . . . .  n) and to all have 
partial derivatives with respect to Xk (i.e. continuous fields are only assumed). The driving forces 
Xk are assumed to be small (Xk <~ 1).t 

Taylor approximations of the functions f can then be developed 

J,=I, 0 . . . . .  0 ) +  f ,  t31 
k =I ~ X k / X I  ,....X n = 0 

where the terms of higher order show the powers of the small driving forces which can be ignored 
with respect to the first order terms. Additionally all fluxes J~ disappear at thermal equilibrium, 
i.e. 

f~(0, . . . ,  0) = 0. [4] 

The partial derivatives 

of, 
L,k = dXk [51 

are usually named phenomenological coefficients. According to the Taylor series [3] they 
are independent of fluxes J~ and forces Xk. From [3], [4] and [5] we have the phenomenological 
law 

J~ = ~. L,kX~, [61 
k = l  

tThis assumption holds with very few exceptions for all engineering applications, e.g. X k may be the difference between 
temperatures related to absolute temperature and is small for conduction heat transfer but large for radiation heat 
transfer. 
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which explicitly shows the dependence of fluxes J~ on all forces Xk. However, the thermo- 
dynamics of irreversible processes does not determine the phenomenologicai coefficients, which 
may depend on anything else other than fluxes and forces. Some restrictions are known but 
they are not of relevance here. The interested reader will find them in textbooks on thermo- 
dynamics. 

All of the phenomenological coefficients that still remain unknown may, of course, be correlated 
using Buckingham's H-theorem (which is not carried out here), but the development to [6] shows 
slightly more information than could be found using the dimensional analysis directly, e.g. the 
fluxes are expressed as linear combinations by [6] which are not arbitrary as with the products with 
powers of the dimensionless groups from the classical Buckingham method. Thus [6] can serve as 
an analytical framework for predicting heat transfer relations. The dependence of heat flux on wall 
superheating can be solved explicitly. 

Before applying [1] to entropy production during nucleate flow boiling however, it is 
necessary to analyse the thermodynamic sub-systems and to describe the properties of state 
for each of them. A new hypothesis for the superheated wall layer is based on some 
observations. 

3. OBSERVATION AND INTERPRETATION OF NUCLEATE BOILING 

Investigations of Michel (1984) and Jansen (1988) dealt with stationary sub-cooled nucleate 
boiling with forced convection of water flowing at atmospheric pressure through an annulus which 
consists of a heating rod inserted concentrically into a glass-pipe. A high speed camera has been 
used for observation and documentation. It has been observed that: 

(1) vapor bubbles move with considerable radial velocity from the heating rod into the 
subcooled liquid and 

(2) the whole surface of the heating rod is wetted during nucleate boiling. A liquid microlayer 
is located even under the base of each bubble. 

Our conclusions are: 

(1) The radial velocity of the bubble is induced by the pressure Pw at the heated surface, which 
is higher than the bulk pressure Pb in the centre of the flow: 

(2) 

Pw > Pb. [7] 

The recent assumption of constant pressure over the cross section rules out a new problem: 
"The temperature of the wetting liquid should be identical to the wall temperature of the 
heating rod which lies above the saturation temperature corresponding to Pb and should 
therefore describe a vapour state". A metastable thermodynamic sub-system is usually 
proposed to explain the liquid wall layer (Spiegler et al. 1963). However, upon inspecting 
the classical literature by the discoverers of metastable states (Berthelot 1850; Meyer i 911), 
we find the observation that metastable liquids are converted immediately into stable 
equilibria of vapour and liquid if small fluctuations of pressure occurred. In fact, 
considerable turbulence occurs during the boiling process and we can therefore summarize 
that a metastable sub-system cannot survive at steady-state conditions. Consequently, 
we replace the assumption of a metastable state by postulating a mechanical non- 
equilibrium in the sense of [7]. Wetting of the heating surface is only possible if the surface 
tempeature Tw is smaller than or equal to the saturation temperature Ts, which is 
determined by Pw 

Tw <~ T~(pw). [8] 
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To define a liquid state a considerablet mechanical non-equilibrium [7] will correspond to [8]. 
The equation of state combined with the equation of Clausius-Clapeyron specify for an ideal gas: 

1 
P'>~pbexp{~-[T~pb) Twl}' [9] 

where hLG is the enthalpy of evaporation, M is the molar mass and R is the ideal gas constant. 
Boiling occurs close to the microlayer at the base of the bubbles. Therefore the thermodynamic 

state of the microlayer has to be close to the line of liquid saturation within the diagram of state. 
Then inequalities [8] and [9] can be transformed into equations. Zuber (1958) and Chen (1963) even 
made use of such a pressure difference to correlate boiling heat transfer but it has not been analysed 
in the present sense. 

3.1. Pressure excess from the background of non-equilibrium thermodynamics 
In the case of a small thermal non-equilibrium, heat will be transferred by convection only, i.e. 

entropy production Ji XI consists of heat flux times temperature excess alone. In the case of intense 
heating with increasing heat flux, other heat transfer mechanisms (e.g. mass flux of evaporation 
associated with pressure excess) become more important. The growing influence of mechanical 
non-equilibrium (boiling) decreases the total entropy production E JiXi by a reduction in the 
thermal non-equilibrium XI (at a given total heat flux and thus reduced convection heat flux J~ ). 
On the other hand, the elevated pressure at the heated wall will tend to minimize the evaporation 
(by elevating the saturation temperature) in agreement with the moderation theorem by Braun 
(1887) and Le Chatelier (1888). Using the modern approach we could argue that the total entropy 
production ~ JiXi reaches a minimum if the pressure excess [9] is not elevated above the value which 
is necessary to describe a stable liquid state (i.e. saturation). This is in agreement with the principle 
of minimum entropy production by Prigogine (1947) which generalizes the classical moderation 
theorem. 

It is a well known fact of non-equilibrium thermodynamics, that thermal non-equilibria (e.g. heat 
supply) may evoke mechanical non-equilibria (e.g. pressure excess). Such phenomena are usually 
referred to as thermomechanical effects. From the previous analysis we postulate that a thermo- 
mechanical effect is present and some interesting consequences may serve as indirect proof of its 
occurrence. 

3.2. Consequences for the macroscopic model 
The model of separated flow has been modified to analyse the non-equilibrium process. 

In general this model consists of the three-dimensional sub-systems for vapour (g) and liquid (b). 
The saturation temperature of the vapour is Tg= Ts(pg) at the pressure Pg=Pb" The liquid 
temperature is Tb~< Ts(pb ). Our results suggest that we should now introduce an additional 
two-dimensional sub-system for the superheated:~ wall layer (w) in analogy to Ulrych (1976) but 
at a pressure which is simultaneously elevated to such an extent that its saturated temperature is 
Tw = T~(pw). Mass and heat capacity are insignificant (figure 1). Each of these three sub-systems 
is supposed to be in thermodynamic equilibrium (lumped body model). Therefore the specific 
parameters, such as entropy s, enthalpy h, free enthalpy p and volume v = l/p as well as the 
parameters of state T and p are properly defined. Non-equilibrium processes (i.e. heat flux Q' 
and mass flux rh' per unit length) are only possible across the boundaries of the sub-systems: 

t in  section 6.1 it will be shown that the wall pressure Pw can reach up to 4.33 times the bulk pressure Ph (in the case of 
one-atomic coolants at DNB). On the one hand, this pressure difference is large compared to capillary pressure excess 
and justifies ignoring the latter, which until recently was the only contribution that had been c o n s i d e r e d .  On the other 
hand, it is difficult to imagine how the pressure excess could reach these large values. Verification of this assumption 
can be given indirectly, when comparing the results of our whole theory with empirical information and thus it penetrates 
all of this study. Further emphasis of this hypothesis by various proofs has been given by Schroder-Richter (1991). It 
may be of particular interest to compare the measurements of the Leidenfrost temperature with predictions using the 
hypothesis of metastable superheating for the wall layer as originally proposed by Spiegler et  al. (1963), and with a new 
prediction starting from the present hypothesis which has been performed by Schroder-Richter & Bartsch (1990). An 
extension to transition boiling has been performed by Huang et  al. (1994). 

:~Of course, this sub-system is not "superheated". Despite this fact, we will use some classical expressions in which we 
abbreviate the phrase "saturated at elevated pressure" in order to make the article easier to read. 
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heated wall 

wall layer, Tw = T, (p,,) 

vapour filled section. T~ = T s(pg = Pb ) 

Q liquid filled section, T b.pb 

/ 

/ / / / l k  

/ 

dz 

[~ convection 
evaporation 

Figure 1. Macroscopic model of nucleate boiling. 

condensation 

evaporation (subscript v), convection (subscript k) and condensation (subscript c); input heat flux 
(superscript +), output heat flux (superscript - ) .  

4. NON-EQUILIBRIUM THERMODYNAMICS AND THE CONSEQUENCES 

The production of entropy [1] results from a balance of entropy. Linear non-equilibrium 
thermodynamics makes use of the equation by Gibbs and Duhem which has been adapted for open 
systems by de Groat & Mazur (1963): 

zd(~hs) d(rhh) d,,h m dp [10] 
dz = dz # dz p dz '  

where ~h without the prime designates the total mass flow through the cross section of the flow 
channel. Using the first law of thermodynamics for the gradient of total entha|py flow 

d(,.h)dz '" (mdp ) = e  Ill) 

and ignoring dissipation via friction ~ '  we find the gradient of total entropy for each sub-system 

~¢, d O' # .  [121 

where the heat fluxes O' and mass fluxes ~t' result from the balances: 

wall  (w): . ~  = ra~ - m : ,  O~  = O'  - 0 ; -  - 0~-; 
vapour (g): rh~ = m;--  rh~, O~ = O~+ - O'-~; 

liquid (b): n~, = n~j - rh~, O~, = O~ + + OJ+. 
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4. !. Definition o f  the heat  f l uxes  

Heat fluxes depend on further definitions related to the enthalpy constant if open systems are 
considered, cf. Muschik & M ueller (1983). The following relationships established input and output 
heat fluxes by definitions. 

Reversible evaporation (v) is assumed in the superheated wall layer. Then the output heat flux 
is given by the first law for reversible processes, keeping in mind that the vapour produced has 
been assumed to be depressurized from Pw to pg: 

where PG designates the density of saturated vapour at any given pressure. Using the equation of 
Clausius-Clapeyron 

dp hLG 
d T -  T(VG -- VL)' [14] 

(where G and L designate the saturated vapour and liquid state) to substitute the integral of 
pressure by an integral of temperature, based on the definition Q~ = Q'v + = rh'hLG we get: 

• [ rj] dr] [ 
Q ; - = r h v  hLG+ hLG~-- = 0 ;  l + l n  . [151 

Since the specific volume of liquid is small we ignore the mechanical work done to pressurize the 
liquid during recirculation to the wall layer after the bubbles have detached from the wall and we 
have: 

O~, = Q~+ = O{,-; O; = O;+ = O;-  = rh;hLG [161 

where condensation was assumed to proceed at constant pressure. 
With the sum of entropy gradients in the sub-systems: 

~¢' = ~¢w + ~¢; + ~¢~, = ~ + f~ [171 

and [12] for each of the sub-systems the total gradient of entropy consists of an external supply 

0' 
= - -  [181 

Tw 

and an internal production 

[ ,  l(l ,:.w . :  l 

[' '1 ,r.w - - m k  - - - - - -  • [ 1 9 1  +0 rb L ru] 
which must be positive according to the second law of thermodynamics. Now the source of entropy 
is written in a similar form to [1]. The fluxes Ji can be easily identified as heat fluxes and mass flux, 
whereas the driving forces may be rearranged to show their dependence explicit upon thermal 
non-equilibrium rather than specific free enthalpy. 

4.2. Definition o f  the driving forces  

The following considerations explain the enthalpy constant h0 for the calculation dt(l~/T) with 
(1~ - P,o) = (h - ho) - T ( s  - so). In principle, the definition of h0 is arbitrary, but it needs to agree 
with the definition of heat fluxes (Muschik & Mueller 1983) as Q'+ = rh(,(h6 - h0) = rh;(hkG) and 
(~'~- = rh'~(hG - ho). Ignoring conduction in the vapour phase (i.e. the vapour rests at saturation) 
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the definition h0 = hL(Tg) fulfills this precondition (Schroeder-Richter 1991). We then have from 
the ideal gas approach using the isobaric heat capacity Cp: 

= Tw T~ - (sL(rw) - so(r,)) 

--hLG(Tw) + Cp(Tw-- Tg) + hLG(Tg) hLG (Tg) 
r~ r, 

(Tw) R ln(Pw~ ' - (SL(T. ) -so(T~))-cpln  -~g +~. \Pg} 

which can be rearranged using the Clausius-Clapeyron equation [9] and hLG = T(sG- SL): 

/lw ~ Cp Tw- T~ 

[20] 

[21] 

m'uk ~, ) +Yt-~T-~ ) J' [241 
where Q'v, Q~, O~ and (-rh~) are addressed as fluxes Ji and the factors in brackets are the 
conjugated forces At,. according to [l]. A phenomenological law of heat transfer between the 
sub-systems can be obtained recalling the development to [6]. 

L r l (  l coVrw- + L 1 1 

L [- 1 [ T g -  Tb'~ c, / T g -  Tb'X21 / + L24[ ] 

)1 [ '] L rl  ( 1 cp~(Tw-- T, 1 -Tww Q[ = 31L-7 \Tw'-- + hLm,]\ Tg + L32["" "] + L33 Tb at- L34[' ' '] 

~ i-cp/r.- r,y cL/T,- rbV7 
( - - r h k ) = L 4 ' l ' ' ' ] + L ' 2 t ' ' ' ] + L 4 3 t ' ' ' ] +  ' ~ l _ 2 t ~ )  +5-1 , ,~ )  J [251 

Here we are interested in the wall heat flux alone 

O;+G 
q = Ph [26] 

In a similar way using the heat capacity CL for the liquid, we obtain: 

-Tb 
(~g -~b) = cLITg ~b l n ( ~ ) ] .  [22] 

Next [19] shall be rearranged to use [6] for the law of boiling heat transfer. 

4.3. The phenomenological law of heat transfer 
Now we use Taylor's series developed up to the second term 

l n ( ~ )  TA-- Ta ,(TA-- Ta~ 2 [23] TB ~ \ T B J  

(letting A and B be arbitrary) to approximate the logarithmic expressions of [19], [21] and [22], 
which leads to the final representation of the entropy production during the irreversible process 
of flow boiling: 
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where Ph is the heated perimeter of the flow channel. Thus we arrive at the phenomenological law 
of total heat transfer: 

where 

1 
q = B(Tw - Tg) 2 + K(Tw - Tb) + 'a" [(L,2 + L,2)X2 + (L,4 + L3,)X41, 

/'h 
[271 

B = (LI~+L3I)[" 1 cp'X K (LI3 + L33) 
2Ph T~ ~-Tww + ff~La) ' Ph Tw Tb ' 

are new coefficients independent of fluxes and forces. 
This law should be valid for boiling with forced convection between both onset of and departure 

from nucleate boiling, as far as our assumptions hold. Particular attention should be paid to the 
assumption of a saturated wall layer at elevated pressure (i.e. as far as the void fraction remains 
low). Passing through the analysis [13] and [15] or [20] and [21] and keeping in mind [23] to convert 
[19] into [24] and [25] we see that the non-linear coupling of heat flux q with wall superheat 
(Tw- T~) results from the mechanical non-equilibrium alone. The driving force of boiling is 
X~ = BPu/(Lll  + LxI)(Tw- Tg) 2. It can be easily seen from a similar analysis that the classical 
assumption of constant pressure leads to linear coupling between q and AT according to Newton's 
law of cooling at constant heat transfer coefficient which is known to hold at single-phase flow 
alone. We recall the development to [6] as a demonstration that the phenomenological coefficients 
Lik may neither depend on q nor on (Tw- Tg). 

4.4. Comparison o f  the boiling analysis with empirical knowledge 

Thermodynamics of irreversible processes is usually applied with the final fitting of the 
phenomenological coefficients to empirical information. This could lead to new correlations of 
boiling heat transfer, but this comprehensive work deals with data inspections far away from the 
purpose of this study. For the interested reader it should be mentioned that the influence of mass 
flow on boiling heat transfer is related to the dissipation by friction ~u' in [11], which had to be 
restored to the balance of entropy if an adequate phenomenological law is analysed. In fact, flow 
boiling is a complex phenomenon and can be governed by several parameters apart from those 
selected here. 

As mentioned above, we will concentrate on the effect of mechanical non-equilibrium on the 
power of the wall superheat. This describes the boiling heat transfer at forced convection if the 
void fraction remains low. In this case, in particular, the correlation by Thorn et al. (1965) is 
recommended by Groeneveld & Snoek (1986) for water and by Celata et al. (1986) for refrigerant 
R I2. This correlation readily compares with the phenomenological law [27], if 

and Thorn et al. (1965) have obtained: 

B --- 1970m--~SK2ex p 4.3i~,IPa " 

The second power of the wall superheating has been determined empirically and agrees with the 
analytical result [27], but it has not been generally accepted. Most of the flow boiling correlations 
indicate higher exponents (which conflict with the hypothesis of constant pressure as well, since 
we obtained Newton's law in that case); e.g. Tong & Weisman (1979) mentioned that Thorn et al. 
(1965) used a database with low heat fluxes whereas the higher exponent could be valid close to 
the critical heat flux. This is credible, since these high heat fluxes usually suggest that a high void 
fraction could be produced as long as other flow parameters such as high sub-cooling, high flow 
rate short flow channel etc., do not compensate for this effect. In the case of high void fraction 
the flow regime is annular and thus outside our model assumptions. 

In most of the practical cases the true void fraction is unknown and thus not listed with the 
numerous correlations and data of the literature. The data mentioned above by Thorn et al. (1965) 
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have been obtained and combined with measurements of void fraction using a gamma densi- 
tometer. Their results indicate low void fraction for most of the data. 

Next we consider the correlation by Chen (1963): 

q = SB~(pw - pg)°75(Tw - Tg) 'z* + FK¢(Tw - Tb), 

0.79 - 0.45 _ 0.49 ~ 0.25 
kL CL PL g 

Be = 0.00122 .0.5. 0,29L0.24^0.24 ' 
q L  n L G P G  

k L  R e  °'8 P r  ° 'a,  [28] Kc = 0.023 dhh 

where kL, g, o', r/L , dh, Re and Pr designate heat conductivity of liquid, acceleration due to gravity, 
surface tension, dynamic viscosity of liquid, hydraulic diameter, Reynolds number and Prandtl 
number, respectively. The boiling suppression factor S and the Reynolds number factor F can be 
read from diagrams by Chen (1963). This correlation holds for flow boiling of water, methanol, 
cyclohexane pentane, heptane and benzene, but was suggested at saturation (Tg = Tb) alone. Thus 
we have rearranged the original superposition of heat transfer coefficients by Chen (1963) 

q O;IPh (2£17  
r w -  r b -  r w - ~  4 T w -  rb 

into a superposition of heat fluxes [28] which compares with the formalism of [27]. 
Note that a simple superposition of heat transfer coefficients during pool boiling and single-phase 

convection makes use of the unjustified assumption of disappearing cross coefficients L13 and L3j 
in [25] and [27]. Instead of adding the overlapping effects Chen (1963) introduced the correction 
factors. 

An interesting fact may be that Chen (1963) uses the difference of saturation pressures 
corresponding to T, and Tg to correlate the boiling heat transfer even if it is explained in a 
somewhat different way. If we linearize [14]. 

Pw - P, hLG 
Tw - Tg T(VG -- VL) 

to substitute the pressures of [28] by temperatures, we readily rediscover our analytical result [27] 
with 

/ h L  G "~0.75 
B = SB¢I  - -  , K = FKc [29] 

\T( o - 

At low void fraction the thermodynamic equilibrium quality is very small and we read from the 
diagrams by Chen (1963) that F approaches one and thus S is a constant depending on the 
Reynolds number, i.e. F and S are independent of heat flux and temperature differences as 
requested for the phenomenological coefficients L~k of [6]. 

Further comparisons of [27] with empirical information have been performed by Schroeder- 
Richter (1991). These showed that the exponent of the wall superheat approaches two if the 
underlying data or correlations clearly indicate low void fraction and the exponent tends to be 
higher if the true void fraction is high or unknown. It should be mentioned that an honorable data 
analysis by Cooper (1989) did not result in sufficient measurements of nucleate flow boiling to 
clearly indicate whether two or three is the correct exponent, but he preferred three. Bartsch et al. 
(1990) made a first attempt to explain the exponent three for pool boiling based on the present 
analysis. 

The thermodynamics of irreversible processes does not necessarily determine that the coefficient 
B is of finite value. It is possible that Taylor's series [3] starts with second or third order terms. 
Thus higher exponents than two for the wall superheat are not strictly excluded by our theory. The 
analysis mainly shows that the exponent is not o n e / O f  course, the remaining statement is not new, 
but the present analysis seems to be the first attempt to explain the non-linear law of heat transfer 
using analytical tools alone. This in turn, emphasizes the postulated mechanical non-equilibrium 
and is referred to in our comments following [27]. 
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Here we interrupt the discussion and postulate again that the mechanical non-equilibrium 
(p,, - p g )  as described above will prevail up to DNB. It seems to be of  particular interest to apply 
the balance of  momentum to the interfaces of  a single bubble and to analyse which consequences 
will be indicated, if the pressure difference is large. 

5. BALANCE OF M O M E N T U M  AND DNB C O N D I T I O N S  

Photographs of the boiling process taken with a high speed camera show, for a growing vapour 
bubble at heat fluxes close to DNB, that 

(1) initially the bubbles are not shaped hemispherically as observed at lower heat fluxes, but 
are shaped like a coin with flat interfaces both at the bottom close to the heated wall and 
at the top; 

(2) between the heated wall and the bottom of  the bubble there is a thin liquid microlayer 
which rests at the heated wall without visible deformation; 

(3) the top of the bubble spreads in a shape like an umbrella and grows into the flow rapidly; 
(4) when the bubble reaches the shape of a hemisphere the base is laced and the bubble 

detaches from the heated wall like a mushroom. 

5.1. Microscopic model and balance of momentum 

The first observation suggests a new model of one-dimensional parallel flow (normal to the 
heated wall) at constant velocity wr (lumped body model). Assuming that within the microlayer 
(w) between the heated surface and the vapour (g) of each bubble there is a motionless liquid 
(w, = 0), the steam produced moves away from the microlayer within the velocity wg in accordance 
with figure 2. The interface (I) moves at the velocity w~ < 0 towards the heated surface. Therefore 
the steam can be considered to move at a velocity wg I = w s -Wl ,  if measured relative to the 
interface I. 

The interface (II) at the top of the bubble is directed towards the centre of  the fluid. Thereby 
the covering liquid (t) is pushed away at a lower speed wt < Wll if evaporation can be assumed in 
the interface (II). This motion is a secondary flow and considered to be a free-jet with respect to 
the liquid bulk flowing axially through the channel, since it is distinctly governed by thermally- 
induced evaporation rather than an arbitrary turbulent vortex. The static pressures are H,,,/-/g and 
/-/t in the microlayer, the steam and the turbulent jet on top of the bubble, whereas the pressures 

surtace I of bubble ~. = Wl < 0 

~ ]  m i c r o l a y e r /  . . . .  
~--~ liquid / vap°ur 

k\ l , . : o  / w.:w, 

k ' ~  ordinates l ~ w, 
I'~.%1 of radial ~- ~ w~ Wz 
' ~ t  velocities 

Tiw Tig 

surface ff of bubble 
W r = W H 

superheated liquid 

w r =wt 

- -  - - -  e,~Wn 

l=i W t 

W ; j  :_.-I Wg 

_ _ ~ w 9] 
,-,-,--I 

gw = v3Tw ) 

Tit 

subcooled 
liquid 

Wr = 0  

axial 
flow 

1 9b: ~ )  

Pb 

Figure 2. Microscopic model of an initially flat bubble at high heat fluxes. Velocities of sub-systems and 
interfaces. 
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in the sense of thermodynamic properties of  state are designated by pw, pg and Pt, respectively. 
Prigogine (1947) has shown that it is necessary to distinguish these definitions of pressure, if 
sub-systems are moved at different velocities and we will see what this means when advancing 
through this chapter. 

Using these definitions we can write balance equations which are valid at the interfaces. Noting 
that no gradients exist via the singular surfaces, these balance equations are usually obtained as 
jump conditions which are based on the hypothesis that conserved properties as mass, momentum 
etc. will disappear from one side of the surface at the same rate as they leave at the opposite side, 
as long as the surface does not store this property, e.g. Mueller (1985). For the mass fluxes m" 
passing the interfaces we obtain: 

rni '  = pw(ww - w , )  = p~(w~ - w~), 

--/'Y/i'1 = pg(Wg - -  Wll ) = p w ( W t -  WII), 

[30] 

[31] 

where the thermodynamic states of  both the liquid microlayer (w) and the liquid free-jet (t) 
are taken to be identical since we consider the situation according to our first observation 
immediately, i.e. when both the liquid systems have lost thermal contact. At this moment the 
driving forces across both of the interfaces are still equal and it seems reasonable to assume equal 
fluxes as well: 

rn 'x' = rh ',',. [321 

More attention must be paid to the balances of momentum, if the interfaces are compared either 
thermodynamically or mechanically. Since momentum is a vector its component normal to the 
interface results from multiplying the unit normal n, and nix, respectively. From the thermodynam- 
ical point of view all the input to a sub-system (e.g. vapour) is positive and we have: 

p,~ + pwWw(Ww -- w t )  = pg + pgwg(wg - wt), 

Pt + pwWt(Wt --  wn) =pg + pgWg(Wg --  Wll). 

[33] 

[34] 

From a mechanical viewpoint we have: 

/-/w + mi'Ww = r/g + rh'x' wg, 

/ ' / t  "Ji" r~','l w t = / ~ g  +/~/', 'x Wg, 

[35] 

[36] 

where capillary forces (resulting from surface tension) are not disregarded. This physically does not 
occur since we observed fiat interfaces (cf. observation 1). 

In this case we are interested in the total pressure difference between the unknown pressure at 
the wall and the given system pressure in the bulk of the liquid Pb" Thus we start from [35] and 
[36] and the superposition reads 

o ,  i3 1 
2 

where the velocities are substituted using [30], [31] and [32], cf. vector diagram in figure 2. 
We now replace the static pressures with thermodynamic properties of state, which do not have 

to depend upon the velocity at which an arbitrary observer is moved or not (criterion of  objectivity). 
Prigogine (1947) demonstrated that the thermodynamic pressure agrees with the static pressure, if 
the latter is measured by an observer who is moved at the baricentric velocity of the sub-system. 
This condition holds for the microlayer which is unmoved with respect to fixed coordinates at the 
heated wall that underly the present analysis. In contrast, the static pressure ]-/t of  a free-jet is 
usually assumed to be in mechanical equilibrium with the environment Pb, which is known as 
Torricellis' boundary condition of  a free jet, cf. figure 3. 

On the other hand, a superposition of balances is possible only if the balances are taken for the 
same system of  coordinates, i.e. n t and n u do not lie in opposite directions but in identical directions. 
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Figure 3. Microscopic model. Radial distribution of temperature and pressure. 

Imagine another observer moving with the liquid on top of the bubble who is baricentric with 
respect to the system (t) and can thus measure the static pressure of  (t) equal to Pw, while the wall 
layer seems to have a lower pressure Pb, cf. Prigogine (1947). However, the static pressures/7 of  
[37] can be substituted by thermodynamic pressures 

2 

w---Lt = EwE = (vg(Tg) -- VL(rw))(p. --Pb) [381 
2 

since we used fixed coordinates at the wall and keeping in mind that we have assumed saturated 
states for both wetting liquid at the heated wall (w) and vapour (g), the reciprocal densities are 
replaced by saturated specific volumes at different temperatures. 

5.2. Consequences at DNB conditions 

Looking for a maximum condition for either of  the velocities wg or w b, respectively, we are 
reminded of a convergent--divergent nozzle. The maximum mass flux through the nozzle is reached 
if the velocity in the smallest cross section equals the speed of sound. 

Applying this limit to the present model of  parallel flow we identify any cross section of equal 
value and the differences between the velocities ww, wg, wt are the only velocities of  the material 
which fulfil the criterion of  objectivity. Thus we find that the difference between ww and wt is 
maximum and the sum of the mass fluxes (rn'~' + rh'l'l) is limited, if it equals the speed of sound of  
a saturated liquid aL: 

W t -- W w = W t = aL(Tw). [39] 

On the other hand, the speed of  sound of a saturated vapour  ao is found to be lower and it might 
occur that both the equal differences 

w s -- Ww = wt - wg = wg = aG (T~) [40] 

define both the maxima of the mass fluxes rni' and rhl] at the same time but before condition [39] 
can be reached. In fact, the evaporating mass flux will be limited by the first of  the conditions [39] 
and [40] that can be reached with increasing velocities wt = 2wg. 

IJMF 20/6--L 
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The following assumptions suggest that several different maxima occur simultaneously with the 
limiting mass flux which could cause a special type of critical heat flux: 

(1) The surrounding liquid temperature is strongly related to the time average of the wall 
temperature at the initial bubble formation (first observation) after an infinite waiting time 
between detachment of the last bubble and formation of the considered one. The later 
bubble growth is as fast as the necessary enthalpy of evaporation is supplied which is 
mainly contributed from stored energy rather than from the heated surface during the 
rapid process. Since the stored energy is determined by the liquid temperature (and 
pressure) at the initial state, the bubble growth is predetermined by the average wall 
temperature for most of its growth period, although the later growth of the bubble 
proceeds slower and at lower values of Tw and Pw. 

(2) Above we have assumed the maximum mass flux to a single bubble during its period of 
growth. The bubble is taken to be a suitable average to represent the maximum mass flux 
to the whole bubble ensemble rn ~ simultaneously, though its value is much lower since the 
bubbles do not cover the whole heat transfer surface. 

(3) A maximum heat flux of evaporation Q'v = hmrh~ is given at the same time. 
(4) Convection heat flux Q~ is significantly enhanced, if bubbles grow fast since this serves 

for intense mixing between the superheated wall layer and the sub-cooled liquid bulk. Then 
a maximum of convection heat flux is simultaneously given and by definition [26] the total 
heat flux reaches a maximum as well. 

A maximum boiling heat flux is usually called critical heat flux. We strongly restrict this result 
to D N B  instead o f  dry-out since the analysis is based on bubble models which are only suitable 
at very low true void fraction! 

Now we rearrange the balance of momentum [38] at either of the 
or [39]: 

if 2aG(Tg) ~ aL(Tw), 

[U G ( T g )  - -  UL(Tw) ] [p~(Tw) - ps(Tg)] = 2a 2 (Tg), 

DNB conditions [40] 

[411 

Pw =PDNB = (2xG + l ) p b  

or using the Clausius-Clapeyron equation [9] we have 

c r ' - ] - ' r , ,  c = R TDN8 = 1 -- hLG_] ~ ln(2xG + 1), 

[431 

[44] 

- = ~ ae(Tw), [42] [VG(Tg ) VL(Tw)l[Ps(Tw)_ps(Tg)] I 2 

if 2aG(Tg) t>/aL(Tw), 

noting that the pressures have been assumed to be saturation pressures at different temperatures 
Tw and T s according to the model. Obviously, both of the results compare properties of saturated 
states which all depend on the two temperatures Tw and Tg alone. Hence, the wall temperature Tw 
can be calculated iteratively from [41] and [42] using a suitable table of state, bearing in mind that 
the saturation temperature T~ = Ts(pg) is usually given by the system pressure Pb and Ps =Pb" 
Starting from thermal equilibrium the lower temperature [41] or [42] is the first sonic limit that will 
be reached and thus predicts the wall temperature at DNB. We will see that [41] is a low pressure 
condition whereas [42] is valid at higher pressures. 

At low pressure it may be convenient to apply an ideal gas approach 

R T, >>VL(Tw) a c ( T , )  = x/xc(Tg)ps(Tg)vc(Tg) ,  vG(Tg) = M ps(Tg) 

to the DNB condition [41] if properties of state are not given completely or an explicit calculation 
is necessary and we result either in the wall pressure at DNB 
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where 

'<° = 

1 + 2/3 one-atomic coolants 

1 + 2/5 two-atomic coolants 

1 + 1/3 three-atomic coolants 

1 + . . .  mult iatomic coolants. 

[45] 

Neither an idealized nor  an explicit calculation is available at elevated pressure, but  it is very 
easy to solve TDNB from [41] and [42] by trial and error. In this way our  model  will be verified using 
documented  measurements  o f  wall temperatures at DNB.  

6. C O M P A R I S O N  OF T H E  D N B  A N A L Y S I S  W I T H  D O C U M E N T E D  
M E A S U R E M E N T S  

We have developed an analytical model that  predicts wall temperatures at D N B  from properties 
o f  state wi thout  using empirical coefficients. Physical models o f  such type should hold for any 
boiling fluid. Thus, a suitable verification becomes more significant with the number  o f  fluids rather 
than with the number  o f  measurements  for a single fluid that are considered. Thus we start our  
verification considering a variety o f  fluids o f  different chemical nature, for simplicity and with 
respect to available data  at moderate  pressure. We then extend this analysis to the pressure effect 
by picking out some refrigerants, water and potassium where documented measurements as well 
as properties o f  state are available and complete enough to be handled in this way. 

6. I. E f f e c t  o f  m o l e c u l a r  cons t i tu t ion  

The sonic limits [39] and [40] represent very fast boiling velocities which are certainly somewhat  
difficult to accept. The physical nature o f  this assumption focuses particular attention on the 
number  o f  a toms which constitute a molecule o f  the boiling fluid, since this seems to remain as 
the sole parameter  reflecting the chemical nature o f  the boiling liquid which could affect the D N B  
limit ([43] and [44]) under idealized low pressure conditions. Thus we start our  verification by a 
chemical survey (table 1) and consider one fluid as an example for each number  o f  a toms which 
allows for an idealized calculation o f  the isentropic exponent go.  

Deviating f rom our  model predicting D N B  in the case o f  sub-cooled flow boiling, we found pool 
boiling measurements  for most  o f  the documented literature except water. On the other  hand, this 
is no disadvantage, since table 1 exhibits a very small deviation between our  predictions and these 

Table I. Wall temperatures corresponding to DNB affected by the speed of sound at different molecular constitutions. 
Documented measurements compared with analytical prediction 

Atoms Measured Calculated Authors 
Fluid and per M C Pb Tt)NB TD~B of measurement, 

boiling mode molecule 2K o + 1 (kg/kmol) (kJ/kg K) (MPa) (K) (K) properties of state 

106 
Argon, pool boiling 1 4.33 40 0.31 0.108 108 

109 

0.I 91§ Nitrogen, pool boiling 2 3.8 28 0.4 0.1 91 

Water, flow boiling 3 3.67 18 0.6 0.11 416 

0.013 335 Benzene, pool boiling 12 3.2:i: 78. I :~ 0.125 0.240 441 

Caesium, pool boiling 1-2t function of pressure$ 0.004 983-993 

Kosky & Lyon (1968) 
106¶ Rabinovich et al. (1987) 

Merte & Clark (1964) 
91¶ Sychev et aL (1987a) 

Johannsen & Weber (1988) 
417¶ Schmidt (1982) 

329¶ Kutateladze et al. (1973) 
442¶ Vargaftik (1975) 

98911 Kutateladze et al. (1973) 
Vargaftik (1975) 

tA chemical reaction, 2Cs ~ Cs 2 associates with the boiling process. 
~/Data by Schaafs (1967). 
§Both, standard and near zero gravity. 
¶Calculated from [44]. 
IICalculated from [41]. 
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measurements. In turn, the favourable result motivates to extend our theory to pool boiling 
conditions as far as the critical boiling condition is considered. Obviously, evaporation in a pool 
proceeds bubbly but shows no similarity to the dry-out phenomenon. Thus all the modelled 
sub-systems of figure 2 are present to calculate pool boiling in a similar way. 

Inspecting table 1 with respect to our new hypothesis for the thermodynamic state of the liquid 
microlayer we read a maximum of 4.33 times the bulk pressure for argon. This considerable 
non-equilibrium between the pressures at the horizontal heat transfer surface and the fluid level 
might mislead us to the conclusion that, if the theory is true, then the whole fluid content should 
be vertically ejected from the experimental facilities. Such a take off by the fluid has never been 
observed under these circumstances [though we know from Leidenfrost (1756) about sputtering of 
liquid drops when brought into contact with a hot plate]. However, the wrong expection adopts 
a strictly static and lumped point of view to the integral balance of momentum at the pool which 
is much too simple. In fact pool boiling is a highly dynamic and multi-dimensional process with 
bubbles rising and liquid flowing in reverse which could be considered as a harmonic game between 
waves of temperature and swinging fluid motion. Locally high wall temperatures initiate bubble 
formation and then rising vapour as modelled. Thereby the wall temperature is cooled which is 
connected with a lower pressure of saturation in the wall layer. Thus the surrounding liquid falls 
back under gravity and then re-wets the solid. In this sense our theory is not in conflict with 
observations of pool boiling. For argon, as mentioned above, three measurements by Kosky & 
Lyon (1968) scatter above our prediction. 

It should be mentioned that we have not yet compared our theory with argon measurements at 
elevated pressure, since no speed of sound data were available except our ideal gas approach. More 
impressive is the fact that DNB temperatures for nitrogen have been reported by Merte & Clark 
(1964) at standard and near-zero gravity and both identical measurements compare with the 
prediction up to the decimal point. This precisely reproduced measurement clearly indicates that 
the possible influence of gravity on critical surface temperatures could be sub-ordinate or does not 
occur. This might indicate a justification that our balances of  momentum ([35] and [36]) are well 
formulated and we are afraid that usual models of bubble dynamics could count negligible 
parameters only when balancing capillary forces against hydrostatic pressure gradients as far as 
the very initial state of bubble formation is concerned. Surely the order of magnitude between these 
pressure effects will reverse if a later stage of the bubble growth period is to be considered. 
Particularly at bubble detachment (rh'( = rhi' t = 0) we obtain zero balances using [35] and [36] and 
the remaining forces are capillary and hydrostatic, which is consistent with the honorable work 
by Mitrovic (1983). 

However, a single measurement should not emphasize extended discussions on gravity. Other 
nitrogen measurements, have been reported at less precision, e.g. Kosky & Lyon (1968) reported 
that it has been impossible to reproduce their own measurements. Thus we did not try to include 
them in table 1. 

Worse measurements of benzene and caesium are predicted which may be addressed by both a 
lower precision of measurement as avowed by Kutateladze et al. (1973) and difficult estimation of 
the properties of state, cf. section 6.3. A single water measurement has been picked out arbitrarily, 
but this fluid deserved discussion in a separate section. 

6.2. Pressure effect on D N B  temperatures o f  water 

Water is the most frequently used cooling liquid and thus comprehensive data banks exist 
showing several flow parameters of technical relevance which describe the CHF conditions. Thus 
we must report on the incredible fact, that these technical parameters can be cumbersomely 
converted to the necessary physical parameters describing our model for only very few of these 
data. Note that our model predicts wall temperatures at DNB, whereas CHF measurements are 
frequently reported without these temperatures. Due to imperfect thermal contact of thermocouples 
with the flow channel and inhomogeneity of the tube material when thermocouples are embedded 
etc., it is difficult to calibrate wall temperatures. Thus thermocouples have been frequently used 
to indicate the abrupt temperature rise when CHF is over-ridden leaving all information concerning 
exact wall temperatures out of consideration. 
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Thus only calibrated and reported wall temperature measurements can be used for comparison. 
Unfortunately, most of the remaining CHF measurements cannot be compared with our model 
since it only predicts the DNB type rather than the dry-out type of  critical boiling mechanisms. 
(The wall temperature corresponding to dry out tends to be much lower than our prediction and 
depends on flow parameters as well as axial position in the heated channel or rod respectively.) 
Moreover, the physical parameter governing the separation of phases from bubbly to annular flow 
is the true void fraction. With very few exceptions, the true void fraction remains unknown 
throughout the experiments since it depends on such measurable quantities as inlet sub-cooling and 
the supplied wall heat flux in a complex and not yet successfully understood manner. Among others 
there is the problem of the unknown slip ratio between the axial velocities of both vapour and liquid 
phases and there is also the problem that an unknown fraction of the supplied heat contributes 
to an increase in the enthalpy of the sub-cooled liquid whereas the remaining part contributes to 
an increase in the void fraction which is to be estimated. On the other hand, saturated inlet 
conditions to the flow channel will lead to annular flow via a short path through the channel since 
the high CHF serves for intensive vapour production. Thus we have to use the sub-cooled boiling 
data even though we cannot predict the corresponding true void fraction exactly. Finally, there is 
no distinct quantity of void fraction below which the DNB mechanism can be separated from the 
dry-out mechanism above. In spite of this, the two mechanisms are continuously overlapping each 
other whereas we have modelled the proper nature of DNB which should find its applicability as 
long as we consider the limiting case of disappearing void fraction. 

All of these arguments above illustrate that a proper selection of documented data is necessary 
to make the following verification significant. On the other hand, any selection of data has to be 
justified clearly, if the comparison with our model is to be of value. Since any single measurement 
has to meet all the conditions above, it cannot be sufficiently reported here. The interested reader 
will find the necessary details in Schroeder-Richter (1991). 

In this paper we jump to the readily selected data and compare them with our model. In this 
way, figure 4 shows the two temperatures of saturation for both the superheated wall layer versus 
vapour according to our model. Temperatures between the triple point and critical point are scaled 
on either side of the diagram using celsius or kelvin which then coyers any combination of the two 
saturated states that could occur. 

Calculations using [41] and [42] are shown in figure 4. We used the properties of water 
from Schmidt (1982) and completed with the speed of sound data by Elsner et al. 0982). The 
lower temperature of both calculations is the first limit reached when heating up the wall 
from thermal equilibrium (Tw = Tg) and thus represents the final prediction of DNB (heavy 
solid line). This gives a result where the speed of sound of vapour constitutes the true limit below 
about Tg = 200°C (corresponding to low or moderate pressure) whereas nucleate boiling is 
terminated by the liquid exceeding its speed of sound if the vapour temperature (respectively 
pressure) is higher. 

At higher wall temperatures stable or unstable film boiling is expected. We obtain nucleate 
boiling between the heavy line and the diagonal as long as the onset of nucleate boiling has 
occurred, whereas the region below corresponds to single-phase convection. 

In a practical sense we usually know the system pressure rather than the vapour temperature. 
Therefore the corresponding pressure is scaled on the diagonal with a vertical connection to the 
vapour temperature and horizontal connection to the wall temperature. An example is drawn 
showing how to get from the system pressure (about 20 kPa) to the condition of DNB and then 
how to reach the elevated pressure in the liquid wall layer. This is about 80 kPa which represents 
considerable mechanical non-equilibrium. Nevertheless, the selected data are well predicted by our 
model over the range from close to triple pressure up to about 7 MPa. 

It should be mentioned that we used the flow boiling measurements of Johannsen & Weber 
(1988), with additional unpublished information by the authors, which enabled adequate data 
selection. Further measurements by Howard (1976), Shires et al. (1964), Bennett et al. (1966) and 
Eliott & Rose (1970) have been obtained by quenching a dry vertical rod. These authors published 
diagrams on the velocity of  the quench front versus the temperature of the rod surface showing 
a distinct trend to infinite velocity at a particular wall temperature. We obtain the results that the 
infinite velocity of the quench front seems to have a real sense only if the rod is not wetted axially 
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Figure 4. Effect of radial pressure differences on TDNB versus saturation temperatures T~(pb) = Tg for flow 
boiling, quenching and thermosiphon flooding with water. 

but radially for all axial levels at the same time. This, of course, can only take place if the bulk 
flow is filled with the liquid phase which is a low void fraction condition and thus corresponds well 
with our theory. A further group, the sub-atmospheric measurements, has been reported for copper 
water thermosyphons, partly from flooding phenomena. Individual argumentation has been 
collected to estimate a DNB limit and has concluded that the measurements could not be converted 
into DNB temperatures without losing accuracy, e.g. delay of the thermocouple reading with 
respect to heat capacity. We are therefore surprised that the pressure extrapolation is well described 
down to the triple point. Finally we should not worry about the few water measurements that have 
been used from intensive literature studies. More valuable proof of our theory could be given by 
analysing other fluids in similar way. 

6.3. Pool boiling of refrigerants and liquid metals 
There is no doubt that peak heat fluxes during pool boiling correspond to DNB in general. 

Consequently there is no need to select these measurements from dry-out phenomena and we use 
data sets as a whole for the following. Section 6.1 readily ruled out that [41] and possibly [42] could 
hold for different geometries of the boiling process (i.e. pool boiling in addition to primarily forced 
convection modelling) and for different liquids, since [41] and [42] are deduced analytically using 
balances of mass and momentum, that are neither restricted to a particular geometry nor to a 
particular liquid. 
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Kosky & Lyon (1968) investigated pool boiling of different condensed gases. Heat flux versus 
super-heating diagrams are shown including the condition of critical boiling, called "peak nucleate 
boiling flux". We estimated the corresponding peak nucleate boiling temperatures by graphical 
measurement using these diagrams. The data set covered the fluids nitrogen, oxygen, argon, 
methane, carbon tetrafluoride (CF4 or R14), helium and some mixtures. So far, we have no theory 
for mixtures and therefore leave these data out of consideration. Problems with the use of nitrogen 
and argon data have been discussed in section 6.1, but the remaining data set has been used 
completely by Schroeder-Richter (1991). 

First, the oxygen data have been inspected and plotted in figure 5, which is a similar diagram 
to figure 4 showing the triple point in the lower left corner and the critical point in the upper 
right-hand side. Thermodynamic properties (including speed of sound data) have been taken from 
Sychev et al. (1987b). The measurement data are well predicted in both the ranges where [41] or 
[42] is applicable. 

Next we used the data set of methane. Unfortunately, not all of these data could be 
reproduced. Thus the authors did not publish five of their measurements, cf. Kosky & Lyon 
(1968). 

We have listed all of the acceptable, and therefore published, data in table 2 using propeties of 
state from Sychev et al. (1987c) for analytical prediction. The first three lines show experimental 
data scattering around our analytical result where the speed of sound of vapour defines the DNB 
limit. At 1.641 MPa our model indicates that we need the speed of sound of liquid methane in the 
narrow region of the thermodynamic critical state. It is characterized by strongly reduced liquid 
speeds of sound with slight elevation of the corresponding temperature of saturation. Sychev et al. 

(1987c) reported that our knowledge about speed of sound data still exhibits large uncertainties 
in this range but we concluded that our prediction of wall temperatures using [42] is extremely 
sensitive to uncertainties in speed of sound data. Therefore, we are not disappointed with our 
theory which deviates by 7.7 K from a measurement which is reported with considerable 
uncertainty as well. 
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Figure 5. Peak nucleate boiling temperatures TD~ a of oxygen pool boiling by Kosky & Lyon (1968) 
compared with the present calculation. 
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The last lines of table 2 correspond to pressures where neither [41] nor [42] is applicable since 
our prediction of the DNB temperature has crossed the thermodynamic critical temperature, cf. 
upper right-hand corners of figures 4 and 5. Above the critical temperature no thermal properties 
for a liquid exist which could wet the heated surface. Thus we have assumed that the DNB 
temperature could be identical to the critical temperature in this range of system pressures. The 
results of table 2 emphasize this assumption within experimental scattering. 

Besides the uncertainties of both pool boiling experiments and properties of state it could be that 
speed of sound data are completely unknown and [41] and [42] cannot be solved for the wall 
temperature. For the three measurements of R14 by Kosky & Lyon (1968) we used [44] for an 
idealized prediction of the vapour velocity but the liquid speed of sound has been extrapolated from 
correlations by Poole & Aziz (1972) and Aziz (1974) far outside the range of their validity. The 
results are plotted in figure 6 which covers a range of saturated states where data from Altumin 
et al. (1987) are known, i.e. no prediction is possible concerning DNB down to triple pressure. 
Figures 4, 5 and 6 might illustrate that the variety of fluids behave with very similar curves for 
DNB temperatures, i.e. the speed of sound of vapour limiting the heat transfer at low pressures 
with slightly increasing wall superheat. This condition changes to the limiting speed of sound of 
liquid at any attributed pressure where the wall superheat starts to decrease with increasing pressure 
until the wall temperature matches with the critical temperature and then the DNB temperature 
remains constant. This global tendency justifies the use of [44] at moderate pressure as carried out 
in section 6.1. In fact, figure 6 attributes verification to our theory for the single measurement at 
low pressure alone, since the high pressure speed of sound data have been estimated far away from 
the established range of applicability, but our theory is highly sensitive to incorrect speed of sound 
data at these high pressures. 

Further problems arise when comparing the helium measurements, e.g. Lyon (1968), with our 
theory. This is due to the extremely low temperatures adjacent to absolute zero. From quantum 
mechanics we know that more than one speed of sound exists for a single phase and it is not always 
clear which of them is to be used within our model. Leaving out this long discussion we summarize 
that Schroeder-Richter (1991) has established the agreement of [42] with measurements down to 
about 3 K whereas the low pressure condition [41] predicts wall temperatures significantly lower 
than the measurements. Some experiments seem to be influenced by a liquid II to liquid I phase 
transition occurring at the ).-line (T = 2.172K) in addition to boiling at the saturation line 
(three-phase boiling). 

However, we jump to much higher temperatures and consider free convection boiling of liquid 
potassium. Properties including speed of sound of saturated vapour have been tabulated by 
Vargaftik (1975) in steps of 50 K. Thus we used data interpolations to enhance the precision of 
our analytical predictions. It should be mentioned that the Clausius-Clapeyron equation is to be 
calculated using variable molecular weight, since the boiling process is accompanied with chemical 
reactions from one-atomic to two-atomic molecules. Similar correction is necessary when using the 
ideal gas equation. 

Kutateladze et al. (1973) report that the estimation of DNB temperatures for liquid metals is 
quite difficult as well, since very intense heat transfer is possible in single-phase flow. Sometimes 
the onset of nucleate boiling (ONB) promptly leads to dry patch formation (i.e. DNB) and in these 

Table 2. Wall temperatures at the DNB of methane measured by Kosky & Lyon (1968) and 
compared with the present analytical prediction 

System Vapour 
pressure temperature 

Pb T,(p~) 
(MPa) (K) 

Wall temperature at DNB, TDN a (K) 

Measured [41] [42] Critical point 

0.108 112.4 127.3 
0.108 112.4 133.1 
0.108 112.4 136.1 
1.641 160.7 177.3 
4.123 187.0 193.2 
4.123 187.0 196.2 
4.538 190.0 190.9 
4.538 190.0 191. I 

131.2 
131.2 
131.2 

185.0 
190.8 
190.8 
190.8 
190.8 
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Figure 6. Peak nucleate boiling temperatures TDN B of carbon tetrafluoride pool boiling by Kosky & Lyon 
(1968) compared with the present calculation. 

cases the temperature of the heated wall corresponding to single-phase flow before ONB is higher 
than the wall temperature corresponding to DNB. Only temperatures at DNB conditions can be 
compared with [41]. On the other hand, Kutateladze et  al. (1973) do not indicate which of their 
measurements started from nucleate boiling before the abrupt temperature rise was observed. 

Therefore a rough comparison is given by adopting their figure (wall superheat versus pressure) 
and drawing a broken boundary which surrounds the whole of their measurements. Figure 7 shows 
our prediction [41] (heavy line) passing diagonally across the whole area of the considerably 
scattered data. This result merely indicates that we have predicted well the order of magnitude for 
the wall superheating at DNB of potassium. Nevertheless this was possible without any empirical 
coefficient adapted to these measurements. We have now predicted both a wall superheat of more 
than 100 K for potassium and a wall superheat of 26 K for caesium (cf. table 1). In summary our 
theory is verified when predicting the different orders of magnitude well. Considering now the large 
temperature range between helium boiling of about 3 K up to potassium boiling of about 1220 K 
we can no longer ignore the physical indication that our analytical model works well and the 
underlying hypothesis of an astonishing mechanical non-equilibrium seems to occur as well as the 
speed of sound. 

However, most design problems for heat exchangers are connected with the boundary conditions 
of the second kind rather than the first kind as far as the heat transfer surface should be protected 
against a maximum heat flux. Boundaries of the first kind do not show that this situation leads 
to a crisis. Therefore an important question seems to be whether the DNB temperatures resulting 
from [41] or [42], respectively, could be inserted into [27] to estimate CHF. 

7. CRITICAL HEAT FLUX 

Numerous correlations already exist predicting the critical heat flux for a wide range of 
parameters. Thus, the present goal is not to stress our analysis up to a more general or more precise 
CHF estimation than is already known from recent methods at this first attempt. Instead we discuss 
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Figure 7. Critical wall superheat (TDNB -- Tg) versus the system pressure Pb of potassium. Experimental 
error band by Kutateladze et al. (1973) compared with the present prediction. 

some preliminary thoughts which could be valuable for a physically based prediction of CHF to 
be carried out by further studies. 

It is well known that CHF is a multi-parameter problem. Besides flow parameters such as 
pressure, liquid temperature and mass flux, it depends on parameters of  the flow channel such as 
heated length, diameter, material of the wall etc. and additionally on non-equilibrium effects such 
as distribution of heat flux which physically effects the CHF via the true void fraction governing 
the mechanisms DNB or dry out, respectively. 

Since our model predicting DNB temperature exhibits dependence on pressure only, we restricted 
our preliminary analysis of CHF to the pressure effect, i.e. we only used the first term of  [27] ~ and 
inserted Tw = TDNB from [41] (at moderate pressure). The pressure dependence of coefficient B has 
been taken from Thom et al. (1965) within a constant. Results are shown in table 3. 

To be sure that the other terms on the right-hand side of  [27] do not violate our simplifications 
we furthermore restricted our analysis to measurements at small inlet subcoolings to the flow 
channel. Additionally, the mass flux effect of measurements could invalidate our comparison. Thus, 
we might prefer measurements at any arbitrarily selected but constant mass flux. On the other hand, 
this last statement has fixed the third of the flow parameters: pressure being varied, liquid 
sub-cooling being small, mass flux being arbitrarily fixed. Now we obtain an overdetermined goal 
considering that our model is valid for DNB alone. Our analysis has shown that the high pressure 
measurements tend to occur via dry out. Therefore mass flux has to be selected high enough as 
the CHF mechanism can be shifted to DNB again. Now the higher mass fluxes enhance the 
contribution of single-phase convection to the total heat transfer, i.e. the terms on the right-hand 
side of [27] affect the low pressure measurements. 

Table 3. Comparison of heat fluxes calculated using [41] and [27] and measured by 
Johannsen & Weber (1988) during flow boiling of water through a temperature 
controlled tube. Data selected for lowest void fraction at each pressure and thus DNB 

being most probable (Schroeder-Richter 1991) 

qDNB (MW/m2) 
System pressure 

Pb Mass flux Inlet subcooling Predicted 
(MPa) (kg/m 2 s) (K) Measured [41], [27] 

0.11 1 0 0  5 2.2 2.0 
0.25 100 5 2.9 2.8 
0.40 200 5 3.8 3.5 
0.70 200 5 5.0 5.0 
1.00 200 6 5.7 5.7 
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Thus Schroeder-Richter (1991) obtained a compromise with respect to the mass flux when 
inspecting the most probable flow boiling measurements for selection of DNB as mentioned in 
section 6.2. The final result of this procedure is shown in table 3. 

As mentioned above, the favourable agreement of a small number of selected data with our 
prediction should not lead to the conclusion that our attempt could readily be verified. Instead 
of this, it should encourage future work to correlate the phenomenological coefficients on the 
right-hand side of [27] as far as the sub-cooling effect is considered or to restore the dissipation 
~v', [11], into the analysis as far as the mass flux can be expressed as a driving force in a 
phenomenological equation similar to [25]. 

8. SUMMARY 

It has been suggested that mechanical non-equilibrium in the cross section of a two-phase 
flow (boiling flow) should be taken into account in model development, This approach newly 
interprets the so-called superheated thermodynamic state of the wall layer. The results indicate 
that the state is not "superheated" but saturated at a higher pressure which can be explained as a 
thermomechanical effect. 

The pressure difference can be calculated simply using the pressure of saturation corresponding 
to the known temperature at the heated surface. We have obtained astonishingly simple equations 
for heat transfer and DNB. It seems that DNB is physically governed by a sonic limit for the 
evaporation. 

A consequence of this sonic limit is that wall temperatures are predicted. The analytical 
calculations were never restricted to special coolants, geometry, surface conditions or forced 
upflow. Consequently the model has been tested to predict DNB at different conditions (i.e. 
cryogenic liquids, water, liquid metals, pool boiling, forced convection) and has always been found 
to have favourable comparison with measurements, except for some data of boiling helium below 
3 K. In turn, emphasis is given to the underlying assumption of a saturated state for the wetting 
liquid at the wall, by predicting DNB using a wide range of applicability. 

Finally, a combination has been tested when predicting wall temperatures using our DNB model 
and then inserting the result into the heat transfer prediction. The results encourage this method 
to be followed when new CHF correlations are being developed. Of course, the present analysis 
is strongly restricted to boiling phenomena at low void fraction. Therefore, it would be desirable 
to try similar modelling of annular flow and dry-out mechanisms. The boiling curve at low void 
fraction has been completed by predicting transition to inverted annular flow (Huang et al. 
1994) and the Leidenfrost temperature (Schroeder-Richter & Bartsch 1990) which furthermore 
emphasizes the hypothesis of a saturated wall layer at elevated pressure. 
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