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Abstract-A survey is given of the works published in the Soviet Union during 1983 and 1984 on heat 
transfer in the post dryout region and on wetting heated surfaces. New experimental data, heat transfer 
models, and computational techniques are analysed. The complexities of the heat transfer process under 
the above conditions are noted. The differences and common features of the heat transfer processes in the 
post dryout region and on wetting heated surfaces are indicated as well as the necessity for the development 

of computational techniques that would consider the two processes simultaneously. 

1. INTRODUCTION 

DURING 1983 and 1984 new publications appeared in 
the Soviet Union on heat transfer in the post dryout 
region and on wetting heated surfaces under different 
conditions as regards the operational parameters, 
characteristics of test sections and supply of 
cooling water. Investigations were carried out both 
to reveal and refine separate experimental charac- 
teristics of the heat transfer process and to further 

develop heat transfer models and computational tech- 
niques for application to different conditions and 
regions of flow. 

A number of earlier works [l-5] surveyed foreign 

and home investigations into the post dryout heat 
transfer and heat transfer on wetting heated surfaces. 
The present review continues the analysis of novel 
experimental data, empirical correlations and com- 
putational models under the above-mentioned con- 
ditions. Experimental data are cited which were 
obtained in channels of different geometries in the 
cases of reduced flow rates and relatively small pres- 
sures of two-phase flows, further development of heat 
transfer models for vapour-droplet flow is outlined, 
interrelation between the modes of steady-state post 
dryout heat transfer and wetting of heated surfaces is 
established. 

2. CRITICAL VAPOUR QUALITY AND 

POST DRYOUT HEAT TRANSFER 

A detailed analysis of the onset of burnout heat 
transfer during water boiling in tubes is presented 
in ref. [6]. This work gives the current ideas of the 
mechanisms underlying the dryout phenomenon in 
vapour-generating channels, analyses the specific fea- 
tures of dryouts in the case of non-uniform heat gen- 
erations along the channel length and presents the 
data on the limiting vapour quality. Special emphasis 
is placed on the necessity for distinguishing between 
the mass vapour qualities x,~,,, and .x&, at which the 

dryout heat transfer of the second kind develops 
depending on the vapour quality at the channel 
entrance. When x,, > x&~, the value of xlim, at which 
the dryout heat transfer sets in, is generally higher 
than x& which corresponds to the dryout heat trans- 
fer when xen < x~~. This work also presents the earlier 
published recommendations for the calculation of xlim 
and XL. 

Based on the analysis of the conditions for the liquid 

entrainment from the film surface in an annular dis- 
persed flow, in ref. [7] the following empirical formula 
is suggested to calculate the limiting vapour quality : 

xi,,, = l-O.86 exp (- 19/w) (1) 

where 

D 
w=pw 

J( > 
7 . 
6P 

Comparison is made between the experimental data 
on the limiting vapour qualities for water flow in 
circular tubes with the results calculated by equation 
(1). The majority of points deviate from equation (1) 
by no more than 20%, with the r.m.s. deviation of 
0.12 and mean deviation of 0.035. The same deviation 
is also observed for three other liquids: Freon-12, 
Freon-l 13 and He-l. The data for water encompasses 
184 points obtained at : P = 3-16.7 MPa, pw = 55- 
5000 kg mm2 s-‘, D = 3.84-30 mm. 

In ref. [8], based on the local hypothesis about 

the dryout heat transfer, a formula is suggested for 
calculating the vapour quality at the time of dryout 
heat transfer occurrence at reduced pw. The specific 
feature of the formula is the use, on the basis of the 
regression analysis, of similarity numbers taking into 
account the physical processes that lead to the dryout 
heat transfer in annular dispersed flow. 

In ref. [9] the results of an experimental and com- 
putational investigation into the non-equilibrium 
two-phase flow in the post dryout boiling region at 
small mass velocities and low pressure are given. The 
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NOMENCLATURE 

thermal diffusivity [m’s_‘] I thermal conductivity [W rn-’ K-l] 
heat capacity [kJ kg-’ Km’] p dynamic viscosity [Pas] 
diameter [m] P void fraction ; density [kg mm’] 
flow rate [kgs-‘1 P w mass velocity [kgmm2s-‘1 
length [m] cr surface tension [nm-‘1 
Nusselt number r time [s]. 
pressure [MPa] 
Prandtl number Subscripts 
heat flux [W mm’] a actual 
latent heat of evaporation [kJ kg-‘] cr critical 
Reynolds number e equilibrium 
slip ex exit 
temperature [“Cl fr wetting front 
temperature difference [“Cl in inlet 
characteristic wetting temperature [“Cl 1 liquid 
vapour quality lim limiting 
vapour quality in the course of microfilm S saturation 
formation V vapour 
coordinate [ml. W wall 

wet wetting. 
Greek symbols 

; 

heat transfer coefficient [kW me2 Km’] 

droplet diameter [m] 

6, vapour layer thickness 

Superscripts 
water at saturation 

I, vapour at saturation. 

experiments were carried out in a rectangular channel 
with heating on one side. The channel was 0.035 m 
wide, 0.72 m long and 0.008 m high. The heater was 
a nichrome plate 0.372 m long. The wall temperature 
was measured at 25 cross-sections along the channel 
length by chromel-alumel thermocouples. In the 
opposite, thermally insulated, wall there were seven 
static pressure taps and holes for the probes to mea- 
sure the vapour phase temperature profile and the 
degree of dispersiveness of droplets. The thermal 
probe operates on the principle of liquid separation 
from a two-phase mixture being sucked through a 
slit between the outer tube and the inner hood. The 
experiments were run at mass velocities pw = 16.9, 
33.8, 67.6, and 168.9 kg m-* ss’; at a pressure of 
P = 0.1 MPa, a vapour quality x = 0.754.98 and 
heat fluxes of 5.0-450.9 kW m-*. 

The thermal probe measured vapour temperature 
profiles in the gap between the heated and non-heated 
surfaces of the channel which were then used to cal- 
culate the thermal non-equilibrium state of the flow 
and the true vapour quality of the flow was calculated. 

The results of all the experiments have been pro- 
cessed and an empirical formula has been suggested 
which is a refined version of that suggested earlier [lo] 

X, ~ = Z!? + [9.O4(x,,)m ~.~7(pw/300)~.7~‘“,“‘-“~‘] 
x, x, 

x (1 -~,“)(~,--x,“). 

In ref. [ 111 the length of the transient zone of the 
post dryout heat transfer in a channel of complex 
geometry (Fig. 1) was determined experimentally. The 
channel cross-section simulates a cell formed by four 
tubes. This shape of the channel leads to its higher 
total thermal loading and, correspondingly, to more 
stringent heat transfer conditions as compared with 
real ones. The hydraulic diameter of the channel was 
5.6 mm and its length was 1.8 m. The test section was 
equipped with 50 chromel-alumel thermocouples with 
electrodes 0.2 mm in diameter welded at 27 cross- 
sections over the channel height (l-6 thermocouples 
in each). The interrogation of the probes in the course 
of the experiment and the management of the rig were 
made with the aid of a Hewlett-Packard HP-305 2A 
measuring-computational complex. The wall tem- 
perature measurements around the channel perimeter 
showed that the crisis starts to develop in its narrow 
portion. Therefore, the results are discussed which 
were obtained when measuring the wall temperature 
on the generatrices ‘a’ and ‘b’ (Fig. 1). 

The paper presents the data on the characteristics 
of the transient zone, post dryout heat transfer, vap- 
our superheating in the case of upward water flow 
within the ranges: 3.1 < P < 7.28 MPa, 30 < pw c 
455 kg m-* s-‘, 71 < q < 960 kW m-*. 

The analysis has shown that the transient zone 
length 1 depends on q and pw. The quantity I increases 
with q; at constant q an increase of pw leads to a 
decrease of 1 (Fig. 2). 
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FIG. 1. Schematic of a channel of complex geometry [12]. 

I 
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FIG. 2. The length of the transient zone [12] : P = 7 MPa; 1, 
pw = 240 ; 2,340 ; 3,440 kg m-’ SK’. 

The true vapour temperature was determined by 
continuously recording the flow temperature TV 

before and after the separator, which was installed at 
the channel exit to separate the liquid and vapour 
phases. The flow temperature was determined with 
the aid of thermocouples made from a thermocouple 
cable 0.5 mm in diameter. The maximum value of TV 

was taken to be the superheated vapour temperature 
T,,. Figure 3 presents the dependence of T,, on the 
overall heat Q provided a saturated liquid was sup- 
plied to the channel entrance. It is found that the vap- 
our superheat T,,-- T, increases with Q, while its 
maximum value reaches 255°C. An increase of pw 
leads to a decrease of the vapour superheat and to a 
decrease in the slope of the curves T,,(Q). A pre- 
liminary analysis shows that T,, is qualitatively 
described by the formula for x, [lo] derived on the 
basis of the two-stage heat transfer model. 

In ref. [ 121 an investigation is made of heat transfer 
deterioration in the case of upward and downward 

water flows in a uniformly heated circular stainless 
steel tube with an inner diameter of 10 mm and a 
length of 6.2 m. Ninety experiments were carried out 
at a pressure of 13.7 MPa, mass velocities pw = 35G 
1000 kg rn-* SK’, q = 13&450 kW m-*, x,, = 0.4 
1.38. Subcooled water was supplied to the entrance. 
Chromelcoppel thermocouples were located 100 mm 
apart. 

To directly compare the experimental data and 
reveal the effect of flow direction on the heat transfer 
deterioration in the cases of downward and upward 

flows, the experiments were carried out at the same 
magnitude ofpower, flow rate and water temperatures 
at the test section entrance, with the experiments being 
first conducted with the downward and with the 
upward flow. 

The tube inner surface temperature in downward 
flow can be both higher and lower than the wall tem- 
perature in upward flow. There is a single-valued 
relationship between the temperature conditions and 
the critical vapour quality x,, determined by the dis- 
continuity of the temperature curves : the smaller xcr, 
the higher T,, other conditions being equal. When 
x,,s for the downward and upward flow coincide, the 
temperature conditions in the post dryout region also 
coincide. This coupling is attributed by the authors to 
the fact that the post dryout heat transfer is deter- 
mined not only by the local conditions, but also by 
the conditions of two-phase flow formation over the 
entire preceding section including that of the dryout 
heat transfer. The conditions in the latter section 
depend in a complex manner on the operational par- 
ameters and flow direction. 

The analysis of surface temperature distributions 
along the section length provided the data on the 
maximum wall superheats in the post dryout region. 
The maximum superheat was taken to be the value 
AT,,,,, = T,,,,,- T,, where T,,,,, is the maximum wall 

temperature. The following formulae were obtained 
to determine AT,,,,, : AT,,,,, = 0.4lqlpw for an upward 
flow and AT,,, = 4.1 x 10m5q’.‘/(pw)’ ’ for a down- 
ward flow. 

The accuracy of experimental data description at 
pw = 5OGlOOO kg mm2 s-’ and q = 26&400 kW me2 

amounted to *8% for upward flow and f5% for 
downward flow. 

0 (kW) 

FIG. 3. Temperature of the superheated steam [12] I”,” as a function of the heat supplied Q : P = 7 MPa; 
T, = 285°C; 1, pw = 100; 2, 160; 3,240; 4,360; 5,440 kg mm2 s-‘. 
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3. MODELS OF POST DRYOUT HEAT 

TRANSFER AND CALCULATIONAL 

RECOMMENDATIONS 

In ref. [13] a technique was developed for the cal- 
culation of heat transfer to a dispersed steam-water 
flow over the post dryout section of a steam generating 
channel. The results of numerical calculations have 
shown that the presence of liquid droplets colliding 
with the wall changes the processes of momentum and 
heat transfer in steam flow. 

Two components of heat removal from the wall 
were considered 

Q=Qw+Qws 

where QwV is the heat withdrawn by the steam com- 
ponent of a two-phase flow ; QwB is the heat transferred 
from the wall to droplets directly contacting with it. 

To calculate the heat flux from a wall to vapour, 
the familiar empirical relation was used for a one- 
phase flow with a correction for the presence of the 
initial thermal portion in a hydrodynamically 
developed flow to be taken into account 

Nu,, = 0.0208[1+8.97D(L+ 12D)]ReF* Prli3. 

Heat transfer from a superheated vapour to droplets 
was calculated according to the well-known empirical 

relation 

A correction to the heat transfer coefficient for flow 
laminarization by liquid droplets was introduced in 

the form 

where a&, 5” are the heat transfer and resistance 
coefficients calculated without taking into account the 
effect of droplets. 

The value of the resistance coefficient taking into 

account the effect of droplets, 5, calculated as a func- 
tion of the parameter K using the equation of the 
universal friction law for smooth tubes is 

5 = 8h-2/[ln(ReJ~)-ln(4J2~,,,)+lc~,,,-l.512. 

The quantity 5 is a weak function of the varying 
dimensionless viscous sublayer thickness qlarn and 
therefore it is assumed that the presence of droplets 
does not influence q,,,. 

The constant K was estimated from the available 
experimental data as a function of vapour quality. 

The hydraulic resistance factors of the vapour flow 
were determined with the aid of the homogeneous 
flow model which gives good results for dispersed 
flows. 

In calculations the two-phase flow was assumed to 
be monodispersed. The choice of the characteristic 
droplet diameter remains at present to be the most 

formidable problem in all of the techniques without 
exception. 

In ref. [13] the droplet diameter was determined 
with the aid of the well-known expression 

6 = 1.47D{pVGx,i,[G/g(p,-~v)]“Z/S}o~675 

with the correction factor l/3. The droplet diameter 
was also determined using the Weber number. It is 
assumed that the critical Weber number is equal to 6 
8 ; then the droplet diameter is close to 3&40 pm. 

The predicted results were compared with the mea- 
sured data on the wall temperature for 8 and 12 mm 
diameter tubes at a pressure of 8 MPa, mass velocities 
140&2000 kg mm2 s-’ and q = 2.9 x 105-8.7x lo5 W 
m-*. It is shown that droplets collide with the wall 
extracting about 15% of heat supplied through the 
channel wall. 

The problems which need further exploration in 
this model include the determination of the parameter 
K and of the size of droplets. That the similarity between 
the momentum and the heat transfer could be 
employed, information is also required about the vis- 
cous sublayer thickness, rate of droplet deposition and 
other parameters which were not actually considered 
under these conditions. 

A great deal of attention has been paid to the tran- 
sient zone of the post dryout heat transfer. Here, 
a model should be noted which was suggested by 
Nigmatulin [ 141 and which analyses in detail the con- 
tribution of heat transfer between a hot wall and liquid 

droplets. It is assumed in the model that the steam 
is superheated relative to T,, liquid droplets are at 
saturation, the slip of phases is taken into account 
only to determine the heat flux from vapour to drop- 
lets, the inertia of droplets is negligible, all the droplets 
are considered as being the same size, their dis- 
integration and coalescence are ignored. 

By numerically solving the general system of equa- 
tions for a plane-parallel flow the number of droplets 
reaching the wall, N, is determined, and then the heat 
flux from the wall to droplets is 

Qwd = qwJ'. 

The heat flux qwb from the wall to a single droplet is 
determined from the scheme suggested earlier by 

Cumo (1969) 

qws = Cz,~r~~,(T, - T,)/S. 

The time of droplet-wall interaction is governed by 
the natural oscillation of droplets originating due to 
capillary forces 

r, - ($P)~J[@'r~Ml. 

By comparing the model with the experimental data 
of Bennet for P = 6.9 MPa and pw = 35&5500 kg 
m-* SK’ it was determined that the initial size of drop- 
lets corresponded to the critical Weber number of 
9. The proportionality factor C is equal to 0 when 
pw < 1800 kg m-* s- ‘, i.e. the thermal interaction 
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between droplets and the wall is negligible in this 
region. When pw 2 1800 kg me2 s-’ the cont~bution 
of this interaction begins to increase attaining 30% 
of the total heat flux, with the vapour-droplet flow 
tending to thermodynamic equilibrium. The value of 
C is determined from the following formula : 

numerically on a computer. Comparison of the pre- 
dicted sodium temperature along the length of the 
steam generator model with the experimental data 
shows a good coincidence of prediction with experi- 
ment. 

c = 1.5 x lo-‘pw2+ 1.5 x lo-4pw-0.71. 

A good coincidence was also obtained when com- 
paring the results of the calculation by the model with 
the experimental data obtained with non-uniform 
heating along the channel length. 

The computational models are rather cumbersome 
and need to be further refined and developed. In view 
of this, of interest are recommendations for practical 
calculations of heat transfer in the post dryout region 
of a vapour-droplet flow taking into account the 
newly obtained information on experimental results 
and computational techniques [ 16, 171. 

A separate trend is given by the study of the post 
dryout heat transfer in steam generators heated by 
liquid metals [15]. In the transient zone, when the 
vapour quality varies from xtim, (the start of the zone) 
to xlim2 (the end of the transitional zone), there occurs 
a drastic change in the temperature and heat flux on a 
heat transfer wall. To determine xlim, for 100 < pw < 
1000 kg me2 s-‘, the following equation is 
suggested : 

In ref. [17] it is suggested that the post dryout heat 
transfer for pw > 1000 kg mm2 s-’ and P = 4-22 MPa 
be calculated from the well-known relations suggested 
by Miropolsky and Groenewetd. When pw < 1000 kg 
m-2 $-I the calculation should be performed taking 
into account the thermodynamic non-equilibrium 
state of the flow. The mean temperature of the super- 
heated vapour is determined in this case as 

X hII* = 1 -4P>Pw+o.~t‘wPw2 

where 

TV = rr,+A(P)f(xe-X,)lx,14:3. (2) 

The heat transfer coefficient is related to the tem- 
perature difference T, - TV and 

i 

6.7 x 10-2(p”/p’)‘~8, 7.8 < P < 11.8 MPa 
A(P) 1.14 x 10-3, 11.8 < P & 15.7 MPa. 

To determine xlimlr the following equation is used : 

G,,Z = xlirnl +0.283Wq,,, +rlc,z YW 

(3) 

The actual vapour quality is determined for tubes 
from 

where qcrl and qcr2 are the specific heat fluxes at the 
boundaries of the zone of transition from developed 
boiling to the post dryout region. To determine the 
statistically-mean heat flux density on the wall in the 
transient zone, the following equation is suggested : 

qw = [a’w+a”(l -w)](z-,- T,) 

where A(p) = 5 x 103/P2-43P+880; P is given in 
MPa; q is given in kW mm2; C, = 175. 

The heat transfer coefficient ~1, in equation (3) is 
determined from 

where 3’ is the heat transfer coefficient for developed 
boiling, iy” the coefficient of heat transfer to vapour, 
and w the mean fraction of the surface which contacts 
liquid. 

Nu = 0 028R~“~8~Fo~~ pw 0 
1.15 

” f . 
PY 

The post dryout heat transfer was calculated on the 
basis of a many-group heat transfer model under the 
following assumptions : droplet size distribution at 
the beginning of the post dryout region is described 
by the probability density function of Nukiyama- 
Tanasawa ; the vapour temperature and velocity in 
the given section are equal to their average values ; 
the temperature of the vapour and droplets at the 
beginning of the post dryout zone is equal to the 
saturation temperature; there is no deposition of 
droplets onto the wall when pw < 700 kg m-2 s-’ in 
the case of the second-kind crisis; the discrete spec- 
trum of droplets is used. 

Here all the thermophysical properties of the vap- 
our are selected at the average temperature of the 
superheated vapour TV. The recommended technique 
for calculation was checked at pw = 100-1000 kg me2 
S -I, q = &0.6 MW m-* ; P = 7-18 MPa [3, 161. Fig- 
ure 4 compares the predicted and experimental results 
of ref. [3]. 

It is recommended that the mean heat transfer of a 
bundle of rods in the post-dryout regime be calculated 
from 

Nu = NIA” K 

The heat fluxes from the wall to the vapour and 
from the vapour to droplets were calculated from 
familiar empirical relations. 

where Nu” is found from Miropolsky or Groeneweld’s 
equation; K is the ratio of the mean heat transfer 
coefficient in the bundle to the heat transfer coefficient 
in a tube. 

The system of equations for flow, heat conduction The quantity K can be found from the following 
of a wall and energy for liquid sodium were solved simple expression : 
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FIG. 4. Comparison of the experimental data from ref. [3] with the results of the calculation technique of 
ref. [17] at P = 17.7 MPa, pw = 550 kg m-* s-’ for a 15 x 10 mm diameter, 10 m long tube with the heat 
flux in the 3.8 m long pre-inserted section of 490 kW mm*. The heat fluxes in the 6.2 m long test section 

are: +, 55.8 kW m-*; 0.99.8 kW m-*; X, 158.5 kW mm*; l ,252.2 kW mm2; ---, prediction. 

K= ,.I;-0.26 
where S/D is the relative pitch of the rod bundle. 

The minimum heat transfer coefficient in a rod 
bundle is determined from 

where 

N%lU* = Nuj 

c > 0 25 

j=O.3+0.8 g-1 

4. HEAT TRANSFER ON WETTING 

HEATED SURFACES 

The acquisition of experimental data for both single 
channels and bundles of rods continued. Experiments 
were conducted on a single channel (Fig. 1) with both 
steady-state post dryout heat transfer and conditions 
of wetting from below. The wetting experiments were 
carried out in the following parameter ranges: 
P = 0.1-1.1 MPa, pi = 180-330 kg m-* s-‘, 
AC;, = 20_16O”C, 71; = 40&8OO”C [18, 191. 

The data processing was made with the aid of the 
earlier mentioned information measuring complex 
(IMC). The heat transfer coefficient was calculated 
with respect to the temperature difference AT,(r) = 
T,(z)- T,(z). Figure 5 presents the comparison 
of the typical experimental values of tl with those 
calculated by the empirical formula from ref. [2] 
relative to the distance from the wetting front z. It 
is seen from the figure that the empirical formula 
qualitatively describes the change of c( in a non-wetted 
zone well, with the experimental values of tl generally 
lying somewhat above the predicted ones, thus allow- 

I I I 1 0 0.6 1.2 I.8 
z (m) 

FIG. 5. Variation of the heat transfer coefficient over the non- 
wetted zone length [18]: P = 0.5 MPa; pw = 180 kg m-* 
s-’ ; Ten = 66°C; 4 = 100 kW m-2; 0, experiment; I, cal- 

culation by equation (7) from ref. [2]. 

ing this formula to be recommended for reliable prac- 
tical applications. 

Nevertheless, further acquisition of vast exper- 
imental information for channels of different geome- 
tries and, mainly of larger length, is required. Only 
then will it be possible to obtain the picture of the 
interchange of different flow modes in a non-wetted 
region, ranging from the reversed circular and 
reversed slug flow to modifications of the dispersed 
regime with droplets of different size. In the latter case 
it is possible to expect that an increase of x will be 
accompanied by an increase of a calculated relative to 
AT, = T,- T,. At present the least studied problems 
are heat transfer in a non-wetted zone at reduced 
values of x, = (-0.2)- (0.2) and the condition of 
transition to a non-equilibrium dispersed flow the heat 
transfer to which can be described with the aid of 
developed techniques of calculation for the steady- 
state post dryout heat transfer. 

In ref. [ 191, one of the first formulae is given for the 
post dryout heat transfer in the region of low mass 
vapour qualities at sufficiently high pressures of 3.5% 
7 MPa. 
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FIG. 6. Variation of the heat transfer coefficient for 
AT, = T,-T, [19]. P = 7 MPa; pw = 700 kg mm2 SK’. 1, 
Circular channel ; 2, semi-rod array ; 3, calculation by equa- 

tion (4). 

The formula obtained on the basis of experimental 
data has the form 

u = 15251” PWD ( > 
cl.2 

P” 
PrJ,, (4) 

Here, CI (W m-* K-‘) is the heat transfer coefficient 
defined as the ratio of q to AT = T, - T, ; T, is the 
temperature of the heat transfer agent. The formula 
is obtained for pw = 40&2100 kg m-* s-‘, 
x, = (-0.07)-(0.1); q = 0.2-0.8 MW m-* in a cir- 
cular and semi-rod channel. The heat transfer 
coefficient in a tube without spacing elements is below 
that predicted by equation (4) by about 100 W m-* 
K-1. 

Figure 6 presents the experimental data and the 
results of the calculation from equation (4). It is seen 
that tl decreases rapidly with an increase of the wall 
temperature (in the transitional region of boiling), 
and then depends weakly on it (in the region of stable 
film boiling). 

According to ref. [19], a substantial effect on c( is 
exerted by the conditions of heat transfer agent flow. 
In the case of reversed slug (plug) flow, the heat trans- 
fer coefficient is noticeably smaller (by about a factor 
of two) than in dispersed flow due to a smaller inter- 
phase heat transfer surface. As a result, due to the 
instability of the boundaries of flow conditions, the 
heat transfer can differ markedly at virtually the same 
operational and geometric parameters. Therefore, as 
yet it is advisable that for such conditions of the post 
dryout heat transfer computational formulae be con- 
structed that would describe experimental data based 
on their minimum values. 

Reference [lo] presents an analysis of the processes 
of heat removal in the post dryout region and on 
wetting heating surfaces. In real conditions the wet- 
ting of heated surfaces usually occurs when water is 
supplied to the entrance with x, < 0. Because of this, 
the post dryout heat transfer zone starts at xs much 
smaller than in the conditions of steady-state post 
dryout heat transfer. Moreover, the transition heat 
transfer zone can be more extended due to the 
rearrangement of the flow structure. It should also be 
borne in mind here that local flow parameters vary 

z tm) 

FIG. 7. Variation of the wall temperature and of the heat 
transfer coefficient with mass vapour quality in a non-wetted 
zone in long tubes (L > 3.5 m) for xtran z 0.2. 1, Calculation 
of a, by equation (7) from ref. [2]; 2, 3, the values of a,, a, 

calculated by equations (5) and (6). 

continuously with the motion of the wetting front. 
Thus, to reliably calculate the heat transfer in a non- 
wetted zone, one should know the means of cal- 
culation of the wetting rate and of the flow parameters 
in it. Moreover, one should take into account the 
initial period of cooling which can be rather long at 
small velocities of water entry into long channels. 

To calculate heat transfer in the conditions of 
wetting, the sequence of all the stages of such a process 
is considered for the main means of water supply- 
flooding from below. When water enters a dried chan- 
nel, the steam generation starts virtually instan- 
taneously, but a definite time is needed for the entire 
channel to be filled up with a steam-water mixture 
because of the entrainment of liquid by steam. The 
conditions of liquid jet fragmentation can be deter- 
mined with the aid of the criterion suggested by Arri- 
etta and Yadigaroglu in 1978 [20], while the entrain- 
ment of droplets can be determined from formulae 
suggested in ref. [21]. 

The heat transfer in the non-wetted zone with water 
supply from below is governed by the flow parameters 
and wall temperature. Consider the heat transfer after 
the onset of the entrainment phenomenon when the 
entire channel is filled up with a steam-water mixture 
with the rate close to that at the entrance. 

Within the region with AT, > T, - T, there are usu- 
ally two zones separated by the value y (Fig. 7). 
The fnst zone represents the transitional region, where, 
according to refs. [5, lo], the development and sta- 
bilization of the thermal boundary layer occurs under 
the conditions of varying flow structure. In the con- 
ditions of wetting of the heating surface the second 
zone can be considered as an analogue of the cor- 
responding post dryout heat transfer zone in steady- 
state conditions. 

In the region with AT, > T, - T,, different regimes 
of flow may exist depending on x and pw. However, 
at small pw and relatively high q, with T, 2 500°C at 
the beginning, the conditions for the formation of the 
dispersed flow structure, at least in the second zone 
of the non-wetted region, are rather quickly attained. 

Experimental and computational investigations of 
the modes of post dryout heat transfer in steady- 
state conditions have shown that a dispersed flow is 



2556 N. G. RAS~~KHIN and L. P. KABANOV 

substantially in nonequilibrium from the thermo- 
dynamic viewpoint. To calculate x,, a number of 
formulae and calculation techniques have been sug- 
gested which are given above. However, at small 
values of x, and x,, occurring during wetting of heated 
surfaces, these formulae do not apply. To approxi- 
mately calculate x,, a simplified formula can be used 
[22] which has the form 

x, = 1-(1-x,,)exp(x,,-x,) 

provided x,, = xfr. 

(5) 

Comparison of equation (5) with the equations for 
steady-state post dryout heat transfer shows that at 
least up to x,, < x, < 1 there is a good agreement. 

The use of equation (5) for the determination of TV 
shows that there is rather a satisfactory agreement 
with separate available values of TV at x, (at the 
entrance to the channel) equal to 0.084.27 and at x, 
(at the point of measurement) equal to 0.2-0.4. 

Thus, there appears the possibility to describe a 
portion of the heat transfer zone in the non-wetted 
region with the aid of relations obtained for the 

steady-state post dryout heat transfer [lo] 

x [(xa +~)(I-x.)]~~*~~~~. (6) 

For the data obtained when x, > 0.2 and far from 
the wetting front, there is rather a satisfactory agree- 
ment between prediction and experiment. 

It should be noted that when x, > 0.2 the quantity t(, 
related to AT, = T, - T,, but calculated from equation 
(6), can increase with x, (Fig. 7). At the same time, 
over rather an extended portion of the non-wetted 
zone adjacent to the wetting front, a decrease in c(, is 
observed. Thus, earlier in ref. [2] the following for- 
mula was suggested : 

cI, = (a, +%f%Pw)“‘_W m-* K_, 

b 1 +a,z+a,z~ (7) 

where ul,a2, u3, a4,u5 are constants and 0.01 < z 
< 2.5 m. A further comparison of equation (7) with 
experimental data shows that equation (7) under- 
estimates the results on heat transfer when z > 
0.54.7 m. This can be attributed to the fact that, 
due to the complexity in the choice of the data when 
processing their large files, the points which had been 
obtained before the start of liquid entrainment were 
not separated, i.e. in the transitional period when c( 
increases practically from zero up to a more or less 
stable value. 

Based on equation (7) the following formula was 
obtained in ref. [23] to estimate the minimum value 
of c(, in a non-wetted zone at the conditions when the 
entire channel is filled up with a steam-water mixture : 

This formula is valid at P = 0.14.5 MPa, pw = 25- 
250 kg mm2 s-‘. 

In a general case use of equation (7) is rec- 
ommended for the transitional zone adjacent to the 
wetting front and, on attaining x: > 0.2 and 
Re, > 104, use of equation (6) with x, calculated from 
equation (5). When Re, < 104, for tubular smooth 
channels it is possible to use the laminar heat transfer 
model suggested in ref. [24]. 

5. CONCLUSION 

In the works considered the next step in the study 
of post dryout heat transfer and on wetting heated 
surfaces has been made. Certain successes are attained 
in the refinement of heat transfer models in a dispersed 
mist flow under steady-state conditions. Further 
investigations are required of the structure of flow and 
post dryout heat transfer modes under the conditions 
of the wetting of channels in a wide range of mass 
vapour qualities and also of the effect of spacing grids 
in bundles of rods on these processes. 
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TRANSFERT THERMIQUE DANS LA REGION APRES ASSECHEMENT 
ET SUR LES SURFACES CHAUDES REMOUILLEES 

R&sum&On donne une revue des travaux publits en Union Sovietique en 1983 et 1984, sur le transfert 
thermique dans la region aprts assechement et sur les surfaces chaudes remouillees. Des nouvelles don&es 
exptrimentales, des modtles de transfert thermique et des techniques de calcul sont analysis. On note les 
complexitts des mecanismes de transfert de chaleur dans ces conditions. On indique les differences et les 
aspects communs des mecanismes de transfert thermiques dans la region apres assechement et sur les 
surfacesremouilltes,ainsiquelanecessite dudeveloppementdestechniquesdecalculquidoiventconsiderer 

simultankmentles deux mtcanismes. 

WARMEUBERGANG IM POST-DRYOUT-GEBIET UND AN BENETZENDEN 
BEHEIZTEN OBERFLACHEN 

Zusammenfassung-Es wird ein tiberblick fiber die in der Sowjetunion in den Jahren 1983 und 1984 
veroffentlichten Arbeiten zum Warmeiibergang im Post-Dryout-Gebiet und an benetzenden beheizten 
Oberflachen gegeben. Neue Mellwerte, Wlrmeiibergangsmodelle und Berechnungsmethoden werden unter- 
sucht. Die Komplexitlt des Warmeiibertragungsprozesses unter den oben genannten Bedingungen wird 
dargestellt. Es werden sowohl die Unterschiede und Gemeinsamkeiten der Warmeiibertragungsprozesse 
im Post-Dryout-Gebiet und an benetzenden beheizten Oberfllchen aufgezeigt als such die Notwendigkeit 

zur Entwicklung eines Berechnungsverfahrens, welches diese beiden Prozesse gleichzeitig beinhaltet. 

TEl-IJIOOTAAsA B 3AKPR3BCHOfi OEJIACTM M TIPH CMA’IMBAHMM PA3OFPETbIX 
I-IOBEPXHOCTEI-I 

hHOTPlVW--npbfBCACH 0630~ pa6or, Ony6JNiKOBaHHbIX B COBeTCKOM COIO3e B 1983-84 I-r., no Ten- 
JlOOTAa'fe B 3aKpBWCHOii o6nacTa A npu CMa4HBaHBII pa3OrpeTbIX nOBepXHOCTeii. AHanasepyIoTcn 
HOBbIe 3KCIIepBMeHTaJIbHbIe AaHHbIe, MOAeJI&, TenJIOOTAa'IW, MeTOAIiI& paCYeTa. OTMeqaloTCa C,IO,K- 
HOCTW I,pOneCCa TeIUIOOTAaYH B paCCMaTpI,BaeMbIX yC,IOBWIX. YKa3aHO Ha OT,IWI‘UI 11 o6mee qepTbl 
IIpOWCCOB TeIIJIOOTAaWi B 3aKP83HCHOii o6nacTa Ii IIpSI CMa'IHBaHBB pa3OrpTbIX IIOBepXHOCTeti Ii "a 

IIeJIeCOO6pa3HOCTb pa3pa60TKH MeTOAtiK PaCWTa, paCCMaTpHBaloLWiX o6a npouecca COBMCCTHO. 


