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AImtraet--This paper presents the results of experimental investigations on the distribution of liquid in 
annular dispersed steam-water upflow in 0.15 and 1.0 m long vertical heated tubes. The effect of heat flux 
and flow parameters on the distribution of the liquid between the core and the wall liquid film at the end 
of the heated section and at six points on the I m length downstream was investigated. Critical heat flux, 
liquid film flow rate at burnout and at the onset of annular dispersed flow with subcooled water fed to 
the heated channel inlet was measured. The rate of total liquid film entrainment relative to the heating 
is presented. 
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1. I N T R O D U C T I O N  

Annular dispersed flow is among the most common flow regimes in two-phase systems. It occurs 
in a wide range of flow conditions and is characterized by the combined flow of a vapour-droplet 
core and a wall liquid film with continuous liquid exchange between the two. The rate of liquid 
film entrainment E and that of core droplet deposition on the film D are of importance. 
Nevertheless, experimental studies on the hydrodynamics of annular flow in heated pipes are scarce 
(e.g. Hewitt & Hall-Taylor 1974; Nigmatulin et  al. 1976a, b; Nigmatulin 1973; Butterworth & 
Hewitt 1980). Data on burnout (dryout of the liquid film) is much more common and has given 
rise to a large number of empirical burnout correlations which do not adequately account for all 
the variables involved. Models which attempt to describe the hydrodynamics of the flow are 
preferable but the information required by such models is often lacking. 

This paper deals with the measurement of the liquid distribution between the core and the wall 
film, under adiabatic conditions and in the presence of heat flux. In the latter case, critical heat 
flux and residual liquid film flow rate at the dryout location were recorded. The variation of film 
flow rate with axial position downstream of the heated section was also investigated, to provide 
information on the flow relaxation from heat flux-dependent non-equilibrium up to hydrodynamic 
equilibrium. 

2. E X P E R I M E N T A L  A R R A N G E M E N T  

The experiments were conducted on a once-through test rig using high-pressure steam-water 
flow: for details see figure 1. Two slightly different experimental configurations were used. In one, 
steam (P = 140b, T---420 °C) and water (P = 180b, T--100°C) were separately metered (at 
positions 1 in figure 1) and mixed in mixer 2. Downstream of the mixer there is a horizontal 
stabilizing section, 20 mm i.d.; 3 mm wall thickness, 4 m long ( L I D  ,,, 200), followed by a vertical 
section 13.1 mmi.d., 1.8m long ( L I D  ,,, 150), where equilibrium annular dispersed flow was 
formed, and a test section with seven wall liquid film samplers, 3-9. The two-phase mixture was 
cooled and condensed in outlet cooler 10. The test section heated lengths were 0.15 or 1.0 m, and 
heating was by alternating current. 

In the second of the two experimental arrangements, subcooled water was fed to the test section 
inlet, its flow rate controlled 2 m downstream of the mixer section 2. The other experimental details 
are the same as for the first setup. 

The purpose of the. experiments is threefold: firstly, to determine the effect of heat flux on 
entrainment; secondly, to measure film flow rates at the outlet from the heated section; and thirdly, 
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Fig. 1. Test rig: 1, flow meters; 2, mixer; 3-9, film samplers; 10 and 14, coolers; 11, sampling chamber; 
12, porous insert; 13, separator; 15, flow rate measurement. 

to measure the variation of film flow rate in the unheated section following the heated section. The 
short, 0.15 m heated section was used for the first of these, while both the 0.15 and 1 m heated 
sections were used for the second and third measurements. 

Liquid film flow rate .~rgF was measured immediately upstream and downstream of the heated 
section. Downstream of the 0.15 m long heated section five cylindrical inserts 30-44 mm long made 
of porous nickel (pore size 150~m, porosity 70%) were located, whose centres from the heated 
section end were at distances of 0.03, 0.08, 0.15, 0.25 and 0.42 m. Downstream of the 1.0 m long 
heated section six inserts were provided, also of porous nickel and 50 mm long, at distances from 
the heated section end of 0.033, 0.089, 0.155, 0.240, 0.5 and 1.0m. 

The measurement technique for liquid film flow rate was analogous to that of Hewitt & Hall- 
Taylor (1974) and was described in detail by Nigmatulin et  al. (1976a, b). In sampler 11 the liquid 
from the film, together with some vapour from the core, was extracted through porous insert 12. 
The two-phase mixture was separated in separator 13, and flow rates of liquid taken off, 2~fgT O and 
steam condensate taken off ~rGTO were measured by a volumetric technique (see 15 in figure 1). 
A number (8-10) of mixture flow rates were used to plot the curves in 2~fgTO and ~rGTO coordinates. 
The actual film flow rate MLF was obtained by extrapolation of the linear section of 
J~fLTO = f( /~GTO) to  MGT O = 0. 

Prior to the systematic experiments, liquid film flow rates obtained for various regimes were 
compared with those of Nigmatulin et  al. (1976a, b) for adiabatic conditions. The discrepancy was 
< 5%, which demonstrates both good agreement and equilibrium flow at the given distance from 
the phase injection location. 

During the experiments the following parameters were recorded: 

pressure ,  P 
mass flux, rh 
heat flux, q 
film flow rate at start of heated section, -~:/LFO 
water subcooling, AT. 

30-100 b 
1000-3000 kg/m 2 s 
O. 15-5 M W / m  2 

30, 50, 70 g/s 
3, 10, 35.5, 50°C 

The measured parameters were the liquid film flow rates MLV downstream of the heated 
section. 
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3. RESULTS AND DISCUSSION 

3.1. Effect of  heat flux on entrainment 

The differential equations expressing mass conservation for three components of annular 
dispersed flow--vapour, core droplets and liquid film--within the framework of a one-dimensional 
steady-state hydrodynamic model in an evaporative channel (Nigmatulin 1973) are as follows: 

dMLF ( _ q_~.__Ed_Eq ) 
= xd O hLo 

and 

[la] 

[lb] 

dA;/LE 
d-----~ = nd(Ed + Eq - D), [lc] 

where ~;/o, A;/LF and A~/LE are the respective flow rates of vapour, liquid film and entrained 
liquid, a/hL6 = rate of film evaporation; Ed = rate of dynamic entrainment from the film surface; 
Eq = rate of bubble entrainment of the liquid film; and D = rate of core droplet deposition on the 
film. 

Thus, a number of factors influence the liquid film flow rate in a heated channel until the film 
disappears completely. Of most interest are the rates of bubble entrainment Eq and dynamic 
entrainment Ed, or total entrainment Et ffi Eq + Ed. 

It has been experimentally shown by Doroschuk & Levitan (1971) that in conditions correspond- 
ing to those of the present work steam flowing away from the evaporating film prevents core droplet 
deposition, and thus D = 0. 

Integrating the equation of mass conservation for the heated section length L, we obtain: 

and so, 

~-d ,]inlet 
[2] 

assuming that D, Ed and Eq are constant along the heated section. Since D = 0, simultaneous 
measurement of liquid film flow rates at the beginning and end of the 0.15 m heated section, with 
different heat flux values, allows the direct total liquid film surface entrainment to be obtained: 

EtL = "--~ (h~fLFO - -  3~/'LF ) - -  ~ L 
hF G " 710 

[4] 

Note that the length of the heated section was chosen so that quality did not change greatly over 
its length, but there was sufficient change in ~tLF to give reasonable accuracy. 

Analysis of mass transfer mechanisms in evaporative channels with annular dispersed flow 
enabled us to suppose that the rate of total entrainment E t depends on the heat flux, pressure, 
stream velocity in the core Uo and the average liquid film flow rate through the section, 
~ L F  "~- (J~LFO "~- /~tLF)/2. The results obtained were plotted as the dimensionless total entrainment 
Et + = Et(nd)2/~tLF against the above flow parameters. Figure 2 shows the effect of the heat flux 
q on the total entrainment rate. One can see that E + substantially depends on the heat flux. Treating 
the data using the least-squares method showed that E + is proportional to q1'3 power, and was 
extrapolated to the point E + -- 0, q = 0. 

The total entrainment rate increases substantially with increasing pressure. So, for q = 3 MW/m 2 
at P = 50 b, E + ~ 0.07, while at P = 100 b, E + ,,, 0.28: a factor of 4 greater. This is thought to be 
due to greatly decreased surface tension at high pressures. 
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Fig. 2. Effect o f  heat flux on rate of  total entrainment for P = 70 b. 

The experiments showed no marked effect of flow core stream velocity U~ on  E t ( f igure 2). This 
is probably because of the relatively small range of velocity variation (at a fixed value of A:/I.FO), 
which is insufficient to detect any effect. 

In the range of flow parameters studied (P = 50 to 100 b, rh = 1000 to 3000 kg/m 2 s, q = 0.15 
to 4 MW/m 2) the experimental data on the rate of liquid film total entrainment can be correlated 
within +20% using the following relationship: 

EtLnd 1.75 [q .  10_, (pG~T3 ' (5] 
E'+ = -~tLF = L \ PL / J 

where Pc and PL are the saturation densities of the steam and water (kg/m3), respectively, and q 
is the heat flux (W/m2). Note that the constant 1.75 has the dimensions of (W/m2) -13. 

3.2. Film flow rates at the outlet from the heated sectwn 

Let us consider the effect of flow conditions on the distribution of liquid in the flow with the 
1.0 m heated section. Figure 3 illustrates the effect of inlet liquid subcooling ATs, on ~lLv/~l as 
a function of quality. The function is linear and shifts towards increasing quality with increasing 
AT,. Curve 2 shows the results of Bennett et al. (1969) in a tube of 12.6 mm dia and 3.6 m heated 
section at AT, = 34.5°C. It is seen from comparison with curve 5, plotted for the same conditions 
but for a heated section of 1.0 m length, that a longer heated section and smaller AT, have similar 
effects. 

Figure 4 shows how the total mass rate A:/ influences ~rLV/2¢/. It is clear that with equal outlet 
steam qualities XG, the relative liquid film flow rate A:/LF/A:/substantially decreases with increasing 
A:/" because of increase dynamic and bubble liquid film entrainment. 

Comparing data on boundaries of various two-phase flow patterns (see Hewitt & Hall-Taylor 
1974; Butterworth & Hewitt 1980; Kirillov et al. 1984), and the results obtained within the range 
of XG = 0.5 to 0.2 (figures 3 and 4) it is possible to obtain the liquid film flow rate Jl;/i.r/A~ or core 
flow rate A:/LE/A;/ at the point of formation of annular dispersed flow. This parameter is very 
important for two-phase thermal hydraulic calculations. Many investigators assume a condition 
of 90% and 10% liquid flowing in the film and flow core, respectively, when annular--dispersed 
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flow occurs. However, for the flow regime with rh = 2000 kg/m: s and P = 70 b, the quality at the 
onset of  annular-dispersed flow, from Kirillov et al. (1984), is xc ~ 0.05 and our experimental 
results give A:/'LF/A:/ = 0.25, SO clearly an assumption of 90% liquid in the film would be very 

inaccurate. 

3.3. Film f low rate at the burnout location 

There is uncertainty as to whether any liquid film flow exists at the burnout location, and if so, 
with what flow rate. Because of  the lack of  data it is commonly assumed that h;/LF/A~r = 0 at 
burnout. 

The design of  our experimental rig and a specially developed technique allowed determination 
of.~/'LF/3;/for various conditions. In almost all cases a residual liquid film flow rate A:/'LFK of approx. 
0.02 kg/s (refer to figures 3 and 4, where burnout is designated by the letter "k")  for the 1.0 m 
heated section was recorded. It should be noted that the critical heat flux values of Kirillov et al. 
(1984) agree well with those obtained in this work. 
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Fig. 6. Variation o f  film flow rate downstream of  the heated section for P = 100b and Lh.t  = 0.15 m. 
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The residual liquid film flow rate at the burnout location is due to different mechanisms of wavy 
film evaporation and destruction, e.g. film dryout in the region between the waves or the breaking 
down of the film into rivulets and the appearance of dry spots (see Butterworth & Hewitt 1980). 

Figure 5 compares the experimental results for different heated lengths with the annular dispersed 
flow at the inlet for the case XGo -- 0.28 "~/LFO = 49.6 g/s. It is clear that the straight fines 3 and 2 
deviate from the equilibrium curve 1 because of the high rate of liquid film entrainment, see 
particularly the upper part of figure 5. This deviation exists because to obtain the same quality in 
a short heated section requires a higher heat flux. For example, for XG----0.3 and /-,h~t ---- 0.15 m, 
q = 3 MW/m 2, while for Lheat ---- 1.0 m, q = 0.5 MW/m 2. 

3.4. Film f low rate variation in the unheated section 

To investigate the nature and length of relaxation (restoration of equilibrium annular dispersed 
flow) the liquid film flow rate (-~:/Lr) was measured at several locations downstream of the heated 
section. Figures 6-9 illustrate the results for different heated lengths, pressures, mass flow rates and 
inlet conditions. The right-hand ordinate Jt;/LF= is the equilibrium liquid film flow of Nigmatulin 
et al. (1976a). Figures 6 and 7 show the results for Lhcat = 0.15 m with annular dispersed flow of 
different qualities fed to the input; the pressures are 100 and 70 b, respectively. 

In particular figure 6(a,b) shows the effect of heat flux at fixed "~/LFO [(a) 3;/LFO = 0.05 kg/s, (b) 
-~tLF o = 0.03 kg/s]. The heat fluxes were 0.5, 1.0 and 2.0 MW/m 2. It is seen in all cases that ~;/LFO 
does not change substantially over the first 0.1 m of the unheated section, which is associated with 
low entrainment rates (because of low flow core velocities and liquid film flow rates) and low 
deposition rates (because, according to Doroschuk & Levitan (1971), the steam cross-flow prevents 
droplet deposition). 

According to our estimates, the typical length at which droplets start depositing after heating 
ceases is 0.1 m. However at L > 0. l m intensive droplet deposition from the oversaturated core is 
observed. With increasing ~J~LF, the rate of dynamic entrainment increases and the liquid film flow 
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rate asymptotically approaches the equilibrium value, reaching, at L = 0.42 m, values of h;/LF of 
about (0.8-0.9) 21,:/LF ~. 

An increase in the mass flux up to m = 3000 kg/m 2 s [figure 6(c)] results in the disappearance of 
the region where 3;/LF = const. This is due to the increased flow core velocity (UG = 20.8 m/s) and, 
consequently, the higher rate of deposition [D oc UG, according to Nigmatulin et al. (1981)]. 

Figure 7(a) shows that the nature of k:/LF = f ( L )  at 70 b is similar to that at 100 b with the 
corresponding velocity U~, while with Uo and rh increasing [figure 7(b,c)], the nature of relaxation 
changes. Downstream of the heated section the liquid film flow rate continues to decrease to a 
minimum at approx. L = 0.15 m. This is due to the increasing flow core velocity and, consequently, 
the rising rate of liquid film entrainment. Here, secondary entrainment due to the depositing 
droplets may be of importance. It was shown by Guguchkin et  al. (1985) that under some flow 
conditions, secondary entrainment may exceed deposition by 20-80%. 

Figures 8 and 9 illustrate the variation of the liquid flow rate over the channel length downstream 
of the 1 m heated section. In this case, the inlet was fed with subcooled liquid with varying degrees 
of subcooling AT,. In figure 8 the effect of pressure on the flow relaxation is shown. The effects 
shown in figure 9 are of interest. With increased subcooling and heat flux, different liquid film flow 
rates were obtained just after the heating section at almost equal values of XG. It was also found 
that the liquid film flow rate in the relaxation section can exceed the equilibrium flow rate k;/LF. 
It is evident from both figures that in all cases h;/LF becomes equal to equilibrium 2f/L~ at approx. 
L = l m .  

4. CONCLUSIONS 

Liquid film flow rates have been measured in steam-water upflow at various pressures in a 
13.1 mm dia test section with heated section lengths of 0.15 and 1 m. Measurements were made 
immediately before and after the heated section, and at various positions in the downstream 
unheated section. The results show that: 

(i) The entrainment rate is strongly dependent on heat flux. 
(ii) Film flow rates at dryout are generally greater than zero. 

(iii) Droplet deposition is suppressed by vapour generation and this causes a "lag" 
in the approach to equilibrium in the unheated section. 
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