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Abstract-A theoretical model for the heat flux required to maintain a stable hot patch on a heated surface 
cooled by a falling liquid film is developed. The theoretical model is based on an existing analytical solution 
of the two-dimensional heat equation with boundary conditions supplied by heat transfer coefficient 
correlations appropriate to the fluid conditions at the hot dry patch and at the wet region from the patch. 
Using physically reasonable correlation forms for the dry patch and wet region heat transfer coefficients, 
the heat flux is expressed as a function of the liquid film Reynolds number. Existing experimental data 
were compiled, collected, and used to obtain the correlating lines. The data cover the one-dimensional (low 
Biot number) region, and indicate that laminar and turbulent liquid film conditions occur. Corresponding 
correlating equations are obtained from the analytical results. For laminar flow, the dryout heat flux is 

q. = 0.27Re0.‘, and for turbulent flow qn = 0.017Re’ 9, with an uncertainty of the order of & 50%. 

1. INTRODUCTION 

CONSIDER pouring water down a heated tube or annu- 
ius to keep it cool and wetted. At some flow rate, the 
wall will become dry and if heating continues, the 
heated-surface temperature will rise. The prediction 
of the dryout heat flux for downflow is presently based 
entirely on experimental data. At low flow rates, the 
occurrence of dryout is characterized by initial fhtc- 
tuations in wall temperature, followed by a rapid 
increase. Shires et al. [I], Fujita and Ueda [2], 
Gogonin et al. [3], and Steimke [4] have determined 
thermal conditions by imposing a steady downflow of 
subcooled water, and raising the annulus power until 
dryout was observed. At present, no theory is avail- 
able for predicting the dryout occurrence, although 
Lussie [S] has reviewed avaiIable film Bow breakdown 
and dryout data and proposed a purely empirical fit 
to the then available data. Berta et al. [6], Shires et al. 
[l], and Steimke [4] noted that changes in the (boiling) 
flow regimes, and the presence of countercurrent and 
ch~-turbulent flows, can be associated with the dry- 
out occurrence. Differences in dryout power for steel 
and aluminum surfaces also have been proposed. 

This paper presents a new treatment of dryout for 
this downflow case based on Kovalev’s [7, 81 classic 
thermal stability theory. In this analysis, the heat 
transfer is coupled to conduction in the wall to predict 
&he heat flux that is needed to create a stationary 
but metastable dryout patch [9, lo]. This approach is 
consistent with the observation of Shires et al. [l] that 
dry patches occurred at high subcoolings in down- 
ward flow. That is, dry patches were formed well 
before the bulk liquid reached the saturation state. 
This has been subsequently observed and confirmed 
by Gogonin et al. [3] and Fujita and Ueda [2]. This 
analysis differs from the theory of film breakdown or 
dry patch formation based on purely hydrodynamic 
force considerations (e.g. Zuber and Staub (1 l] and 

Fujita and Ueda [2]). Film breakdown is likely to be 
a necessary, but not suflicient condition for surface 
dryout, and indeed the heat flux at dryout has been 
shown by Fujita and Ueda [2] to be systematically 
greater. It also differs from the more recent analyses 
of the rewetting rate, which do not consider the 
steady-state dryout patch solution. 

Our earlier attempts to utilize a purely hydro- 
dynamic theory based on two-phase drift-flux mod- 
elling were neither fruitful nor gave the observed 
trends. The present use of the stability theory to cor- 
relate the data is quite new. It leads to predictions of 
the effect of surface conductivity, provides a simple 
method for interpreting the available data, and gives 
confidence in understanding the physics of the dryout 
phenomena. The important point is that local dryout 
can occur before the total flow reaches the saturation 
or boiling point, as observed in the experiments. 

2. THEORY 

2.1. Model and a~sum~ti5~s 
We follow the analysis of Porthouse [lo], which is 

based on the pioneering studies of Kovalev [7] and 
Semeria and Martinet [9]. The approach is to solve 
the two-dimensional thermal conduction equation in 
the heated surface, subject to heat flux boundary eon- 
ditions. 

Consider the formation of a hypothetical region of 
film boiling, or dry patch, on an initially wetted wall ; 
the patch will grow if the heat flux is sufficiently large 
and collapse if not. The onset of the dry patch could 
be due to purely hydrodynamic or flow-regime effects 
causing local deficiencies of water (e.g. countercurrent 
flooding or film flow deficiency), but the exact in- 
itiating mechanism does not yet need to be defined. 
The patch is classically metastable, and the dryout 
condition is hence taken to be that flux that gives a 
(constant-sized) patch of film boiling. 
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NOMENCLATURE 

.4 channel flow area r, sink temperature 

A, wall area for heat transfer T sat coolant saturation temperature 
Bi Biot number NU Nusselt number 

CP specific heat of coolant Y heat flux. 
D diameter 
G mass flux Greek symbols 
H heat transfer coefficient for wetted region f film flow rate 
h heat transfer coefficient for dry region P kinematic viscosity. 

JI coolant flow velocity 
k thermal conductivity Subscripts 
P perimeter equivalent heated 

40 dryout heat flux “h heated 

en dryout power i inner rod 

Re Reynolds number 0 outer tube 
T temperature W wetted 

TC coolant temperature Y equivalent hydraulic 

T” effective interface temperature 8 metal surface thickness. 

The following assumptions are made : V’T= 0 (1) 

(a) The surface is homogeneous, and the curvature which in two-dimensions is (see Fig. 1) 

small over the scales of interest, so we may treat the 
problem as a two-dimensional plane. 

(b) Two-dimensional conduction occurs within the 
surface, with an average surface heat transfer 
coefficient, H, existing on the wetted region, and a 
much lower value, h, on the dry, or film-boiling region. 

(c) The interface between these wet and dry regions 
is characterized by some characteristic temperature, 
T, (a Leidenfrost, interface, minimum film boiling, or 
rewetting temperature). 

(d) Liquid deficient or dry regions occur due to 
hydrodynamic causes, but the dryout condition is for 
a transiently stable patch. 

(e) The patch is modelled as semi-infinite, which is 
justified since the thermal boundary layer at the edges 
(of order -(k&/h)‘/‘) is of small extent compared to 
the patch dimensions. 

We note here that although these assumptions ide- 
alize the problem they do enable a tractable solution. 
Mathematically, the Dirac delta function in heat 
transfer leads to steep Von Neuman conditions at 
the interface; but the heat transfer coefficients are 
averaged with respect to temperature, and do reflect 
the orders of magnitude observed. The use of a con- 
stant interface temperature also simplifies the 
problem, but is also consistent with the overall shape 
of the Nukiyama boiling curve. 

2.2. Solutions for the two-dimensional case 
The assumptions listed above enable an analytical 

solution to be obtained to the Fourier heat diffusion 
equation for a stationary patch. The steady-state heat 
equation 

subject to the boundary conditions of constant tem- 
perature far from the interface 

x-+-co, y = E, T + T, + f- 
H 

x+ +m, y = E. T+T,+; (34 

where the interface is given by 

x = 0, y = E, T = T, (3b) 

The heat flux boundary conditions are 

_1 
y=O, k”T =-q 

aY 0 

x<O, y=~. k 
l?T 

dy / 
= -H(T,- T,) 

dT 
x > 0, I’ = E, kz r = -W,- TJ. (3~) 

In equation (3), T, is the sink temperature and T, the 
temperature at the edge of the dry path. 

Solving equation (2) by the method of separation 
of variables and eliminating constants of integration 
using the boundary conditions of equation (3) enables 
the explicit solution for the temperature profiles to be 
obtained according to refs. [lo, 121. These have the 
algebraic form of the summation of an infinite series. 

Forming an energy balance such that the energy 
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FIG. 1. Theoretical model definition for analysis of dryout. 

removed in the wet and dry regions is equal {i.e. the 
front is stationary), and drawing from refs. [9, lo] it 
can be shown that 

where 

0 tan @E = F 

h 
d, tan & = - 

k (5) 

and q. is the dryout heat flux. Rearranging equation 
(4) we have 

40 = t To - r,) (6) 

which is the general result for dryout. 

2.3. The dryout heatflux equations 
To make this elegant solution useful for correlating 

purposes we proceed to simplify. The limiting cases 
for equation (6) are when the conduction is essentially 
one-dimensional (i.e. no y gradients for a high-con- 
ductivity, low Biot number material like copper or 
aluminum), or highly two-dimensional (high Biot 
number). It has been shown [12] that for the former 
case, if and only if 
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h,H<<$thenB= ; 0 
112 

,C#J = (h/kE)‘:2 (7) 

and for the latter case, if and only if 

Thus, substituting equations (7) and (8) into equa- 
tion (6) we find the dryout heat fluxes, q,,, and qD2 

for the one- and two-dimensional limits, respectively, 
are 

and 

4 n, = (H/z)‘~2(T,-Ts) (9) 

4 DZ = ( > y (To-TJ. (10) 

We also note that for h c H, then 

qD2 1 H ‘I2 -=.-- ~ 
4Dl 0 2h (11) 

Note these solutions predict a different variation of 
dryout flux with heat transfer coefficient, varying from 
a square root to linear dependency for high and low 
conductivity surfaces, respectively, with a continuous 

transition region between them. Also the result is inde- 
pendent of the thermal inertia when the patch is stable, 
which is to be expected for the steady-state tem- 
perature distribution at that condition. Obviously, 
an unstable patch cools (and rewets) or heats (and 
grows), and the thermal inertia determines the heating 
or cooling rate. 

The values of h and Hat low flow depend onjow 
parameters, such as film flow rate and subcooling as 

observed in quenching studies [12, 131. In fact, we 
argue here a direct extension of this dependency to 
the present case of downRow in an annulus so we can 
make use of the extensive previous information, and 
regard the present case as analogous, that is, dryout 
of thin liquid films on a surface can be treated theor- 

etically in a similar manner as quenching and re- 
wetting. 

3. COMPARISONS WITH DATA FOR STEEL 

AND ALUMINUM SURFACES 

3.1. Form of the heat transfer coeficients 
We need to examine the range of possible flow 

variations in the heat transfer coefficients. 
Of course, we do not know the precise variations 

and values to adopt, so we proceed utilizing intuitive 
reasoning and physical postulates to reduce the (limit- 
less) range of possibilities, and then test the veracity 
of these arguments against data in the traditional 
manner. If we choose similar dependencies as adopted 
by Porthouse [lo], derived from extensive upflow and 
downflow (falling film) studies on quenching and 
post-dryout heat transfer for a subcooling, AT,, we 
would have 

H = H,+@GAT, 

= oG” +@GAT, 

where G is the coolant mass flux, and H, an effective 
heat transfer coefficient to saturated liquid with weak 

flow dependency (to order one-fifth power or less, 
m - 0.2), and a and @ are constants. More generally, 
the film flow heat transfer coefficient, H, varies with 
the Reynolds number as (4I/p)“‘, where I is the film 
flow rate per unit heated perimeter, so that 

H cc Re”. (12) 

Specifically, for laminar flow, the classic Nusselt 
draining film result of Chun and Seban [ 141 is 

H cc Rem ‘I3 

and for wavy films 

H cc Re-’ 22. 

For turbulent flow, the empirically observed variation 
for evaporating films is H cc Rem’-“. 

The heat transfer coefficient in the dry patch region, 
h, corresponds to post-dryout convective film boiling 
where the variation with Reynolds number cor- 

responds to studies by White and Duffey [ 151 and Sun 
et al. [ 161 and is observed to be 

h cc Re” (13) 

where n lies in the range 0.6-1.4 for quenching from 
below or above, respectively. 

Substituting equations (12) and (13) into equation 
(9), we obtain, straightforwardly 

qD, = const. x Re@+n)‘2(T0 - T,) 

= a, Re’“+““*(T, - T,), say (14a) 

and, substituting equations (12) and (13) into equa- 
tion (10) 

qD2 = a,[Re”+a, Re”](T,-T,). (14b) 

Typical values for (TO - TJ lie in the range 5&3OO”C, 
depending on the conditions and definition. As shall 
be seen, we do not need a precise value, and hence can 
sidestep the usual controversial arguments over its 
physical meaning also. We may also write equations 
(14a) and (14b) in non-dimensional form 

Nu,, , = a,, ,[Re(“-‘“- “n)ic2~‘)+a,+21 Re”] (15) 

where i = 0, 1 for the one- and two-dimensional 
limits, respectively. 

We conclude, therefore, that there are no first prin- 
ciple means of determining (m - (I - l)n)/(2 - 1) other 
than by plotting the data according to the theory (i.e. 
q,, vs Re). For the one-dimensional (Bi < 1) case, we 
expect the flow dependency to be such that 
0.15 < (m+n)/2 < 0.65 for laminar subcooled film 
flows, and 0.5 < (m+n)/2 < 0.9 for turbulent films, 
based on the above summary of available infor- 
mation. 
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Table 1. Relevant parameters for the experimental data 

Derived 
dimensions 

Shires et al. 
Ul(1964) 

Heated rod 
in annulus 

Gogonin et al. Steimke Berta et al. 
[31(1979) [41(1989) MU989) 

Heated rod Heated shroud Heated rod 
in annulus in annulus in annulus 

Fujita and Ueda 
PlU978) 
Flow out- 
side rod 

Heated perimeter, P, (m) 
Wetted perimeter, P, (m) 
Equivalent diameter, D, (m) 
Length, L (m) 
Flow area, A, (m) 

0.0299 0.088 0.245 0.0499 
0.1297 0.339 0.466 0.1297 
0.0095 0.052 0.0075 0.0095 
3.66 1.0 3.96 3.66 

3.088 x 1O-4 4.41 X lo-’ 8.74 x 1o-4 3.088 x lo-“ 

3.2. Comparison of theory and experiment: local heat 

Jlux 
There are five data sets available for comparison to 

the model which cover very wide ranges of geometric 
and operating parameters and are summarized in 
Table 1, and all are for Bi 2 1 (I. = 0). These data 
have been reported by Shires et al. [l], Fujita and 
Ueda [2], Gogonin et al. [3], Steimke [4], and Berta 
et al. [6]. The latter have been summarized in a plot 
by Muh1baier.t These workers poured known flow 
rates of water down a uniformly electrically-heated 
annulus, with stainless steel or aluminum inside walls. 
The observed power level for dryout was converted 
to heat flux by dividing by surface area (which is 
strictly not the local flux at dryout). 

The data of Shires et al. [I] were obtained for the 
case of water flowing down a heated rod of 15.875 
mm (0.625 in.) diameter, contained inside an unheated 
shroud of 2.54 mm (2.00 in.) diameter. The heated 
length of the rod was 3.667 m (12 ft.), and the exper- 
iments were all conducted at atmospheric pressure. 
The water flow rate varied from about 1.8 x lo- 3 kg 
s- ’ (0.004 lbm s-‘) to about 1.8 x lo-* kg s- ’ (0.04 
lbm s- ‘), with inlet water temperature ranging from 
294 to 366 K. Shires et al. [l] also conducted other 
tests in rod bundles that are not considered here. 

The data of Fujita and Ueda [2] were obtained for 
water flow down the outside of 16 mm stainless steel 
tubes 0.60 and 1 .OO m long. The water flow rate varied 
from about 4.5 x 10m3 to about 2 kg s-‘, with water 
inlet temperatures from 295 to 352 K. 

The data of Gogonin et al. [3] were also obtained 
for the case of a 28 mm diameter heated rod inside an 
unheated 80 mm diameter shroud. Test section heated 
lengths of 0.50, 1.0, and 2.2 m were used (for com- 
pactness, we have only used the data from the 0.50 
and 1 .O m heated lengths), and the experiments were 
conducted at atmospheric pressure. Gogonin et al. [3] 
reported the liquid flow rate as a volumetric flow per 
unit heated perimeter, and these values were converted 
to the liquid velocity via the known flow area by 

G,P, J, = __ 
Af 

tprivate communication with D. R. Muhlbaier, West- 
inghouse Savannah River Company (1989). 

0.0503 
0.0503 
0.0160 
0.6, I.0 

N/A 

where G, is the irrigation flow reported by Gogonin 
et al. [3]. These data are for very low Jr and P (mass 
flow rate per unit heated perimeter) values. The water 
inlet temperature for the tests was 298.15 K (25°C). 
Gogonin et a/. [3] stated that dry patches formed after 
the water had been heated by only 5 K above the inlet 
temperature, and thus the resulting dryout power was 
very low. 

The data of Berta et al. [6] are for the case of a 38.1 
mm heated rod inside a 50.8 mm diameter shroud, 
with a heated length of 3.81 m. The tests were con- 
ducted at about 0.090 MPa (13 psia), and the water 
flow rate varied from about 0.15 to 0.5 kg s- ‘. The 
inlet temperature ranged from 3 14 to 3 17 K. 

The data reported by Steimke [4] are for the case 
of flow down an annulus in which the outer tube was 
heated, with an internal diameter of 7 mm and 
an external diameter of 7.79 mm, with a water flow 
from 0.24 to 0.72 kg s- ’ and inlet at a temperature of 
292 K. 

Other data for downward flow at low coolant 
flow rates have been reported by Mishima and his co- 
workers [17-191. Most of these data are for the case 
of net bulk boiling of the coolant and will not be 
considered further in this paper. 

3.3. Correlation of highflow data 
Consider first the data for the higher heat fluxes 

and flow velocities in Fig. 2 plotted as a function of 
superficial flow velocities (which is proportional to 
Re). The data show considerable scatter, but we pro- 
ceed to strike a line through them based on the theor- 
etical prediction and form of equation (14a). A typical 
correlation is 

40, = Kj{m+n)/* (16) 

N 200 jp.’ (17) 

where qo, is in kW m-*, and j, is in m s- ‘, for the 
range 0.005 < j, < 1 .O m s- ’ The agreement shown in 
Fig. 2 is striking ; for comparison, the purely empirical 
correlation of Lussie [5] is based on film flow rate and 
would lie below the data. Therefore, we may conclude 
that film flow breakdown by itself may be a necessary 
but not a sujicient condition for dryout. 

The aluminum data of Berta et al. [6] also seem to 
agree well. A lower bound to all these data, which 
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FIG. 2. Comparison of theory to data. 

may be of interest and use for design purposes, is 
given by 

401 bun = losj: ‘. (18) 

Overall, we regard the agreement as surprisingly 
satisfactory. We expect and predict high Biot number 

surfaces (e.g. silica), to possess a different dependence 
in flow rate. 

3.4. General correlation of available world data 
In order to determine the variations over a wider 

flow range, Fig. 3 was prepared and covers two orders 

of magnitude in heat flux and over three in film flow 
Reynolds number, 4lY/p. The latter was chosen 
because superficial velocity is not meaningful in large 
annuli at low flow rates because all the water is on the 
wall and the theory predicts a dependency of Reynolds 
number. A transition in the flow dependency can be 
observed at Re - 1 03, implying a change in film flow 
heat transfer from laminar to turbulent, in accord 
with the observations of Fujita and Ueda [2]. An 
overall best fit line for turbulent flows (Re > 1000) is 

given by 

qD = 0.017Re’ 9 (19) 

103. 

10 10 
Film Flow Reynolds Number, Re 

FIG. 3. Correlation of theory to data. 
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over the range 7 < q\. < lo3 kW mm2 and 
lo3 < Re < 105, which is an extremely simple result. 
For the one-dimensional data given, this value of 0.9 
for (m +n)/2 falls at the upper end at the expected 
range OS-O.9 for turbulent films (Re > 103). For 
laminar flows, the flow dependency varies as O[Re”*], 
which falls within the expected range of 0.1550.65 (i.e. 
for Re < lOOO), and the dryout heat flux is 

q,, = 0.27Re’12. (20) 

Although a range of exponents is possible within 

the data scatter, equations (19) and (20) give the tran- 
sition between the laminar and turbulent fits. 

3.5. The saturation ratio 
An alternative presentation of the data is to deter- 

mine the ratio, R*, of the observed annulus dryout 
power, Qn, to the power required to raise the inlet flow 
to boiling point (saturation) (i.e. Qs N GA&AT,). 
There is then a simple ‘design’ parameter given by 

R* =eI, 
QS 

called here the ‘saturation ratio’. 

Now, assuming there is a relation between the local 
flux and the total power at dryout then 

QD CC s 40 dA. 
A 

(22) 

If some proportionality, $, holds to account for all 
quantities and variations in the flow distribution, 
power peaking, geometry and deviation of the local 

dryout flux from the annulus average, then 

From equations (9), (19), and (21) 

R* = Wfh) “‘(To - Ts) 
GA,C,AT, 

(24) 

or from equation (16) 

(25) 

Now as observed by Gogonin et al. [3] and Shires 
et al. [1] dry patches form before the total flow is 
saturated (R* < 1). Therefore, this type of com- 
parison is not useful in relation to determining local 

dryout. 
Two observations should be made. Firstly, we 

expect and predict a secondary variation due to sub- 

cooling effects to be still present in these data plots 
(not yet accounted for). Secondly, we also predict that 
at very high flows (j, increasing), the R* curve will 
increase again due to the second (subcooling) term in 
the expression for H. The data presumably do not 
cover this range at this time, and are saturated liquid 

tprivate communication with G. McCreery, EG&G We have considered the analysis of downflow of 
Idaho, Inc. (1989). water in a heated annulus. Using existing dry patch 

near the dryout point. Data covering a wider range of 
flows are needed to further test the correlation. 

4. DISCUSSION 

4.1. Further thoughts 
The present work can be regarded as a significant 

new application, but of course not complete at this 
time. It is, however, largely consistent with all the 
available observations and data trends. Further theor- 

etical refinement and extension of the data base are 
both desirable ; determination of local heat fluxes at 
dryout patches is also clearly needed. In terms of a 
saturation ratio, the data do show that this may be 
less than unity, which confirms the hypothesis of local 
dryout as preceding bulk boiling for some of the data. 

4.2. Heatjuxes 
The question of whether the combined heat flux 

magnitudes implied by the theory and data correlation 

equation (17) are at all reasonable requires some con- 
sideration. 

We have argued that h is some typical film boiling 
or post-dryout value, which for low flows is typically 
less than 1 kW m- 2 K- ’ Now the wet side coefficient, 

H, is bounded by either some nucleate boiling value 
(- 10’ kW mm2 K-‘) or a value due to conduction 
across a non-boiling wetting liquid film. A simple esti- 
mate of the latter can be derived for laminar flow 
from the classic Nusselt draining film thickness, 6, 
neglecting interface shear, which is given by 

(3PI/& I’), where p is the liquid viscosity and I the 
film flow rate per unit perimeter. For the film flow 
rates of present interest, r - 0.5 kg s- ’ mm ‘, which 
gives a heat transfer coefficient for the film flow 

(k/6) - 20 kW rn-’ K-‘. Utilizing the evaporating 
film correlation of Chun and Seban [14] results in a 
turbulent convective coefficient of - 8 kW mm2 Km ’ 
as an alternate estimate (McCreery).? 

Thus, from these estimates, (hH)“’ is of the order 
of 3-30 kW rn- 2 Km ’ and since (T, - T,) is N 100 K, 
then q,,, is greater than 300 kW mm *, somewhat higher 

than the average value observed, but not unreason- 
ably so given these order-of-magnitude arguments. 

4.3. Eflects of heater surface material 
There are two important variations that we predict. 

Firstly, the physical properties-notably con- 
ductivity-will affect the observed variation with flow 
rate, and these are predictable based on our analysis. 
Secondly, surface finish and condition--oxidation 
and roughness-are known to affect the heat fluxes 
and interface temperature, the former by as much 
as an order of magnitude based on past quenching 
studies. The use of ‘prototypical’ materials and surface 
condition in experiments are plainly advisable. 

5. CONCLUSIONS 
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stability theory, we can analytically predict the dryout 
condition. Based on reasonable arguments for the 
parametric variations of the wet and dryside heat 
transfer mechanisms, as observed in past work, all the 
available downflow data in annuli are correlated by a 
new theoretically-based equation given by, for tur- 
bulent flow, qD = 0.017Re0 ‘, and for laminar flow, 
qu = 0.27Re0 ‘, for qD from I to lo3 kW mm*, and Re 

from lo2 to lo’, with an uncertainty of the order of 
&50%. 

The agreement with the data clearly shows that the 
hydrodynamics of film flow breakdown is not a 

sufficient condition for formation of dryout patches, 
and that thermal considerations control. The value of 
the exponent is consistent with the range expected 

for film flow heat transfer ranging from laminar to 
turbulent. The existing data cover the low Biot num- 
ber range for the surface thermal properties. 

New predictions based on the theory are also 
relevant. The effect of annulus conductivity is esti- 
mated as small but significant ; and in the extreme of 

high Biot number, should change the flow dependency 
to one of near direct proportionality. Surface material 
and finish are also potentially important variables 
and will alter the magnitude of the constant in the 

correlation. Further theoretical developments, plus 
data for a wider range of flow rates and estimates of 

local heat fluxes at dryout are recommended. 

REFERENCES 
I. G. Shires, A. R. Pickering and P. T. Blacker, Film 

cooling of vertical fuel rods, United Kingdom Atomic 
Energy Authority Report AEEW-R 343 (1964). 

2. T. Fujita and T. Ueda, Heat transfer to falling liquid 
films and film breakdown-I, Int. J. Heat Mass Transfer 
21,977108 (1978). 

3. I. I. Goeonin. A. R. Dorokhov and V. N. Bochagov, 
Stability-of “dry patches” in thin, falling liquid films, 
Fluid Mech.-Sou. Res. 8, 1033109 (1979). 

4. J. Steimke, Status of heat transfer experiment (u), 
Nuclear Reactor Technology and Scientific Compu- 
tations, DOE Report DPST-88-854 (1989). 

5. 

6. 

I. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

W. G. Lussie, Local heat flux criterion for the ECS phase 
of a loss of coolant accident in the Savannah River Plant 
reactors, DOE Report EC&G-ES&H-8433 (1989). 
V. T. Berta, K. G. Condie and J. A. Schroeder, Phenom- 
enological scoping studies of downflow in a uniformly 
heated ribbed vertical annulus, DOE Report ES&H- 
SRP-3-89 (1989). 
S. A. Kovalev, An investigation of minimum heat fluxes 
in pool boiling of water, Znt. J. Heat Mass Transfer 9, 
780-788 (1966). 
S. A. Kovalev. On stability of boiling regimes, Tepl@z. 
Vvsok. Temo. 2(5). 1219~1226 (1964). 
R. Semeria’ and ‘B. Martinet, ‘Calefaction spots on a 
heating wall ; temperature distribution and resorption. 
Paper presented at Symposium on Boiling Heat Transfer 
in Steam-generating Units and Heat Exchangers, I. 
Mech. Engng, Vol. 180(3C), pp. 192 ~205 (1965566). 
D. T. C. Porthouse, Dryout and rewetting in reactors 
and heat exchangers by a thermal conduction analysis, 
Central Electricity Generating Board Report 
RD/B/N2772 (1973). 
N. Zuber and F. W. Staub, An analytical investigation 
of the transient response of the volumetric concentration 
in a boiling forced-flow system, ht. J. Heat Mass Trans- 
fer 9,897.-905 (1966). 
R. B. Duffey and D. T. C. Porthouse, The physics of 
rewetting in water reactor emergency core cooling, Nucl. 
Engng Des. 25, 379-394 (1973). 
B. D. G. Piggott and D. T. C. Porthouse, A correlation 
of rewetting data, Nucl. Engng Des. 32, 171-181 (1975). 
K. R. Chun and R. A. Seban, Heat transfer to evap- 
orating liquid films, Trans. ASME, J. Heat Transfer 
391-396 (1971). 
E. P. White and R. B. Duffey, A study of the unsteady 
flow and heat transfer in the reflooding of water reactor 
cores, Ann. Nucl. Energy 3, 197-210 (1976). 
K. H. Sun, G. E. Dix and C. L. Tien, Effect of precursory 
cooling on falling-film rewetting, Trans. ASME, J. Heat 
Transfer 360-365 (1975). 
K. Mishima and M. Ishii, Critical heat flux experiments 
under low flow conditions in a vertical annulus, Nucl. 
Engny Des. 86, 165-181 (1985). 
K. Mishima and H. Nishiha, The effect of flow direction 
and magnitude on chf for low pressure water in thin 
rectangular channels, Argonne National Laboratory, 
ANL-82-6 (1982). 
K. Mishima. H. Nishihara and I. Michiyoshi, Boiling 
burnout and flow instabilities for water- flowing in a 
round tube under atmospheric pressure, Int. J. Heat 
Muss Tramfer 30, 116991182 (1985). 

STABILITE DE L’ASSECHEMENT ET APPARITION AUX FAIBLES DEBITS 

R&sum&On dtveloppe un modele theorique du flux thermique necessaire pour maintenir une structure 
stable sur une surface chaude refoidie par un film tombant liquide. Le modtle theorique est base sur une 
solution analytique de l’equation bidimensionnelle de la chaleur avec des conditions aux limites thermiques 
approprites aux conditions hydrodynamiques sur la zone chaude stche et sur la zone mouillee. En utilisant 
des formes raisonnables physiquement pour les coefficients de transfert thermique, le flux de chaleur est 
exprime en fonction du nombre de Reynolds du film liquide. On collecte les donnees experimentales 
existantes ; elles couvrent la region monodimensionnelle (faible nombre de Biot) et elles indiquent que se 
realisent les conditions de film laminaire et turbulent. On obtient des formules pour les resultats analytiques. 
Pour l’tcoulement laminaire, le flux thermique d’asstchement est qn = 0,27Re0,5 et pour l’ecoulement 

turbulent qu = 0,017Re0.9, avec une incertitude de l’ordre de f 50%. 
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STABILITAT UND EINSETZEN DES “DRYOUT” BEI KLEINEN 
MASSENSTROMDICHTEN 

Zusammenfassung-Es wird ein theoretisches Model1 zur Berechnung der Wiirmestromdichte entwickelt, 
welche fiir die stabile Aufrechterhaltung einer Trockenstelle an einer berieselten Heizfliiche erforderlich 
ist. Das theoretische Model1 baut auf einer bestehenden analytischen Lijsung der zweidimensionalen 
Wlrmeleitgleichung auf. Als Randbedingungen werden Korrelationen fur den Wlrmetibergang angesetzt, 
die den Striimungsbedingungen an der heigen Trockenstelle bzw. im benetzten Gebiet in grol3er Entfernung 
von der Trockenstelle entsprechen. Bei Verwendung physikalisch sinnvoller Korrelationen fiir den Wlrme- 
iibergang im Bereich der Trockenstelle und im Bereich des benetzten Gebietes la& sich die Wlrme- 
stromdichte als Funktion der Film-Reynolds-Zahl ausdriicken. Fur die Korrelation werden vorhandene 
Versuchsdaten aufbereitet und gesammelt. Diese Daten umfassen den eindimensionalen Bereich (kleine 
Biot-Zahl) und zeigen, dal3 sowohl laminare als such turbulente Filmstromung vorkommt. Aus den 
analytischen Ergebnissen werden entsprechende Korrelationsgleichungen ermittelt. Die Warmestromdichte 
beim Austrocknen betrlgt fur laminare Striimung qo = 0,27Re0.’ und fur turbulente Strijmung 

qn = 0,017Re0,9 bei einer Unsicherheit der GrBBenordnungk50%. 

YCTORYHBOCTb kl HAYAJIO KPH3HCA TEl-IJIOOEMEHA lIPI HM3KkiX CKOPOCTIIX 
TEYEHWl HJIEHKW 

APa3pa6oTaEa TWpeTE’IecKaB MOAe.Jlb, llO3BOJIBiOllmli Ol.lpeAeJuiTb TeIIJlOBOii UOTOB, He06 
xomi~&4 ~ulli coxpaaeaaa cxinb~o mupe~oro ywxa Ha no~epxmxxq oxnazqac~oil cre~luomeil 
xwmoii nnetnroit. MOA~JU. oe~ouarsa Ha m+wxuewB amumTsmecxord pememm ~yrwpHor0 ypaBneAan 
TeILlIollpoBoxmxTli c rpaa ycJIoB_ CoAeprramWar o6o6nrcBxbxe CooTxiomemm ~uln x03+- 
*mutema ~MOllepeSoca, KoTopHe WOTBeTcTByIoT ycJlonilBb& XapaKTepHblM &ml pa6oonefi -ocTn y 
-Ho aarptroro cyxoro ywuxa u y npaneramux& x tieMy anrumoilo6nacra. C ~cno~1b3omsmeh4 
I@3E’leCKE O~BJWIEWX coo~omed wm ro*BwieiiTos rennonepe~oca kra cyxoh4 ywxse A BO 
-ofi 06.nacrn ~enno~~ti II~TOK npencrannen B Bn&? &HUJEE p~uta Pelhronb~ca -oil nnem. 
06pa6orra no~rynemrbxx 3mxtepmde~Bnb~ iu+mwx no3Bonma nonysara o6o6nuuoame cowome- 
mis.3M~eoxia TldBalOT O~OMepliylo (C lili31cHM 48UIOM EEO) O6JIaCl.5 H CBWeTeJRGTByloT C 
HaJIE’lUH yCJlOBti naMHRapeoro II ryp6ynemxroro reqe&I rramoti rrnensm. Ha ocrrone arra.nu~~~ec~w 
~yJlL.TBTOB lIOJI)"IeKbl CO oTBeTcIgyIo19He 06o6uwomie ypasaei5in. IIPH nahimtapHob4 Twfemm rpa- 
~~pecwxti TetIJIOBOti UOTOL cac~meT ql, = 0,27Re0*‘, a npe ~yp6ynetr~~o~--q, = 0,017Rek9 c nor- 

peumocrbm nopama f 50%. 


