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CONDENSATION HEAT AND MASS TRANSFER
AT DIRECT CONTACT OF THE REACTING PHASES

Condensation upon direct contact of the phases can be divided
into the following types: condensation of the steam stream in the
volume of unheated liquid; condensation of vapor bubbles in lig-
uid; condensation of steam by liquid droplets (dispersed liquid);
vapor condensation on a jet of liquid.

In visual experiments, the study of the process of condensation
of the jet of steam in space was noted by the presence of a white
emulsion at the collision of steam with liquid, due to the crushing
of a jet of steam into small bubbles. The high intensity of the heat
transfer process was explained by the sharp increase in the contact
surface. When considering the structure of the flow taking into ac-
count the two-phase region, it can be noted that there is a smooth
conical surface of the separation between the phases and the for-
mation of dispersed bubbles and droplets in the flow. This allows
to determine the dependence of the geometry of the contact zone of
the phases on the temperature head.

An increase in the surface area of the contact phase can be
achieved by dispersing one of the contacting phases. Existing lig-
uid spraying machines have significant energy costs as a result of
doing some work to overcome the surface tension that causes the
liquid to reduce the free surface.So the heat transfer between a lig-
uid drop and a saturated vapor is determined by the heat distribu-
tion along the drop radius. The vapor condenses on the surface of
the liquid droplet, and the released heat condensation must be dis-
charged inside the droplet. According to the equation of thermal
conductivity under the relevant conditions of the problem under
consideration, the intensity of condensation is determined by the
rate of heat runoff per drop. Studies of heat exchange on dispersed
jets of liquid have proven high intensity of the process.

Condensation on a jet of liquid is used in many industrial de-
vices (deaerators, condensers of mixing type, jet heaters).

Theoretical and experimental studies of this type of condensation
are scarce. Studies of heat exchange during condensation of a dis-
persed steam stream on a swirling stream of water are absent at all.

The results of the experiments of heat exchange at the contact
condensation of steam on jets of water, consisting of a continuous
section and a section that falls into drops, are represented by the
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criterion equation. Recent studies are related to the development of
a mathematical model for the calculation of jet condensation and
analysis of past developments with its application.

Key words: condensation, steam, liquid, jet, phase contact,
heat exchange.

Introduction. By analyzing the condensation in direct contact of the
phases, it can be divided into the following types:

e condensation of steam stream in the volume of underheated liquid;
¢ condensation of vapor bubbles in the liquid,;

e condensation of steam on liquid droplets (dispersed liquid);

e condensation of steam on a liquid jet.

Note that during the condensation the non-condensing gas contained
in vapor leads to a decrease in the heat transfer coefficient due to the addi-
tional diffusional thermal resistance.

The first studies of the condensation process of a steam jet in a liquid
filled space are based on visual experiments [1; 2]. The presence of a white
emulsion was noted when the vapor collides with the liquid, due to the crush-
ing of a steam jet into small bubbles. The high intensity of the heat transfer
process was explained by the sharp increase in the contact surface.

Earlier researches of the steam penetration into water. As stated
in [3], the penetration of steam into water due to the difference of partial
pressures of steam in the vapor medium and in the liquid causes the leak-
age of steam at high speed, which explains the presence of the emulsion.
Studies [4; 5] determined the theoretically obtained and experimentally
confirmed position of the condensation surface depending on the parame-
ters of the vapor and the liquid. The condensation process is said to end on
the surface of the «condensation conex. This is due to the high intensity of
turbulent mixing. On the basis of previous studies, [6] obtained a relation
that determines the position of the condensation surface, and presents the
dependence of the change in the full angle of the «condensation cone» S
depending on the temperature of the liquid tiig .

Later publications [7-9] consider the structure of the flow taking into
account the two-phase region. The presence of a smooth conical surface
between the phases and the formation of dispersed bubbles and droplets in
the flow are noted. The result of these recent studies [9] is to determine the
dependence of the phase contact zone geometry on the temperature head
At. The condensation process ends at the height of the contact zone, which
is equal to the penetration depth h of the steam stream. In addition, the
condensation cone pulsations were noted [8; 9], as a consequence of the
use of stabilizing screens in heaters of the mixing type. According to [10],
the heat transfer equation has the form:

105



MaTtemaTtunyHe Ta KOMI'I'I-OTepHe MoAentBaHHA

Nu =6,5-Re”®. Pr". 1)

Describing the features of the mechanism of vapor bubbles condensation
in liquid volume, one distinguishes the first stage of bubbles collapsing (large
radius bubble), which is due to the intensity of heat exchange, and the second
stage — (small radius) with the influence of inertial forces [11].

In publications [12] analytical and experimental material was ob-
tained, characterizing the condensation of fixed steam bubbles. The inten-
sification of the destruction of steam bubbles under the influence of their
translational motion has been studied [13-16].

Models of steam-water interaction with condensation. Under con-
ditions of mass bubbling [17], with the number N, of steam jets, the stud-
ied temperature fields along the length and height of the two-phase layer
are exponential in nature. The formula of the coefficient of heat transfer
from steam to liquid is obtained:

a'-u
a=6,05-10°-C’ - p"- 0 )
P
\/NE-L(”

where C is the specific heat of the liquid; p’ — liquid density; a’ —

coefficient of thermal conductivity of the liquid; L — length of free run of
the bubble (jet); ¢ is the steam content of the layer.

In [18; 19], a model of periodic renewal of turbulent surface moles is
used to calculate the intensity of heat transfer through an interfacial sur-
face, and a universal dependence is obtained, which determines the coeffi-
cient of interphase heat exchange in a turbulent flow:

Nu =0,23-Re®’.pro°. A%?, (3)
where A is the correction that characterizes the steam content in the stream.

Formula (3) is applicable to sufficiently large bubbles in the region
Pr>0.3+0.5; A<0.04 - (dn/D) - Re®"- Pros,

It is known that there are no experiments, calculations for the detec-
tion of theoretical laws of heat and mass transfer when mixing a dispersed
jet of steam with a jet of liquid. This process is complex enough, so there
is a need for experimental studies. An increase in the surface area of the
phases contact can be achieved by dispersing one of the contacting phases.
Existing liquid spraying machines have significant energy costs as a result
of doing some work to overcome the surface tension that causes the liauid
to reduce the free surface. It is known that for spraying liquid energy con-
sumption of most existing dispersants is in the range of 3.5 +~ 10 (KW-h)/t.
Liquid dispersion also has the disadvantage of having an additional ther-
mal drop resistance. So the heat transfer between the liquid droplet and the
saturated vapor is determined by the heat distribution along the droplet
radius. The vapor condenses on the surface of the liquid droplet, and the
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released heat of condensation must be discharged inside the droplet. Ac-
cording to the equation of thermal conductivity under the relevant condi-
tions of the problem under consideration, the intensity of condensation is
determined by the rate of heat runoff per drop.

The coefficient of heat transfer from steam to a drop of liquid [10] is
determined by the formula:

Nu =2+0,74-Re%" . Pro%, 4)
Studies [20] of heat transfer on dispersed jets of liquid have proven the
high intensity of the process and have recommended the following formulas:

2
Q) 426, Regyo: X 027 K™ -{1—exp{— - H )

r-G PeOS,qu

where Q, (x) is the local density of heat, W; G — mass flow rate of liquid,

kg/s; K = 7.62 + 17.80; Re o3, n = 2.0 + 167.0; Pe o3iq = 2740 + 15800;
X=6+412.

The experimental data is described by the equation:

©=1,25-10" . Lp®62. K 045 A 059 008 /0002 7003 026 (6)

when changing values are within: We = 6.6 + 28.6; Lp = (6.6 + 29.3)-10°;
K=76+187; A =113+1.70; ¢ = (0.1 +84.0)-10*; Z = 0.42+9.37;
X = 4.65 + 47.40; while ®=0.20 + 0.98.

Condensation on the jet of liquid is used in many industrial devices
(deaerators, condensers of mixing type, jet heaters).

Theoretical and experimental studies of this type of condensation are
scarce. The recommended calculation formulas for estimating the heat
transfer during condensation of steam on a liquid jet differ by the methods
of determining the basic parameters and components.

In experimental studies of I. V. Vasilyev in CCTU [21] a formula is
obtained when water flows out of holes with diameter d = 3 +7 mm ; jet
height H = 0.2 +0.55 m; initial velocity of water w = 0.2+1.4 m/s and
temperature t = 20 + 90 °C:

0,2 0,7
|gts_t1:0,029-(g'glj (ij , @)

w d

2 tl
9% yo.a0< H <100,
w? d

The formula theoretically obtained in [22] to determine the heat
transfer coefficient has the form:

a:377~Cppm-ppm~Wo-d)(K), (8)

at Re > 1500; 1 < Fr=

where @ (K)) is the function of the parameter K = rl[cppio (t, —to)] .
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The theoretical formulas are proposed in [23; 24] according to the
hypothesis that the coefficient of turbulence is proportional to the cross
section and the absolute flow velocity:

|
0 = —Z-exp(—ﬂi2 - f (x))

i=1 Mij

1,25 ‘|
.q.- 4.5 W2 I L0%.q-
f(x) =, Ao w .H“” ‘“] 1)

w,-di 5-9%°.g-d, wZ

©)

where ¢ is the factor of the jet narrowing; ¢, = 0.0005; ©® — relative
underheating of the jet.

Studying of the jet heaters. Valuable experimental studies of the exter-
nal thermal and hydraulic characteristics of the jet heater were conducted in
VTI [25; 26]. The effect on the heat exchanger desigh and mode factors was
investigated. It is known that the shape of the nozzle does not affect the water
heating and pressure value renewal Apc. The operation of the jet heater under
the influence of mode factors was analyzed depending on the flow of working
water, water temperature, injected steam pressure. In [28], the dependences of
the underheating of water on the saturation temperature and the heating steam
on the jet length are given. They prove that at high flow rates, the main heating
occurs at a short initial jet section, at lower ones — over the entire jet length.
The experiments were conducted using the formulas given above.

On the basis of theoretical developments [22], the process of conden-
sation at the outflow of a cold jet of liquid with velocity wo from an aper-
ture of radius R into the vapor space was studied in [27] with the assump-
tion that «the molecular heat flow is less intense than turbulent». The de-
pendence of the dimensionless temperature ® and the criterion St on the
geometric relation £'=x/ R and the dynamic parameter o is thus obtained:

St—f(a())—f(z'g'R], (10)

2
Wo

where St = @

plig lig

Experimental studies [28] for water jets in the transverse stream of

steam in the region p = 1-100 kPa; wo= 0.8+1.7 m/s; p, ~w,f = 4+60 kPa;
d=2+15mm;1=0.2+ 0.5 m are described by the criterion equation:

.WO

t, —t [
lg—= —2 :0,085-E-Lap°'33-K*°'13-Pr*°'62- Fro®.(1-7)%, (1)

H

2
Mis the Laplace criterion; r = Sar the ratio of
o mix

the mass of air to the total amount of mixture of air and steam.
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Experimental studies [29] of the operation of the jet capacitor were
performed depending on the design features of the apparatus and the oper-
ating conditions. Later, experimental data [30] for vertical jets in vacuum
conditions are described by the dependence:

0,75
Nu =0,02-m-Re"?.pr®43. K 01 (—} , (12)

At
where m=—22

v ; under conditions p = 15 +~ 100 kPa; wo = 9 + 26 m/s;
log
Wy =10 + 30 m/s; do = 3 + 20 mm; | = 0.2 +~ 1.2 m; number of jets 1 + 46.
The results of the experiments of heat exchange at contact condensa-
tion of steam on jets of water, consisting of a solid section and a section
that splits into droplets, [31] are represented by the criterion equation:
-0,75
[0
Nu =2,7-Rep?- P KO .we®* '(E) : (13)
in the range Reiq = (1,4 + 9,0)-10° ; Priqg = 2.5+4.0; K = 9+60;
We = 1.6-10?+3.0-10%; | / d = 12 + 60.
In the conditions of cross-motion of coolants for a large number of
nozzles from which water flows, the formula is obtained:

0,75
Nu :1.57-623;15 KO w228 (Z—zj , (14)
C-zp -y Wi -d? . S .
where Gz = lig * Vliq | liq is the Gretz criterion : FZ — relative
/lliq :

pitch of the jet.

The total surface of the condensation was equal to the surface of a single
jet of liquid (lateral surface of a cylinder with a nozzle diameter ds and height
equal to the length of the jet, 1) multiplied by the total number of jets.

Relative heating ® of a laminar jet in liquid [32] depends on the Fou-
rier number Fo and dimensionless radius &:

—_ >4
0= —2~exp(—gi2 . Fo), (15)
i=1 €j

where Fo= 222!

From the thermal balance of the jet it was obtained that:

d 1
4.5t=-2.In=. (16)

| ®
In the following experiments, the dependences of heat exchange for a
continuous jet flowing from the nozzle from top to bottom into a large

volume of steam are described [33]:
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-0,42
4.5t = 0,134-['—J Re 0. pr009. K 013 035 17

c

c

-0,41
= [
4~St=o,133-[—] -Re 8. pr0%. K% exp(0,16-We), (18)

where dl— = 4+180; Re = (1.5 + 10.0)-10*; Pr = 1.8 ~ 6.4; K = 6 + 50;
C
We=0.4+55,
Equation (17) is recommended for We > 2.7 and equation (18) for
We <2.7.
The influence of the criterion We on the heat exchange is revealed [34]:

I -0,54
at 595 4-st- 5,15-10° exp(O,l35-We)-(dLJ : (19)

| -0,27
at i 95 4.St=1,5-10" exp(O,lSS-We)(é—J (20)
for Re = (1.5+10.0)-10% We =1.1+4.1; k= (4.2 + 17.4)-10?; dl_ =12+178.
c
In the accompanying motion of the vapor with a pressure
p = 0,196 + 0,245 MPa and a current of liquid flowing from the cylindrical

nozzle from top to bottom:

-0,59
4.5t = 0,33-[(1—] -Re 0. pro09. K 013 \yg033 (21)

c

atWe=2.7+74; dl— =45+120.0; dc = 2.18;4;6 mm ; | > 50 d; Re > 10*.
Cc
The publications [35; 36] present the data of studies of heat exchange
under condensation on laminar [35] and turbulent [36] jets of liquid, taking
into account the initial inlet section:

X -0,8
St=f,-f,-f,- ) 22
S = (22)
where f,, f,, f;, are the functions of the numbers Re, Pr, We and the

complex ZL obtained by changing We from 10 to 5; Re from 200 to

RO
1000; Pr from 1 to 50.
In [37] the formula is obtained:

-0,52
j .Re 0033, p 0,074 [ 0,064 (23)

St =0,047-
2-R,
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The calculation of formulas (22) and (23) was consistent with previ-
ous experiments by Kutateladze S. S., Isachenko V. P., Dementyeva K. V.

Recent studies [38] have been associated with the development of a
mathematical model for the calculation of jet condensation and the analy-
sis of past developments with its application.

As is known, there is no study of heat transfer during condensation of
a dispersed steam stream on a swirling stream of water. With regard to the
above dependencies, we can conclude about their individuality due, firstly,
to the method of obtaining, and secondly, to the differences in the method
of determining the input parameters.

Conclusions. Formula (8) is obtained for a flat turbulent jet of liquid
according to the statement that a turbulent mixing layer develops at the
boundary. Formulas (9, 10, 15, 16) have the same theoretical origin under
the same conditions at the boundary of the two phases. Formulas (11, 12)
describe experimental studies of condensation under vacuum conditions.

The determination of the physical parameters of the liquid by tem-
perature also differs:

o for formulas (10-14) it is the average liquid temperature tag= (t. + to) / 2;
o for formulas (9, 15-21) it is the liquid temperature at the inlet to;
o for formula (14) it is the saturation temperature ts.

The quantities pn, o, r were determined by the saturation temperature
ts of the vapor.
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KOHOEHCAUIMHUA TENNTIOMACOOBMIH
NPU NPAMOMY KOHTAKTI PEAINYIOUNX ®A3

Konnencariro mpu npsMoMy KOHTakTi (a3 yMOBHO MOKHA PO3IUTUTH
Ha Taki BHIW: KOHJAEHCAIs] CTPYMEHIO Mapu B 00’€Mi HEIOTPiTOi piluHM;
KOHJIeHcallis Oynp0OaIlok mapy B piiuHI; KOHACHCAIlsd HapH Ha Kparwmix
piavHM (ZucmieproBaHa piluHa); KOHAEHCALlS APy Ha CTPYMEHI PiHHU.

[lpu Bi3yadpHHX EKCIEpUMEHTaX MOCTIIKEHHS Mpolecy KOHAEHCAIii
CTPYMEHSI TTapH y MPOCTOpi BiiMivanacss HassBHICTb 01101 eMyIIbCii mpu 3iTK-
HEHHI IapH 3 PiANHOIO, 32 PaXyHOK APOOJIEHHS CTPYMEHIO apy Ha MaJIeHbKi
OynpOamky. Bricoka iHTEHCHBHICTB MpOLECY TEIIOOOMIHY IMOSCHIOBAJIACh
PI3KHM 30UTBIIEHHSM ITOBEPXHI KOHTAKTY. SIKIIO PO3IIAAATH CTPYKTYPY HO-
TOKY 3 ypaxyBaHHAM JBO(a3HOi 00JacTi, MOXKHA BIIMITUTH HAsBHICTH SIK
TJIaaKoi KOHIYHOI TIOBEPXHI PO3IUTy MK (ha3aMu, Tak i YTBOPEHHS JIHCIIepC-
HUX Oynp0anIok Ta Kpamens B notoui. lle 703Bosse BU3HAYNTH 3aJIXKHICTh
TeOMETpii 30HU KOHTAKTY ()a3 BiJl TEMIIEpaTypHOTO HATIOpYy.

30ibLICHHS IO TTOBEPXHI KOHTAKTY (ha3 MO)ke OyTH JOCATHYTO BHa-
CITZIOK JWCTIEpTyBaHHs OfHIET 3 KOHTAaKTyIounX (a3. IcHyroui amapatu 3 po3-
MWICHHSM PiAVMHA MalOTh 3HAYHI €HEPrOBUTPATH SIK HACIIJOK BUKOHAHHS Jie-
SIKOT POOOTH IS TTOOJIAHHS TTOBEPXHEBOIO HATSATY, SIKUH NMPHMYIIYE PiUHY
3MEHIIIYBaTH BUIbHY HOBEPXHIO. Tak TErioMacooOMiH MK KParuIMHOKO Pifu-
HH 1 HAaCHYEHOIO Mapo0 BU3HAYAETHCS PO3MOALIOM TEIUIOTH B3JIOBXK pajiyca
kparuti. [Tapa KOHIEHCYeThCsl Ha TOBEPXHI KPATLTi PiZIMHY, PH [IBOMY TEIUIOTa
KOHJICHCAIis1, 110 BUBLIHHIOETHCS, MA€ BiZIBOJUTHCH BCEPEAMHY Kparuii. 3riHO
3 PIBHSHHAM TEIUIONPOBITHOCTI MPH BiJIOBIHUX YMOBAaX PO3MJIHYTOT 3a1aui,
IHTEHCHBHICTh KOH/ICHCAIlil BU3HAYAETHCS [IBUJIKICTh CTOKY TEIUIOTH y Kpar-
mo. JlocnipKkeH s TeIuI000MiHy Ha JUCTIEPrOBaHUX CTPYMEHSIX PIIMHM J0Be-
JI BUCOKY IHTCHCHUBHICTb TIPOIIECY.

Konnencariss Ha CTpyMeHI piAMHH BHKOPHUCTOBYETHCS B 0araTbox
MPOMHCIIOBHX amapaTtax (mAeaepaTopy, KOHICHCATOPH 3MINIyBaJbHOTO TH-
My, CTPYMEHEBi HarpiBadi).

TeopeTnuHi Ta eKCIIEpIMEHTAIBHI JOCHTIDKSHHS IOTO BUTY KOHCHCAIT
HeOararouncelbHi. JlociKeHHs TEI00OMIHY TIpH KOHJICHCAIlii TUCTIeproBa-
HOTO CTPYMEHS [TapH Ha 3aKPYYEHOMY CTPYMEHI BOJIM B3araii BiJICYTHi.

Pesynmbraty mocHiiB TEIUIOOOMIHY TpH KOHTAKTHIN KOHJICHCAIIii apy Ha
CTPYMEHSIX BOAH, IO CKIIAJAETHCS 3 CYHUIGHOI JUITHKY Ta JUITHKH, IO PO3-
MaaeThesl Ha KPATUIMHK, TIPE/ICTABIIIIOTHCS KPUTEpiaTbHIM piBHAHHAM. OcTa-
HHI JJOCTIPKEHHS TOB’5I3aHi 3 PO3POOKOI0 MATEMAaTHYHOI MOJIENI PO3PaXyHKY
CTPYMHUHHOI KOHJIEHCAIII] Ta aHaIi3y MIUHYJIUX PO3POOOK 3 11 3aCTOCYBaHHSM.

KurwuoBi cioBa: xoudencayis, napa, cmpymins, piouna, KOHMAKm
¢asz, mennoobMin.
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