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Abstract—A theoretical study of the direct contact condensation of a pure vapour on a spray of subcooled
liquid drops has been carried out. Theoretical considerations include the analysis of drop size distribution,
motion of drops, and heat transfer rate. A mathematical model for the process is proposed. As a result, the
thermal utilization {or the average spray temperature) for a given length of spray can be obtained. The
influence of certain parameters (initial drop velocity, drop size, etc.) on the thermal utilization was analyzed,

and the drop size found to be the most importaunt.

The experimental investigation was performed with the steam-water system, using three full cone nozzles
at different pressure drops. High values of thermal utilization (from 0.783 to 0.987 for distances from the
nozzle of 42-356 mm) were obtained experimentally. The values of the thermal utilization obtained from
heat transfer experimental data are compared with those predicted by the mathematical model. Good

agreement between the two was obtained.

NOMENCLATURE
A, cross-sectional area of the spray;
a, distribution parameter, equation (8);
Cps heat capacity at constant pressure

[kikg™'K™'];
drag coefficient ;
D, drop diameter [m];

D, maximum drop diameter [m];

Fo = %2—8’ Fourier number;

g, acceleration due to gravity [ms~2];

h, enthalpy [kJkg™'];

k, thermal conductivity [W m~* K™1];

m, mass flow rate [kgs™'];

N, number of drops per unit time;

P, steam pressure [kPa];

AP, pressure drop at the nozzle [kPa];

Or, theoretical heat transfer rate [kW];

Q,, heat transfer rate at distance z from the
nozzle [kW];

T, temperature {KJ;

v, normalized volume of drops;

v, volume rate of drops [m*s™'];

w, velocity [ms™'];

¥ defined by equation (8);

z, distance from the nozzle [m].

k .. -
a=——, thermal diffusivity of liquid [m?s™];
plcp
é, distribution parameter, equation (7);
g, thermal utilization ;

* Present address: Institute for Thermal and Nuclear
Techniques, ITEN Energoinvest, Sarajevo, Yugoslavia,

>

heat of vaporization [kJ kg~ '];

¥, defined by equation (4);
2, density [kgm™3];
g, time [s];

dN
(D) = HB,where N is the number of drops.

Subscripts
d, drop;
£ liquid at saturation line;
i, initial ;
I8 liquid ;
s, saturation;
v, vapour.

INTRODUCTION

THE PROCESS of vapour condensation occurs in many
types of industrial equipment. In most heat exchangers
vapour is condensed on a cold surface. Recently, more
attention has been paid to condensation in direct
contact of vapour and subcooled liquid. Great interest
has been shown in the application of direct contact
condensation in steam power plants [1-6], and several
types of direct contact condensers have been de-
veloped [1,7, 8]. Direct contact condensation has been
a subject of theoretical investigations, as well. The
approximate solutions for condensation of vapour on
liquid cylindrical and flat jets, and on liquid sheets
have been suggested.

Although direct contact heaters featuring conden-
sation of vapour on a spray of subcooled liquid drops
have been used, very few theoretical investigations of
the process have been published. Brown [9, 10] in his
analysis of the process used mean diameters (Sauter
mean diameter for the heat transfer rate and arithmetic
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mean diameter for the trajectory of drops), instead
of the drop size distribution which actually appears in
the spray. In his experimental investigation of conden-
sation of steam on a spray of subcooled water drops
{(of dia. 125-520 um), he obtained values of the heat
transfer coefficient up to 27200 Wm~2 K ™!, indicat-
ing the high efficiency of this type of condensation. In
the analyses of Isachenko et al. [11-14], the volume
mean diameter and a one parameter drop size distri-
bution function were used. Comparing the theoretical
and experimental results, they have concluded that
“the observed rate of the process is higher than that
theoretically predicted” [14].

In this work, a theoretical model for condensation of
vapour on a spray of liquid drops is developed, and the
experimental results of steam condensing on a spray of
subcooled water drops are compared with this model.

THEORETICAL CONSIDERATIONS

The process of condensation of vapour on a spray of
drops is very complex. In order to describe it, drop size
distribution, motion of drops and condensation on
drops should be analyzed.

A jet coming out of the nozzle disintegrates and
breaks up into drops of various sizes. If saturated
vapour is brought into contact with subcooled drops
(their temperature being lower than the saturation
temperature of the vapour at the given pressure}, and if
the size of drops is larger than the critical value,
condensation of vapour on the drops will occur.
Droplets smaller than the critical size tend to evap-
orate, rather than grow by condensation. Assuming
that the drops are spheres, and ignoring variations in
liquid density, the quantity of condensate deposited
per unit time in a given volume of vapour—liquid
mixture on drops of dimensions between D —(dD/2)
and D +(dD/2)is given by the following equation [15]:

am, = pp, ) $(D)ID 1)
where D is the drop diameter, p, is the liquid density, §
is time and ¢(D) is the drop size distribution function.

In order to solve equation (1) it is necessary to know
the rate of growth of drops dD/df and the distribution
function.

A review of works on the rate of growth of single
drops during condensation was given by Lekic [16].
The theoretical and experimental investigations per-
formed by Ford and Lekic [17] showed good agree-
ment between the two. Their expression for the rate of
droplet growth was
exp(—r*Fo)

P > D
o O ep(_wFo]? O

and for the change of drop diameter during
condensation

D = D{1 + ¢ [1 — exp(—n*Fo)]'"?} 3

where
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Fo = Nk %)

D; is the initial drop diameter.

It follows from equation (1) that the rate of growth
of each drop (or group of drops) should be accounted
for. In order to find this, the time of contact of vapour
and liquid drop should be known. It varies con-
siderably with the size of the drop and may be
determined from the motion of the drop.

DROP TRAJECTORY

Although the spray of drops emerges from a nozzle,
the motion of each drop is analyzed separately. In
further analysis, the following assumptions are made:

There is no influence of drops on each other.

The effect of drops on vapour velocity can be

neglected.

Neither coalescence nor shattering significantly in-

fluence the motion of drops and the heat transfer

rate.

The density of drops does not change considerably.
The first two assumptions are justified by the fact that
in most heat exchangers of this type, the void fraction is
very close to unity.

The coalescence of drops may have two opposite
effects on heat transfer rate. By coalescence, drops
become larger and this causes a decrease in heat
transfer rate. On the other hand, it can be expected that
during the impact, mixing takes place, and therefore
the temperature profile inside the newly formed drop s
more uniform, which increases the heat transfer rate.
Isachenko et al. [13] found no significant influence of
coalescence on heat transfer rate.

Basically, the motion of a drop in a spray emerging
from a nozzle is two dimensional. Kravchenko and
Mukoed [18] have shown that horizontal motion of a
drop is not significantly influenced by vapour velocity.
Therefore, and in order to determine the height of heat
exchanger, the motion of drop in the vertical direction
only is analyzed.

For a drop of spherical shape, the equation of
motion in the case of changing mass [19] and for
counter current flow of vapour and drop is

D’n dw, Dz D3n c D*n
6 2 a8 6 g 6 Pod 2Ty
D3r
d{ —pn
wy+w,)? ( 6 )
x ps( 4 5 - T (wg+w,} (6)

where the first term on the right represents gravi-
tational force, the second buoyancy force, the third
drag force, and the last one is due to the mass change of
the drop; w, and w, are drop velocity and vapour
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velocity, respectively, p; and p, are liquid density and
vapour density, respectively, Cj, is the drag coefficient.
Equation (6) may be written in the following form,

dws _pi—p, _§C 1p,
dé Pi

4 Ppp,

x (g + w,)* — % (;—Z(w,, +w,). (6a)
The diameter of the drop D, and the rate of growth
dD/df are determined by equations (3) and (2). The
expressions for the drag coefficient are chosen accord-
ing to the analysis performed in [20], and can be found
there. To solve equation (6a), the initial velocity of the
drop is required. It is assumed that all drops have the
velocity of the jet at the outlet of the nozzle. The
vapour velocity is discussed later.

DROP SIZE DISTRIBUTION

It has been mentioned earlier that the jet breaks up
into drops of various sizes. It is well recognized that
drop size distribution has to be statistical in nature.
Several equations for the presentation of drop size
experimental data have been suggested in literature.
An analysis performed by Lekic et al. [21] has shown
that the drop size experimental data are best fitted by
the chi-square (x?) distribution [22] and the upper-
limit function [23] when the distribution parameters
are determined as the least squares (i.e. best) estimates.
Both equations are nonlinear with respect to the
parameters. To find the best estimates, the method of
linearization of Draper and Smith [24] and the
method of Marquardt [25] were used. In further
analysis, the upper-limit function is used because it has
a maximum drop size (this approximates the real
situation), and determination of the best estimates of
the parameters for this function is easier.

From the upper-limit function [23], the normalized
volume distribution is

dv o D,

dD ~ J/r D(D,, - D) )

exp(—6%y?)
where

aD

"5, D’ ®

y=1
a,d and D,, are distribution parameters. D,, represents
the maximum drop diameter, a is a skewness para-
meter, and the parameter & is a measure of uniformity
of the spray.

HEAT TRANSFER RATE

The processes of disintegration of a jet, atomization
and establishment of the drop size distribution are
completed at a certain distance from the nozzle,
depending on the type of nozzle, pressure drop, etc. It
will be assumed that atomization takes place at the
nozzle outlet, and that the drops behave as rigid
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spheres, as has been shown previously [17]. Then the
volume of drops with diameters between D —(dD/2)
and D+ (dD/2) formed at the nozzle outlet per unit
time is

m é D
dV =— — ——" _exp(—6%3)dD; (9)
P \/7[ D,'(Dm - Dl)
where
aDi
= 8
y=In D.—D; (8a)

m is the liquid mass flow rate through the nozzle. (The
diameters of the drops change as a result of conden-
sation, and the subscript i stands for the initial drop
diameter.) The volume and the number of drops are
related, and therefore, the number of drops with
diameters between D —(dD/2) and D + (dD/2) per unit
time is

N S N T

=i DD, Dy xpf POV (10

The quantity of heat absorbed by the spray per unit
time from nozzle outlet to distance z (see Fig. 1), can be
calculated from the following equation:

dN

T Dm
Q. =—pi f (D* - D})dN. (11)

6 Jo

The time required for each drop to reach plane z is
calculated separately, and the corresponding instan-
taneous drop diameter D (determined by equation (3))
is then used in equation (11).

To calculate the instantaneous drop diameter, the
time for the drop to reach the distance z is required,
and it can be determined by equation (6a). Equations
(11), (10), (6a), (3) and (2) have to be solved numerically
step by step, starting from the nozzle outlet. The time
required for each drop to travel distance dz is:

dz

df = .
%[(wd)z + (wd)z+dz]

(12)

F1G. 1. Model of spray.
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As the velocity (w,), .4, 1S not known in advance,
equation (12} is solved by iteration.

The exit vapour velocity is assumed to be zero. (This
assumption is fulfilled if all vapour entering the heat
exchanger is condensed.) Then, the vapour velocity at
any distance z is

W — Q.
¢ Ap,A

(13)

where 4 is the cross-sectional area of the spray.
The total amount of heat which can be theoretically
absorbed by liquid per unit time is

Qr = m(hf_hi) (14)

where h; is the enthalpy of liquid at inlet and h, that of
condensate.
The thermal utilization can be defined as the ratio

_ 2
Or
The height of heat exchanger required to accomplish

a certain thermal utilization can be determined using

the above mentioned equations. (A similar approach

was used by Hollands [26] for spray cooling towers,

and by Katta and Gauvin [27] for spray dryers.) A

computer program based on the preceding equations

was developed. In order to investigate the influence of
certain parameters {initial drop velocity, drop size, and
liquid and vapour properties), a few cases with uniform
drop size distribution were examined. (The calcu-
lations were performed for the steam-water system.)

Comparing the results obtained, it was concluded that

the influence of drop diameter is the most important,

as shown in Fig. 2.

&

(15)

EXPERIMENTAL APPARATUS

The experimental investigation of direct contact
condensation of steam on a spray of subcooled water
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drops was performed in order to examine the validity
of the proposed theoretical model. The investigation
essentially consisted of two parts. In the first stage the
drop size distribution was measured. The splitter (S)
was used to isolate a narrow strip of spray for
photographic purposes, in determining the drop size
distribution. Then the measurements of heat transfer
rates were performed under essentially identical con-
ditions, with the splitter removed.

An experimental apparatus (Fig. 3) was built for this
purpose. The cylindrical condensing chamber was
305 mm dia. by 850 mm high. Subcooled water was
supplied to the nozzle through tubing welded to the
top flange of the apparatus. Three different nozzles
were used: 0.64cm (1/4 G6.5)and 1.27cm (1/2 G 16)
nozzles of Spraying Systems Company, and 2 0.95 cm
(3/8 BXF093) nozzle of Delavan—-Watson Limited. All
nozzles were full cone type.

The water and steam flow rates were regulated by
valves on the supply lines. The liquid level in the
apparatus was kept constant by the valve on the
condensate discharge line. In this way, steady-state
flow of condensate was ensured, and the height of the
spray was constant. To measure the heat transfer rates
at different distances from the nozzle, three extension
tubes of different lengths were made. These tubes were
placed between the top flange of the apparatus and the
nozzle. In order to reduce the heat transfer between
steam and water flowing through the extension tubes,
the tubes were insulated with a 50 mm thick layer of
glass wool, and a 5 mm thick asbestos tube.

To determine the heat transfer rates, the tempera-
tures of water and steam at the inlet, and condensate at
the outlet, were measured. The temperatures were
measured by iron-constantan thermocouples calib-
rated using an NBS certified mercury thermometer.
The water flow rate was measured by calibrated
rotameters. The difference between the steam pressure
in the apparatus and atmospheric pressure was mea-

1.0
(Wg)i = 6Myg
Wy = Emyg
08
*\Di= 1000sm
0.6
0.4
ozt
0? ib I(.)O IObO z (mm)

Fic. 2. Influence of drop size on thermal utilization.
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water
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Fi6. 3. Schematic diagram of apparatus: ET—extension
tube; N-—nozzle; S—splitter; SG—sight glass; V—valve;
VV—venting valve; W—window.

sured by mercury differential manometer. The pressure
drop through the nozzle was measured by a pressure
gauge. The method of drop size distribution measure-
ment and the results obtained are given elsewhere [20].

EXPERIMENTAL RESULTS AND DISCUSSION

As mentioned earlier, the experimental investigation
was performed with three different nozzles. The water
flow rate and drop size distribution depend on the
pressure drop through the nozzle, thus this was
included as an experimental variable. The pressure
drop through the nozzle was chosen to be in the range
30-80 kPa. The initial drop velocities were determined
from the water flow rate, and ranged from 6 to
10 m s~ . Saturated steam (at two different pressures,
~99 and ~ 138 kPa) was used in all investigations.
The inlet water temperature was in the range 10-15°C.
(It was concluded earlier [16] that the influence of
water inlet temperature on heat transfer rate was not
significant.) The maximum drop diameter ranged from
800 to 1100 um, depending on the nozzle, pressure
drop through the nozzle and steam pressure. (The
Sauter mean diameter varied from 433 to 585 um, and
the volume mean diameter from 353 to 453 um.)

The water (spray + condensate) temperature leav-
ing the condensing chamber was measured at distances
42-356 mm from the nozzle. Values of thermal util-
ization [defined by equation (15)] obtained experim-
entally, ranged from 0.783 to 0.987. This indicates high
heat transfer rates even at relatively short distances
from the nozzle.

1535

The comparison of experimental results with those
obtained by the proposed model was performed in two
ways. For the first comparison, the normalized volume
distribution obtained from the experimental data was
used. The thermal utilization as a function of the
distance from the nozzle obtained by the model, and
values obtained from the heat transfer measurements,
are shown in Fig. 4. It can be seen from the figures that
the values obtained by the model and by the experi-
ment are very close for the 0.95 and 1.27 cm nozzles.
For the 0.64 cm nozzle, the agreement between model
and experiment is satisfactory for higher values of
thermal utilization (which are of the primary interest).
The differences appearing at lower values might have
been due to smali drop velocities being lower than
those predicted in the model. The assumption that all
drops had the outlet spray velocity could cause higher
values of the thermal utilization experimentally than
that predicted by theory. On the other hand, at high
values of the thermal utilization, incorrect choice of
initial velocity of small drops does not materially affect
the result.

A further comparison between the model and
experiment has been performed for a few cases, using
the drop size distribution given by equation (7), with
the best estimates of the parameters, instead of the
experimental values. No significant difference in re-
sults have been found at higher values of the thermal
utilization. Therefore, this comparison shows that
equation (7) (when available), can be used in the model
instead of experimental data on the drop size
distribution.

CONCLUSIONS

A mathematical model for condensation on a spray
of drops has been developed. Droplet diameter was
found to be the most important parameter, affecting
thermal utilization. The experimental investigation of
steam condensing on a spray of subcooled water drops

1O T T o " T T
o
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6 EXPERIMENT
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o8| o i
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FiG. 4. Thermal utilization as a function of distance for

various nozzles. P = 99.0 k Pa. (a) 0.64 cm nozzle, AP

= 34.0kPa, (b) 095cm nozzle, AP = 30.6kPa, and (c)
1.27 cm nozzle, AP = 34.0kPa.
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has been performed. Comparison of the values of
thermal utilization obtained experimentally (from
0.783 to 0987 for distances from the nozzle of
42-356 mm), and those predicted by the model showed
good agreement. The values of thermal utilization
obtained indicate that this is a highly efficient way of
condensing pure steam.
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CONDENSATION PAR CONTACT DIRECT D'UNE VAPEUR ET D'UN BROUILLARD
DE LIQUIDE SOUS-REFROIDI

Résumé—On étudie théoriquement la condensation par contact direct d'une vapeur pure avec un brouillard
de gouttes liquides sous-refroidies. L’analyse tient compte de la distribution de la taille des gouttes, du
mouvement des gouttes et du transfert thermique. Un modéle mathématique est proposé. On peut obtenir de
ce modéle l'utilisation thermique (ou la température moyenne du brouillard) pour une longueur donnée.
L’influence de certains paramétres (vitesse initiale des gouttes, dimension des gouttes, etc.. ) sur I'utilisation
thermique est analysée et la taille de la goutte est le paramétre le plus important.

L’étude expérimentale concerne le systéme eau-vapeur d’eau, avec trois tuyéres coniques et différentes
pressions. On obtient des valeurs élevées de I'utilisation thermique (de 0,783 4 0,987 pour des distances en
avaldela tuyére entre 42 mm et 356 mm). Les valeurs obtenues pour Iutilisation thermique a partir des essais

sont comparés avec celles calculées 4 partir du modéle. On obtient un accord satisfaisant.



Condensation on subcooled liquid droplets

DAMPFKONDENSATION DURCH DIREKTEN KONTAKT MIT VERSPRUHTEN
UNTERKUHLTEN FLUSSIGKEITSTROPFEN

Zusammenfassung—Eine theoretische Untersuchung der Kondensation eines reinen Dampfes durch
direkten Kontakt mit verspriihten unterkiihlten Flissigkeitstropfen wurde durchgefiihrt. Die theoretischen
Betrachtungen schlieBen cine Analyse der TropfengréBenverteilung, der Tropfenbewegung und des
Wirmeiibergangs ein. Fiir den Proze wird ein mathematisches Modell entwickelt. Es ist moglich, fiir eine
gegebene Sprithlinge den thermischen Nutzfaktor oder die durchschnittliche Spraytemperatur zu ermitteln.
Der EinfluB bestimmter Parameter (anfingliche Tropfengeschwindigkeit, TropfengréBe, etc.) auf den
thermischen Nutzfaktor wurde untersucht, wobei sich die Tropfengrofle als sehr wichtig erwies.

Die experimentelle Untersuchung wurde an einem Dampf-Wasser-System durchgefiihrt ; dabei wurden
drei Vollkegel-Diisen bei verschiedenen Druckverhiltnissen verwendet. Beim Versuch ergaben sich fiir den
thermischen Nutzfaktor hohe Werte (0,783 bis 0,987 bei einer Entfernung von der Diise zwischen 42 und
356 mm). Die Werte fiir den thermischen Nutzfaktor, die durch Wirmeiibergangsmessungen gewonnen
worden sind, werden mit denen verglichen, die mit Hilfe des mathematischen Modells ermittelt wurden.

Hierbei wurde gute Ubereinstimmung erzielt,

KOHTAKTHAA KOHJAEHCALMA {TIAPA HA ®AKEJIE PACMBUIA KATIEJb
HEAOTPETON XUJAKOCTH

AnnoTauns — TEOPETHYECKH HMCCHENOBANach KOHTAKTHAN KOHACHCAUMS YMCTOTO napa Ha dakene
pacnbiia kanenb HEAOrpeTodt kHakocTH. IlpopeAen amHanM3 pacnpelesicHHs Kamens [0 pasmepam,
IBHXEHHS Kaneslh M HHTEHCHBHOCTH TenjoobMena. [lpeanoxena MareMarddeckas MOJENb Npouecca,
103BOJISIOUIAA ONPECNATL BEJIKYNHY PETEHEPAHH TEIJIa MM CPEIHIOI TEMIEpATypy pacribiia MpH
3anaHHod annne dakena, Mccnenosanock BanAHME psfa napaMeTpoB (HaYanbHOH CKOPOCTH Karens,
pa3Mepa kanenib M T. [1.) HA BEIHYHHY PEreHEpalMy Temna ¥ HalileHO, YTC BaXHEHLUMM napameTpoM
ABJIAETCA PA3MEDP Kanels.

DKCNEPUMERTHI TIPOBOJMANCL C CHCTEMOM NAp-BOAA NPH MCTEYEHHH U3 TPEX KOHMMECKHX comen
€ PAINUYHBIMH TepenafamH fapieHnd, TToy4eHb! BBLICOKHE IKCHNECPHMEHTANbHLIE IHAYCHHS BEIHYHH
perenepauny Tenna (ot 0,783 no 0,987 npu paccroanusx ot conna 42-356 mm). Iposeneso cpasHeHne
IKCNEPUMEHTAJILHBIX JAHHBIX € PE3YIbTATAMM, PACCHHTAHHBIMH ¢ IOMOILBIO MaTeMATHYECKOH MOIETH,

H NOJIyHEHO XOpOoLliee COOTBETCTBHE.
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