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Abstract--A theoretical and experimental study of liquid film flow and quench front propagation on hot 
vertical surfaces in the presence of single and two-phase upflows is reported. Experiments in which a water 
jet was used to cool a single rod set in a transparent tube showed that the downward progress of a quench 
front was significantly retarded or even stopped by an air or steam upflow. Climbing quench fronts were 
observed which sometimes coexisted with the falling quench fronts, but at surface temperatures above 
900°C and flow rates below 0.9g/s/cm both quench fronts became stationary. Conventional flooding 
correlations have been shown to overestimate the upflow necessary to cause flow reversal particularly at 
high surface temperatures. The analysis of film flow shows that a simple interfacial shear model, although 
incapable of describing the observed wave dynamics, can be used to correlate trends in the available data 
on rewetting and downcomer penetration. A preliminary theoretical examination of the wave dynamics at 
the onset of flow reversal is presented based on the Jeffreys theory of growth of finite-amplitude waves. 

1. INTRODUCTION 
We are interested in the rate of wetting of a hot vertical surface in the presence of a gas, steam 

or two-phase updraft. This problem has practical importance to the downward progression of 

quenching, due to the spray cooling Or reflooding of over-heated water reactor fuel bundles, and 

to the penetration of emergency cooling water in vertical downcomers or pipes. The updraft or 

counterflow may be steam from boiling and evaporation of the liquid film itself on the hot 

surfaces, or single or two-phase flows derived by water boiling because of reactor depres- 

surisation. 

It is known that interactions occur between a water downflow and the gas upflow (a 

so-called "countercurrent flow"), causing waves to grow on the water surface, and the 

downflow may be stopped or even reversed by the interchange of momentum, a phenomenon 

known as "flooding" (Hewitt & Wailis 1963; Wallis 1969; Duncan & Leonard 1971; Nag  & 

Whitbeck 1972; Shires et al. 1964). Identical situations occur in chemical plants in the 

"flooding" or flow reversal of packed beds or wetted wall columns (Wallis 1969; Shearer & 

Davidson 1965; Nicklin & Davidson 1969), and simplified correlations to describe the steady- 

state flooding point of no net downflow have been developed (Wallis 1969; Wallis & Mak- 

kenchery, 1974; Grolmes et al. 1974). If upward liquid flow results from high counterflows 
(so-called "co-current flow") and the walls can be wetted, the flow pattern may become annular, 

a regime of great interest in two-phase flow analysis (Hewitt & Hall-Taylor 1970). Counterflow 

effects are also important in estimates of dryout in reactors and heat exchangers when the 

conditions for the disappearance of the boiling liquid film are required (Whalley et al. 1974), and 

in studies of the motion of molten cladding in postulated accidents for fast reactors (Theo- 
fanous et al. 1976). 

When the surface is hot ( > 300°C) thermal conduction within the surface controls the rate of 

progression of the rewetting front and the liquid film down the wails, and steam and drops are 
generated by the boiling at the front (Duffey & Porthouse 1972, 1973). If the steam production 
and droplet evaporation are sufficient, reversal of the liquid film flow or "flooding" might be 

expected (Chan & Grolmes 1975). Defining this reversal is obviously important, but no direct 
information is currently available on the liquid film flow on high temperature surfaces in the 
presence of single and two-phase counterflows. Detailed studies of the hydrodynamics and 
wave formation at the onset of flow reversal are also not available. 
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This paper examines the analysis of transient liquid film flow and wave formation in 
countercurrent flows, and the effect of boiling and thermal conduction on the phenomena. New 
data are reported on the retardation and onset of flow reversal of a falling liquid film on a hot 
vertical cylinder, and the conditions for the generation of a climbing rewetting front deter- 
mined. 

2. THEORETICAL CONSIDERATIONS 

A large body of literature is available on the hydrodynamics of liquid films and we first 
review some of the relevant physical considerations. From these, we outline an approximate 
analysis of film flow on hot surfaces and then the dynamics of wave growth on thin films is 
briefly examined. Both these analyses are extensions of previous work. 

2.1 G e n e r a l  r e m a r k s  

Consider water running down a hot surface in the presence of a counterflow (figure la). 
Clearly the problem involves both the hydrodynamics of liquid film flow and the thermal 
phenomena involved in boiling and rewetting, neither of which are completely understood at the 
present time. The hydrodynamics involve, firstly, the stability of thin film flows, since the film 
can support both surface-tension dominated ripples and gravity waves of longer wavelength and 
it has been shown that the surface is always unstable with respect to infinitesimal disturbances 
(Benjamin 1957; Yih 1963; Lee 1969). Secondly, the interracial shear due to the countercurrent 
flow distorts the velocity profile within the liquid from the classic Nusselt parabolic profile due 
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to the wall shear, causing the gas-liquid interface velocity to decrease while the mean flow is 
downward (Hewitt & Wallis 1963; Groimes et al. 1974). Thirdly, the counterflow causes the 
growth of waves on the surface (Hanratty & Hershman 1961; Hewitt & Wallis 1963; Shearer & 

Davidson 1965; Centinbudaklar & Jameson 1969; Gottifredi & Jameson 1970), this being a 
particular case of the classic problem of wave generation due to wind over water (Jeffreys 
1925a, b; Miles 1957, 1967; Barnett & Kenyon 1975). 

The occurrence and characteristics of large two-dimensional waves (so-called "roll" or 
"disturbance" waves) in thin films has been and is the subject of intensive study (see, e.g. Lacey 
et al. 1962: van Rossum 1959: Miya et al. 1971: Telles & Dukler 1970: Chu & Dukler 1974, 1975: 

Ueda & Tanaka 1974; Ueda & Nose 1974). These aperiodic waves are important not only 
because the onset of flow reversal has been reported as due to waves growing in the liquid and 
bridging or blocking the flow area (Centinbudaklar & Jameson 1969; Hewitt & Wallis 1963), but 
also because the pressure drop is affected by the roughened surface presented by the waves to 
the flow (Anderson & Mantzouranis 1960; Hewitt & Wallis 1963; Dukler 1972). In addition, the 
majority of the liquid mass flow ( -  90%) can be transported by these waves moving over the 
thin liquid layer, or substrate, left on the wall (Chu & Dukler 1974). The wave growth is 
primarily a local phenomenon, the driving force being due to the pressure variations over the 
wavy surface and flow separation on the leeward side (Shearer & Davidson 1965; Jeffreys 
1925a, b). The wave shape and velocity are dependent on local conditions because the waves 
are of finite height on a thin liquid layer and hence cannot travel without change of form (Lamb 
1945; Landau & Lifschitz 1959; Chu & Dukler 1974). The wave crest becomes steeper and may 
be eroded or entrained by the counterflow as a spray (Mayer 1961; Ishii & Grolmes 1975) or as 
a plug of liquid in a small channel (Nicklin & Davidson 1962; Wallis & Dobson 1973). 

The thermal phenomena further complicate the picture, since the water film may be boiling. 
The rate of advance of the liquid over a hot surface in the absence of counterflow, u0, is known 
t6 be controlled by thermal conduction within the surface, with a clear "rewetting front" 
characterised by violent boiling at the edge (Shires et al. 1964; Duffey & Porthouse 1972, 1973) 
which thickens and disrupts the liquid film. The rewetting rate is now known to be a function of 
the local water flowrate per unit heated perimeter, F, and the subcooling, A Ts (Yoshioka & 
Hasegawa 1970: Piggott & Porthouse 1973, 1975; Yu 1977), as well as being influenced by the 

thermal properties and thickness of the surface and any underlying material (Semeria & 
Martinet 1965; Piggott & Duffey 1975; Pearson et al. 1977). The functional dependency of the 
non-dimensional rewetting velocity without counterflow, u*, may be stated as 

u~ = pc~uo 
k - u~(F, AL, r , ,  rq,(kpc) , , )  [i] 

where p, c and k are density, specific heat and thermal conductivity of the surface material and 
its thickness, the subscript u refers to the underlying or filler material. T denotes tempera- 

ture, the subscript w referring to the upstream wall or surface value and q to the value at the 
quench front, i.e. Tq is a "Leidenfrost" or rewetting temperature. 

If the counterflow reduces the film flowrate, then the rewetting rate should reduce. Because 
kinetics of the boiling process are not well understood, it is not known what "correct" value to 
apply to Tq, e.g. proposals include the minimum wall temperature for film boiling, or the wall 
temperature at the breakdown of nucleate boiling at the "critical heat flux". Nevertheless data 
for a wide range of surfaces and conditions have been simply correlated (Yu 1975; Piggott & 
Porthouse 1975). 

An exact solution is not available for the counterflow-induced growth of an orbitrary-shaped 
wave on a boiling thin liquid layer falling on a vertical surface in the presence of steep local 
wall temperature gradients. Even simple cases present difficulties, and some simplifying 
concepts must be applied. The following sections consider such special cases. 
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2.2 Modified laminar film analysis with interracial shear 
It is known that the generation of waves determines the point of flow reversal (Hewitt & Wallis 

1%3). The initial gross approximation is to neglect the surface waves, as shown in figure lb, and 
treat the liquid film as smooth with an interfacial shear due to countercurrent flow (Grolmes et al. 

1974). The effect of the waves on the shear and film flowrate can then be corrected for using a 
dimensionless multiplier, f, which may or may not be related to the conventional two-phase 
pressure drop multiplier. This approach is supported by indirect measurements which show that 
the mean film thickness, & is relatively unaffected by counterflow up to the point of "flooding" 
(Nicklin & Davidson 1962; Anderson & Mantzouranis 1960; Lacey et al. 1%2; Hewitt & Wallis 
1963) and may nearly be given by the Nusselt expression, 

/3/ZLF0'~ 1/3 
go = 1 7  ] [2] 

where I* is viscosity and g gravitational acceleration, the subscripts L and 0 refer to liquid and 
input or initial value. However, the velocity profile across the film is distorted by the shear, and 
with the above approximations, the mean film flowrate is, recasting the equation derived by 
Hewitt & Wallis (1963) and later by Groimes et al. (1974), 

Here F0 is the input flowrate, j is the local relative interphase velocity and t~ the mean 
counterflow density. This equation has been used with the condition F = 0 to correlate a range of 
"flooding" data in smooth heated and unheated tubes using f as an arbitrary parameter 
(Grolmes et al. 1974; Chan & Grolmes 1975): no general test of its ability to correlate film flow 
information has however been made. Now, from [1], the rewetting rate at constant subcooling 
may be expressed empirically as, 

u ~ ~ F m [41 

where m varies from about 0.3 for low flowrates and/or nearly saturated water, to unity for 
subcooled water (Piggott & Porthouse 1975; Yu 1977). Substituting [4] in [3], gives 

[5] 

where u* is the non-dimensional rewetting velocity with counterflow. Note that variations in 
rewetting velocity due to heater properties, etc. are taken into account by the use of u~. The 
effect of shear due to counterflow is to reduce the rewetting rate and the limits of [5] are 

and 

u*-+u],  as F0--*oo or j-+0 [6.1] 

2(PLg2~L)l/6p 1/6 
u*-+0, as j = b --+ 9116(~f)112 "o [6.2] 

where the subscript f refers to the value at onset of now reversal or flooding. Equation[6.2] is 
the Chan & Grolmes (1975) "hydrodynamically controlled" condition. For air or steam at 

atmospheric pressure blowing over a water film, as an order of magnitude, 

b = 24 FO 1/6 m/s with F0 in g/s/cm 

and f = 0.006 the smooth tube value. 
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2.3 Effect o/steam generation on the top spraying and flooding of hot channels 
The conditions encountered in some emergency cooling experiments on the spraying and 

flooding of hot channels and pin bundles (Duncan & Leonard 1971; Blaisdell et al. 1973; Griebe 
& McConnell 1973; Guerrero & Lowe 1974) are such that the upflow is due to evaporation of 
the injected water itself. The vapour flow can then be such as to cause "flooding" thus limiting 
the inflow of water into the hot channel (Shires et al. 1964; Chan & Grolmes 1975). The theory 
of section 2.2 can be simply extended for this situation; this is required because it is distinct 
from the case of a superimposed upflow. We need an expression for steam generation rate to 
substitute for /~j2 in [3]. This presents some ditficulties since the exact mechanism of steam 
generation is not known. So for a wetted perimeter, p, and a flow area A, the appropriate mass 

balance is assumed to be 

pdvA = o~p (Fo - F) [7] 

where a is a constant of proportionality and the subscript v denotes vapour. It has also been 
assumed that the liquid film thickness is small compared with the equivalent diameter thus jv is 
based on the full flow area. Substituting for pd~ 2 from [7] in [3] gives 

I_~OO=F ~4A2pv(g2~lZL)I/3F°-s/3 [8] 

and, from [4] yields, 

. 2 ,, 1/3 = 4A2pv(g_P_~l "LI- . 1 - ( u ' l u g )  '/m ~ Fo -5/3 [9] 

Equations [8] and [9] are the general equations for the film flowrate and rewetting velocity 
on hot surfaces. Note that the limits of [9] are, firstly, 

u*--->u~j as Fo--->oo, [10.1] 

i.e. at high input flows, the progress is purely conduction controlled; this limit was also stated 
by Chan& Grolmes (1975) who argued that there was insufficient droplet evaporation by radiation 
absorption to produce sufficient steam for flow reversal. Secondly, 

.._>(4A2p,.315 ( )1/5 
u*-:,0 when ro--ro: [10.2] 

so that at some critical input flow, Fo:, the downward flow is arrested completely, as for the case 
of a superimposed upflow [6.2]. 

Experimental data are scarce, and only the preliminary results of Guerrero & Lowe (1974) 
are available for comparison; they poured 20°C water into a 4 m long tube at 800°C, and 
measured the quenching times. The data are compared with theory in figure 2, where for the 
purposes of comparison and since m - 1 for this case,[9] has been simply recast as, 

4A 2p~ (g2~lz_____ZL ) t/3Fo-5/3 1 - (tqo/tq) = ~ [11] 

= KFo -5/3, say, [12] 

where tq is the measured quench time and tqo is strictly the quench time with zero counterflow. 
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Figure 2. Comparison of interfacial shear analysis with top flooding data. 

The value of tq0 is not known and has therefore been taken as the asymptotic quench time of 
[10.1] at the highest flowrate tested. K is partly empirical since the interfacial shear and ~ are 

unknown. Despite the data scatter, the agreement in the trends of quench time with flowrate 
lends some credibility to the above arguments. 

2.4 The dynamics of counterflow-induced waves of finite height on thin water films 

The preceding analysis is for a smooth interface, and has no implicit treatment of surface 
waves except by arbitrary manipulation of f. But, as stated above, waves are known to occur at 
the flooding point on falling water films and in annular flow. Chu & Dukler (1974) have 
emphasised that the statistical characteristics of finite waves must be considered, and that small 
perturbation analysis (e.g. of Yih 1963) will not suffice. In addition, the wave development 

is a transient process, so "standing wave" treatments are only a first approximation (see e.g. 

Shearer & Davidson 1965). 
The simplest form of treatment of finite-amplitude wave growth on a water surface is the 

Jeffreys' "sheltering" model (Jeffreys 1925a, b). In this theory, the energy input to the waves is 

assumed proportional to the dynamic pressure, Pd~" (the subscript g refers to gas), which may 
be considered as due to flow separation in the lee of the wave (c.f. flow over a rib), as shown by 

Shearer & Davidson (1965). This model can be applied to irrotational flows, and hence to finite 
waves on a substrate or liquid layer of thickness, 6B, such that (Lamb 1945), 

6nm,. ~ 27r (2tzL* ] \ pry / [13] 

where v is the wave celerity and ;t the wavelength. With these approximations, balancing the 
rate of change of wave kinetic energy with the loss due to viscous dissipation and the gain due 

to wind pressure (Lamb 1945; Jeffreys 1925b) gives the equation for the local wave amplitude in a 
thin liquid layer as, 

dh [/3p~(j~- v) 2 2tZL 4rr2],. 
d--{ = L 2pLV~B PL ~-r-J" 1141 

where h is the wave height and/3 is the sheltering parameter. Following Jeffreys (1925b) and 

also Mayer (1961) who used the deep water form of the theor~ when 8~>A to examine 
entrainment from the crests of capillary waves, we note that the necessary and sufficient 
conditions for the wave to grow is that the R.H.S. of [14] should be positive, or otherwise the 
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wave decays due to viscous dissipation. This consideration gives the growth or neutral stability 
criterion for the minimum wave length, Am, or gas velocity, j~m. Since the waves on falling films are 
gravity-controlled (Jeffreys 1925b; Telles & Dukler 1970), we consider two possible wave celerities 

as follows. 
(a) For long gravity waves with v =(gh)  1/2 in a liquid of depth > 8Bm~., from [14] for 

(dh/dt) > O, 

2 
A, 2 > 16~" /ZLS~ t . ~ , 2  [15] 

and, neglecting viscous dissipation, 

hl/Z - hol/2= f fl_~__~ t 
\4pLSB ] - ~  

[161 

where h0 is the original height at time t = 0, and we have used the fact that jg >> v. 
(b) For Yih-Benjamin or finite-amplitude Kapitza waves (Lee 1969) predicted to occur on a 

thin draining film with v ~- (gh2/UL), ~ being kinematic viscosity, from [14] for (dh/dt) > O, 

167r2gPLSB h 2 [17] 
Am ~ >>- fjp~j~ 

and, neglecting viscous dissipation, 

(flP_~_~ liE t h2-  h°2 = \ p L ~ o  / g " [181 

Note the restriction that A,, must be large enough to satisfy [15] or [17], but not so large as to 
suffer dissipation by violating the irrotational flow requirement for 8B (see Jeffreys 1925b). 

Typical values for Am for water are - 10 -I cm for (a) and (b) with ~ - 0.3--0.5 (Jeffreys, 1925a; 

Shearer & Davidson 1965), ./~ - 1 m/s, and 8B - h - 10 -j mm, and hence visual observations of 
the wave growth are a critical test of the controlling parameters. The mean wave height,/~, may 
be defined conventionally as 

V fair 
/~=AJo  hdt [19] 

and is evidently a function of time. From[16], hajg °, a result consistent with the observations 

of Ueda & Tanaka (1974) on wave growth on thin films just before the onset of crest 

entrainment or atomisation and for the film flow Reynolds number (4F/#) of ~ 2000 of interest to 
the present work. 

2.5 Wave growth and the onset of bridging 
An alternative model is now considered; all the film flow, F, is assumed to develop a 

two-dimensional wave on the liquid film, the wave being held stationary by the counterflow. 
The wave, of width a, grows in height up to the point of bridging, i.e. for h < R - r, R and r 
being outer and inner radii of an annulus, 

dh 
pLa-~ = F. [20] 

Assuming the width to be determined by the wavelength of a wave formed by wind blowing 



124 

over water, then 
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a =0[A]= nA, say, [21] 

where n is an integer and the growth is given by, 

dh 
dt (FlnpLA). [22] 

As an estimate, the value of A can be taken from the results of different approximations (e.g. 
above, or Hanratty & Hershman 1961). 

/ 
Note j~ = j~il--~---z. .J  , from geometry [23] 

\ I"~ - -  f /  

and where the subscript s denotes the superfical value based on the full flow area and, 

F=Fo[1-O.25(PJ~)-' /3Fo'/3pe,dj~.,]fromabove. 

Hence from [22], 

dh Fo [1 2 -,/3 -,/3 .2 - 0.25(pLg #L) Fo p~.~.fj~,,,]. [24] dt pLAn 

Following "bridging", the plug of liquid formed could be accelerated upwards due to the 
dynamic pressure of the counterflow. For the acceleration from rest of a simple liquid column 

of length, l, integrating the momentum equation gives the vertical position, z, neglecting wall 

shear, as, 

- 2  

= flP-~t 2 [25] z 2pLl " 

The above considerations all suggest that observations of film flow, wave growth rates and 
plug motion are important. Ideally, the effective interfacial shear parameter, f, should be related 
to the wave dynamics; because the wave height is time-varying, no simple relationship is 

immediately available. 

3. EXPERIMENTS 

The object of the experimental work was to check the above theories by investigating the 
effect of air, steam and two-phase steam/water counterflows on the falling film quenching of a 
heated rod at  atmospheric pressure. The purpose of the air experiments was to examine 
momentum interchange phenomena, and that of the steam flow experiments to quantify the 
additional effects of counterflow density and condensation. The two-phase experiments, though 
more difficult to interpret, provide a useful indication of the additional phenomena which may 
occur in the blowdown and reflooding of water reactors, and are also relevant to simultaneous 
spraying and flooding by emergency core-cooling systems. Simple single pin experiments were 
adopted as being the more readily interpreted, with annular flow areas similar to current nuclear 

reactor values. 
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3.1 Description o[ apparatus 
The test section for most experiments consisted of a heated rod of 14.2 mm o.d. located 

centrally within a smooth transparent silica tube of 19.5 mm bore (figure 3). Some additional 
scoping experiments were performed in a wider bore tube. The heater had a 347 stainless steel 
cladding 0.64 mm thick and was heated by a resistance element in a boron nitride filler; the 

heated length was 450mm. Five 1 mm o.d. stainless steel sheathed thermocouples were 

positioned under the cladding of the heater in a line at approx. 76 mm intervals along the heated 
length. These internal thermocouple readings were monitored on ultra-violet and pen recorders. 
Demineralised water from a heated constant-head tank was supplied as a jet at normal 
incidence to the heater via a capillary tube set in the silica tube wail. The rod was positioned in 
the tube so that one of the internal thermocouples was directly beneath the point of jet impact. 

The two-phase counterflow was produced by allowing the test section to reflood from the 
bottom; the carryover from the quench front thus produced was a saturated two-phase mixture 

estimated to have a quality ~ 1%. The water feeding the bottom quench front was arranged in 
separate experiments to come either from that injected onto the heater or from an independent 

supply, or from both. 

3.2 Experimental procedure 
For single-phase counterflow experiments the procedure was as follows. The required 

counterflow of air or steam was first set up and the temperature of the test section set to the 

Power 
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Figure 3. Steam counterflow apparatus--schematic. 
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desired initial value as indicated by the thermocouple located at the position of water jet 
injection. (There was an axial temperature difference due to the counterflow of approx. 100°C at 
maximum flow.) The water header tank was heated to the desired temperature. The rig was then 

allowed to stand for some minutes in order to achieve thermal equilibrium. To initiate a test, the 
water jet was turned on and the vertical progression of the quench fronts was measured by 
stopwatch timings between markers on the silica tube 50 mm and 100 mm from the jet. The signals 
from the internal thermocouples, one at the jet location, one 76 mm below and one 152 mm above it, 

and the water temperature were monitored on a chart-recorder. When spraying the rod with hot 
water, certain conditions of initial temperature and counterflow caused an unacceptably long 
wetting delay due to film boiling (Piggott et al. 1976). Wetting was initiated in these cases by 

momentarily increasing the jet flow and/or injection of cold water from an auxiliary supply: this did 
not significantly affect the subsequent behaviour. 

The following range of conditions were investigated: 

Rod initial temperature 300-  1000°C (__ 10°C); 

Jet flow 1 - 8g/s (-+0.1 g/s); 
Steam velocity 0 - 15 m/s ( + 0.3 m/s); 
Air velocity 0 -  12 m/s ( -+0.3 m/s); 
Water temperature at jet 2 0 -  85°C (-+ 2°C). 

The conditions of film flow disruption (onset of plug flow) and of no net downflow were also 

determined with the rod cold. For the low jet flow, high counterflow experiments, the capillary 
jet size was reduced from 2 mm to 1 mm bore otherwise jet entrainment occurred. 

The powers to maintain the initial steady-state temperatures in the absence of water 
injection are summarised in table 1 below. The power levels were lower for the steam 

experiments, when the silica tube was not water cooled to minimise condensation. 

Table 1. Heater power levels to maintain steady initial temperatures 

Power (W) 

T ~ ( ° C )  Counterflow j,..~ = 0 j~,.~ = 15 m/s 

500 Air 620 1010 
500 Steam 300 630 
700 Air 1120 1710 
700 Steam 700 1220 
700 Two-phase 800 - -  
900 Air 2140 2690 
900 Steam 1550 2280 

For the two-phase counterflow experiments, it was not possible to maintain a steady 
counterflow as in the steam and air experiments. The heater power required to maintain a given 
surface temperature in the presence of counterflow could not be determined accurately. The 
method adopted was therefore to start the jet flow just as the bottom-flood water quenched the 
lower end of the heated length of the heater and then to increase the power to the heater in 
order to maintain constant the surface temperature, as recorded at a point about 150 mm above 
the level of the jet. 

3.3 Visual observations in single-phase counter]tow 
At conditions of zero or low counterflow ( < 1 m/s) the heater was quenched by a falling film 

in the form of a rivulet for cold water, or as a circumferentially uniform front for hot water. As 
counter flow velocity was increased the quench front velocity reduced and the quench front 
tended to become circumferentially uniform. At even higher velocities, waves formed at the 
quench front which nearly always bridged the annulus to form plugs of water which were 
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accelerated upwards by the counterflow and eventually disintegrated. A climbing film was also 
formed which appeared to obtain its flow from the passage of these plugs and after the plug had 
passed the climbing film front fell back slightly with a lapping action. Disintegration of the plugs 
often occurred as they passed the climbing film front. Both climbing and falling films could be 
formed simultaneously except at high wall temperatures. For example, at a wall temperature of 
1000°C and a steam velocity of 3.1 m/s a jet of cold water of 4g/s formed a wet patch in - 150 s 
which extended from about 50 mm above to about 20 mm below the jet. This test was continued 
for a further 500 s without progress of quenching in either direction, the surplus water flow 
being entrained out of the annulus. As the counterflow velocity was increased further only a 
climbing film was formed, and a gradual change in flow regime from plugging to annular flow 
occurred at the highest velocities ( > 8 m/s). The general behaviour described above was typical 
of all tests (air, and steam with hot and cold water jets), but the detailed conditions at which 
changes occurred were different. 

The stability of the observed phenomena require further comment. The quench front 
advance was typically irregular, and the plug formation appeared from cin6 films to have a 
quasi-periodic character. It was also observed that the onset of the climbing film flow regime 
was unstable; the water film would travel perhaps - 5 0 m m  upwards and then collapse, 
restoring falling film flow. Further tendencies to unstable behaviour were observed with steam 
counterflow and a subcooled water jet: at the onset of climbing film flow considerable water 
was held up in the annulus, but only around the wetted length of the rod. A crackling noise 
could be heard due to steam condensation as bubbling through the water occurred, and the 
water hold-up occasionally collapsed. 

3.4 Visual observations in two-phase counterflow 
In the two-phase counterflow experiments, the counterflow consisted of a dispersed flow of 

liquid and vapour in film boiling. A falling film progressed down the rod under all conditions, 
but receded slightly as intermittent surges in the counterflow were generated by the bottom 
flooding of the test section. A steady climbing film flow always occurred from the wet patch 
initiated by the jet flow. In all experiments the climbing film flow commenced before the water 
film spread downwards against the counterflow. 

4. R E S U L T S  

4.1 Air-counterflow experiments 
The rewetting rates are shown plotted in figures 4--6. The first gives the results for a range of 

wall temperatures and flowrates and the latter two the detailed variations with wall temperature 
and flowrate. 

Figure 4 shows clearly the retardation of the falling film (u-'  increases) as jg increases, until 
at a counterflow velocity, Jgi, the film does not progress downwards. The retardation is greater 
at the lower flows (<  8 g/s) or wall temperatures greater than 700°C. For the lower tempera- 
tures, the falling film ceases for jg ~ 5.5 m/s which corresponds very nearly to the value of 6 m/s 
for the point of no net downflow determined independently for a cold annulus. It is important to 
observe that retardation of the falling film rewetting rate occurs well below this point, typically 
jg ~ 1.0 m/s at the highest temperatures or the lowest flows, this value increasing as these 
parameters are changed. The climbing films attain some slowly varying and apparently asymp- 
totic velocity as j~ increases beyond 7 m/s, which is usually 1.2-1.4 times the falling film 
velocity without counterflow. 

Climbing and falling films co-exist or overlap for a range of jg except for Tw > 700°C with 
F-< 0.9 g/s/cm when a stationary film exists. For T~ = 900°C and F = 0.45 g/s/cm a stationary 
film persists for 1 < jg < 5 m/s, the onset of the climbing film corresponding very nearly to the 
"flooding" countercurrent velocity for a cold rod. 
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Figure 5. The effect of initial wall temperature with air counterflow. 

Typical ter~perature traces are shown in figure 7: the surface 76 mm below the jet cools little 
before the arrival of the quench front whereas the surface 152mm above the jet cools by 

100--200°C. The steep temperature drop associated with quenching also exhibits an interesting 
behaviour. The temperature falls progressively faster as quench velocity increases for both 
falling and climbing films. 
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4.2 Steam counterflow experiments 
The rewetting rate data for the steam-counterflow experiments are shown in figures 8 and 9 

for inlet subcoolings of 80°C and 15°C respectively. The effect of a large subcooling in the inlet 
water jet was to produce a secondary minimum in inverse rewetting rate at a wall temperature 
of 700°C. During these experiments there was a hold-up of water in the annulus along the 
wetted length of the heater rod and condensation occurred as steam vented and bubbled 
through it. The application 'of higher steam flows were sufficient to raise the input water to 
saturation ensuring that no further condensation took place. A simple heat balance shows that 
for an inlet subcooling of 80°C and a flow rate 4 g/s a steam velocity of -> 6-8 m/s is needed to 
exceed this "condensation limited" region. This is in agreement with the observed rapid 
decrease in rewetting rate for j~ > 7 m/s. 
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During the steam experiments the flow from the condenser was noted for a wall temperature 

of 900°C and a cold water flow of 4 g/s. Some results are given in table 2 which show that nearly 
complete condensation of the steam occurs in the annulus only at the lowest counterflow 
velocities. 

Table 2. 

Steam velocity Steam flow Condenser flow 
(m/s) (g/s) (g/s) 

1.2 O.l 0 
2.6 0.22 0.05 
3.7 0.31 0.14 
4.9 0.41 0.25 
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This is reflected in less retardation of the falling film at a given counterflow than for the air or 
hot water/steam experiments, because condensation of even a small mass of steam causes a 
large reduction in vapour velocity. For the low subcooling of 15°C and a water flow rate of 
4g/s, a steam velocity of only 1.1 m/s is needed to raise the water to boiling poipL Hence the 
film flow is always in the "interracial shear" dominated region, and no secondary minimum due 
to condensation effects is observed in figure 9. Thus the general shape of the curves for steam 
counterflow with hot water are very like the air counterflow data because of the almost 
complete absence of interphase mass transfer in both cases. 

The single-phase counterflow velocity, jg.~, to produce a climbing film is from figures 4, 5, 6, 
8 and 9, higher for steam than air by a factor of about 1.5. This corresponds to the square root 
of density ratio, and appears to be relatively insensitive to flow rate and wall temperature if 
Tw < 700°C. This suggests that the necessary conditions for the existence of a climbing film are 
hydrodynamically controlled; which implies that the counterflow dynamic head is the important 
parameter for creating climbing film flow. In the current experiments at atmospheric pressure 
the dynamic head at onset has a numerical value - 2  N/m 2. If the dynamic head at onset'of 
climbing film flow is balanced against some hypothetical gravitational head in a thin film, then 
the maximum climbing film thickness is given by 8 - pv.jv.g2/2pLg - 0.2 mm. 

4.3 Effects of annulus flow area and eccentricity 
The air counterflow experiments were extended to examine geometrical variations. The 

effect of doubling the annulus flow area to - 2.9 c m  2 w a s  tO eliminate the region of coexistence 
or overlapping of climbing and falling films (see figure 10a). This is attributed to the observed 
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general absence of bridging with the wider annular gap, so that the climbing film flow could not 
be so readily supplied with water in intermittent upward plug flow. The change-over in film flow 
direction occurs at a velocity, j~ of - 4 . 4  m/s corresponding to that determined for no net 
downflow with a cold rod. 

The effect of eccentricity was investigated by setting the rod 2.5 mm from the central 
position in the 1.55 cm 2 annulus (i.e. nearly touching one wall). The falling film proceeded down 
the side of the rod closest to the tube wall, the water bridging the gap, with the climbing film on 
the opposite side. This is presumably due to the counterflow bypassing the narrow gap. The 
effect of eccentricity (figure 10c) was to increase the counterflow needed to arrest the falling 
film by about a factor of three compared to the central rod results and to decrease climbing film 
quench velocity by about a factor of two at onset, the decrease becoming less at higher 
counterflow velocities (approx. 25% at 10 m/s). 

It was found necessary to change both the heater and the silica tube during the course of the 
experiments because of failures. The results given in each figure were obtained with the same 
test section. It was found that despite rebuilding the test section to be nominally identical, the 
details of the results changed. It can be seen by comparing figures 4 and 5 which were obtained 
for different test sections, that the rewetting velocity for zero counterflow is different by up to 
20%. Since the rewetting velocity is known to be a function of surface condition (Piggott & 
Porthouse 1973), changing the heater could have caused this effect. It can also be seen in figures 
4 and 5 that the counterflow to arrest the falling film can be different by up to 50% at 
Tw = 700°C. The theory given in section 2 indicates that the effect of counterflow on falling film 
rewetting speed depends on the square of the flow area and so will be very sensitive to small 
changes in silica tube size, and the small eccentricities caused by heater bowing during the 
course of an experiment. 

The observations and results given in this section, 4.3, all suggest that rod bundles will show 
very variable behaviour since they contain variations in subchannel flow dimensions and will be 
subjected to pin bowing. 

4.4 Two-phase counterflow experiments 
The results of these experiments are given in figures 11 and 12 and it should be noted that 

some of the water injected by the jet fell to the bottom of the annulus to add to that supplied 
independently. It can be seen from figure 11, which gives results for a 1.42 cm dia. stainless 
steel clad heater in an annulus of 1.2 cm z flow area, that the wet patch always spread both up 
and down the heater. The climbing film velocity under these conditions was typically twice that 
of the falling film. For comparison the rewetting data for a steam counterflow are replotted from 
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figure 8, the steam velocities having been converted to mass flowrates. It can be seen that the 
climbing film velocities in single and two-phase counterflows were similar: whereas the 
two-phase falling film velocity was smaller at low bottom-flooding mass flows and corresponded 
to the single-phase value only above a bottom flood flow of 0.3 g/s. 

In the above experiments the power required to maintain a constant wall temperature under 
conditions of counterflow in regions away from the jet ( - 1300 W) was greater than that needed 
under conditions of natural convection ( - 8 0 0  W). Experiments were performed at this lower 
power level and it can be seen from figure 11 that both falling and climbing film rewetting 
velocities were higher, consistent with the lower wall temperatures observed. 

The effect of variations in jet flow was investigated with an inconel clad heater (1.59 cm dia). 
The heater power ( - 700 W) was sufficient to sustain a wall temperature of 700°C in conditions 
of natural convection. The results in figure 12 show that falling and climbing film rewetting 
velocities are similar and both increase with increasing jet flow. 

4.5 Pre-quench heat transfer 
Since the power input required to maintain the initial steady condition ( - 1000 W) was much 

larger than the power released during cooling ( -  200 W) any calculation of a heat transfer 
coefficient is very sensitive to the assumptions made about heat losses in the initial steady state. 
For this reason, the data has been presented as cooling rates. A cooling rate of l°C/s on the 
heater thermocouples is equivalent to a heat flux of 1.22 w/cm 2 or 244 W for the entire heater. 
(Assuming a uniform radial temperature profile which is reasonable for slow cooling rates.) 

Typical temperature transients were given in figure 7 for air counterflow experiments. The 
cooling rates are relatively constant up to the rapid fall associated with quenching, and these 
pre-quench cooling rates are shown plotted as a function of counterflow velocity in figure 13 for 
a jet mass flow of 4 g/s, variations with jet flow being small. The cooling rates both above and 
below the jet are shown. 

Several points require comment. Firstly, it is clear that injecting water increases the heat 
removal, and this occurs mainly below the jet when a falling film quench occurs, and above 
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Figure 13. Pre-quench cooling rates for air and steam counterflows. 

following flow reversal and the generation of a climbing film. Secondly, the air and steam 
counterflow data are in agreement, a result which suggests that condensation of the steam is not 
important. Thirdly, at high counterflow (J,.v >4m/s )  the additional cooling due to water 
injection is substantially independent of counterflow velocity. A consistent explanation for the 
increased heat transfer is the cooling to saturation temperature of the air and steam coun- 
terflows by the water injected into the annulus. 

5. D I S C U S S I O N  A N D  C O M P A R I S O N  W I T H  T H E O R Y  

5.1 Comparison [or present data with existing flooding correlations 
The available correlations for the disruption of film flow are for cold tubes. The present 

value of flooding (onset of film flow disruption) velocity, for an air counterflow and a cold rod, 
of 3.3 m/s is comparable with data from tubes, Based on the equivalent diameter of the annulus, 
and for an area of 1.5 cm 2 the correlation of Grolmes et al. (1974) for onset of increased 
pressure drop gives a value of Je~ of 3.4m/s and the hanging film criterion of Wallis & 
Makkenchery (1974) a value of Jgl of 5.3 m/s. The onset of flooding in cold tests using steam and 
hot water injection occurred at jr; = 4.6 m/s which is in accord with [6.2], i.e. dependent on 
square root of counterflow density. The value of Jvr for cold water injection was somewhat 
higher (6.2 m/s) due to condensation of some of the steam. The cold floQding tests with air 
counterflow showed that falling and climbing films coexist which is in qualitative agreement 
with the text-book definition of flooding in tubes as a transition region (Hewitt & Hall-Taylor 
1970). Wallis & Makkenchery (1974), however, showed that for small diameter tubes the 
counterflow velocity required to produce upflow was twice that needed to prevent downflow. 

5.2 The effects of steam generation and condensation 
At low wall temperatures (-< 500°C) the asymptote u -j-:, oo for the falling film coincides with 

the point of no net down-flow cold, whereas at higher wall temperatures the falling film 
rewetting rate is retarded or stopped at velocities (~- 1 m/s) well below that required to cause 
flooding when cold. An attempt is therefore made to account for the differences that occur as 



COUNTERCURRENT FLOWS--QUENCHING RATE OF HOT SURFACES 135 

wall temperature increases by considering the steam generated by the quenching process itself 
(i.e. stored heat release) and condensation of steam on the injected cold water. As an 
illustration, for the cold water/steam data from figure 8, steam velocities have been estimated 
from a simple heat balance, 

1,, = ]~o + pcu( Tw - Ts) + Q - 7(FopcLA T,) 
p~AL 

[26] 

where Ts is the saturation temperature, Q the electrical power input to the heater below the 
point of water injection, pc the volumetric specific heat per unit length of heater and L the 
latent heat of vaporisation of water. The right hand term in the numerator of [26] is used to 
represent the heating of the water by condensation. The choice of the value of the multiplier, 7, 
will be dependent on the flow regime. At low counterflow velocities the water was in the form 
of an undisturbed film and 1' was taken to be 0.1 consistent with condensation rates given by 
the correlation of Chun & Seban (1971). At higher steam velocities, jr0-> 4 m/s the flow regime 
changed to one in which the steam bubbled through the plug of water held in the annulus. The 
value of 1' was therefore increased to account for increased water heating from a value of 0.1 at 
jvo = 4.3 m/s to 1.0 at Jvo = 7.3 m/s near the flooding point. 

Using this method the subcooled data from figure 8 are shown replotted in figure 14 which 
shows that most of the effects of wall temperature can be accounted for by considering steam 
generation and condensation. The air counterflow results were also treated by this method using 
a value of 1' of 0.1 throughout and showed similar effects to the steam counterflow results. A 
rigorous calculation of steam generation and condensation will require further information on 
the effects of flow regime on condensation. 
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Figure 14. Data from figure 8 with steam velocity calculated from [26]. 

5.3 Comparison o[ present data with inter/acial shear theory 
Air and steam counterflow data for initial wall temperatures in the range 500-900°C were 

corrected to true steam velocities as described in 5.2 and are shown plotted in figure 15 in the 
manner suggested by [5]. The line through the data is 

U:¢ • 2 1/3 1 - ~ = 0.0021pg.vlg.o/F0 • [27] 

The value of .f implied by [27] is - 100 times the smooth tube value which is in accord with the 
observations of Anderson & Mantzouranis (1960). The air velocity at which falling film 
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rewetting ceases is, from figure 15, 6.1 m/s which agrees very closely with the velocity for no 
net down-flow from a cold test at the same water flow rate. The interracial shear theory 

therefore gives a reasonable representation of the data which suggest that rewetting in the 
presence of counterflow is hydrodynamically controlled. 

5.4 Downcomer penetration studies 
Data on film flow rates as a function of counterflow velocity are given in downcomer 

penetration studies (Block 1975; Cudnik et al. 1975). In the experiments, with a counterflow of 
steam, water was poured between two parallel plates or concentric cylinders of width or 
circumference w, approx. 1 m and a gap spacing, s, between 10 and 50 mm. The results were 

presented by the authors in the conventional form of dimensionless countercurrent flux, J*, vs 

dimensionless flow rate J~. Where 

J* = (pj2/(gwpt.))I/2 [28] 

and 

J ~  = w 1/2r/pLA(g)l /2  = F/pLs(gw) 1/2. [29] 

To compare the downcomer penetration data with the simple interracial shear theory of section 
2, we need the value of (pdv2/F0~/3). Hence the data must be replotted as (c.f. [3]), 

( 1 ~  ''° 
1 - F/to = : t , 2 / t ~  1/3 _ .... ,,,,o - C(p~,jv'Fo'/a) ~pL2:'/' ,~g: [30] 

so that there is equivalence with the interfacial shear theory when the slope, 

W 5/6 (9g ,/2pL ~ ,/3. 
- -  [ 3 1 ]  C =/--T- \  .Ls : 

Replotted data are shown in figure 16: not only does this reduce the data to a common form but 
it can be seen that the trends are reasonably correlated by the present method, despite the data 
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scatter inherent in this type of experiment. The lines drawn represent the lower bound for 
downward water flow (as may be of interest for safety analysis) with C = 50 for 1 - (r/I'o) < 1. 
Thus, consistency of the interfacial shear model with other information is shown. The effect of 
water subcooling on the counterttow requires further study, since it evidently affects the flow 

regime and film flowrates. 

5.5 Wave dynamics and growth 
It has been observed that waves grow at the falling quench front until they bridge the gap 

between the silica tube and the heater to form a plug of water which is swept up the test section 
by the counterflow. Some measurements of wave growth taken from the cin6 films are 
presented in figure 17. The waves appear to grow as t ~/2, in aggreement with the Kapitza wave 
theory [18] but a value of 8~ = 0.004 mm is needed to fit to data which is clearly too small. There 
is also a tendency for waves to grow faster for a higher initial wall temperature when the higher 
heat fluxes could result in greater film disruption. The preferential ease with which the waves 
grow at the front can be explained by the wavelength for neutral stability, As, being comparable 
in scale to the fluid irregularities and ligaments observed at rewetting fronts (Duffey & Porthouse 
1972). 
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6. CONCLUSIONS 

Experiments on running a water film down a hot rod in an annulus showed that the falling 
film quench rate was significantly retarded by an air, steam or two-phase upflow, even before 
the point of flow reversal. Theoretical analysis of the film flow showed that a simple interfacial 
shear model although incapable of describing the observed wave dynamics, could correlate both 
the trends in the present data and that for downcomer penetration. It has been shown that, for 
wall temperatures up to 900°C, the falling film quench front ceases at a counterflow velocity 
which gives no net water downflow in a cold annulus, provided that steam generation and 
condensation are accounted for. Good agreement was obtained between the counterflow 
velocity at the onset of flooding in the present experiments and the value predicted by existing 
flooding correlations. Coexistent climbing and falling films occurred only at wall temperatures 
below 700°C: whereas at wall temperatures above 900°C a stable stationary film existed between 
the two regimes. The condensation of steam caused by injecting cold water was shown to affect 
the flow regime and to decrease the retardation of the falling film due to reduction of the steam 
velocity. 

The physical mechanism for gross flow retardation and reversal was shown to be the growth 
of waves on the water film at the rewetting front. The waves bridged the annular gap and the 
plugs thus formed were accelerated upwards and the process repeated. A preliminary theoreti- 
cal examination of the dynamics of finite-amplitude waves was carried out. 

The pre-quench heat transfer showed significant spatial variations, being greatest in the 
direction of quench front propagation. Following film flow reversal, the cooling rate was found 
to be independent of the counterflow velocity, and identical trends and magnitudes occurred 
with both air and steam counterflows. A consistent explanation of the pre-quench heat transfer 
is that the steam or air counterflow is cooled to the saturation temperature by water injection. 

Acknowledgement--This paper is published by permission of the Central Electricity Generating 

Board. 
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