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ABSTRACT:

Condensation of some organic vapours including ammonia, ethanol and
freon-11 by homogeneous nucleation of liquid droplets has been studied
here during supersonic flow through convergent-divergent nozzles.
Theoretical model of the present work is based upon three groups of
equations namely: gasdynamic equations, equations of condensation kinetics
and droplets growth equations. = Modified equations for the classical
nucleation rate, droplets surface tension and the thermodynamic properties
of the condensing vapour are used in the present theoretical model.
Generally, present model predictions show that condensation characteristics
of the tested organic vapours are qualitatively similar to those of steam
condensation. Also, the present study indicates that the condensation
characteristics of the tested organic vapours are affected with the operating
parameters such as the vapour temperature and its mass fraction. The
theoretical predictions of the pressure variation along the divergent sections
of such supersonic nozzles are in good agreement with the published
experimental measurements of these organic vapours.

KEYWORDS: Organic vapour, condensation, nucleation, supersonic flow,
convergent-divergent nozzle, droplet growth.

1. INTRODUCTION:

Condensation of organic varpours by homogeneous nucleation has
recently received a considerable attention due to its utilization in
aeronautics, cloud physics, refrigeration technology, chemical industries and
other areas. The basis of the classical theory of homogeneous condensation
in vapours was developed by Farkas [1]. He showed that the condensation
process in a vapour is the result of simultaneous reactions in which a cluster
containing (n) molecules either gains or loses a molecule through molecular
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treatment was carried out by many investigators results in correlating the so-
called the “classical nucleation rate” (which means the number of
supercritical-sized droplets produced per unit mass of vapour per unit time).
These basics were widely accepted owing to the verification by the cloud
chamber measurements which were carried out by Volmer and Flood for
water vapour and several organic fluids [2]. This theory was revised by
many investigators in order to combine between the measured values of the
nucleation rate and the predicted ones. Barschdorff and others [3] have
reported that the final correction for the classical theory of condensation
which was introduced by Feder and co-workers [4] gives the highly precise
agreement between the theory and the measurements. |

Isentropic expansion of varpours into the nucleation region may also be
obtained within supersonic nozzles. Therefore, the supersonic nozzle
experiment is highly accepted in studying homogeneous nucleation rate {5,6]
and droplet size [6] in water vapour expansion. Furthermore, the nozzle
experiment technique was used to study the homogeneous nucleation
processes in vapours other than water vapour such as ammonia [7], carbon
dioxide [8] and other organic varpours like benzene and chloroform [9].
These researches were directed to detect the point of condensation incidence
within- the flow using pressure distribution measurements at discrete
locations. _

Models of predicting nucleating and condensing flows in nozzles are
based on presenting three groups of equations. The first group correlates the
nucleation rate, the second one concerns with describing the droplets growth
and the third one estimates the gas dynamic characteristics of the condensing
flow. These models result in pronounced success in predicting nucleating
and condensing flow in nozzles [10-12] and show a notable success when
they extended to be used in predicting the performance of wet steam
turbines [13-14]. Some uncertainties in these models have been listed by
many investigators [15-16]. These uncertainties include the effects of
condensation coefficient, growth laws, nucleation rate, surface tension,
thermodynamic characteristics and equation of the state on the accuracy of
these models. Many researches have been carried out to solve the problems
associated with these uncertainties. For example, the non-isothermal effects
on the nucleation rate are modified using a factor introduced by Kantrowitz
[17] into the basic formulation of the classical theory. This modified
nucleation rate was coupled by Young [18] with modified droplet growth
equations for both free-molecular and continuum flow regimes. Young’s
model [18] was found to be highly efficient computationally.

Basics of illustrating the above models for analyzing condensation
characteristics of wet steam flow in nozzles were considered also in



presenting similar models concern with predicting homogeneous nucleation
‘and condensation of organic vapours during supersonic expansion in nozzles
[19-20]. General results from nozzle experiments indicate that, with the
exception of little organic vapours, all the vapours seem to obey the
assumptions of the classical nucleation theory. Non-classical nucleation
behavior (i.e., higher nucleation rates) was discovered by Jaeger et al. [7] in
benzene, chloroform, freon- 11 and ammonia condensation. In order to
release this discrepancy between theoretical predictions and measurements,
modification factors such as “the factor I which was suggested by
Wegener et al. [19] are introduced into the equation of nucleation rate.
Wegener et al. [19] showed that the factor I" must be taken within 10° < T
< 10° depending on the experimental conditions to combine between theory
and measurements in detecting the onset of condensation for ethanol {as
shown by Figure 7 in [19]}. Therefore, the main purpose of the present
work is to investigate the effects of some corrections which were suggested
on the homogeneous nucleation theory upon the condensation characteristics
during organic vapours expansion through supersonic nozzles. Besides,
effects of some operating parameters such as initial value of vapour
temperature and its mass fraction on the condensation behavior are also
investigated here. The tested organic vapours in this work are ammonia
(NH;), ethanol (C,HsOH) and trichloromonofluoromethane or freon-11
(CC15F).

2. THEORETICAL MODELING OF THE GOVERNING
EQUATIONS:

The present theoretical modeling is illustrated under the following
assumptions:
a- The flow is one-dimensional, frictionless, without velocity slip and
steady.
b- Organic substances of small mass fraction are mixed with dry air as
carrier gas. ‘
c- Condensation of organic vapours can happen:in the divergent section of
the tested nozzle after the occurrence of the supersaturation state .
d- Condensed phase consists of mono-dispersed, incompressible and
spherical liquid droplets.
e- Coagulation between droplets is negligible.
Theoretical model of the present work is divided into three groups of
equations namely: gasdynamic equations, equations of condensation kinetics and
droplet growth equations.
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The gasdynamic equations simulate a multiphase flow of air-vapour and
condensed droplets mixture through a nozzle are based upon the equation of
state which takes the form

Pu-B T,

P= T (1)
where R, is the molecular gas constant and M is the molecular welght
Propertles for the mixture of vapour and air is correlated in the
following equation

1 _l-w 1 4G 1 o)

M 1-G M, 1-G M
where 1 is the mass fraction of the vapour and condensate in the two phase
flow and G is the mass fraction of the condensate and is defined as the
condensate mass per unit mass of the gas-condensate mixture.
Now, the following definitions are considered. The mass fraction of the
organic vapour in the mixture is defined by

U= T = T (3 )
m, +m,
The initial mass fraction of the vapour and condensate at nozzle entrance is
given as

m +m
H, = & - ————————mg 4 =cnost (4)
m! ml
But the mass fraction of air (i.e., inert carrier gas) is given by
- p, =2 )
Finally, the mass fraction of the condensate is expressed as _
G=2L (6)
m

t

The total density of the gas-condensate mixture p, is expressed from the
mass balance of steady flow as
Qm, =m, +m, =m,+m, +m, = constant (7.a)

U= Pt Py = Pat Pt P (7.b)
where p is the density of condensate referred to the volume of the gaseous

phase.
Depending on the definition of the mass fraction of condensate, the
following is obtained



p; =G.p, }

and b= o0 )
f1-G
Now; equations of conservation of mass, momentum and energy are given as
PnCA _ constant = m (9)
1-G
~A.dP = m.dC | (10)
2 -
and d{ﬁf—m]:o (11)

where & is the average enthalpy of air-vapour and condensate mixture per
unit volume and is given by

h = p,h, + pgh, + pihy, ' (12)
Therefore, Eq. (11) for energy conservation can given by
C?
d{pz +pa.ha+pg.hg+p}.h/}=0 (13.a)

This expression for energy equation can be rewritten for a mass m, of

moving mixture to obtain
2

d[m'zc +m,.h, +m,.h, +mf.hf:] =0 (13.b)

When the vapour and condensate enthalpies are expressed with the aid of
their temperature difference (7,-7;) and the heat of phase transition to

become
b~k = hy+c, (T~ T)) (14)
Considering the assumption that the enthalpy difference between the vapour

and condensate phases (i.e., hy-hy) equals the heat of phase transition leads
to modify the energy equation to

: .
drm’c +ma-ha+mg~hg+m/-(hg—h/g)J= 0 (15)
Consequently, Eq. (15) after multiplying by (1/m,) gives ‘
[ 2
dC—+”’a.hu+'—"£.hg+ﬁ.(hg—h}g)]=o (16)
2 m m, m,

Rearranging Ec; (16) yields to
[ 2 :
C m,+m m
d = Lo p 4% f.hg——i.hfg]=0 (17)

a
2 m, m, m

Inserting definitions of y, and G into Eq. (17) yields to

. 2 . 1
dl:%+(l—/ll))'ha+luo'h},'—-G'h./k}: 0 (18)
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When supersaturation conditions prevail within a vapour during its
expansion through a nozzle, a number of droplets of the critical size are
formed per unit time in the unit mass or unit volume of the vapour. The
critical radius of a droplet in equilibrium with its vapour is given in all
textbooks concerning with the problems of nucleation and condensation
[16,21] as

r = 20 _ 20’7; (19)
pRTIn(S)  p,.hy AT
While the rate of nucleated critical droplets of radius r per unit volume is
correlated on the basis of classical theory as a function of the local vapour
conditions and under thermal equilibrium droplet growth to be
112 2
Jy = ( 20;) ./_)g exp(— AGC’) (20.a)
m or KT,

where p, is obtained as a function of Ty, m is the mass of a molecule and k
is the Boltzmann’s constant.
In the equation of classical nucleation rate (i.e., Eq.20.a), AG, is the critical
free energy barrier during formation of a critical-size droplet and obtained
from

cr

4 2
AG,, = 57: r,.o

(20.b)

Nucleation rate calculated from Egs. (20) does not agree particularly well
with condensation measurements in wet steam or organic vapours.
Kantrovitz [17] discussed the disagreement between theoretical values of J
and measured ones of steam and show that the droplet temperature does not
remain constant during nucleation due to the release of latent heat. He
derived a “ non-isothermal” correction factor which is formulated by Young
[22] as

1
J, = J, 2l.a
n 1+(D o ( )

(IR
y+U\RT J\RT, 2

The problem of disagreement between theoretical values of J; and measured
ones of organic vapours was discussed by Wegener, et al.[19] and Wu[20].
They showed that the correct nucleation rate is calculated from

J=T.J, (21.b)
where [ is a numerical coefficient formulated empirically to become a
function on some of the critical parameters of droplets formation in water
vapour and various organic vapours [19,20].

where




Now, the present work suggests a new formula for the nucleation rate
‘combines both approaches in Eqgs. (21.a) and (21.b) to obtain
J=pJy (22)
1

where =T.
A 1+0

2.3 Droplets Growth:

Due to the small fraction of the condensing vapour within the carrier air-
vapour mixture, the droplets remain small compared to the mean free path of
the gaseous mixture. Therefore, the behavior of droplets growth is
described here by free-molecular growth laws [20]. The rate at which a
droplet grows in a free molecular environment is defined as the difference
between the mass rate of molecules striking the droplet and adhering to its
surface and the mass rate of molecules evaporating from the droplet surface.
Consequently, the net rate of droplet growth can be expressed in many
references [19,23] as

a M
& =g, ~L.DA(B,T)) (23.2)
dt o

Mass condensation coefficient ¢, is defined by

D,(1,,r)
q. = dy. - ——
D.(%,,T;)
where 7, is the temperature on the surface of a droplet of radius r and P is
the saturated vapour pressure over a droplet surface of the radius r.

In the above two expressions, D, (Pg,T,) and D, (T,,r) are the impingement
and evaporation rates which are defined on the basis of kinetic theory by

(23.b)

D.(P,,T,) = P(T,).2xM kT,)™"" (24.a)
DT,.r) = BAT) 2 kT (24.b)

In order to obtain the droplet temperature, an energy balance upon the
droplet surface is given below due to Hill [15] and Wegener, et al. [19] as

Ay .k l-a,)e,.k¢,.D,
v (DC-YL—DU-TM( ’h)M’*’ el n o1y
/ , (25)
e,.k.L,.D, o D,
— (T, = D) = hy(T)-a,-D(1= )

[ ¢

where; ¢, = (y+1)/(2y-2), ay, is the mass accommodation coefficient, ( is

the thermal accommodation coefficient and hy (T,) is the enthalpy of the
condensate at T..
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iterative procedure to obtain the three unknowns dr/dt, T, and P(T)).

3. FORMULATION OF FLOW DIFFERENTIAL EQUATIONS:

Owing to the assumption that the condensation occurs only downstream -
of the nozzle throat, variations of the flow properties along the convergent
section are obtained using the well-known equations of isentropic flow [24]
for A/A*, T/T,, P/P, and p/p,. But for condensing flow in the divergent
section the following equations are obtained. |
Differentiation of equations (1), (2) and (9) gives

(I S | 1
—.dP =— dp, +—.dT, - —.dM 26
P R /7,,, : p'" t 7;' 8 M ( )
Lar=—a-M_ L 27)
M M, 1-G
and 1 —.dp, + Lacrtaar——dc=0 (28)
P O N

Combining Egs. (26) and (27) yields to

1 1 1 M. 1
—dp, = —.dP——.dT,~ (1~ ——).——.dG 29
o = - dP = —.dl, = ( Mg) e (29)

Introducing the definition of frozen Mach number [Ma=C/(yP/py,)"?] into
Eq. (10), with the aid of Eq. (9), results in
Lac=- I"Gz Lap : (30)
C y(Ma) P
Considering the enthalpies of carrier gas (air) and vapour besides the
isobaric heat capacity of vapour-air mixture under the ideal gas assumptions
to be

" g

ho=c, T, 7 U (31.a)
ho=c T (31.b)
and o =1TH . HG (31.c)

14 ] G l’” 1— G . 78
The isobaric heat capacity of vapour-an* mixture is reduced at the nozzle
inlet to :

Cpo = (1= f1,):Cp0 + 11,-C)p (31.d)
Substituting the last deﬁnitibns'»(Bl.a), (31.b) and (31.d) into the energy
equation, changes Eq. (18)to



C2 , .
d{—z'“'i' CPO.YIZ - G.hng = 0

Differentiation of the last equation gives
C.dC + ¢,y.dT, ~ G.dhy, ~ hy,.dG = 0
dhy .
or C.dC+ (¢, — G—2).dT, = hy.dG
d,
Equations (32.a and 32.b) can be rewritten in the following form

2 dr. h,.
¢ i L dG
(¢ —G.dhf*).r, ¢ % (c —G.dhf*').r,
iz dT;’, & jud le, 8

Inserting the Mach number definition into Eq. (33) changes it to

(May 7P \dC dl, P 46
dh, | C T dh, -
¢ —G—2)T g ¢, G—2).T
(Cp d?;,)*J (Cn dT;,)"

Uéing the def;nition of P from Eq. (1) in Eq. (34) results in

|

(Ma)*.R,.y 4_“E+ dr, ) hy, i
My -6 0y [ € B Py
po d];’, po d]:g i

(32.a)
(32.b)

(33)

(34)

(35)

Now, the terr;x (dC/C) is eliminated from Egs. (35) and (28) with the aid of

Eq. (30) to get

' R.(-G hy
Lo o| Rl 1 ~ -dG
po ) dY; e ' d?;, E

and .dG =0

—I—.dp,,,— Ll L S VO
-G

M
I R (i—G) 1 h (I—M :
_~'dp1n = 1"“ 8 - ._dP"‘ % + £ dG
Pu M(C -G d_hf_g) P (C -G f{hﬁi’) T -G
P ?ooar Tt

(36)

(37)

38)
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- -

]_ _ . l:h' . L
R(1-G) _1.Gz_l.dP__ B S B
.C{l?f.&’) y(Ma)” | P -

8

M, -G

o

(1——-) dG+idA 0
-G M A

£
Equation (39) can be rearranged to obtain a differential equation for dP as

N hf& e I(M] dG - -l-r.d/l
- ,K)T 1-G\ M, 4
Lap- " (40)
P P R(l“G) 1-G
M. - fg) Y(Ma)

o G. d];
In order to integrate Eq. (40) numerically; G, dG and (dhg/dT,) are defined
and obtained numerically. Condensate mass fraction at a location x along

the nozzle axis is defined by
3

G = G(x) = i’—’-f’—f— ~ [ a@lr] a (41)
and r(6,8) = 1, (&) + jﬂ;—c’f—).df 42)

£
where J(E) :nucleation rate per unit volume,

m . mass flow rate of condensed vapour,
and  1(x, €) : final radius at the location x of a droplet nucleated at &.
Differentiation of Eq. (41) gives

47p,

dG 4z p
= T4 [ ] + jJ(é) A& [, «f)] (43)

dx m m

When condensation occurs, there are different categories of droplets with
different sizes born at different locations and grow up with different growth
rates. Formulation of the local size of the condensed droplets {r(x,£) } by
Eq. (42) is followed with correlating the so-called “mean radii” of all
condensed droplets in the flow. Here, the volume average (or the mass
mean) radius is calculated as :

10
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freof J@[A(‘f)] |
ol IJ(:)[A@] dz N

Thus, the differentiation (dhfg/dTg) for the tested vapours is obtained here
using the simplification suggested in [7,19 & 25] for the heat of phase
transition (hg,) to be

hy(T,) = by + A (T, —273) 45)
Where hg, is the heat of phase transition at 273 K.and Ahg is the
temperature correspondence for the heat of phase transition. Therefore, the
differentiation (dhg/dT,) is obtained from Eq. (45) and expressed as

Ce-w, | ()
Finally, the differentials dT,, dC and dpy, are defined by Egs. (36), (35) and
(29). Whereas, the saturation temperature corresponding to the flow
pressure is calculated using Clausius-Clapeyron equation which defined as

RTl :
- 47
PéP 47)

dl, =

hfg

4. SOLUTION PROCEDURE:

Under the assumptions (a) and (b) in section 2, the mixture of organic
vapour and inert carrier gas expands isentropically and without change in its
composition along the convergent section of the tested nozzle. The flow
properties along the convergent section are obtained from the isentropic
relations which were reported in many textbooks {(e.g. Douglas, et al.
[24]}. When appreciable condensation occurs on the organic vapour within
the divergent section, an amount of heat addition corresponding to the latent
heat of condensed vapour (i.e. ¢ = G.h,) is transferred to the unit mass of
the expanding mixture. This amount of heat transfer can drive the flow
Mach number towards unity (i.e., chocking occurrence). Therefore, the
maximum amount of heat that may be added to a unit mass in a condensing
flow was defined by Wegener [16] to not be exceeded, at any situation in
nozzle passage, the value

48)

qmax = Cp()' o

2

Now, in order to predict the variations of P, T, T, C and p, and
consequently the changes in J, r and G; equations (40), (47), (36), (30), (38),

[(Ma)? - 1]2
2y + 1).(Ma)2.[1 L= I)QMa)i}
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rate from Eq. (22) requires a knowledge about the two factors I and® . The
factor I is used in the present study with the recommended values of
Wegener et al [19], Wu [20] and Dawson et al [29]. While the factor @ is
estimated during calculations depending on the local thermodynamic
properties of the tested vapour. Table 1 presents a sample of the calculated
values of @ for the investigated vapour at the atmospheric pressure. If it is
assumed a priori that thermal chocking does not occur and that the pressure
ratio across the nozzle is sufficient to produce supersonic flow, these
equations can be integrated in the downstream direction as an initial value
problem on the basis of Rung-Kutta-Merson method and using a “standard

time marching technique”.

Table 1: A list of the calculated values of the factor ® and
the “non-isothermal” correction factor for the tested
organic vapours at atmospheric pressure.

Factor Freon-11 Ammonia Ethanol
d 37.894 36.4075 30.50
1/(1+ o) 0.0257 0.0267 0.0317

The area distribution A/A* is required here to complete the theoretical
modeling for the problem of condensing flows in supersonic nozzles. This
area distribution is obtained from a noncondensing calibration run. The
obtained experimental pressure distribution along the nozzle, P(x), is used
to compute the area distribution from the isentropic flow relations [24]. The
computed area distribution is fitted numerically to gain the nozzle area
distribution as a polynomial in x. The present research utilizes the
geometries of two nozzles were fitted by Barschdorff [26] and Wegener and
Pouring [27]. These geometries or area distributions are used here as
polynomials and denoted by “nozzle (1)” and “nozzle (2)” respectively.

Finally, the properties of the investigated vapours are required here to
complete the present model equations. These properties include the
equilibrium vapour pressure (P,), condensate density (pg), the bulk surface
tension (o), heat of phase transition (hg), ratio of specific heats for the
vapour (y) and the molecular weight (M). All these properties except both
M and vy are functions of the vapour temperature. The published
correlations of these properties are collected and presented in Appendix (A).
These correlations are expressed as functions of vapour temperature in °C or
K. Only two properties still without definition, which are required in
calculating Egs. (19) and (24.b). These properties are the surface tension on
the curved surface of the condensed droplets () and the saturation vapour

12



pressure over the droplet surface {P(T,)}. The surface tension on the
droplet surface is combined with the bulk surface tension (i.e., the surface
tension on a flat liquid surface) by Tolman [28] in the following expression

c 1 ’ |
0—w=1+3§ (49)
r

where § is a constant corresponding to the condensed vapour [28,16] and
G is the bulk surface tension. Correlations of o, are given in Appendix
(A).

The saturation vapour pressure over the droplet surface is defined due to
[19,20] by

R(T,)=Pw(T,)exp(k2;ij o (50)

ePr’
All the required equations for the present model are completed now.
Therefore, a computer program concerning with the solution of the above

described system of equations is developed, tested and operated.

5. RESULTS AND DISCUSSION:

Theoretical results presented in Figures 1-6 show the effects of changing
the initial values of both vapour temperature and mass fraction of the tested
vapour on the flow and condensation characteristics during expansions of
freon-11, ethanol and ammonia through supersonic nozzles. Flow
- characteristics are presented here by both the pressure and Mach number
variations (P/P, and Ma) whilst the condensation characteristics are
simulated by the supersaturation ratio (S), amount of vapour subcooling
(AT), nucleation rate (as log J), critical radius of nucleated droplets (r),
mean radius of condensed droplets (ry) and the dimensionless mass
fraction of condensate (G/G,). All the predictions presented here illustrate
the changes in flow and condensation characteristics of the tested vapour
along the divergent section of the utilized nozzle. The tested nozzles are
described in section (4) and denoted as nozzle (1) and nozzle (2).
Geometries of the divergent sections of these nozzles are shown in Figures
(1.a), (3.a) and (5.a). Here, it is of great importance to note that the
predictions of Figures 1-6 start from a location downstream of nozzle
throat ( i.e., when the flow becomes supersonic). Figure 1 indicates that as
the inlet vapour temperature'(Tgo) of freon-11 increases at the entrance of
the nozzle (1); S, AT, log J, r,, and G/G, are decreased and r, is increased



WILIST UMEC [OW CHAIAUICLIDUIUD DL 1VIIGLL WIVUIMA s & ssan vmammr— e
be explained by the fact that as the vapour temperature increases both the
amount of subcooling and supersaturation ratio are decreased and
consequently the rate of nucleation and the condensation rate are decreased
also as illustrated in Figures (1.b) and (1.d). Furthermore, decreasing AT
and S tends to increase the size of nucleated droplets as expected from
Eq.(19) and then decrease the mean size of condensed droplets. This is
because decreasing AT in the denominator of Eq.(19) and consequently
increasing T, in the right side of Eq. (23.a) tends to increase . and to
decrease the rate of droplet growth respectively. It can be noticed also in
Figures (1.c) and (1.d) that freon-11 at T,, = 238.56 K passes through the
nozzle without condensation {i.e.; as a supersaturated vapour represented
by curve 3 for r, only in Figure (1.c)} but changing its temperature to
201.56 K and 201.0 K makes the condensation to appear at different
locations along the nozzle axis (condensation occurs at x/L.=0.3176 with
Tg=201.0 K and at x/L = 0.6941 when Ty, = 201.56 K). Here, it can be
concluded that increasing T, of freon-11 from 201.0 K to 201.56 K moves
the condensation onset (i.e., the location at which the amount of subcooling
appears in the calculations and the mean size of droplets differ from the
critical one) towards the nozzle exit. The reason for the constancy of the
predicted values of P/P, and Ma with different values of T, in Figure (1.a)
may be due to the small differences between the rates of heat transferred to
the vapour phase by the condensation upon the droplets of these cases.

Figure 2 illustrates the effect of the value of freon-11 mass fraction on
the flow and condensation characteristics. Figure (2.a) shows that
increasing p from 0.16 to 0.20 has no effect on both P/P, and Ma (curve
1,2) while its increasing to the value of 0.25 increases the predicted values
of P/P, and Ma (curve 3) compared to those at = 0.16 and p=0.20. This
is because the value of p = 0.25 leads to higher values of the condensation
parameters: S, AT, log J and r, as shown in Figures (2.b, 2.c and 2.d).
For example; the nucleation rates at the nozzle exit for the three tested
values of p (i.e. 0.16, 0.20 and 0.25) are as J = 5.83, 2.24 x 10° and 2.73 x
10° m® S'.  Therefore, higher rates of heat of phase transition
‘accompanying the higher nucleation rates are transferred within the mixture
and causes increase of the flow pressure and, in turn, decrease the flow
Mach number.

Variations of the flow and condensation characteristics for ethanol
expansion through nozzle (2) with different values of the initial vapour
temperature and different mass fraction are presented in Figures 3 and 4.
Flow characteristics in Figure (3.a) indicate the same tendency as was
noticed with freon-11 in Figure (1.a). However, increasing the vapour



temperature causes diminishing all of the condensation variables as shown
clearly in Figures (3.b), (3.c) and (3.d). The calculations show that
increasing ethanol temperature from 305 K to 315 K yields to decrease of
log J from 12.6945 (corresponding to J = 4.95x10' m? S) to 4.9622
(according to J = 9.17x10* m® S™) at the nozzle exit as devised from
Figure (3.b). Furthermore, increasing the ethanol temperature moves the
point of condensation onset towards the nozzle exit. At this point, the
numerical results reveal that the condensation onset of ethanol occurs
inside nozzle (2) at x = 1.6 cm downstream the throat for Ty, = 305 K, at
x=3.2 cm with Ty, = 310 K and at x=4.9 cm when T,=315 K. In the
distance between nozzle throat and the point of condensation onset, it can
be noticed the existence of nucleated droplets with decreased sizes only as
shown in Figure (3.c). Downstream the point of condensation onset,
nucleated droplets grow up through the condensation process and reach to
higher sizes comparing to its initial size at the onset point. For example;
the nucleated droplets of ethanol vapour with a temperature of 305 K starts
to grow by condensation from a critical radius of 1.362x10° pm at the
point of condensation onset which lies at a point 1.6 cm downstream the
throat to a final radius of 4.095x10” pm at the nozzle exit. This example
indicates that the nucleated ethanol droplets grow along a distance of 4.4
cm before the nozzle exit to about 30 times its critical (initial) size as
depicted by curves (1) in Figure (3.c). The reasons for these tendencies are
discussed previously with the results of freon-11 in Figure 1. It is of great
importance to note that the trend of predictions of Wegener, et al.[19], for
the variations of condensation characteristics during ethanol expansion
through a supersonic nozzle, agrees with the present findings. Plots of
Figure 4 summarize the changes in the predicted flow and condensation
characteristics with increasing the mass fraction of ethanol from 0.05 to
0.15 during the expansion of air-ethanol mixture in nozzle (2). The flow
characteristics in Figure (4.a) shows that increasing the mass fraction of
ethanol causes increase of the flow pressure and consequently decrease of
the Mach number along the nozzle divergent section. It is evident also in
Figure (4.a) that the air expansion with a tnass fraction of ethanol equals
0.15 has a pressure bump downstream the throat section. Pressure increase
by increasing p in Figure (4.a) was reported previously by Wegener, et al.

[19] and Wu [20]. They explained the pressure increase by the heat
addition to the vapour ‘during condensation. Figure (4.b) indicates that
increasing p tends to advance the nucleation in the direction of nozzle
throat and then decreases the supersaturation ratio towards the nozzle exit.
It should be noted that with p=0.05, log J starts to increase from the
location of condensation onset at 2.3 cm (i.e., X/L = 0.3286) downstream
the throat and along the remainder portion of the divergent section. Also,
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increases monotonically to a maximum value at a location 2.5 cm (i.e.,
x/L=0.357) downstream the throat and then vanishes (or the nucleation is
stopped). With increasing p to 0.15, a similar trend to those showed with
1=0.10 is obtained for log J variation at 1.4 cm (i.e., x/L=0.2) downstream
the nozzle throat except the rapid decrease of log J (curve 3) compared
with the gradual decrease of the preceding case (curve 2). In Figure (4.c),
it can be noticed the different behaviors for r.; and r,, variations along the
nozzle divergent section. For the case of y=0.05 whereas S and log J
increase monotonically {curves 1 in Figure (4.b)}, the predicted variations
of r,, and ry, as represented by curves 1 in Figure (4.c) are a slight decrease
and a gradual increase respectively. This behavior corresponds to the
beginning of condensation by the free molecular regime. Generally
speaking, the critical sized clusters are showed in Figure (4.c) to be
stopped in generation when the nucleation disappeared (i.e., at the point of
log J vanishing). Growth of existing droplets continue along the nozzle
divergent section in different rates as given by curves 1,2 and 3 for r, in
Figure (4.c). Variations of AT and G/G, with changing p are shown in
Figure (4.d) similar to the variations of S and r, in Figures (4.b) and (4.c)
respectively. ‘

Figures 5 and 6 illustrate the influence of both the inlet vapour
temperature and the mass fraction on the variations of flow and
condensation characteristics for ammonia expansion through nozzle (2).
These figures. show the same tendencies as was discussed in the
condensation of freon-11 and ethanol. For example, increasing the
ammonia inlet temperature leads to delay of the condensation onset
towards nozzle exit and decreasing the nucleation rate, amount of
subcooling (or supersaturation ratio), mean radius of the condensed
droplets and the rate of condensation as showed in Figure 5. While it can
be concluded from the predictions of Figure 6 that increasing the ammonia
mass fraction tends to advance the point of condensation onset towards the
nozzle throat and to increase log J, AT, r, and G/G, along the tested
nozzle. :
~In order to distmguish between the condensation characteristics of the

tested organic vapours, a comparison between these characteristics has
been carried out here. Results of this comparison are released in Figure 7
and Table 2. This comparison is held between saturated vapours at the
entrance of nozzle (2). The comparison indicates that the condensation
process starts faster in freon-11 and results in larger sizes for the nucleated
droplets and the condensed ones. Ethanol and ammonia are followed
freon-11 on the condensation starting and on the sizes of nucleated



clusters. - However, comparison between the predicted nucleation rates
‘show different regimes. Dawson, et al [29] have showed that ethanol has
molar surface entropy less than those of reon-11 and ammonia. They
concluded that the higher molar surface entropies of freon-11 and ammonia
are the reason for the low nucleation rates of these vapours. It is of great
importance to note that the predictions presented in Table 2 are
qualitatively similar to those reported for steam condensation [21].

Table 2: A comparison between the predicted condensation characteristics of the
tested organic vapours at a location 4.2 cm downstream of nozzle (2)
throat where A/A* = 1.2841.

Vapour M y PTorr | ATK 1 Xomsa»cm logJ J’s? 1x107, 1, T G/G,
Freon-11 137.38 [.13 206.3 11.34 1.3 1.1876 15.4 9.0024 0.56146 | 4.3926x10"
1.743x10"" \
Ethanol 46.07 1.13 206.3 1545 1.6 11.2413 8.7724 0.02109 § 6.6098x10
. 5.788x10* .
Ammonia § 17.03 [.31 178.2 3.77 38 4.7625 6.1014 0.00093 ] 5.5949x10"

* Xonser 18 the distance in [cm] between nozzle throat and location of condensation onset.

Finally, predictions of the present model for pressure distribution along
three supersonic nozzles are compared to the published measured ones in
Figure 8. Furthermore, a comparison between the present predicted
pressure distribution of ethanol expansion through a supersonic nozzle and
a published prediction [20] is given also in Figure 8. The predicted
pressure distribution is presented here in dimensionless form (P/P,) with
ammonia and freon-11 and is released as absolute values in [Torr] for
ethanol. Ultilizing absolute values of the pressure distribution in Figure
(8.b) is to declare the degree of conformity between present predictions
and measurements. The good agreement appeared in the comparisons of
Figure 8 confirms the present model.

CONCLUSIONS:

The theoretical results released in this paper appear to give a reasonable
description for the condensation behavior of some organic vapours during
supersonic flow in a convergent-divergent nozzle. Classical nucleation
theory is utilized in the present work after introducing a numerical factor
into the equation of the classical nucleation rate. This new factor (B)
combines both the non-isothermal correction of Young [22] and the
numerical correction of Wegener, et al [19] and Wu [20]. Besides,
modified equations for both the droplets surface tension and the
‘thermodynamic properties of the condensing vapours are introduced here.
The theoretical results obtained here show that increasing the organic
vapour temperature as well as decreasing its mass fraction delayed the
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increase of the organic vapour temperature or the decrease of the vapour
mass fraction results in lowering the predicted nucleation rate, amount of
subcooling (or the -supersaturation ratio), final size of the condensed
droplets and the mass fraction of the condensate. However, the present
predictions of condensation characteristics are, qualitatively, coincide to
those of steam- condensation.: Experiments reported -on. pressure
measurements during the condensation of ammonia, ethanol and freon-11
through supersonic nozzles are follow the present model predictions.

LIST OF SYMBOLS:

A.. nozzle cross-sectional area [m?],

atg mass accommodation coefficient,

C  flow velocity [ms™],

¢, isobaric specific heat capacity [KJ.Kg' K],

specific heat capacity of condensate [KJ.Kg'.K™'],

rate of impingement (or condensed) vapour molecules on the
droplet surface [S1],

rate of evaporated vapour molecules from the droplet surface [S7],
mass fraction of condensate,

specific enthalpy [KJ.Kg],

nucleation rate [m>.S],

Boltzmann’s constant [=1.38x10%J.K"],

length of the divergent section of the tested nozzle [cm],
molecular weight,

Mach number,

mass fraction of mixture species-mass of one molecule

[=2.99x10%Kg],

m  mass flow rate of gas-condensate mixture [Kg.S™],

P pressure [Torr, bar],

qc  mass condensation coefficient,

Qmex  Maximum amount of heat added to a unit mass of condensed
vapour [KJ.Kg'],

R, molar gas constant in Egs. (1-5) [=8314.3 J.kmol"'.K™'] or specific
gas constant in Egs. (19&21) [J. Kg''.K1],

r droplet radius [um],

S supersaturation ratio {S=P/Py(T,)},

T temperature [K,°C],

X

p

Do

5ZzCAoToD
jov)

co-ordinate along the nozzle axis [m],
numerical coefficient {Eq.(22)},

L&



I’  numerical coefficient {Eq.(21.b)}

Y isentropic exponent,

AG,, critical free energy barrier [N.m™],

Ahg, temperature correspondence for the heat of phase transition
[KIK, 'K,

AT  vapour subcooling {AT=T, (P)-T, }[K],

thermal accommodation coefficient,

mass fraction of the organic substance in the mixture,

value of x where droplet is born [m],

mass density [Kg.m™],

surface tension [N.m™'],

numerical factor {Eq.(21.a)}.
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Superscripts:
referred to the volume of gaseous phase,
* at throat; critical.

Subscripts:

a air,

cl  referred to classical theory of nucleation,
cr  critical,

f condensate,

fg  of phase transition,

g gas; vapour,

m  mixture of inert gas and condensing vapour,
0 inlet,

r on the droplet surface,

S saturation,

t mixture of gas-condensate,

o  ona flat surface.

ni  non-isothermal

Appendix (A): Thermodynamic propertiés of the tested vapours

The following are the liquid density in [Kg/m’], vapour pressure on flat
surface in [bar], heat of phase transition in [KJ/Kg] and surface tension in
[dyn/cm] for freon-11, ethanol and ammonia. References of these
correlations are listed here.
i- Freon-11 [29]: .
pr=1.53x103-2.5 (T-273) | (A.1)




]

g

- ososegH | )|l |

hg, = 195.105-0.31 (T-273)
on=21.7-0.137 (T-273)
where T is in [K]

ii- Ethanol [19]:

pe= 806.25-0.845T+29x10°T*
where T is in [°C]

= ootcisg| | 2056 (122 -y )]
2732R, T R, 2732

where T is in [K]

hg = 946.217-0.8918 T - 0.00578 T*

where T is in [°C]

G = 23.97-0.085T

where T is in [°C]

iii- Ammonia [7]:
pr =642 - 1.19 (T-273)

457. 313
P, = 0.08666cxp]—| - 5792.(200—1)+281 Sln( T)
200R, \ T R 200

14
hg = 1274.462 - 2.8135 (T-273)
Co =26.1 - 0.231 (T-273)
where T is in [K].
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a- Ammonia, b- Ethanol and c¢- Freon -11.
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