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Abstract--The characteristics of flow pattern transitions and heat transfer of a steady inverted annular 
flow (IAF) in a vertical tube are studied experimentally and analytically using freon R-113 as a working 
fluid. The heat transfer characteristics are divided into three regions and a heat transfer characteristic map 
is proposed. Flow patterns along the tube change from IAF to dispersed flow (DF) through inverted slug 
flow (ISF) for lower mass fluxes and through agitated inverted annular flow (AIAF) for higher mass fluxes. 
A flow pattern map is proposed and the boundaries of the flow patterns agree well with those of the heat 
transfer characteristic map. A turbulent boundary layer analysis is applied to IAF using modified 
Reichardt equations. Radial velocity and temperature profiles of both the gas and liquid phases are 
obtained. The predicted heat transfer coefficients agree well with the experimental results. The flow pattern 
transition criterion from IAF to AIAF is predicted by the analytical results and the Kelvin-Helmholtz 
instability and that from AIAF to DF is predicted by a previous drift flux model and a void fraction of 
0.7. The predicted criteria agree well with the experimental results. 

Key Words: post-dryout two-phase flow, forced convection, film boiling, flow pattern, heat transfer, 
inverted annular flow, dispersed flow 

1. I N T R O D U C T I O N  

Inverted annular flow (IAF) is a flow pattern of forced convective film boiling flow in a conduit, 
which has a liquid core surrounded by a vapor annulus. With increasing quality the liquid core 
is broken and finally the flow pattern changes to dispersed flow (DF). The flow pattern change in 
this post-dryout two-phase flow is from separated flow to homogeneous flow, the reverse of that 
in a pre-dryout two-phase flow--from a bubbly flow to an annular flow. 

IAF is supposed to exist in the rod bundles of light water reactors in loss-of-coolant accidents 
(LOCA), in the steam generators of fast breeder reactors and in cryogenic fluid flow. Many 
experimental and theoretical studies of steady and unsteady IAF in tubes and rod bundles have 
been conducted to analyze the reflooding phenomena in a LOCA. Fundamental studies of IAF 
have been carried out in a vertical tube for the safety considerations of BWR and PWR type nuclear 
reactors and for those of CANDU in a horizontal tube. Reviews of the relevant literature can be 
found elsewhere (Collier 1977; Analytis & Yadigaroglu 1985; Ishii & Denton 1988; Akagawa et  

al. 1988a,b). 
Heat transfer of IAF has been analyzed by modified Bromley equations, two-fluid models and 

turbulent boundary layer theories. 
The Bromley equation (Bromley 1950) is based on a model for a laminar vapor layer and a 

saturated liquid pool, which can be applied to IAF for low velocity and low quality. Since the 
Bromley equation cannot account for the effects of the flow rate and the subcooling, some empirical 
correlations (e.g. Sudo 1980) and some modification methods (e.g. Denham 1984) have been 
proposed to account for these effects. 

The two-fluid model has been employed in computer codes for nuclear reactor safety. Some sets 
of constitutive equations of IAF for the two-fluid model have been proposed for both vertical (e.g. 
Analytis & Yadigaloglu 1985) and horizontal (So & Ardron 1984) tubes. 

The turbulent boundary layer model was applied to the analysis of pool film boiling heat transfer 
from a vertical cylinder by Hsu & Westwater (1958). They showed analytically and experimentally 
that the heat transfer is much larger than the value predicted by the Bromley equation when the 
flow in the vapor film is turbulent. The heat transfer of saturated IAF was analyzed by Dougall 
& Rohsenow (1963) using the universal three-layer velocity model of Von Karman. They calculated 
the thermal resistance of half of the vapor layer near the wall with three layers and that near the 
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interface for three cases--with three layers, with a buffer and turbulent layers and with only a 
turbulent layer--to estimate the turbulence near the interface. The analytical results on heat 
transfer were compared with the experimental results using freon R-113 as a working fluid, and 
those for the case with a buffer and turbulent layers predict the experimental results best. Recently, 
Lee & Kim (1987) applied Reichardt type eddy diffusivity correlations to the turbulent boundary 
layer analysis of IAF. The correlations were modified for a concentric annulus by Lee & Parc 
(1971). The analytical results were used for the prediction of the rewetting process. The predictions 
agree with the experimental results better than those attained with the Bromley equation. 

The turbulence near the gas-liquid interface of IAF is affected greatly by the dynamic behavior 
of the interface. Since the turbulence near the interface determines the interfacial heat flux, its 
modeling is especially important in analyzing the IAF of high subcooling. Dougall & Rohsenow 
(1963) estimated the turbulence near the interface of saturated IAF as mentioned above. Lee & 
Parc (1971) determined it by assuming a parabolic temperature profile in the subcooled liquid 
phase. The interfacial heat transfer of high subcooling IAF was studied and a semi-empirical 
correlation for an infinite plate was proposed by Wang & Shi (1985). 

Many studies have been carried out on the thermal hydraulics of IAF, however, fewer works 
have dealt with the whole range of flow patterns from IAF to DF. 

Rohsenow and coworkers (Dougall & Rohsenow 1963; Laverty & Rohsenow 1967; Hynek & 
Rohsenow 1969) studied post-dryout heat transfer on the inside of vertical tubes with upward flow 
using freon R- 113 and liquid nitrogen. The heat transfer and the actual quality were measured and 
the flow patterns of IAF in the low quality region and DF in the high quality region were observed. 
The transition between the two flow regimes occurred at a quality of around 10%. Two heat 
transfer models, a separated flow model for IAF using turbulent boundary layer theory and a 
homogeneous model for DF using a Dittus-Boelter type equation, were proposed. Post-dryout flow 
during the transient boiling of liquid hydrogen in a horizontal tube was studied by Chi & Vetere 
(1964). Three flow patterns, IAF, inverted slug flow (ISF) and DF were observed. The void fraction 
of liquid nitrogen IAF in a vertical tube was measured by Ottosen (1980) using a ~,-ray void fraction 
meter. The flow patterns were also observed. It was concluded that the flow pattern changed from 
IAF to a dispersed droplet flow at a void fraction of 80%. The flow patterns of R-113 IAF in a 
vertical tube were observed by Aritomi et al. (1986). It was shown that IAF changed to DF through 
inverted slug flow (ISF). A series of studies on the details of flow characteristics and flow pattern 
transitions of IAF have been carried out by Ishii and coworkers. De Jarlais & Ishii (1983) 
performed an adiabatic simulation study of IAF using coaxial down-flow jets of water and various 
gases. The behavior of the liquid-gas interface, the break-up mode and the break-up length were 
studied. De Jarlais & Ishii (1985) carried out visual observations of two-component up-flows using 
R-113 and inert gases. The wall was heated up to a temperature higher than the rewetting 
temperature by hot oil. The results obtained in this experiment were compared with those obtained 
in the previous adiabatic simulation. They clarified the existence of the agitated region where 
violent disturbances were observed on the liquid-gas interface between the IAF and DF regions. 
A mirror image theory was proposed in which IAF, agitated flow and DF corresponded to bubbly, 
slug and churn, and annular flow, respectively. Recently, Ishii & Denton (1988) reported detailed 
experimental results on the classification of the flow patterns, which were divided into four regimes: 
smooth, rough wavy, agitated and dispersed regimes, respectively. The axial extent of each flow 
regime was correlated and simplified correlations were determined by capillary number for the 
liquid jet core only. Experimental results on flow pattern, heat transfer and pressure drop ranging 
from IAF and DF in a horizontal tube were reported by Akagawa et al. (1988a). The heat transfer 
characteristics were divided into three regions and corresponded well to the observed flow patterns. 
The same correspondence between heat transfer characteristics and flow patterns in a vertical tube 
have been also studied by the present authors and some of the experimental results are forthcoming 
(Takenaka et al. 1989). 

Visualizations of the flow patterns have been made using a quartz tube for a sight glass in many 
studies, as mentioned above. Recently, a new method has been tested to visualize IAF in a metallic 
tube by using real-time neutron radiography. A cold neutron beam from a reactor (Costigan & 
Wade 1984; Harris & Seymour 1986) and a thermal neutron beam generated using a cyclotron 
(Takenaka et al. 1988) were used to visualize water IAF in a stainless steel tube. As most metals 
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are transparent to a neutron beam, while water is opaque to it, neutron radiography will be a useful 
method to observe the flow pattern of  IAF in high temperature and high pressure conditions where 
a sight glass is difficult to use. 

Many flow pattern maps for pre-dryout two-phase flow have been proposed, however, the flow 
pattern map for post-dryout two-phase flow has not been well-studied. 

In this paper, experimental results of  the flow pattern transition and heat transfer ranging from 
IAF to DF  using freon R-113 in a vertical tube are presented and analytical results on the heat 
transfer of IAF and on the criteria for the flow pattern transitions are compared with the 
experimental results to clarify the flow pattern and the heat transfer of  post-dryout two-phase flow. 

2. E X P E R I M E N T A L  A P P A R A T U S  AND P R O C E D U R E S  

A schematic diagram of  the experimental apparatus is shown in figure 1. Freon R- 113 was used 
as the working fluid and was supplied to the vertical test section (5) through a flowmeter (8). The 
flow rate was adjusted by controlling both the revolution of the pump (4) and the throttling of 
the needle valve for preventing flow instabilities. The inlet liquid subcooling was controlled by a 
subcooler (6) and heaters (10). After separating the liquid and the vapor in a separator (3), the 
vapor was condensed in the condenser tank (1). 

Three versions of  the test section were used for measuring the heat transfer coefficient and 
observing the flow patterns. Details of  the test section are given in Takenaka et al. (1989). 

The test section for measuring the heat transfer coefficient was made of  a type 304 stainless steel 
tube of  900 or 1485 mm heating length, 10 mm i.d. and 1 mm thickness, a.c. electric power was 
supplied to the test section through brazen electrodes. In order to fix the quench front, a sheathed 
heater was coiled around the inlet electrode to form the hot patch. The heat loss from the test 
section covered with thermal insulators was estimated to be ~< 1% of  the total heat input. The wall 
temperature was measured at 20 points along the tube by CA thermocouples of  0.1 mm wire 
diameter welded on the outer surface of  the tube. The measured temperature was assumed to be 
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Figure 1. Schematic diagram of the experimental apparatus: I, condensor tube; 2, tank; 3, separator; 4, 
pump; 5, test section; 6, subeooler; 7, superjoint; 8, flowmeter; 9, solenoid valves; 10, heater; 11, adjustable 

transformers; 12, bypass line. 
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equal to the inner wall temperature as the temperature difference between the outer and the inner 
wall was estimated to be < 1% of the temperature difference between the inner wall temperature 
and the saturation temperature. The liquid temperature was measured at two points in the center 
of the tube near the inlet in some runs by sheathed CA thermocouples of 1 mm o.d. The 
thermocouples were inserted upstream of the heating inlet. 

The transition of the flow pattern along the tube was observed qualitatively by using a quartz 
tube of 500 mm length heated by a nichrome wire coiled around it. The heat flux could not be 
determined quantitatively with this tube. 

The test section for observing the flow patterns to obtain the flow pattern map was similar to 
the test section for heat transfer except that a sight glass was positioned between the heated stainless 
steel tubes. The sight glass was made of a quartz tube of 35 mm length, 10.5 mm i.d. and 1.5 mm 
thickness. It was also heated by a nichrome wire coiled around the quartz tube. The thermodynamic 
equilibrium quality of the observed flow pattern was calculated at the inlet of the sight glass. 
A high-speed camera, a 35 mm still camera and a high-speed videocamera were used for observing 
the flow patterns. 

Before the experimental runs, R-113 was circulated through the bypass line (12) while the test 
tube was heated. Then R-113 was introduced to the test tube by operating the solenoid valves (9) 
and a steady post-dryout flow was established. 

The experimental conditions are as follows: exit pressure, 0.10 MPa; heat flux, 40-90 kW/m2; 
mass flux, 1.36 x 102-1.28 x 103 kg/m 2 s; inlet subcooling, 10--40 K. 

3. ANALYSIS OF IAF 

The thermal hydraulics of IAF are analyzed by assuming that a smooth liquid flows axially 
symmetrically in a tube and that vapor flows between the core and the wall. The assumptions for 
the present analysis are as follows: 

1. Gas and liquid are perfectly separated and neither bubbles nor droplets exist. 
2. Axial distributions of the actual quality and the mean liquid temperature are 

calculated by a one-dimensional energy balance, neglecting axial heat conduction. 
3. Radial distributions of the velocity and the temperature of both phases are 

calculated by a developed turbulent boundary layer model, neglecting the effects 
of phase change. Modified Reichardt equations for the turbulent diffusivity 
coefficient are employed. 

4. The Reynolds analogy is assumed. 
5. Both the quality and the void fraction are small. 
6. The radiation heat transfer is neglected. 
7. The physical properties are evaluated at the saturation temperature. 

3.1. Axial distributions of actual quality and mean liquid temperature 

The liquid phase of IAF is often subcooled while the gas phase is superheated• The actual quality 
is not equal to the thermodynamic equilibrium quality X,q, owing to this thermal non-equilibrium 
• Therefore, the axial distributions of the actual quality x and the mean liquid temperature TLm 
should be determined by the axial energy balance prior to the calculations for the radial direction. 

The thermal energy balance is considered neglecting the potential and the kinetic energy. The 
values of enthalpy changes and the heat input---dQL, dQG, dQLG and dQw--are given as follows: 

dQL = CpLG(1 - x) dTLm - CpLG(TLm -- r~) dx, [11 

dQo = CpGGx dTGm + CpGG(TGm -- Ts)dx, [2] 

dQLG = HLO G dx [3] 

and 

dQw = qwPw dz, [4] 

where G, TLm, To.,, Ts, qw, HLo, Pw and z are the mass flux, the mean temperatures of the liquid 
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and gas, the saturation temperature, the wall heat flux, the latent heat of vaporization, the 
peripheral length of the wall and the distance from the inlet of the heated tube, respectively. The 
thermal energy balance in a control volume of length dz, neglecting the effect of axial thermal 
conductivity and the assumption of x ,~ 1, is given by 

qwPwdZ=CpLGdTLm--CpLG(TLm--Ts) dx +Cr,cG(TGm--Ts)dX + HLGGdX. [5] 

The mean gas temperature Tom is given by the assumption that the radial profile of the gas 
temperature is almost linear, as follows: 

TGm - -  Ts -~ 1( Tw _ Ts ), [6] 

where Tw is the wall temperature. By Kutateladze's effective latent heat of vaporization HL¢ 
(Kutateladze 1952), 

I HLGf = HLG + ~ C ~ ( T w  - I s ) .  [71 

From [6] and [7], [5] is rewritten as 

dx qw Pw - CpL G d TLm 
dz 

d---z = G[HLo f -4- CpL(T s - -  TLm)] " [81 

Integrating [8] by neglecting the dependency of the denominator of [8] on z, x is given as 

e w q w z  - CpL G ( T L m  --  TLin) 
X = G[HLcf + CpL(T,- TLm)] ' [91 

where TLi, is the inlet liquid temperature. The heat balance of the liquid core is given by 

dTL. 
(1 - -  x)CpLG d22 = q L i P i '  [10] 

where qLi and Pi are the interfacial sensible heat flux from the vapor to the liquid and the peripheral 
length of the interface. The mean temperature TLm is obtained as [12] by integrating [10] with the 
assumptions of x ~ 1 and Pi = Pw, due to E ,~ l, and using [11]: 

qLi = hi(T~ - TErn) Ill] 

and 

CpL G 

where AT,,b is the inlet subcooling. In order to obtain the value of TLm , the value of h~ is necessary. 
In the present study, an empirical correlation [13] for forced convective film boiling (Wang & Shi 
1985) was used to predict hi: 

kL 
hi = 0.054-~- \'~LL/ PrL, [131 

where kL, /.t L and Pr L are the thermal conductivity, the viscosity and the Prandtl number of the 
liquid, respectively. Also, the Dittus-Boelter equation, which has often been used in the two-fluid 
model, is used for comparison. Comparisons of the mean liquid temperatures calculated by [10] 
with the Dittus-Boelter equation and [13] are shown in figure 2. It can be seen that the results 
obtained with [13] agree better with the experimental results than those obtained with the 
Dittus--Boelter equation. Therefore, [13] is employed to calculate the interfacial sensible heat flux. 
Since [13] is formulated in the developed turbulent region sufficiently distant from the inlet, [13] 
predicts large interfacial heat flux near the inlet. Therefore, the actual quality may be calculated 
to be <0 near the inlet, especially for cases of high inlet subcooling. As we know no proper 
equation for the heat transfer in the region near the inlet, the present analysis is limited to the region 
where the actual qualities predicted by [13] are >0. 

A method to evaluate Tw - T, in [7], which is required to calculate HEel, will be discussed later, 
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Figure 3. Schematic radial distribution profiles: (a) shear 
stress; (b) eddy diffusivity coefficient; (c) velocity. 

3.2. Radial distributions of shear stress, velocity and temperature 

The radial distribution of the velocity is calculated by the Reynolds equation, 

du 
T = p(v + s)  d--y [14] 

where ~, p, v, 8 and y are the shear stress, the density, the kinematic viscosity, the eddy diffusivity 
coefficient and the radial distance normal to the wall, respectively. The shear stress is determined 
by the following momentum equations, neglecting the effects of the phase change: 

in the gas phase, 

dP 2 
dz -~ PGg + ~ ( r T  - -  riTi); [15] 

and 

in the liquid phase, 

dP 
dz ffi PLg + 2 -;r [16] 

where r is the radial distance normal to the tube centerline. Subscripts i and w indicate the interface 
and the wall, respectively. Using the void fraction ~ ffi ( r ~ -  r~)/r~, 

dP 
dz = [(1 - E)p, + ~Po]g + 2 ~ .  [17] 

rw 
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Therefore the interfacial shear stress z~ is expressed as 

r i  r i  
"Ci "~- - -  Tw - -  £ ~ (PL - -  PG)g [18] 

rw 

by [17] and [16] with r = ri. 
The distribution of  the shear stress in the gas phase z C becomes, by using [15] and [15] with r = rw, 

r2(rwZw - rizi) - rirw(ri1:w - rwZw) 
ZG = 2 2 [19] r ( rw-r , )  

As the void fraction E is assumed to be small, i.e. rw - r~, rw - r < rw, 

rw -- r 
T G = T w - -  - -  ('C w - -  T i ) [20] 

r w - -  r i 

and the distribution of  ~G is linear. In the liquid phase ZL becomes 

r 
rL = -- ri. [21] 

ri 

The distribution of  z is shown schematically in figure 3(a). The shear stress is zero at the point 
Yd in the gas phase and the gas velocity is a maximum at this point, as shown schematically in figure 
3(c). As the shear stress distribution is determined, the velocity is calculated by integrating [14] with 
the equation of  g. In the present analysis, the equations by Reichardt (1951) for a circular tube 
are evaluated with some modifications. Reichardt's equation near the wall is 

~f - tanh [22] -- = Kyn + + 
v \Yn Y. ] 

and near the center of  the tube, 

8 ,  +FI / r V l F l _ ( r y l  ' t231 
v = 3~¢ri L~+ k~,) JL \ r i ] I  

where yn + = 11.6, x = 0.4 and the superscript + means multiplication by ~ / ~ / v  for the subscript 
w and by ~/zi/p/v for the subscript i, respectively. 

These equations are modified for IAF as shown in figure 3(b) where YG and YL are the distance 
in the gas phase normal to the wall and that in the liquid phase normal to the interface, respectively. 
The thickness of  the vapor film, rw - ri, is denoted as 6. It is assumed that the distribution of  6' 
in the gas phase is determined by [22] and is symmetrical with respect to the point Yd where the 
shear stress is zero. Therefore, the eddy diffusivity at the interface is given by the distance 
Yc = 2yd -- 6 and is not equal to zero. The distribution of  8 in the liquid phase is determined by 
[22] near the interface and by [23] near the center. The distance in the equations is defined by 
Yf = YL + 2yd -- ¢5, the distance normal to the imaginary point of  2yd -- 6 from the interface in the 
gas phase, for consistency with d' in the gas phase near the interface. 

Integrating [14], the velocity distributions are determined as follows: 

in the gas phase, 

{ [ ( ]} , 1 Y~ - - - e x p ( - b y ~ )  (0~<y~ ~<y~) [24] UG=UG ~ l n ( l + k y ~ ) + C l  l - e x p  - ~ +  

and 

uG=u~,( 1 ln[1 + x ( 2 y ~ - y ~ ) ]  

{ ( 2 y ~ - - Y ~ . )  2y~--YGexp[_b(2y~--y~)]}) ,  (y~.< + - - -  ---. YG ~< 6 +); [25] +C1  1 - e x p  y+ y+ 

( r  h ~< r ~< r i) [26] 

and 
in the liquid phase, 

UL=C2--U* In(l+xy?)+C1 l-exp y+] Y. 

M.F. 1515-43 
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Ii UL = C3 - u_~ In (0 ~ r ~< rh); [27] 

where Ci = 7.8, b = 0.33 (by Reichardt), u~ = z~/~w/pg, u~ = ~ ,  rh is a point where g 
obtained by [22] is equal to that obtained by [23] and C2 and C3 are integral constants: C: is 
determined when the interfacial velocity given by [25] is equal to that given by [26]; and C3 is 
determined when the velocity is continuous in [26] and [27]. 

The temperature distribution is calculated by the Reynolds analogy. The Reynolds analogy is 
applicable when the Pr is near unity. The heat transfer characteristics of IAF are governed by the 
characteristics of the vapor film near the wall. The Pr of R-113 vapor is 0.84 at the saturation 
temperature and at atmospheric pressure and it is close to unity. Therefore, the Reynolds analogy 
is applicable to the present analysis. 

The radial distribution of the temperature is calculated by 

dT 
q = pCp(a + 8) dy  [28] 

where Cp and a are the constant pressure heat capacity and the thermal diffusivity. The energy 
balance for both the gas and the liquid phases is expressed by 

t~z 
(rw - y)pCpu ~z - ~z [(rw - y)q] = 0. [29] 

Equations [28] and [29] can be solved by the same method for single-phase flow (e.g. Kays 1966) 
by using the calculated values of u and g for both phases as follows: 

in the gas phase, 

rwq. [1 IY°(ri- Y°)U° dY°7 
q~ = rwqw - riqi do ~ ]  [30] 

ri -- YG 1 rwqw ~,i. . ~ | 

I Jo t r i -  YG)UG aye J 

and 
1 

[yo qc dyG" [31 ] TG=C4 PGC~Jo a c + g G  ' 

and 

in the liquid phase, 

[ (ri -- yL)UL dyLJ [32] 
and 

rL = c 5 -  l--L- dyL [33] PLCpLJ0 aL+SL 
where qi is interfacial heat flux and C4 and C5 are integral constants. These constants are determined 
when the interracial temperatures of both phases are equal to the saturation temperature Ts. The 
interfacial heat flux q~ is determined by the temperature at the center of the tube T~ as 

Pt CpL (T~ -- T~) [34] 

qi i l i  ffL 
~ f  (r i -- yL)UL dye 

1 i 

(ri -- yL)UL dYL 
(ri--YL)(aL+ ¢~L) dye 
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Here, the temperature at the center of the tube is assumed to be Tc = TLm as the temperature 
distribution in the liquid is almost fiat. 

The definition of the interfacial heat flux qi for the radial calculation by [34] is different from 
that of qLi for the axial calculation by the empirical equation [13]. This is due to the assumptions 
of the present analysis, as mentioned above, for solving the two-dimensional problem as an axially 
one-dimensional and radially developed problem. However, the values of qLi are close to those of 
q~ except for the analytical conditions near the inlet of the tube. 

3.3. Calculation method 

Calculations were performed for given values of the inlet mass flux G, the wall heat flux q,, the 
inlet subcooling ATs,b and the distance from the heating inlet z. 

The actual quality x and the mean liquid temperature TLm are calculated by [9] and [12], 
respectively. The temperature difference Tw- Ts is required to estimate Kutateladze's effective 
latent heat of evaporation in [7]. The values of Tw - Ts are assumed to be determined as qw/h,, 
because the heat transfer coefficient in an IAF region for low inlet subcooling is almost constant, 
as will be shown in figures 4(a,b). As the value of hw did not have much effect on the analytical 
results, a value of h, = 1.8 x 103 W/m:K is taken from the experiment results to estimate the 
effective latent heat of evaporation. 

In order to calculate the distributions of the shear stress and the velocity by [20], [21] and 
[24]-[27], the wall shear stress % and the thickness of the vapor film 6 are required. Assuming ~w 
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and 6, the velocity distribution is obtained. Integrating them radially in the gas and liquid phases, 
the mass flux G and the actual quality x are determined. Changing Tw and c5 by trial and error, 
the velocity field is obtained for a certain set of  G and x, i.e. a set of G, qw, AT,~b and z. Then 
the temperature distribution is calculated by [30]-[33] using the calculated u and dr. 

4. RESULTS AND D IS CU S S IO N  

4. I. Experimental results for the axial distribution of heat transfer 

The axial distributions of  the heat transfer coefficient hw are plotted against the thermodynamic 
equilibrium quality X~q; 

hw = qw [35] 
T~-T, 

and 

qwPwz - CpL G ATsub [36] 
Xeq : HLG G 

The heat transfer coefficient for an inlet subcooling of  ATsu b = 10K and a mass flux of  
G = 6.4 x l0 s kg/m2s are shown in figure 4(a) with the heat flux qw as a parameter. The heat 
transfer coefficient hw is well-correlated with Xeq. It can be seen from the figure that h~ is almost 
constant near the inlet and increases with a large gradient, and finally with a rather small gradient. 
These three characteristic regions of  heat transfer are defined as regions I, II and III, respectively. 
The qualities at the boundary points are denoted as X~q~_H and Xeqtl_lll, respectively, as shown in 
figure 4(a). It is expected that these three heat transfer characteristics correspond to the flow 
patterns. 

The heat transfer coefficient for ATs,b = l0 K and q = 50 kW/m 2 is shown in figure 4(b) with G 
as a parameter. The characteristics of  the heat transfer coefficient for G > 3.2 x 10 2 kg/m 2 s are 
similar to those shown in figure 4(a), while no increase with a large gradient is observed for 
G < 2.1 x 102kg/m2 s. It is expected that the flow pattern transition for G < 2.1 x 102 kg/m2s is 
different from that for G > 3.2 x l 0  2 kg/m 2 s. It is seen that both Xeq~_~t and X~qH_l, increase slightly 
with a decrease in the mass flux. 

The heat transfer coefficient for G = 3.2 x l0 s kg/m 2 s and qw = 73 kW/m 2 is shown in figure 4(c) 
with ATsu b as  a parameter. It is also shown that the heat transfer coefficient is well-correlated with 
Xoq. The value of  the heat transfer coefficient increases with a decrease in x~q in the low quality 
region for a high ATsub of  40 K. It is expected that the flow of  the vapor layer of  IAF is laminar 
in this region. 

It is expected that the flow pattern has a considerable effect on the heat transfer coefficient for 
higher mass fluxes, while it has little effect for lower mass fluxes. The inlet velocity during the 
reflooding phase in a LOCA of an LWR is low and the heat transfer characteristics have been 
reported to be similar to those for the low mass flux region, as shown in figure 4(b). Therefore, 
studies have concentrated on the low mass flux region and the heat transfer characteristics and flow 
patterns in the high mass flux region have not been studied in any detail. In the next section the 
correspondence between the heat transfer characteristics and the flow patterns for higher mass 
fluxes will be discussed. 

4.2. Heat transfer characteristic map and flow pattern map 
It was shown experimentally in the previous section that the heat transfer characteristics could 

be divided into three regions along the tube for G > 3.2 x 102 kg/m 2 s but that they were not divided 
for G < 2.1 x 105 kg/m: s. By using the thermal equilibrium quality, the heat transfer coefficient was 
not strongly dependent on the heat flux or the inlet subcooling, but was strongly dependent on 
the mass flux. 

A heat transfer characteristic map is proposed, as shown in figure 5, in order to discuss these 
heat transfer characteristics. The thermal equilibrium qualities at the boundaries X,qt_n and X,qn-m 
are plotted against the mass flux G. The dashed line shows a mass flux of  G = 2.1 x l0 s kg/m 2 s, 
which indicates the boundary whether the heat transfer characteristics were divided or not. It is 
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found that the heat transfer characteristic regions I, II and III are not strongly dependent on 
the heat flux or the inlet subcooling and that they are determined by the mass flux and the 
thermodynamic equilibrium quality. 

Before discussing the relationship between the heat transfer map and a flow pattern map, the 
flow patterns observed in a long quartz tube of 500 mm length and 10.5 mm i.d. are discussed. The 
quartz tube was heated by a nichrome wire coiled around it to avoid rewetting and the heat flux 
could not be determined quantitatively as already mentioned. Two typical transitions of the flow 
patterns were observed, depending on the mass flux, and are shown schematically in figures 6(a,b) 
for lower and higher mass fluxes. 

The flow pattern for the lower mass fluxes changes from IAF to DF through a flow pattern where 
liquid slugs are observed, which is defined as inverted slug flow (ISF). This flow pattern transition 
has been already reported by a number of authors (Chi & Vetere 1964; Laverty & Rohsenow 1967; 
Ottosen 1980; De Jarlais & Ishii 1985; Aritomi et al. 1986). 

The flow pattern for the higher mass fluxes changes from IAF to DF through a flow pattern 
which is characterized by periodic changes of a thick vapor film region and the agitated region, 
reported previously by De Jarlais & Ishii (1985). In the agitated region, violent disturbances of the 
gas-liquid interface and small droplets entrained from the downstream edge of the liquid core are 
observed. The vapor layer between the heated wall and the interface in the agitated region seems 
to be very thin. This periodic flow pattern with the agitated region was defined as agitated inverted 
annular flow (AIAF) by Akagawa et al. (1988a). 

In order to clarify these flow pattern transitions quantitatively, the flow patterns for an inlet 
subcooling of ATsub = l0 K were observed at the sight glass, positioned between the heated stainless 
steel tubes, with a high-speed camera, a 35 mm still camera and a high-speed videocamera. Three 
visual points, 0.3, 0.65 and 1.1 m from the inlet of the 1485 mm long tube were chosen for the 
observations. It was confirmed that the heat transfer coefficients upstream of the sight glass were 
almost the same as those without the sight glass if the heat input at the quartz tube was neglected. 
The thermodynamic equilibrium qualities were calculated at the inlet of the sight glass. 
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The flow patterns, i.e. IAF, AIAF, ISF and DF, are determined from the observations and are 
plotted on the heat transfer characteristic map in figure 7. As AIAF is characterized by periodic 
agitations, the flow pattern differences between AIAF and IAF and between AIAF and DF are 
reasonably determined. It is successfully shown that the heat transfer characteristic regions I, II 
and III correspond well to the flow patterns, IAF, AIAF and DF, respectively. Details of the flow 
patterns will be shown in a forthcoming paper (Takenaka et al. 1989). 

4.3. Heat transfer of IAF 

Examples of the analytical results of the radial distributions of the shear stress, the velocity and 
the temperature are shown in figures 8(a-c) for G = 6.4 x 10’ kg/m* s, q = 60 kW/m*, AT,,, = 10 K 
and z = 0.1, 0.3 and 0.5 m. The velocity in the gas phase is much higher than that in the liquid 
phase and is largest at the point where the shear stress is equal to zero. The temperature in the 
gas phase is also much higher than that in the liquid phase. The profile shows boundary layers 
near both the wall and near the interface. 

It can be seen that the wall shear stress, the thickness of the vapor film and the vapor velocity 
increase with increases in the distance z. Reasonable distributions are obtained by the present 
analysis. 

Typical examples of both the experimental and analytical results for the axial distributions of 
the heat transfer coefficient are shown in figures 9(a,b). The analytical results are rather larger but 
predict the experimental results well. However, the analytical results could not be obtained near 
the inlet in figure 9(b) because [9] predicted the values of the actual quality to be < 0. This is because 
[ 131 for the interfacial heat transfer can not be adopted near the inlet as described above. Therefore, 
discussion of the present analysis is limited to the region of thermodynamic equilibrium qualities 
around - 0.05 < xe4 < 0.05. 

In the present analysis, it is difficult to express the heat transfer coefficient in a simple 
non-dimensional format. Therefore, the calculations were performed for every experimental 
condition [which will be shown in figures 1 l(a-d)]. The analytical results for the heat transfer 
are plotted for the Nusselt number, Nu, vs the vapor film Reynolds number, Re,, which are 
defined as 
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Figure 7. Flow pattern map. 

1. 

[371 

I 
5 



5 [ (a) 

L~ 400 I 

o 
200~ 

0 L 

l 

5 
WALL 

FLOW PATTERNS AND HEAT TRANSFER IN IAF 

z=0.1 m 

I I I 

5 ,b, 

4oo[ 
2°i[  

/ 

z=0.3 m 

I 
I • q 

o 5 
CENTER WALL 

r mm 

| 

r 

I 

mm 

I 

0 
CENTER 

779 

% 
Z 

E 

t) 
o 

0 \ 
-5 

10 

0 

0 L 

I I 

5 
WALL 

/ 

z=0.5 m I 

i i 

r mm 

! I 

0 
CENTER 

Figure 8. Examples of analytical radial distributions of the shear stress, velocity and temperature of IAF; 
q ffi 60 kW/m 2, G ffi6.3 x I02 kg/m2 s, AT,,bffi 10K: (a) z •0.1 m; (b) z •0.3 m; (c) z = 0.Sm. 

(a) 

az 

% 

0.1 

(b) 

o 
o o  

0 0 0 0  

O F'xperlmlm.oL re luLt l  qw:?3kW/m2s qi:?'3kW/m2 

CoLcuLated " G : 6 3 3  k o / m  2 I G :  316  k g / m  2 s 

ATe. b = IOK ATs.b :20K 

[ I I i i I ,,, i I I , I I 
0.1 0.2 0.3 0.4 0.5 0,6 0 0,1 0.2 0.3 0.4 0.5 

z ( m )  z ( m )  
Figure 9, Examples of experimental and analytical axial distributions of the heat transfer coefficient 

of IAF. 

0.6 



780 N. TAKENAKA et al. 

and 
xGD 

Ref = , [38] 
/tG 

where the actual quality x is calculated by [9], and are shown in figure 10. It can be seen that the 
calculated Nu is reasonably determined by only the Rer for various heat fluxes, inlet subcoolings 
and distances from the inlet. This means that the heat transfer of IAF is governed by the behavior 
of the vapor film. 

Comparisons of experimental and analytical Nu values are shown in figures 1 l(a-d) for various 
mass and heat fluxes and for inlet subcoolings of 10, 20, 30 and 40 K, respectively. 

Good agreement is obtained for the heat transfer. The Nu values are almost constant in the 
present analytical conditions and are expected to increase with further decreases in Re r when the 
vapor flow becomes laminar. However, the Rer in such a region can not be defined as the actual 
quality can not be estimated using [13]. 

4.4. Heat transfer of DF and AIAF 
The flow pattern of the heat transfer characteristic in region III is DF, as shown experimentally 

in figure 7. Therefore, previous heat transfer correlations for post-dryout DF may be applied to 
region III. The flow pattern in the high quality region for lower mass fluxes is also DF. However, 
the heat transfer is not discussed in the present paper since the boundary between DF and ISF 
can not be determined by the heat transfer characteristics. 

Dougall & Rohsenow (1963) proposed the post-dryout heat transfer correlation for the first time. 
Many correlations modifying it for the consideration of the thermal non-equilibrium have been 
proposed and were summarized, for example, by Groeneveld (1975). The Dougall-Rohsenow 
equation is 

Nu = 0.023 Re°Spr~ 4, [39] 

where Nu is defined by [37] and Re is given by 

Re=GD[x~q+~L(1 lzc -- X~q )1. [40] 

Examples of the comparison of [39] and the experimental results in region III for ATsub = 10 K 
are shown in figure 12. The experimental results show similar values and tendencies to those of 
[39]. However, the Nu is smaller for lower mass fluxes, especially for G = 3.2 × l0 s kg/m 2 s which 
is the condition near the boundary where the agitation is observed or not. It is expected that the 
thermal non-equilibrium is suppressed by the agitation region where the vapor and the liquid are 
well-mixed. Therefore, the Nu is larger and predicted fairly well by the Dougall-Rohsenow 
equation for higher mass fluxes. 
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Figure 10. Analytical results for Nu vs Ref of IAF [the analytical conditions are for the experimental 
conditions shown in figures 1 l(a-d)]. 
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The heat transfer in region II, i.e. AIAF, is difficult to predict as the phenomena are very 
complex. More experimental data are required for the modeling. However, it is shown that the 
agitation causes a rapid increase in the heat transfer with respect to Xeq in figure 4(b), and also 
affects the thermal non-equilibrium in the high quality region. Practically, the heat transfer of AIAF 
can be predicted by interpolating linearly between two boundary points, as shown in figures 4(a--c), 
if the heat transfer correlation and the transition critera for IAF and DF are given. 

4.5. Prediction of flow pattern transition criteria 
As the present analysis predicts well the heat transfer of IAF in the region of thermodynamic 

equilibrium qualities around -0.05 < Xeq < 0.05, it is expected that it also predicts well the 
hydraulics of IAF and can be employed to predict the transition criterion from IAF to AIAF. 

The post-dryout flow pattern transition is from IAF to DF through AIAF for higher mass fluxes. 
It corresponds inversely to the pre-dryout flow pattern transition from bubbly flow to annular flow 
through slug or churn flow, as described above. The criteria for bubbly flow to slug flow are often 
determined at a constant void fraction in the range 0.25-0.3. Mishima & Ishii (1983) proposed the 
constant value of 0.3, which was derived by assuming that the bubble coalescence occurs when the 
maximum possible bubble gap becomes less than the bubble diameter. The criteria for annular flow 
are proposed at a constant void fraction in the range 0.7-0.8 in some computer codes and are also 
analyzed with stability theory. 

In the present study, the flow pattern transition criteria are proposed to correspond inversely 
to the pre-dryout criteria as follows: 

1. The criterion from IAF to AIAF is determined by the modified Kelvin-Helmholtz 
instability at the gas-liquid interface. 

2. The criterion from AIAF to DF is determined at a constant liquid hold-up of 0.3, 
i.e. a constant void fraction of 0.7, where the droplets are assumed to coalesce to 
form AIAF, corresponding inversely to the criterion proposed by Mishima & Ishii 
(1983). 

In order to determine the criterion from IAF to AIAF by the Kelvin-Helmholtz instability, [41] 
for an infinite gas-liquid interface with an empirical constant K is assumed as 

I (  + P°~ll/2Fa(pL- Pc)gl'/4 [41] 
u o . - u , . = K  2 1 TLJJ L I ' 

where Ucm- ULm is the velocity difference between the mean gas and liquid phases and a is the 
surface tension. The value of K is determined by the analytical results at the experimentally 
determined transition points from IAF to AIAF. As the drift flux model is often used to discuss 
the transition criteria, the analytical results at the transition points are formulated by the drift flux 
model. The calculated mean gas velocities UGm are plotted against the total volumetric velocities 
J in figure 13. The drift flux model, 

UGm = CJ + vd, [42] 

at the transition points from IAF to AIAF is determined for C = 2.4 and vd = 4.5m/s. The 
distribution parameter C = 2.4 is very large compared with other two-phase flows. The same value 
was obtained for IAF of liquid nitrogen for an exit pressure in the range 4--8 b by the same analysis, 
which was used to predict the onset of density wave oscillation in parallel channels (Akagawa et 
al. 1988b). 

The constant K is shown in figure 14 by [41] and [42] at the transition points and is determined 
as 2.7. As the r.h.s, of [41] is constant in the range of the present experimental conditions, the value 
of K is not discussed in the present study. 

The drift flux model for post-dryout two-phase flow proposed by Ishii (1977), 

1--' 7J ,)~f2 F O'(pL ~ PG)gll/4 , [43] 

c + \PL /  J 
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is employed for the determination of the transition criterion from AIAF to DF. The actual qualities 
at the transition boundary from AIAF to DF are assumed to be equal to the thermodynamic 
equilibrium quality as the gas and the liquid are expected to be well-mixed in the agitation region. 

The boundary from IAF to AIAF is determined by [41] and [42]. The boundary from AIAF to 
DF is determined by [43] and a void fraction of 0.7. The flow pattern map is replotted in figure 
15 with the mass flux G and the actual quality x calculated by [9]. The solid lines in figure 15 show 
the predictions and agree well with the experimental results. 

5. CONCLUSIONS 

Experimental and analytical results are presented on the flow pattern transition and heat transfer 
of IAF in a vertical tube. The following conclusions are obtained: 

1. The heat transfer characteristics are divided into three regions. A heat transfer 
characteristic map is proposed. 

2. The flow patterns change from IAF to DF through ISF for lower mass fluxes and 
through AIAF for higher mass fluxes. A flow pattern map is proposed. 

3. The heat transfer characteristics correspond well to the flow patterns. 
4. Turbulent boundary layer analysis is applied to IAF. Radial distributions of the 

velocity and temperature of IAF are calculated. 
5. The heat transfer of IAF is well-correlated by the film Reynolds number and is 

well-predicted by the analysis. 
6. The criterion of the flow pattern transition from IAF to AIAF is predicted well 

by the modified Kelvin-Helmholtz instability. 
7. The criterion of the flow pattern transition from AIAF to DF is predicted by a 

void fraction of 0.7 with a drift flux model for a post-dryout DF. 
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