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Abstract-An experiment on direct contact condensation of saturated steam on subcooled liquid jets is 
performed together with a theoretical analysis of the experimental data. Correlations available in the 
literature are generally unable to predict both the local conditions of the liquid jet and the total heat 
transfer. From the analysis of the local and global fluid-dynamics effects, a calculation method is proposed 
based on an equivalent thermal conductivity of the liquid jet. Comparison with the experimental data 

looks acceptable and well within the experimental accuracy. 

1. INTRODUCTION 

DIRECT contact heat transfer condensation phenom- 
enon is of great interest both in the LWR nuclear 
industry (normal working of the pressurizer, pressure 
suppression in safety analysis, etc. [l]) and in the 
conventional industry (mixing-type heat exchangers, 
thermal degasifiers, sea-water desalting by multiple 
distillation, etc. [2]). 

This paper deals with the results of an investigation 
of vapour condensation on a liquid jet. 

The difference between most of the experiments 
available in the literature [3,4] and those reported here 
is that the temperature of the liquid jet was measured 
along the whole jet length. This enabled detailed 
analysis of the local fluid-dynamics phenomena and 
to the proposal of a calculation method, based on the 
classic solution of the thermal field governing equa- 
tion in the liquid jet [5], for the heat transfer coefficient 
and jet temperature evaluation. A complete overview 
of available correlations is also made and com- 
parisons with the experimental data are presented. 

2. EXPERIMENTAL APPARATUS 

A schematic diagram of the experimental apparatus 
and of the test section are shown in Fig. 1. The appar- 
atus includes, besides the test section, a water storage 
tank, an electric heater for water (10 kW), an elec- 
tric boiler for saturated steam production (15 kW ; 
20 kg h-‘) and an electric heater for steam super- 
heating. The loop characteristics are as follows : 

pressure, p 
water mass flow rate, W 

steam mass flow rate 
inlet saturated steam 
temperature, T, 

inlet water temperature, T,,, 

inlet superheated steam 
temperature 

up to 1.0 MPa 
up to 120 kgh-’ 
up to 20 kgh-’ 
up to 160°C 

up to 80°C 
up to 200°C. 

The test section is made up of a cylindrical vessel 
flanged at the bottom. Steam is introduced from the 
top of the test section. Water is introduced from the 
top of the vessel by means of a nozzle. The jet nozzle 
diameters are 1,2, 3 and 5 mm, whilst the lengths are 
1 and 20 diameters. 

The inlet water temperature is measured with a 
thermocouple just upstream of the nozzle. 

The average temperature of the liquid jet is obtained 
by measuring with a thermocouple the water collected 
inside a very small pool of Teflon, a sort of ‘mixing 
cup’ which can continuously travel along the jet axis. 
This ‘mixing cup’ has a very reduced diameter, very 
close to that of the jet, so as to avoid spoiling the 
measurement because of condensation on its surface, 
which can therefore be neglected. 

The water mass flow rate is measured by means of 
turbine flowmeters. The inner diameter of the test 
section vessel is 160 mm. 

3. EXPERIMENTAL RESULTS 

3.1. Test matrix 

Direct contact condensation of saturated steam on 
a jet of subcooled water has been studied by carrying 
out 104 tests. 

The ranges of the parameters in the experiments are 
as follows : 

saturated steam between 105 and 155°C 
temperature, T, 

inlet liquid 15 and 80°C 
temperature, T, 

liquid mass flow rate, between 1.5 and 25 g s-’ 
W 

inlet mean liquid between 0.08 and 20 m SK’ 
velocity, 24 
jet nozzle diameter, D 1, 2, 3 and 5 mm 
jet nozzle length, 1 and 20 diameters. 
H/D = H* 

639 
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a, aI, a2, a3 constants 

NOMENCLATURE 

A parameter defined in equation (39) 

Ai constants in equation (23) 
b constant 
B parameter defined in equation (52) 

CI>CZ constants 

CP specific heat 
c parameter defined in equation (53) 
D diameter of the nozzle 

F, force due to surface tension 
Fr Froude number 

9 gravitational acceleration 
h heat transfer coefficient 
H nozzle length 
H* dimensionless nozzle length, H/D 
k thermal conductivity 
K Kutateladze number 
1 characteristic length 
L jet length 
In constant in equation (53) 
NM Nusselt number 

P pressure 
P perimeter 
Pr Prandtl number 

9” heat flux 

Q heat transferred 
r radius 
R radius 
Re Reynolds number 
s heat transfer surface 
St Stanton number 
t time 
T temperature 

AT,,, logarithmic mean temperature difference 
u velocity 
W mass flow rate 
We Weber number 
X coordinate along the jet 
x coordinate, x/D 

Z coordinate, r/R(x). 

Greek symbols 
ci thermal diffusivity 

a, roots of the first kind, first-order Bessel 
function 
Laplace constant 
roots of the first kind, zero-order Bessel 
function 

E parameter defined in equation (20) 
&* parameter defined by Kutateladze, 

5 x 1o-4 
0 normalized jet temperature, equation (1) 
0 normalized jet temperature, equation 

(18) 
1 latent heat of vaporization 
V kinematic viscosity 

P density 
rJ surface tension 
r time. 

Subscripts 
f 
G 
hb 

j 
max 
n 
S 

tb 
tot 
tr 
turb 
X 

liquid 
equivalent 
hydraulic break-up 
jet 
maximum 
nozzle 
vapour 
thermal break-up 
total 
transient 
turbulent 
position of jet temperature measurement 
device 

W water at nozzle exit conditions 
0 nozzle exit conditions 
cc steady-state condition. 

The average liquid jet temperature is measured over 
a length of 250 mm from the nozzle exit; generally, 
about ten measurements of the jet temperature are 
performed. 

3.2. Experimental data 
Before presenting the experimental data it is con- 

venient to introduce some variables which will be 
useful. 

Defining x as the distance between the point of jet 
liquid temperature measurement and the nozzle outlet 
and T, the average temperature on the cross-section 
of the jet at x; we have 0, the jet normalized axial 
temperature 

1 

Q = CT, - Tw)/K - Tw) (1) 

h,, the ‘local’ heat transfer coefficient 

WC, aT, 
” = P(T,- T,) dx 

h, the ‘average’ heat transfer coefficient, between the 
nozzle outlet and x 

(3) 

AT,,, = (T, - T,)/[ln ((T, - Tw)/(Ts - T,))l (4) 
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Nitrogen pressurtrer 

Condensed 
discharge 

&+,Eieciric motor 

FIG. 1. Schematic of the experimental loop and test section. 

P the perimeter of the liquid jet (supposed constant) ; 
and S the heat transfer surface between the nozzle 
outlet and x (i.e. Px). 

The Stanton number, St, is introduced as 

St = ~ulR~ Pr = h~~uc*. 

Observing that 

Q = Wc,( Tj - T.J = hSAT,,,, 

it foliows that 

(5) 

D T,-T, 
St = 0.25-In-. 

x s 1 

Experimental results are reported in ref. [6]. 
A graphic representation of the experimental data 

is reported in Fig. 2. 

In Fig. 2(a) 0 is plotted against the distance from 
the nozzle outlet, x, for different nozzle diameters and 
mass flow rates, D and W, with steam and inlet water 
temperatures, T, and T,, as parameters. The nor- 
malized jet temperature, 8, turns out to be casually 
affected by T, and T, and, however, within the exper- 
imental uncertainty band (discussed in the next sec- 
tion). Such a conclusion was drawn in ref. [7] where 
direct contact condensation of saturated steam on a 
horizontal surface of flowing water was investigated. 

A similar representation of 8 vs x is shown in Fig. 
2(b), where the parameter is the inlet water mass flow 
rate, W. This latter parameter seems to strongly affect 
the liquid tem~rat~e trend along the jet axis. 

Considering 6 as a reference index for the degree of 
thermodynamic equilibrium, an increase in W gives 
rise to an increase of the degree of thermodynamic 
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FIG. 2(a). Experimental results : liquid jet normalized temperature vs the distance from the nozzle outlet, 
with inlet steam and water temperatures as parameters. 

equilibrium itself. The effect is enhanced by increasing 

the nozzle diameter. For the same inlet water mass 
flow rate, W, we have a higher mean velocity in a 
jet cross-section with a small nozzle diameter. This 
produces more significant turbulence effects and hence 
better heat transfer (i.e. a greater degree of thermal 
equilibrium). 

The influence of the nozzle diameter, D, is evidenced 
in Fig. 2(c), where 0 is plotted against x for two water 
mass flow rates, with D as a parameter. In Fig. 2(d) 
the influence of the nozzle length on the trend of 0 
along the jet axis is shown. Liquid jets from H/D = 20 
nozzles show a lower heat transfer in comparison with 
jets from those with H/D = 1. In the former nozzles 
the velocity profile at the exit can be considered com- 
pletely developed, whilst at the exit of a H/D = 1 
nozzle the velocity profile is practically flat. The lower 
peripheric velocity of the developed profile may give 
way to less heat transfer between the steam and the 
liquid jet. 

As far as the heat transfer coefficient, h, is 

concerned, the experimental results are plotted in Fig. 
2(e). The influence on h of the nozzle diameter and 
length is shown, as well as the presence of a maximum 
in the h vs x trend. 

3.3. Error propagation analysis 
An estimation of the maximum error associated 

with the liquid jet temperature measurement, Tj, has 
been accomplished. Four different sources of uncer- 
tainty have been identified. 

(a) The error associated with the evaluation of the 
distance x from the nozzle outlet at which T, is 
measured. It is essentially due to the uncertainty both 
in the positioning of the movable device and in the 
water level of the small Teflon pool. 

(b) The error associated with the instability of the 
liquid jet. 

(c) The error associated with the steam pressure 
oscillations inside the test section. 
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FIG. 2(e). Experimental results : the influence of the nozzle diameter and length, of the water mass flow 
rate and of the distance from the nozzle outlet on the heat transfer coefficient. 

(d) The error associated with the inlet water tem- 
perature measurement. Especially in the case of low 
water mass flow rates, the water was heated by the 
nozzle walls. 

In Fig. 3 the histogram representing the uncertainty 
for all the data is shown. 

4. COMPARISON OF EXPERIMENTAL DATA -2 
WITH AVAILABLE CORRELATIONS 0 50 100 150 200 

Indetermination [%I 

Many correlations are available in the literature to FIG. 3. Spectrum of the experimental uncertainty in the 
predict the heat transfer coefficient in direct contact experimental data. 



condensation of steam on liquid jets. Such corre- range of the above reported correlations contains the 
lations, although effective in describing the heat trans- present data. 
fer for the experimental data they refer to, do not Amongst the above reported correlations, only the 
generally give an essential contribution to the basic one proposed by Kutateladze [5] is based on a theor- 
understanding of the phenomenon. Among the tested etical approach. 
correlations we selected those proposed by : Predictions from correlations (7)-( 15) are com- 

Kutateladze [5] 
pared with the experimental data in Fig. 4 : the agree- 
ment is generally poor. In Fig. 5 predictions of the 

cc normalized temperature of the jet, 8, vs the jet axis, x, 
by the correlations of Kutateladze [5] and De Salve 
et al. [l 11, which revealed to be globally the best ones, 
are presented. 

De Salve et al.‘s correlation fits the data with an 
with acceptable approximation for situations characterized 

f(X) =s+Z$ 
by a high degree of thermodynamic equilibrium, 
whilst it gives way to a considerable overestimation 

0 of the heat transfer in other conditions. It is evident 

k 
&*=5x1o-4. c(=- 

from Fig. 5 that the overestimation of the heat transfer 

PCP 

is in the first part of the liquid jet. 
Kutateladze’s correlation shows a better ‘average’ 

and /Ii the roots of the Bessel function J&Ii) = 0 ; agreement with the experimental data. In fact, because 

Isachenko et al. [4] 
of its theoretical basis, it is able to follow the variations 
induced by the macroscopic parameters (mass flow 

St = 1.2875 x 10-2(L/D)-0.54exp (0.135WeJ; (8) rate, abscissa and jet diameter) within the experimetal 

Isachenko and Solodov [ 17] : 
ranges. 

These two correlations, like the other ones tested, 
if We, > 2.7 do not take into account a parameter which turned 

St = 0.0335(L/D)-0.42Re-0.‘7pr-0.09K0.13 We:35 out to affect the heat transfer : the length of the nozzle. 
As a matter of fact, it is clear that the actual heat 

(9) transfer behaviour, as a function of the different par- 

if We, < 2.7 
ameters, is much more complex than the description 
offered by the correlations tested. 

St = 0.03325(L/D)-“.4’ Rem’.‘* Pro.” 

xK”~“exp(0.16We,) (10) 

with 5. DATA ANALYSIS 

K = A/c,( T, - T,.,) ; To be able to represent the phenomenon not only 

Benedek [8] 
in quantitative terms, but also from a physical view- 
point, it is necessary to develop a local description of 

St = 0.00286K0.084 ; (11) the heat transfer between the steam and the liquid jet. 

Vasilev (according to Kutateladze) [5] 
Assuming a flat radial velocity profile in the liquid 

jet, and constant values of the thermal parameters 
St = 0.01667(L/D)-“.3 Fr-“.2; (12) along the jet axis, and indicating with u. the liquid 

Sklover and Rodivilin [9] 
velocity at the nozzle outlet, the thermal balance 
(neglecting the axial thermal conduction) can be 

St = 2.7Re-0.4Pr-0.55Ko.“(L/D)-o.6 We:*; (13) described by means of the following differential 

Iciek [lo] 
equation : 

St = 0.002675(L/D)-“~27(We,Fr)-o~7; (14) .(x)~=&~~+f~] (16) 

De Salve et al. [ 1 l] 
with 

St = 3.25Kp0.‘9 Re-0.38 Pr-“.52(L/D)-o.52. (15) 

All the dimensionless groups contained in the above 
u(x) = aoJ(l+$). 

reported correlations, with the exception of the Weber 
number, We,, refer to the liquid phase. The liquid 

The jet radius along the jet axis, R(x), is given by 

physical properties are calculated at the outlet of the R(x) = Ro&o/u(x)) (17) 
nozzle, except for u, 1 and ps which are selected 
according to saturation temperature. The validity where R, is the radius of the jet at the nozzle outlet. 

Direct contact condensation of saturated steam on subcooled liquid jets 645 
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FIG. 5. Local analysis of the experimental data with the correlations of Kutateladze and De Salve et al. 

Setting tions of the first and second kind. Considering the 

x = x/R,; z = r/R(x); 0 = (Ts- r,)/(Ts- TJ 
following boundary conditions : 

(18) (a) finite temperature of the liquid in the jet axis ; 

equation (16) becomes (b) jet surface temperature equal to the steam satu- 
ration temperature, i.e. at z = 1, 0(X, 1) = 0 and 

with 

1 ao a20 1 ao 

sax YP+zaZ (19) W) = O; (c) at the exit of the nozzle, X = 0, the liquid tem- 
perature has the inlet value, i.e. O(0, z) = 1 ; 

E = WpuoRoP). (20) the solution is 

The general solution of differential equation (19) can 0(X, Z) = f Mo(Biz) exp HW(X)] (23) 
be obtained by separating the variables 1= I 

@(X,4 = AW) exp[-B2fW1 (21) 
with 

with Ai = -2/W,J,(A)l 

f(X) = EX. where J, and J, are Bessel functions, and &‘s are 

Inserting equation (21) into equation (16) gives roots of-J, [12]. ‘The average temperature along the 
jet axis is given by 

or 

“4 
a(X) = ,C, ~exP[-~~.f(x)l = ‘;TF). (24) s w 

dWB4 1 WW For what concerns the heat transfer coefficient, h, at 

d(pz)2+- Pa d(Bz) 
+p’$(bz) = 0. (22’) a distance x from the nozzle outlet, we have 

Equation (22)-or equation (22’)-is known as the 
Bessel equation, the solution of which is a linear 

q” = h[T,-T(x)] = -k$ = 
r R(x) 

(25) 

combination of two independent series solutions 
(cylindrical harmonics) that are called Bessel func- and then 
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k ar, 
h = - T,-T,(X) ar r=Rcxj’ (26) 

With 

a7; 2V,--T,) 
ar r=R(x) = - R, 

x I+ $ 
( > 

“4 i$, ev [-Bff(Wl (27) 

and remembering the definition of 0, we have 

and finally 

1,4 

f Levi-Bff.W 
(29) 

i= 1 PI’ 

As can be noted from equations (28) and (29), h 
assumes an infinite value at the nozzle outlet, x = 0 
(the jet surface instantaneously reaches the steam tem- 
perature) then it quickly decreases to a practically 
constant value for f(X) > 0.05 ; for high values of 
f(X) we have 

,t, exp I- BZ_W)l 
E;= 1.446. (30) 

It is possible to define a heat transfer coefficient at an 
infinite distance from the nozzle outlet, h,, given by 

(31) 

The ‘transient’ (in space terms) expression of the heat 
transfer coefficient, h,,, can be defined so that 

h(x) = h, +h,,(x). (32) 

Mathematically, h,, represents the contribution of the 
harmonics in equation (29); from a physical view- 
point it represents the settling of the radial tem- 
perature profile from a flat shape to a Bessel-type one. 

The ratio h/h, can be mathematically approxi- 
mated by a function of the kind 1 + l/X. 

As stated by Kutateladze [5] to have an accurate 
prediction of the phenomenon described by equations 
(23) and (29) it is necessary to take into account 
the turbulence contribution in the liquid thermal 
conductivity, k. 

Kutateladze solved the differential equation (16) by 
adding to the molecular thermal conductivity, k, the 
contribution given by the turbulence effects, giving 
way to a total value, k,,, = k+ kturb. 

According to Kutateladze 

with 

klurb = pcy,~*R(x)u(x) (33) 

&* = 5 x lo- 4. 

Such an expression for the turbulent thermal con- 
ductivity, although enabling the solution of equation 
(19), does not seem to be exhaustive in describing the 
local aspect of direct contact condensation of steam 
on liquid jets, especially for highly turbulent jets, in 
which kturb as expressed in equation (33), varies 
slightly along the jet axis (see Fig. 5). 

The adoption of a more complicated expression 
for the total thermal conductivity would make the 
differential equation (19) very difficult to solve, if not 
impossible. 

Therefore, we solved equation (19) with the hypoth- 
esis of a constant thermal conductivity, e.g. the 
molecular one, and then introduced, as explained in 
the next paragraph, an equivalent thermal con- 
ductivity of the liquid jet, which accounts for all the 
thermal and fluid-dynamics effects occurring along 
the jet axis, and not fully described by Kutateladze’s 
approach. 

6. A CORRELATION FOR THE 

INTERPRETATION OF THE EXPERIMENTAL 

DATA 

Celata et al. [7] proposed, according to Bird et al. 
[I 31, the following expression for kturb : 

k turb = k(a, Re” Pr”). (34) 

Such an expression would make equation (19) imposs- 
ible to solve analytically. Therefore, in the present 
case we tried a more specific expression of the thermal 
conductivity to be directly inserted in equation (29). 

Turning back to the expression of the heat transfer 
coefficient, and using equation (31) we can write, with 
the total thermal conductivity, k,,, 

h(x) = hm +hdx) 

To attempt a full description of the turbulent and 
thermal phenomena along the jet, we define an equiv- 
alent thermal conductivity as 

k,(x) = k,,Jl +h&YLl. (36) 

All the parameters which significantly affect the heat 
transfer will have to be taken into account in the 
calculation of the ‘equivalent’ thermal conductivity 

k&x). 
A correlation of the form given below is proposed 

k&x) = k[l +A(&x)+C(x))]. (37) 

Consequently the heat transfer coefficient can be cal- 
culated by 
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(38) 

6.1. The overall jluid-dynamics effects 
The parameter A in the expression of ko-equation 

(37)-takes into account the overall effects of the fluid 
dynamics of the jet regarding the turbulence of the 
liquid. The variables supposed to be affecting such a 
problem are the jet length, H*, and the Peclet number. 

From experimental data 

/f = H*(Pe)(l/H*)0’2, (39) 

6.2. The IocalJuid-dynamics effects 
Parameters B and C must take into account the 

local fluid-dynamics effects, such as the nozzle outlet 
phenomena and the mechanical interaction between 
the steam and the liquid, which strongly affect the 
turbulent thermal conductivity along the jet axis. 

From a quantitative viewpoint, the effect of these 
phenomena has been taken into account by means of 
a multiplier that modifies the turbulence induced by 
the nozzle. 

The following aspects have been considered : 

(a) the effect of the radial velocity profile devel- 
opment along the jet axis ; 

(b) the decrease of the turbulence because of the 
lack of solid walls ; 

(c) the edge effects at the nozzle exit due to the 
surface tension and to the viscosity ; 

(d) the effect of the surface instability ; 
(e) the thermal effect due to the settling of the radial 

temperature profile ; 
(f) the effect of the interface shear stress between 

the steam and the liquid. 

Points (a)-(e) are taken into account by B, whilst C 
refers to point (f). 

6.2.1. The radial velocity projile development. The 
liquid inside the nozzle presents a velocity profile 
determined by the friction with the solid walls. Once 
the liquid jet is in the steam environment, if we neglect 
the friction with the gas phase, it tends to assume a 
flat radial velocity profile. 

It would be of interest to evaluate the time requested 
for the velocity profile adjustment. 

The differential equation governing the liquid 
motion is 

(40) 

Solving equation (40) for the zone inside the nozzle 
and for the case of laminar flow (boundary conditions 
are : (a) velocity at the wall equal to zero ; (b) its 
derivative calculated at r = 0 equal to zero) we obtain 

u(r) = %(Ri-r2). 
0 

(41) 

At the nozzle exit the boundary conditions are 

~I,=, = 0, “,ri,zR = 0. (42) 

In addition, the velocity profile at the outlet must fit 
the profile inside the nozzle. 

As equation (40) is similar to equation (16) it is 
easy to verify that its solution is given by 

u(r,t) = z, A,Jo~r)exp[-@~vt] (43) 

where the CL,‘s are roots of J,. 
The fundamental harmonic offers an evaluation of 

the ‘adjustment time’ 

R= 1 RZ ___ 
= = a:v = 14.67 v (4) 

Neglecting the velocity increase along the jet axis, we 
obtain for the adjustment length 

R2u 
A,, = zu = __ 

14.67~’ 

As reported above, in the first part of the liquid jet 
the external layers are characterized by a velocity 
lower than the average value: consequently the 
steam-liquid interaction is attenuated because of the 
low interface turbulence. 

The jet length necessary for the velocity profile 
adjustment is indicated by 1,i only from a physical 
viewpoint. Actually this length is much shorter for the 
following reasons : 

(1) the acceleration of the outer layers is essentially 
due to the harmonics of equation (54), which have 
time constants lower than the fundamental ; 

(2) the flow regime inside the nozzle is typically 
turbulent; therefore, the fluid dynamics of the jet 
should be studied taking into account the turbulent 
diffusion of the momentum, practically employing the 
turbulent viscosity. 

For the sake of simplicity, it looks better to define a 
parameter that could represent this length of super- 
ficial turbulence and be correlated to easily measur- 
able macroscopic parameters. 

Experiments show a zone of the liquid jet in which 
the heat transfer coefficient is maximum ; we presume 
that this point is characterized by the highest value of 
the superficial turbulence. 

Such a length, defined as the ‘thermal break-up 
length’, may be correlated to the group characterizing 
A,, as follows: 

Ltb = 0.75x IO-@ +0.11. 
V 

It seems reasonable to assume that the interaction 
between steam and the liquid is maximum when the 
relative velocity between the two phases is a maxi- 
mum. The superficial turbulence, then, will undergo 
an increase of its value along the jet axis, inversely 
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proportional to the flat velocity profile settling. To 
take into account this effect we propose 

B, =exp[-e)($)O’]. (47) 

The group H/D accounts for the turbulent devel- 
opment inside the nozzle. Correlation (47) shows that 
for H/D tending to zero, such an effect disappears. 
Although it is valid for 1 < H/D < 20, it is reasonable 
to suppose that for H/D > 20, Ltb does not vary 
appreciably. 

6.2.2. Bulk turbulence. Regarding the above dis- 
cussed effect, it is necessary to observe that, if the 
adjustment of the radial velocity profile gives an 
increase of the superficial turbulence, on the other side 
it produces a reduction of the bulk turbulence. In fact, 
with a flat radial velocity profile, the friction among 
the fluid threads will be reduced. 

This effect will be typically asymptotic with a trend 
similar to that described in Section 6.2.1. The pro- 
posed expression is 

1 

B2 = 1 +a(x/L,,)*’ 

6.2.3. Nozzle exit effects. The external surface of 
the nozzle exit is wetted by a thin layer of condensed 
liquid which is connected to the jet liquid. Such a layer 
is subjected to a holding force towards the nozzle, F,, 
due to the surface tension 

F, = zDa. (49) 

This force is a resistance to the slip of the superficial 
layers, with a reduction of the relative superficial 
turbulence. 

The effect quickly vanishes along the jet axis 
because of the viscous entrainment. Anyhow it is 
strongly correlated to the peripherical velocity of the 
liquid jet and its influence is similar to the effect 
described in Section 6.2.1. So the term B,, intended 
for its mathematical description, can be usefully incor- 
porated in B,. 

6.2.4. Superjcial instability effect. Superficial insta- 
bilities, modifying the shape of the steam-liquid inter- 
face, tend to increase the heat transfer. In the studies 
performed on the superficial instability of jets [14, 151, 
such disturbances are correlated to the dimensionless 
group involving mass, viscous and surface tension 
forces. With the Reynolds number already present in 
the other terms, experimental tests suggest setting 

B4 = a,/D (50) 

where aL is the Laplace constant. 
6.2.5. The radiaI temperature profile. As discussed 

in the first part of this section, the equivalent thermal 
conductivity has to take into account the quantitative 
effects of h,,(x). As stated in Section 5, the h,,(x)/h, 
trend may be approximated with a function such as 
I/x, where I is a suitable length. 

Bearing in mind the expression for B,, it is useful 
to approximate both the trends with the following 
expression : 

BPB, = ’ ’ -___ . . 1: c 
1+ a(x/L,$ x 

(51) 

The term B can be finally given as 

B = B,B2B3B4B5 = O.O0136(+r”(;) 

xexp[-(%)(zr3]. (52) 

6.2.6. Steam-liquid jet interfacial shear stress. Inde- 
pendently from the turbulence development of the jet, 
it is necessary to consider the superficial effect due to 
the condensed flow rate on the external surface of the 
liquid jet. It has to be accelerated to the jet velocity. 

Practically, one has to add a turbulent term pro- 
portional to the condensed mass flow rate. Such a 
variable is linked, by means of the general heat trans- 
fer parameters already present in the other terms men- 
tioned above, to the ‘heat transfer driving force’ 

C=m+&$. 
5 w 

6.3. The correlation for the equivalent thermal con- 
ductivity, k, 

In summary, the equivalent thermal conductivity, 
kG, can be evaluated by means of the following cor- 
relation, where the numerical constants have been 
obtained by means of a best-fit procedure through the 
experimental data : 

k, = k[l +A(B+C)] (54) 

B = 0.00136($‘~8(~)exp [ - ($)(ir3] 

C = 0.00036$$ 
s w 

It is now possible to evaluate the heat transfer 
coefficient using equation (38). The local temperature 
may be obtained with thermal balances. 

The comparison of experimental data with the pre- 
dictions given by the proposed method is globally 
shown in Fig. 6 for what concerns the liquid jet tem- 
perature, expressed as 8. The agreement is within the 
experimental uncertainty for most of the data. It is 
interesting to analyse the goodness of the proposed 
method in comparison with the correlations of Kuta- 
teladze [5] and De Salve et al. [l l] as in Fig. 7 : each 
point on the curves represents the percentage of data 
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FIG. 6. Comparison between the experimental data and the predictions obtained with the proposed model : 
the liquid jet normalized temperature. 

(ordinate) for which that correlation gives an error 
greater than the value indicated by the abscissa. 

In Fig. 8 typical representations of the liquid jet 
temperature predictions vs the jet axis are reported. 

In these graphs the hydraulic break-up length is 
plotted (see appendix for its calculation). Beyond this 
zone the proposed method does not hold any longer ; 
it is interesting to see how its extrapolation enables a 
good prediction of the phenomenon. 

The heat transfer coefficient prediction is rep- 

. --- i‘ 7-i 
0 20 40 50 80 lea 

Error I%] 

FIG. 7. Comparison among the proposed model per- 
formances and those proposed by the correlations of 

Kutateladze and De Salve et al. 

resented in Fig. 9 with four typical examples. It must 
be said that the error propagation strongly affects the 
estimation of this parameter and above all at a short 
distance from the nozzle outlet, in which we have a 
steep variation of 37;/3x. However, the presence of a 
maximum and its theoretical prediction is evident. 

Figure 10 stresses the influence of H/D on the heat 
transfer coefficient, h, whilst Fig. 11 shows the influ- 
ence of H/D on the liquid jet temperature, 0. The 
proposed method takes into account this interesting 
experimental evidence very well. 

7. CONCLUDING REMARKS 

Experimental work on direct contact condensation 
of steam on liquid jets and a thorough analysis of 
it have been accomplished and presented: the in- 
fluence of parameters such as steam and water tem- 
peratures, water mass flow rate, nozzle diameter and 
length has been evaluated. Available correlations for 
the prediction of the heat transfer coefficient, 
generally empirical, are unable to fully describe the 
phenomenon. 

From the analysis of local and global fluid-dynam- 
ics effects, we propose a correlation based on an equiv- 
alent thermal conductivity of the liquid jet. Com- 
parison with the experimental data looks acceptable 
and well within experimental accuracy. 
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FIG. 8. Typical predictions of the liquid jet normalized temperature with the proposed model. 
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FIG. 9. Typical predictions of the heat transfer coefficient along the jet axis with the proposed model. 
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FIG. 10. Prediction of the heat transfer coefficient along the 
jet axis with the proposed model for short (H/D = 1) and 

long nozzles (H/D = 20). 
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FIG. 11. Typical predictions of the liquid jet normalized 
temperature with the proposed model for short (H/D = 1) 

and long nozzles (H/D = 20). 
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APPENDIX 

The fluid-dynamics characterization of the nozzle has been 
based on tests carried out in air and aimed at determining 
the break-up length [2]. In the field of investigated 

200 

Lm=29+1.9vwii - 

0 50 ~~;,, 150 200 

FIG. A 1. Prediction of the hydraulic break-up length 
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parameters, the jet was characterized by the presence of As available correlations cannot predict our data, we pro- 
axial-symmetrical disturbances typical of the condition lead- pose an empirical correlation to estimate the hydraulic break- 
ing to ‘varicose break-up’ [ 161. up length, L,, 

The data spread is large and it is due not only to the 
stochastic nature of the phenomenon but also to the difficulty 
in adopting a criterion for the definition of the break-up 

L,,/D = 29f I .9,’ We. 

point. The relative error turned out to be 22% (Fig. Al). 

ANALYSE DE LA CONDENSATION PAR CONTACT DIRECT DE LA VAPEUR D’EAU 
SATUREE SUR DES JETS LIQUIDES SOUS-REFROIDIS 

R&wn&Une experience sur la condensation par contact direct de la vapcur d’eau saturee sur des jets 
liquides sous-refroidis, est conduite et appuyee par une analyse theorique des resultats exp&imentaux. Des 
formules disponibles dans la litterature sont gineralement incapables de predire a la fois les conditions 
locales du jet liquide et le transfert thermique total. A partir de l’analyse des effets locaux et globaux 
dynamiques, nous proposons une mbthode de calcul bake sur une conductivite thermique equivalente du 
jet liquide. La comparaison avec les don&es experimentales semble acceptable parce que dans la precision 

experimentale. 

EINE UMFASSENDE ANALYSE DER DIREKTKONDENSATION GESATTIGTEN 
DAMPFES AN EINEM UNTERKUHLTEN FLUSSIGKEITSSTRAHL 

Zusammenfassung-Die Kondensation geslttigten Dampfes bei direktem Kontakt mit einem Strahl unter- 
kiihlter Fliissigkeit wird untersucht, die gewonnenen Daten werden theoretisch ausgewertet. Die in der 
Literatur verfiigbaren Korrelationen sind im allgemeinen nicht in der Lage, den lokalen Zustand des 
Fliissigkeitsstrahls und den Gesamtwlrmetibergang zu berechnen. Aufgrund der Analyse der lokalen und 
globalen Striimungsdynamik schlagen wir eine Berechnungsmethode vor, welche auf einer aquivalenten 
WlrmeleitQhigkeit des Fliissigkeitsstrahls beruht. Ein Vergleich mit experimentellen Daten zeigt Uber- 

einstimmung im Rahmen der Meggenauigkeit. 

AETAJIbHbIA AHAJIH3 KOHfiEHCAHMM HACLIIIJEHHOFO IIAPA I-IPH 
HEIIOCPE~CTBEHHOM KOHTAKTE CO CTPYIIMH HEAOI-PETOR XHflKOCTM 

~OTP1W-3KCnepHMeHTanbHo HCCAeAyeTCK KOHAeHCaUBB HaCbItUeHHOrO napa nRH npBMOM KOHTaKTe 
CO CTRynMH HeAOrIkZTOii XCHAKoCTH, H tTROBOAHTCK TeO~TBWCKHii aHaJIW3 3KCt’lepHMeHTaAbHblX AaHHbtX. 
6OJtbman ‘iaCTb Ony6AHKOBaHHbIX B AHTeRaType COOTHOmeHHfi He AaeT B03MO~HOCT’B OnI?+sAe,,HTb 
noKanbHbte napaMeTpbt cTpyH IKHAK~CTH H cybtbfapubrfi TerutonepeHoc. IIpeano~eH bteToA pacBeTa, B 
KOTOpOM HCnOJIb30BaHa 3KBHBaJIeHTHaK TenAOnROBOAHOCTb CTRyH XtBAKoCTH. CpaBHeHHe C 3KCnepB- 
MeHTaJtbHbIMH AaHHbtMH AaeT tTRHeMAeMbte pe3yJtbTaTbt H XOpOmee COBnaAeHHe B npeAeJlaX TOqHoCTH 

3KCnepBMeHTOB. 


