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Abstract—An analytical study of the condensation characteristics of mercury onto a cesium substrate in
a nitrogen carrier gas was made. Good quantitative agreement was indicated between theory and experi-
mental data [9] for heterogeneous condensation. A one-dimensional flow model was formulated, based
on two-phase, three component gas dynamics, non-continuum growth relations and reaction heat term
due to Cs—Hg amalgam formation. The results indicate that neglecting reaction heat, mass removal effects
are dominant in the temperature range of this study. Substrate concentration was shown to have a direct
effect on the magnitude of heterogeneous condensation. The effects of changing stagnation parameters
on data presentation is considered.

NOMENCLATURE

nozzle area [ft?] ;

specific heat a constant pressure of

a gas component [Btu/lb_°R] ;

a constant equalling the total num-

ber of clusters of molecules in a

particular distribution;

symbol for cesium ;

dimensional constant
[32:171b,,ft/1bss?] ;

total change in Gibbs free energy in

creating a condensed cluster of f

critical sized molecules from the

supersaturated vapor [Btu] ;

total change in Gibbs free energy

related to the macroscopic point of

view [Btu] ;

enthalpy [Btu/lb_];

latent heat of vaporization, evalu-

ated at the vapor temperature

[Btu/lb,,];

heat of reaction of amalgam
[Btu/lb,,] ;

symbol for mercury;

dimensional constant
[778-16ft1bg/Ib, Btu] ;
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nucleation rate per unit volume
[nuclei/ft3 s] ;

Boltzmann’s gas constant ;

mass flow rate [lb,,/s] ;

molecular weight [1b,/lbmole] ;
Mach number (stream velocity/
acoustic velocity);

nucleation rate [nuclei/s] ;

pressure [1b, /ft?] ;

univercal eag conctant
universal gasconstant

[1545:3 ft Ib;/1b,,mole°R];
droplet radius [ft] ;
temperature [°R] ;
time [s];
flow velocity [ft/s] ;
liquid drop volume [ft3] ;
distance along nozzle axis [ft ] ;
mass of molecule [1b,,] ;
gasification correction factor ;
specific heat ratio;
mass accommodation coefficient
(assumed equal to 0-50);
heating effect parameter due to
condensation (h,/C,,T,);
ratio of mass of condensate to mass
of mixture ;
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2, density [tb, /ft];

a, surface tension of liquid phase
[Ibe/ft];

¢, ratio of mass of amalgam to mass of
mixture (m,/m).

Subscripts

a, referstoamalgam;

9 refers to gas phase ;

i, refer to counting index or nozzle
location;

L, refers to liquid phase ;

n, refers to nitrogen gas;

0, refers to plenum condition ;

s, refers to constant entropy ;

V. refers to vapor phase ;

1, refers to cesium ;

2, refers to mercury;

oS, refers to flat-film equilibrium state
(saturated).

Superscripts
*, refers to critical droplet size ;
L, refers tolocal property ;

. refers to localized property, ie.

(YO~

A. INTRODUCTION

THE sTUDY of the condensation of metals from
the vapor state has been in progress for some
time. Knowledge of this type is needed in
evaluation of proposed power cycles for space
applications. These studies have been con-
cerned mainly with pure vapors and in general
have been analytical rather than experimental.

An interesting class of problems involving
condensation of metals from a gas mixture has
been generated by the proposed gas core nuclear
rocket. In this type unit the condensation and
consequent recovery of a reactant is critical. In
studying the efficiency of reactant recovery
experimentally it is desirable to work with
cheaper less hazardous materials. A fluid which
suggests itself is mercury. The main detracting
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features of mercury are its toxicity and its
reluctance to condense homogeneously. Pre-
cautions can be taken regarding toxicity. This
study is concerned with overcoming the reluc-
tance of mercury to condense rapidly by using
heterogeneous condensation. By use of a suitable
substrate material large quantities of mercury
can be condensed in the time scale of a rapid
expansion nozzle.

1. Literaturereview

The literature on condensation contains much
work concerned with homogeneous nucleation
[1-4]. This body of theory has been used to
predict condensation characteristics of steam,
and steam-gas mixtures [5-8]. The resuits
obtained in these latter works suggest that the
presently accepted nucleation theory is adequate
for engineering predictions.

Reports of work with metal vapors are
relatively few. McManus [9] has reported on
the condensation characteristics of rubidium
and cesium in a carrier gas both from an analytic
and experimental viewpoint. This work also
presented experimental results for mercury
condensing on rubidium or cesium. Hill [10]
and Griffin [11] have computed characteristics
of metals, e.g. zinc, copper, rubidium, condensing
from the pure vapor. It appears that no work
concerned with the deliberate heterogeneous
condensation of metal vapors from a carrier
gas has been reported on other than the experi-
mental results of [9].

B. THE ANALYTICAL MODEL

The thermodynamics system under considera-
tion is a complex one. Physically an element of
flnid ic naccing thronagh a convergent_divergent
fluid is passing through a convergent-divergent

nozzle. In so doing it experiences a sequence
of processes. These are

(1) A one-dimensional adiabatic single phase
expansion ;

(2) a nucleation of the homogeneously con-
densible species following supersaturation:
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(3) growth of the stable nuclei formed by
deposition of the homogeneously condensible
species and/or the heterogeneously condensible
species following its supersaturation, and

(4) an expansion of a two phase, ie. gas and
droplet fluid having identical velocities. In
steps two and three large quantities of heat can
be released with a consequent effect upon the
expansion. In the case under consideration,
mercury condensing on an alkali substrate, the
possibility of heat addition from chemical
reaction, amalgam formation, must be con-
sidered. The time scale of the complete expan-
sion is of the order of 3 x 107%s.

1. Flow conservation equations

Consideration of the control volume of Fig. 1
leads to the continuity and momentum equa-
tion. The energy equation considers a unit mass
of mixture. Second order terms have been
neglected.

P34
FPl—e (P+8 A (A+ 8 4)
—= Flow
-~ 5]
Fi6. 1. Control volume.
Hence:
Continuity:

d
O = a [pnAgU -+ plegU -+ pvagU

+ priAn U + pr2d;, Ul (1)
Momentum:
dP d
O = QCAIV— -+ a;[an + mmU

+ my,U + m U + mp, U] 2)

Energy:

d U2
0 = a‘;[m?z_g‘; -+ m"k" + mVlhyI

+ myshy, + myshy, + mLzhLzJ‘ (3)
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To agood approximation
P.M, PyMy,
pn - RT; * pVZ - RT;) k4
PVIMVI
4
le RT ( )

and the average density is given by

PM,
Py =

RT,
pL= M P+ i PL2 (5)

mp + mg, Mpy + My,
where

P Py, Py,
Mg = F"-Mn + —P—le + TMVZ.

The continuity equation may be rewritten
by integrating (1) and setting the integration
constant equal to the total mass flow rate.

m=m,+ My, + My, + My, +my,=m+m

(6)
where
m, =m, + my, + my, = p AU
= pALU.

Dividing (6) by m, setting m;/m = u, and
assuming A = A or 4; < A solve for m

my, = mpy + Mg,

m = PeAY
l—p M
where
"=+ Y.

Differentiating (7) gives the specific con-
tinuity equation for two-phase three component

flow

1{dp, dA dU dp du,

dx[pg+A+U+l—y 1—u 0
®)

Rewriting (2) by using (6) the momentum
equation becomes

dP_ dU
dx - "ax
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The energy equation (3) may be transformed
to a more usable form by introducing

hLth_hfg—H

where the term C,, (T, — T;) has been dropped
since T, was set equal to T, because of the effec-
tive heat removal characteristics of the non-
condensable carrier gas, i.e. the number of
molecules striking a droplet and incapable of
condensing but capable of removing energy to
those capable of condensing and adding energy
is about 350 to 1. Also a heat of reaction term
was introduced due to the possible formation
of amalgams of mercury and cesium. The magni-
tude of H will be positive for heat liberated and
negative for heat absorbed.

Substituting and rewriting the energy equa-
tion becomes

dTg+ U dU B du,
Pdx ' Ig.dx /7 dx
du, d¢
+ hjgzzg + H dx (10)
where

my + m
¢ = my/mand C,, = =L .

m

7'11 Cpn +
The terms udh,, and ¢dH were dropped

because they are several orders of magnitude

lower than those remaining.

2. Nucleation equation

The classical liquid nucleation theory was
employed in order to evaluate the number of
substrate droplets formed per unit time and
volume. This may be written as

J = Cexp [— AG¥/KT)]. (11)

Currently, the above relationship has become
controversial due to the AG}¥ term, which
ignores the free energies of translation and
rotation of the nuclei [1]. Due to the logarithmic
nature of the term in question, the various points
of view lead to great differences in the magni-
tude of J.

In equation form, the controversy entails
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rewriting AG¥ to include the microscopic effects
of the individual nuclei

AG} = AGY — KT, InT. (12)
Hence(11) becomes
J = CT'exp [-AG}'/KT)] (13)

where “I"”, is commonly called the “gasifica-
tion” correction factor, which takes into account
the thermodynamic properties of the substrate
nuclei which classical nucleation theory ignores.

In this study, the decision to use classical
theory, ie. I' = 1 and AG}' = AG¥ was due to
lack of data on values for I' and also because
several prior works [9-11] have found good
agreement between theory and experiment
using classical theory for pure metal vapor
condensation.

The entire expression for J has been rederived
in [12] and only the final result is presented
here.

PVI 2 20'1 3 471:0'1(7'1*)2
/= <K7;> V“(mxl P17 kT,
(14)
where

rt = 20,M/pRT,In(Py,/P;,,). (15)

3. Droplet conservation equations

Droplet growth in itself is complex. To facili-
tate treatment the following simplifications have
been introduced. Droplets do not interact or
shatter. Because of the high thermal conductivity
and the probability of liquid motion, i.e. mixing,
droplet temperatures are considered uniform.
Molecular velocity distributions are accurately
described by the Maxwellian and gas diffusion
gradients are negligible. It is probable that a
diffusion limit on droplet growth would be
confined to the latter phase of the condensation
process. Thermal accommodation coefficients
are taken to be unity.

Under these restrictions, the relation for the
conservation of mass for a control volume
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containing a droplet is
dr 4nrie

dt ~ J@aRT)
X [PVi(\/Ml) + Pvz(x/Mz) - PLI(\/MI)
- P (JMJ)]  (16)

or noting that dr/dt = U dr/dx, and assuming
¢ = 0-50, (16) becomes

dr 1
dx  2p.U./(2nRT)
[(PV1 - PLI)(\/MI) + (PVZ - PLz)(\/Mz)]
(17

where P, = P, exp(20 M /p,RT,r), is the ex-
pression for the vapor pressure of a spherical
drop having a radius “*r”. Also P,(,/M/,/(2nRT,)
is the number of particles striking a unit drop
surface in unit time.

With the expression for the nucleation rate
and drop growth rate, the relation for the con-
densation ratio can be determined by calculation
of the condensation in an increment dx; on each
of the groups of drops formed during previous
increment dx; and also due to nucleation of
particlesin increment dx;.

The nucleation rate in each increment dx; is

Ni = JiA,-dx,-.

pdnr?

Thus, the condensate ratio can be written in
differential form as

d _ 47tle ji—1 N s 3N 2d 1
Hjy = 3m .;[ iri; + 3Nir5dr] (18)
and
4MPLa § 2 ifr,. > 1-3r*
dyj, =< 3m .ZlNirii drij; ifry; 2 13r);,
o ifry < 13r%,.
(19)

The size of substrate nuclei which have a
probability of growth near unity, i.e.r}; = 1-3r¥,
is given below for substrate and mercury con-
densation

rfi = (1326, M ,/p | RT, In (Py/P,,,) (20)
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The differential increment in droplet growth is

B dx; (/M) _

drijl - 2\/(2an)pr1 [PVl PLI] (22)
_ dx-(\/Mz) _

d"ijz = —__——2\/(27:R7;)U,-p“ [Py, — Pp,] (23)

and, the drop size distribution at nozzle position
“x;”is given by

rij = r,-, i-1 + dr,-jl + drl-jz. (24)

4. Numerical solution of the equations

The gas dynamic equations obtained from
the three conservation equations, ie. (8)10)
are:

1dP 1 \dg,
Pax — Wx[(*l T—a u)a

* (‘2 ‘ﬁ)g«ff* i
-~ %%’3] /[(Mf —1)(1 — p) + uM2y,] (25)
+ Az% + Cf:’l;, gg (26)
S ﬁlf (%%)(1 —w @)

Equations (18), (19) and (24)27) form a set
which can be numerically solved for the pressure,
temperature, velocity, droplet size, and mass
fraction distribution.

The method of solution required :

(a) A nozzle contour (see Fig. 2)

(b) Restricting condensation to the super-
sonic portion of the nozzle.

(c) A criteria for estimating the onset of con-
densation was incorporated to decrease com-
puting time. The criteria used was J > 10*°.
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Property values were taken from [13]. Surface
tension, a critical variable, was necessarily
extrapolated by the method of Ramsay and
Shield [9]. Because of the uncertainty of the
extrapolation no correction for droplet surface
curvature was made. Near the throat of the

N

i Throat

I B

.
[o] | 2 3
Axial distance,

in

F1G. 2. Nozzle contour.

nozzle a transformation suggested by Glauz
[14] was used to avoid the troublesome singu-
larity. Restriction of condensation to the super-
sonic portion of the nozzle was necessary to
reduce the throat problem to manageable
proportions.

C. THEORETICAL RESULTS

1. Homogeneous condensation

To validate the analytical model, solutions
were obtained for homogeneous condensation
of cesium vapor in a nitrogen carrier gas.
Conditions for these runs, i.e. runs 101 and 102,
are given in Table 1. The restriction that con-
densation be confined to the supersonic portion
of the nozzle proved unfortunate in that it
prevented exact duplication of available experi-
mental runs. While plenum temperature and

Table 1. Summary of initial flow conditions

H. N. McMANUS, JR.

100
(a)
© 8o}
2]
[=
@
T 60f
=4
o
o
4ol
3¢
20}
0 .
104 L (e)
103 t+
o
1oz |-
N
1-0l 102
100 101
(c)
104
o3 | ————— Experimental (9]
A
i 02 102 (exp)
P 102
100 _':;_;;;;f_ 101 (exp)
| 2 3 4 5 3
Axial distance, in.

FiG. 3. Predicted pressure, temperature and fraction con-
densed for cesium.

pressure could be duplicated, use of equal
partial pressures of Cs could cause condensation
to initiate in the subsonic portion of the nozzle.
Figure 3 presents the results of these runs.
The ordinates used in the pressure and
temperature graphs are in actuvality (P/P,)/

Exp.

Type Plenum Plenum  Theoretical Hg N,
Run of press temp. alkali alkali rate rate of drop

vapors (psia) (°R) rate #/s rate #/s #is #is formed
101 Cs 117-4 1180 0481 x 1073 12 x 1073 — 0-4415 210 x 108
102 Cs 1154 1255 0115 x 1072 042 x 1072 — 0-4197 132 x 10'8
111 Cs-Hg 117-4 1180 0464 x 107% 067 x 1073 0-04 0-4193 201 x 10*8
112 Cs-Hg 1174 1180 0464 x 1073 067 x 1073 0-04 0-4193 201 x 108
113 Cs-Hg 1174 1180 0347 x 1073 — 004 0-4194 256 x 10'®
114 Cs-Hg 1174 1180 — 0-04 326 x

0232 x 1073
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(P/P,) and (T/T)(T,/T,) where P, and T, are
the plenum quantities and P, and T, are the
isentropic static quantities for a non-condens-
ing, i.e. a fluid with the same physical properties
as the condensing fluid, run. The plenum
quantities being set equal cancel. It is well to
note that the flows under consideration are not
constant entropy, hence total pressure and
total temperature vary axially. This will be
commented on in a later section.

Examination of Fig. 3 and Table 1 indicates
that parameter trends between experiment and
analysis are in good agreement. No inconsisten-
cies are evident between the two theoretical
runs. It should be noted that the Mach number
at which an increment of condensation takes
place influences the pressure and temperature
change noted.

The qualitative agreement between experi-
ment and analysis and the internal cofisistency
of the model is such as to increase confidence
in its predictive abilities.

2. Heterogeneous condensation

Consideration of the governing equations
indicate that several effects can occur simul-
taneously. These effects are mass removal, which
is analogous to increased expansion ratio, heat
addition due to phase change and heat addition
caused by chemical reaction of substrate and
condensible. The mass removal and phase
change heat addition occur simultaneously in
any condensation and oppose each other in
overall effect. The chemical reaction is, of course,
dependent on the species involved. In the present
case, mercury and cesium do react with heat
liberated.

As indicated, the model formulated has sub-
scribed to the classical homogeneous nucleation
theory. It has been contended by some, mainly
in meteorological circles, that all condensation
involves a heterogeneous mechanism. The
present authors do not dispute the fact that
nucleation sites, e.g. dust, etc., exist in any
experimental system. However, in a rapid
expansion nozzle for appreciable condensation
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to take place the number of sites necessary must
be of the order predicted by homogeneous
nucleation theory, ie. approximately 10'°
nuclei/ft> rather than that associated with dust,
i.e. approximately 10® nuclei/ft>. To an extent
the present model allows evaluation of the
relative importance of these effects.

2a. Inert substrate nuclei. Assigning a zero
value to the reaction heat term is equivalent to
having the Hg condense on an inert nuclei, e.g.
dust, but in excess of 10!3 nuclei per cubic foot.
In Fig. 4, the results of such a run, i.e. run 111 is
given. The pressure trace, Fig. 4c of run 111, gives
comparison of an experimental Cs—Hg run and
the equivalent inert substrate run, see Table 1.

100
(a)
sol” Cs-Hland N2
b
[
2 sol Hg-1Ht
@
o
c
g 4o}
R ot
o S
|»oe-(b)
Note scale change
106} 112
Q" roaf )
[
102}
1-00
1041
(c)
.03} ————— Experimental
102
Qo
& 1-ot
t-00 f——on——=—""
hroat
0-99F T i
) 1 L . ;
| 2 3 4 5 6
Axial distance, in

FIG. 4. Predicted pressure, temperature and fraction con-
densed for cesium—mercury. Run 111, reaction heat = 0 and
run 112 reaction heat = 750 Btu/lb .
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The difference is apparent. The anomalous
behavior of the pressure plot illustrates that for
an inert substrate the mass removal would
dominate the opposing heat of condensation
effect, in the temperature range encountered,
ie. 530°R, therefore, the pressure of the con-
densing run falls below that of an equivalent
non-condensing run. From this it is safe to
conclude that the dominant nuclei substrate is
cesium with consequent reaction heat. A more
extensive discussion of the opposing mass
removal and heat of condensation effect are
givenin [12).

An examination of run 111 in Fig. 4a confirms
the reluctance of mercury to condense even
heterogeneously. In this run mercury reached
saturation pressures 21 in. downstream of the
inlet. However, no appreciable quantity of
mercury is condensed until the four inch mark.
The explanation for this lies in the critical drop
size requirement for mercury to condense. In
the interval between 24 and 4 in, cesium drops
are growing but more importantly the required
critical drop size for Hg condensation is falling
rapidly with increasing supersaturation, see
Fig. 6, run 112, The character of the condensa-
tion curves (Fig. 4a) for each species is similar.
Homogeneous condensation of mercury was
found to be of little importance in this system.

In Fig. 4c, run 111 emphasizes that the
experimental results of Cs-Hg condensation
is dominated by a heat liberation effect, i.e. an
increasing pressure relative to a non-condensing
run. The foregoing discussion has brought out
that if heat of reaction is presumed zero, i.e.
an inert substrate, then a completely contra-
dictory behavior is predicted.

2b. Reactive substrate material. The heat of
reaction would affect both the stream pressure
and temperature equations. Although the heat
of reaction of the cesium—mercury amalgams
have not been experimentally determined, a
theoretical approximation can be made in order
to examine this effect. Pauling [15] has suggested

the following relationship
H =23 Z(E, — E,)? kcal/g-mole
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where

Z = number of chemical bonds or valence link
E = electronegativity of the liquid metal

based on the close resemblance in the properties
of the metallic and covalent bonds.

The composition of the amalgam formed was
assumed to be Cs,Hg, due to the stability of the
outer electron orbitals of this compound. Using
Pauling’s theory, the numerical value of H is
approximately 750 Btu/lb,, of amalgam.

The inclusion of the heat of reaction term had
a radical effect on the pressure ratio plot and a
lesser effect on the temperature ratio plot. These
are shown by run 112in Fig. 4.

The temperature ratio, run 112 of Fig. 4b,
displayed an increased slope upon Hg condensa-
tion and then underwent another change due
to the depletion of substrate, which terminated
the formation of amalgam. The consideration of
the heat of reaction increased the final tempera-
ture ratio, i.e. 1'082 vs. 11063 for run 111.

The pressure ratio, run 112 of Fig. 4c, dis-
played a radically altered form. Rather than
experiencing a drop in pressure upon start of
Hg condensation a rapid rise occurs. This
continues until all Cs has reacted at which point
continued condensation results in a relative
pressure decline.

The overshoot of pressure and steeper than
experimental rise are attributable to ignoring of
reaction and diffusion times. Heat of reaction
additions were assumed to take place instan-
taneously upon condensation of Hg. In fact, a
time lag would exist between deposition and
liberation of heat. This lag would be caused
mainly by the need for Hg to diffuse inward to
contact unreacted Cs. As in the case of reaction
heats there is no data dealing with diffusion and
reaction rates. However, a time lag of about
5 x 1073 s would be sufficient to bring the main
portion of the theoretical results into good
agreement with experiment. The overshoot
portion of the pressure curve could be expected
to be attenuated by increasing diffusion time
required as droplet increased and because the
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heat added to the flow would be spread out over
a finite time period instead of instantaneously.
Consideration of these effects would be tosmooth
the theoretical curve. The estimated value of
reaction heat appears reasonable since observed
and predicted pressure rise are in good agree-
ment.

2¢c. Substrate concentration. The effect of
initial substrate concentration was investigated
to determine its effect on the heterogeneous
condensation. The substrate flow rates of runs
113 and 114 of Fig. 5 were 0-80 and 0-50 the
value of run 112, respectively. Examining the
results of runs 112, 113 and 114 in sequence, one
notices the displacement and restriction of
mercury condensation, due to the reduction of

100}
(a)
T  sof
b
=
< sof
[ =
[=3
(4]
a0k
Ed
20t
0 3
ros | (D)
106 |
k‘h
b o4t 13,
1oz} 14
1-00
(c)
104}
103}
Q-
¢ ozt "3
ol e
too f Throat . ) ,
] 2 3 4 5 s

Axial distance, in.

FiG. 5. Effect of substrate concentration on heterogeneous
mercury condensation.
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@@ r —— *
- —_— L
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z  \L
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Fi1G. 6. Nucleation rate and critical drop size, runs 112, 113
and 114.

condensation sites. The mercury supersatura-
tion ratios attained in runs 112, 113 and 114
were 61, 79 and 23, respectively, before con-
densation was indicated.

3. Nucleation rates and critical drop size

Figure 6 corresponding to data sets from runs
112, 113 and 114, indicates why condensation
occurs only after an appreciable value of Hg
supersaturation is reached. The critical drop
size for Hg is inversely dependent on super-
saturation. Therefore, the higher the super-
saturation the smaller the critical drop size. The
effect of substrate concentration is evident from
Fig. 6. The larger substrate vapor pressure,
ie. run 112 promotes homogeneous growth
rapidly and thus depletes the available substrate
vapor and ends significant nucleation, i.e.
J < 10*? within 13 in. The data sets from runs
113 and 114 also in Fig. 6, indicate how substrate
reduction delays homogeneous condensation
and allows a longer time interval over which
nucleation can occur. The longer-length interval
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for nucleation increases the total number of
drops formed by 1-28 and 1-63 as many as for
run 112. Although more drops were formed for
lower substrate concentration, a reduction in
mercury condensation indicated that the number
of drops that were able to grow to meet the
mercury critical size requirement decreased.

4. Drop size distribution at the nozzle exit

The four distributions plotted in Fig. 7
correspond to runs 101, 112, 113 and 114 which
recorded 0, 15, 53 and 65 per cent of the initial
mercury vapor condensed, respectively. The
deviation of curve A from the homogeneous case,

IO\Z ~
| —— Curve A corresponds to data set of run 12

| —-— Curve B corresponds to data set of run (I3
—~~—— Curve C corresponds to data set of run II4
- —— Curve D corresponds to data set of run [0l

10"

Number of drops

IO\O_

Drop radius, ft

F1G. 7. Nozzle exit drop size distribution, runs 101, 112, 113
and 114.
i.e. curve D, is because a portion of the substrate
droplets have reached the critical size to
accommodate mercury condensation. The dis-
tribution shown by curves B and C indicate that
decreasing substrate concentration tends to
yield a smaller number of smaller size drops with
a consequent reduction in sites for Hg condensa-
tion. The displacements of the curves A, B and
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C from the homogeneous case are not as abrupt
as one might expect due to the density difference,
ie. pr; = $p., and the cubic power relationship
for mass addition onto a spherical drop.

5. Non-constant stagnation

The presentation of data has followed the
practice of experiment, i.e. the measured static
was referred to the plenum pressure. For an
isentropic process the parameter is the ratio of
static to total, and hence will give information
concerning the Mach number. As indicated
previously, the condensation phenomena is not
isentropic and along the nozzle total tempera-
ture will rise and total pressure will fall.

1-00
(a)
o099l
4
\ 0-98}
x
o097}
096 . " " -
(b)
o 0B
R
106§
'§ 104 T/T
[N -
102} /
1-00
L L . s )
120
(¢)
16}
Q:»
\ .
x et ————- Experimentat  [9]
4
o 108
Q"
N
U ogt
100
Throat
096 | B ‘ . .
| 2 3 4 5 6
Axial distance, in.

FiG. 8. Variation of flow parameters. Non-conserved total
pressure and temperature considered, run 111, reaction
heat = 0.
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Figures 8a and 9a present the Mach number
ratio, ie. Mach number condensing/Mach
number non-condensing, through the nozzle. As
expected with condensation, the Mach number
is reduced. In Figs. 8b and 9b, the parameter
T'/T; describes the variation of total tempera-
ture, where T'/T,, = (T/T5AT/T,). Asexpected,
the total temperature ratio increases which is
shown by the fact that its values are below those
of T/T,. The total pressure ratio is seen to
decrease as expected, since the values of P'/P,

5

are greater than those of P/P;. It should be
recalled that Fig. § treats a Cs—Hg run where the
heat of reaction is taken to be zero.

Figure 10 presents values of the ratio of static
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F1G. 9. Variation of flow parameters. Non-conserved total
pressure and temperature considered, run 112, reaction
heat = 750 Btu/lb,,.
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F1G. 10. Variation of pressure ratio with non-constant total
pressure considered.

pressure to local total pressure. The isentropic
total pressure is, of course, equivalent to plenum
pressure. This form of presentation shows the
difference between isentropic and non-isentropic
to be of the order of 15 per cent.

D. SUMMARY AND CONCLUSIONS

1. The extension of the growth equations to
include Cs—Hg condensation necessitated the
introduction of a reaction heat term due to
amalgam formation. The introduction of the
reaction heat term had the following effects:
eliminated the predominance of mass removal
associated with inert nuclei runs, enhanced
agreement between theory and experimental
data, indicated a shift and overshoot of the
pressure ratio plot due to the computing method
which did not incorporate the time lag from
chemical reaction and heat diffusion.

2. The effect of decreasing substrate concen-
tration was shown to retard heterogeneous
condensation. Althouwgh Fig. 6 indicated a
decrease in the difference between critical drop
size, the time for homogeneous growth was
reduced so that although more drops were
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nucleated, the number that met mercury critical
size requirement were reduced.

3. The drop sizes resulting from hetero-
geneous condensation were consistent with the
kinetic theory assumption used in developing
the growth relations, i.e. the droplet diameters
were several orders of magnitude less than the
mean free path which varied from 107 ° ft at the
onset of condensation to approximately 10> ft
at the exit of the nozzle.

4. The incorporation of non-constant stag-
nation properties was shown to have a non-
trivial effect on data presentation. This was of
the order of 15 per cent and 10 per cent for the
data sets with and without the reaction heat term,
respectively.
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LA CONDENSATION HETEROGENE DU MERCURE A PARTIR D’UN GAZ PORTEUR A
GRANDE VITESSE

Résumé—On a fait une étude analytique des caractéristiques de la condensation sur un substrat de cesium,
du mercure porté par un courant gazeux d’azote. Pour la condensation hétérogéne, la théorie et les résultats
expérimentaux sont en bon accord quantitatif. On a formulé un modé¢le d’écoulement monodimensionnel,
basé sur deux phases; la dynamique des gaz & 3 composants, les relations de croissance non continue et
le terme de chaleur de réaction dii 4 la formation de 'amalgame Cs-Hg. Les résultats indiquent qu’en
négligeant la chaleur de réaction les effets de déplacement de masse sont dominants dans la gamme de
température considérée dans cette étude. La concentration du substrat est montrée avoir un effet direct
sur 'importance de la condensation hétérogéne. On considére les effets de changement des paramétres
de stagnation sur la présentation des résultats.

DIE HETEROGENE KONDENSATION VON QUECKSILBER AUS EINEM
SCHNELLEN TRAGERGAS

Zusammenfassung—Fs wurde eine analytische Untersuchung angestellt iiber die charakteristischen Grossen
der Kondensation von Quecksilber auf ein Cisiumsubstrat mit Stickstoff als Triagergas. Fiir heterogene
Kondensation wurde eine gute quantitative Ubereinstimmung zwischen Theorie und experimentellen
Werten [9] festgestellt. Es wurde ein eindimensionales Stromungsmodell aufgestellt, das aufbaut auf der
Zwei-Phasen-, Drei-K omponenten- Gasdynamik, den Wachstumsgesetzen des Diskontinuums und dem
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Term der Reaktionswirme bei der Bildung von Cs-Hg-Amalgam. Die Ergebnisse deuten an, dass bei

Vernachlissigung der Reaktionswirme, Massentransporteffekte in dem untersuchten Temperaturbereich

dominieren. Es zeigt sich, dass die Substratkonzentration einen direkten Einfluss auf die Grésse der hetero-

genen Kondensation hat. Der Einfluss der veriinderlichen Parameter des Kesselzustands wird in der
Darstellung der Daten beriicksichtigt.

FETEPOTEHHAA KOHIEHCALMA PTYTH U3 T'A30BOTIO IIOTOKA
BOJbIION CKOPOCTHU

Annoranna—IIpoBegeHo aHaTUTHYeKOe MCCIIEOBAHUE XAapPAKTEPUCTUK KOHJEHCALMU PTYTH
HA NOBEPXHOCTb M3 Le3WA B NMOTOKe azora. J{A reTepOreHHOH KOHAGHCAIMH TOJIYYEHO
Xopoillee KOJUYECTBEHHOE COMIACOBAHUE MeMAy Teopuell U aKCIEDUMEHTAJILHRMM JaHHHMH
[9]. ChopmyanpoBana ofHOMepHAA MOXEJb TEUEHHA HA OCHOBe Na30[MHAMMKU ABYyXdasHoro
TPEXKOMIOHEHTHOrO TeYEHNA, COOMHOIIEHNIT TPePHIBHONO POCTA H TEIIOTH peakuun o0paso-
Baaua amansramu Cs—Hg. PesyabraTel NOKaseBAlOT, 4TO eciu mNpeHeOpeub TemJoTol
peakunu, BIMAHME OTBOAA MacCH NpeoblafaeT B HCCleyeMOM JUANa3OHe TeMIIepaTypH.
[okasano, 4To KOHLEHTPALNA MaTepuaia cyfcTpara OKasbHBAaeT HEMOCPENCTBEHHOe BIUAHIE
Ha CKOPOCTDb reTeporeHHo KoHZencanuu. PaccmarpuBaerca BIMAHNE HBMEHEHUA TAapaMeTpoB
TOPMOKEHHA.
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