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Abstraet

A new calculation method is presented for the calculation of the
constituent and component composition of the liquid and co-
existing gaseous phase of the ternary system carbon dioxide-
ammonia-water at thermodynamic equilibrium under vrea syn-
thesis conditions. Approximation equations for the equilibrium
constants of the physical (heterogeneous) and chemical (homo-
geneous) equilibria are given. Calculations were performed within
the temperature range of 160 to 180°C and within the pressure
range of 70 to 145 barat L =2and —0.6< W <0, Comparisons
of calculated and experimentally found data are presented and
discussed as well as new transformation equations for the cal-
culation of the component composition of the phases in question.
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Introduction

Knowledge of the constituent and component compo-
sition of the liquid and co-existing gaseous phase of
the system carbon dioxide-ammonia-water at thermo-
dynamic equilibrium at high temperature (160 to
220°C) and under high pressure (50 to 250 bar) is
extremely important for the industrial synthesis of
urea from ammonia and carbon dioxide. In spite of
this importance only a few authors, namely Bolotov et
al. [1-5], Kawasumi {6-10), Rathgeb [11], Buck et al.

[12-15] and Durisch et al. [16-22] published experi4

mental data concerning the composition and the equi-
librium pressure of this two-phase system in the above-
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. extremely difficult chemical analysis of the liquid and
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mentioned temperature and pressure range, The most
important reasons for this dearth of experimental day
are the great experimental difficulties caused by (he
high temperature and pressure, the corrosiveness of
the liquid phase and the tendency of the gas samples
to solidify upon cooling. Another problem is the

gaseous samples.

The calculation of the composition of the liquid and
co-existing gaseous phase is strongly complicated by
the occurrence of chemical (homogencous) equilibria
and by the occurrence of temperatures higher than the
critical temperature of carbon dioxide and ammonia.
The first reasonable attempt to perform such calculs-
tions was done by Efremova et al. [23], However,
according to their model, the liquid phase contains
no molecular (free) carbon dioxide and the water
concentration in the gaseous phase was neglected.
since it amounts to only a few mole percent. These
shortcomings were overcome by Lemkowitz et al. (24
27]. These authors postulate three physical equilibria
between the liquid and co-existing gaseous phase aﬂ.d
two chemical equilibria in the liquid phase. Thelf
model, however; can neither calculate the biuret con
centration in the liquid phase nor the urea and B¢
cyanic acid concentrations in the gaseous phase.
The purpose of this article is to describe a new thermo
dynamically consistent calculation method for the cﬂ_l'
culation of the constituent composition of the liquid
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snd Co-existing gaseous phase of the ternary system
carbon dioxide-ammonia-water. This method includes
pinret in the liquid phase as well as urea and isocyanic
geid in the gaseous phase. The thermodynamic back-
ground of this calculation method is not dealt with
here, the reader being referred to a recently published
srticle of Durisch et al. [22]. The present article also

presents the relations (transformation equaiions) be-

tween the actual constituent concentrations and the
concentrattons of the _companents. carbor; dlomdc,
ammoma and” water .
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The vapour-/liquid system

- To describe the vapour/liquid system dealt with here
: sheat conducting (diathermic) cylinder which initially
. tontains n; moles of carbon dioxide, n, moles of am-
- monia and »; moles of water is considered. The cylinder
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is closed with a diathermic movable piston. Both cyl-
inder and piston are in thermal contact with a heat
teservoir, It is assumed that at certain initial values of
the pressure and temperature in the cylinder, the above-
mentioned three chemical substances form a gaseous
mixture containing only these three substances. Now
the temperature and pressure are changed so that this
gaseous mixture partially condenses (liquefies). It is
usumed that in the condensed liquid phase the sub-
stances ammonium carbamate (NH,CO,NH,), urea
(NH,CONH,) and biuret (NH;CONHCONH,) are
formed by chemical reactions. Furthermore it is as-
fumed that a small amount of the urea formed in this
liquid evaporates into the co-existing gascous phase,
Where it partially dissociates to ammonia and isocyanic
id (HNCO). After a sufficiently long time the prop-
tties of the thus obtained vapourfliquid system no

: longer change with time: the system is then at thermo-

dynamic equilibrium. A schematic representation of a
‘F¢€llon along the phase boundary surface is shown in
ig. 1.

Pr—
X3
o NHRCONHz = NH5 + HNCO
COZ- NH3 .goseous }'-‘120 NH;CONH,
phase

- .q3. .

K
€Oy + NH3 » NH3 =2 NH,COuNH, = H O NH;CONHZ

«:
2NH,CONH, =2 NH, + NH,CONHCONH,

liquid phase
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&3 {: Schematic representation of a section along the interface

%“Nn the gaseous and liquid phase of the vapourjliquid
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According to Fig. 1 the two-phase system contains
seven chemical substances (constituents), namely car-
bon dioxide, ammonia, water, urea, ammonium carba-
mate, biuret and isocyanic acid. The concentrations
(mole fractions) of these constituents are denoted,
respective]y by x; to x; in the liquid phase and by
Y1 to yp in the gaseous phase (this notation will be
“used in the next secnon) Note that the mole fraction
x, of isocyanic acid in the liquid phase and the mole
fractlons ¥s and yg of ammonium carbamate and biuret
in the gaseous phase are assuihied to be zero. For this
reasoin only four and not seven .physical (heterogene-
ous) equilibria occur. The equilibrium constants of
these four physical equilibria (which will be discussed
in the next section) are denoted by g, to ¢, (see Fig, 1).
Concerning the chemical (homogeneous) equilibria, it
is seen in Fig. 1 that three chemical equilibria oceur
in the liquid phase and one chemical equilibrium in
the gaseous phase. The corresponding equilibrium
constants of these equilibria are denoted by X3, K,
K; and Kg (see Fig. 1). These constants will also be
discussed in the next section.

Furthermore, in urea technology it is customary io
characterize the composition of the above-mentioned
initial mixture of carbon dioxide, ammonia and water
by the molar ammoniza to carbon dioxide ratio, L, i.e.,
L =nyn,, and the molar water to carbon dioxide
ratio, W, i.e., W= nyfn,. Note that if, in addition to
carbon dioxide, ammonia and water, the initial mix-
ture also contains r, moles of urea and n; moles of
ammonium carbamate, then L and W are expressed
as:L= (ny+ 2ny+ 2ng){(ny + ny+ ng)and W= (ny—ny)/
(ny+ny+n)). It then follows that if in the initial
mixture the number of moles of urea, ny, is greater
than the number of moles of water, n,, then W is
negative,

The equilibrium constants

The equilibrium constants ¢, to g, of the heterogeneous
equilibria and the equilibrium constants K3, K}, K
and K; of the homogeneous equilibria (see Fig. 1) are
defined in this work as follows:

to = yilx, m
£.92 = »ix 2
7 s = yix, &)
y e = alx, D
s Ki= xaxix &)
# Ki= xx,xe (6}
7Ky = xaxlxg? 0]
& Ki= yonlys ®

Note that all these equilibrium constants are defined
by means of mole fractions. Therefore, strictly speak-
ing, each equilibrium constant g, to g, is a function
of pressure, temperature and all mole fractions x, to x,
and y; to y,, and the equilibrium constants X}, X}
and K; depend on pressure, temperature and all mole
fractions x, to x;. Ky depends on pressure, tempera-
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ture and all mole fractions y, to y,. On the basis of
certain simplifying assumptions, which are formulated
in [16], all the above-mentioned equilibrium constants

depend only on pressure and temperature. For a real

multi-component system, of course, all these equi-

__ librium constants depend on pressure and temperature
“only, if all concentrations x, to X, and y, to ., are. - e
! y ! : Y1 10 7 are; ~-pressure p dnid: temperature T this mixture formed 5
r<~ vapour/liquid-system,” Of ‘which a section along (p,

constant. However, if the equilibrium constants are
only weakly dependent on the concentrations {at

©* constant pressure and temperature), then the equi-

librium constants can be approximated by a function
X Nd’épé}gq?_n_t,pn pressure. and. tempe.r'zit&_r)g OQI;:,;;_C‘at feast

an approximation is permissible, depends on the nature
of the multi-component system under consideration

and the maximum acceptable deviation between the
approximated and the true value of the equilibrium -

constants, The statements presented here can only be
checked by comparing approximated equilibrium con-
stanfs with very accurately measured ones.

For {he ternary system carbon dioxide-ammonia-water”
the. approximation equations for the equilibrium con-

stants. g, to K3 were found to be:
P rexp(43.32522 — 3803.22/T + 0.0019688 T

d1 = -
oo 4.61441nT + 0.345778p(T + 460.42p[T3  (9) .
g = plexp(55.57294 — 5121.96/T + 0.0019980 T '
C— 650331 nT— 0.924275p/T + 544.84p/TY  (10)
gs = prlexp(60.17097 — 10114.7T + 0.00058187T . .
- —~5.75561nT— 0.860317p/T + T14.75p/TD)  (11)
g4y = p-lexp(167.6540 — 15636.0/T + 0.0093358 T

—22.9241nT - 0.607100p/ T+ 1515.3p/T)  (12)
Ki = exp(12.600175 — 2685.24/T — 1.21791nT

- 0.05038p/T) : ' (13)
K{= exp(—71.20722 + 12896.3/T + 7.75041 nF

+0.22960p/T (14)
K{ = exp(—8.187559 — 4152.00/T + 1.8120InT

+0.00361 p/T) s

K= plexp(— 13.920512 — 5728.264/ T = 0.00436085T - .

+ 5.347861 InT — 0.634756p/T + B11.161p/T?) (16)

For a detailed discussion of the calculation method
and the estimation of the numerical values contained
in the equations (9) to (16) the reader is referred to [16].
For the physical meaning of these numerical values the

reader is also referred to [16]. It should be mentioned

that some of these numerical values differ from those
reported in {16]. This difference is due to a new fit of
these values to the measurements presented by Durisch
{16]. In this new fit the experimentally found azeotropic
pressures of Lemkowitz [26] were no longer imposed
as boundary condition, as was done in [16]. Further-
more, in this new fit the least squares fitting technique
concerning the measured equilibrium constants was
supplemented by direct comparison of measured and
calculated concentrations, Note that the equations (9)
to (16) are not dimensionally homogeneous; in using
these equations the numerical values of the pressure p
and the temperature 7, which must be expressed in
bar and K (Kelvin; {T)/K = (§)/°C + 273.15) respec-
tively, have to be substituted in {9) to (16).

~
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‘The new calculation method

In a previous section a vapour/liquid system was de.
scribed which initially consisted of a homogeneoy
mixture of carbon dioxide, ammonia and water, Tp,
- composition -of this initial mixture was characterizeq
~-<+ by the molar ratios L and ‘W. At-cértain values of the

'~ phase boundary surfacé-is schematically shown in
f1e-Fig:1." The followirg- question now arises: how cap
" tithe‘concentrations (miole-fractions x, to y;) of all the

AR RS E I £ P e ¥ A . L0 i T i liguid' anid g X ;.
,._-_a.l'_o_‘“l‘,i?aﬁ?‘?ﬁ COf}Cen.tl'ﬁlthn.po}ntr(xm_._,.xm,.ym...y,o).l\ V;ob:it:me_mts_ [:‘;he liquid' and -gaseous phase of the
. How large the range around this point is, in which such " mentione

5 vapourfliquid system be calculated?
At thermodynamic equifibrium in the two-phase sys-
‘tem, not only must the equilibrium conditions (1) 1o
(8) be satisfied, but also the law of conservation of
mass. On the basis of this law the following additiong|
" -equation in the mole fractions and molar ratios £, ang
- W can be derived:

: :—,?;t-ll-x‘+xsl+ 2x, 1 1 Nt
Ty 2x0F 2, Tt LW _ 1+ L+ [+_,‘
x,+2x4+2x,+3x,_‘ L L _.)liz_ylﬂ
1+x.+2x5+2,r. 1+L+W 1+L+ W 13,‘}.t

This equation results from the law of conservation of
mass (formulated -as element balances) by simple
algebraic manipulations assuming that the mole frac-
tions x;, ys and y, are zero and taking into account
the following equations in the mole fractions:

it txtag b xgtxg =1 (18)
ytyetyatyty, =1 {19

If now the equilibrium constants corresponding to
- equations (9) to (16) are introduced info equations (I}
to (8), then, together with the equations (17) to (19).
" a new system of equations is obtained, which consists
~of eleven equations with fifteen unknowns. If the pres-
sure p, the temperature 7 and the initial molar ratios
"L and W are given, this new system of equations can
be solved for all mole fractions x, to y,. Unfortunately
this system of equations is non-linear; i.e., more than
one mathematical solution exists and the system can
not be solved by elementary methods. To solve this
system of equations, ordinary numerical methods were
applied.

The fransformation equations

In spite of the existence of seven chemical substances
(constituents) in the vapourjliquid system under dis-
cussion (see Fig. 1), it is nevertheless a ternary, 1. <.
a three component system. This is due to the fact that
the four constituents urea, ammonium carbamate. bi-
uret and isocyanic acid can be transformed into the
three constituents carbon dioxide, ammonia and water
via the four independent chemical reactions shown in

- e . e ras min

B

>

tic

ai

tt
C¢
t+
lic

S O 0O MY St ov 0 ;e = ks A e ey e




r

3

v

v

!

|

-~

st 1 ¢ s demArbn

1

i i Al )

. (

'Fig, 1. Carbon dioxide, ammonia and water are there-
fore calied the components of the system. For detajled
information concerning the

chemically reactive systems the reader js referred to
Zemansky [28]. For comparisons of calculated and
measured component concentrations, it js necessary
to transform the calculated constituent concentrations
of the liquid and gaseous phase respectively, into
compofient concentrations, The mathematical rela-

tions between the actual constituent'concen_tratfons .

and -the -comiponent concéntrations are_called trans-
formation equations, ch e nmrese | ene
On the ‘basis of the Jaw of conservation

fomponent’ concentration (mole/mole) of carbon di-

oxide’ (X}, ammonia (Xz) and water (Xo) respectively, . ..

ae expressed s follows. ' S
For the gaseous phase: = T
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X = J"-+}“‘_k.ysi't 2""*3'7*.‘-1%.. SR SEI S
an l4‘;""*'"2)":"“"2-"‘ -3t EERER
frm PPN F 25 4 3y 4 g o
l Thyot 2y + 2y
Y= DT e 2y — 22
Py + 23424,
For the liquid phase:
=" +x +ag + 2xg + x, @3
1 Tt xg+ 2oy + 2,
Y= Xt 20+ 2x0 4 3, 4 x, .
= P2 H x4 3xy + x,
' 14X+ 25+ 2x,
Yo DamXim 20~ xy 25

l+x;+2xs+2x,

Note that in the equations (20) to (25) the relations
18) and (I19) have been taken into account. Further-
More, it can easily be checked that the equation
it x, 4 Xs=1 holds for the liquid and gaseous
Phase, respectively. Equation (22) further shows that
€ more urea (y,) and isocyanic acid ( ¥} the gaseous
P_ ase contains, the smaller the component concentra-
™ of water in the gaseous phase, X7, becomes. X
" even become negative. It should be mentioned
tthe transformation equations (20) to (25) differ
M those reported in [16]. This difference is caused
Uing ammonia, NH,, instead of double amimonia,
@ 3), a5 the-ammonia component.” -

Auicagicy

R’f Means of the new calculation method presented in
*arlicle the constituent composition of the liquid
a u°0-_existing Baseous phase have been calculated as
tion of the pressure p, the temperature T and
"itial molar ratios 7, and W. From the calculated
,b:“fment composition of the liquid phase, (X1,eeey Xg),
Equ;:;asﬁ fractions of urea, wi, and biuret, wy, in Phe
vo - Phase were calculated according to the relation

ik)‘iM;JLZ’Jrj M;, in which M; denotes the molecular

number of components in’

of. mass. the

Qo)

mass (g/mole) of the constituent j. The calculation of
the two quantities, wyand wy, is important because
these two quantitjes can be exXperimentaily determined,
and therefore direct comparison of calculated and
experimentally found values s possible. From the
calculated constituent composition of the gaseous
phase, (3, =+ )2}, the component concentrations. X7,

7 and X7 of the components carbon dioxide, am-
monia and water in the gaseous phase were calculated
according to the transformation equations {20 to (22).
The caleulation of these component.concentrations is
also':f:ﬁ'ljg'br'tgm“t because they too can be experimentally
determined {via the classical -CHN-elementary ana-
ysis)." From. the calculated constituent composition of
the liquid phase the urea-yield x according to x = x,/
(x, ":l-f",,“r\,,‘_f__:”.}j's:'-ll 2}5);ha's|:\af‘sp been calculated because
this;qtha'q't‘it_}f;fs Q,f_particu]ar importance-to the jndus-
trial '1iréa‘syht'hl;.s'is'.‘Correspondi ng experimental yields
could be deduced from the experimental data presented
by Durisch [16]). The above-mentioned calculations
were performed at the temperatures 160, 170 and 180°C,
at £ =2, and within the ranges of — 0,6 < I < 0 and
70 bar <p < 145 bar, as under these conditions most
experimental data are found, The equilibrium pressures
required for these calculations are taken from [17). In
the foilowing graphs, examples of such calculations will

- be presented. In these graphs calculated values are

compared with scarce data in literature. The concen-
trations represented in the following Fig.2 to 7 are
plotted as a function of the initial molar water to
carbon dioxide ratio W, at various temperatures and
at a constant initial molar ammonia to carbon dioxide
ratio of L =2,

Discussion

In Fig. 2 the urea concentration (mass fraction) in the
liquid phase is presented as a function of the molar
ratio W, at various temperatures. It is seen that the
concentration of urea increases as the initial water to
carbon dioxide ratjo W, decreases, as is to be ex-
pected from the law of mass action for the dehydration
of ammonium carbamate to urea and water. Through

. the experimentally found urea concentrations of Dy-

risch {closed symbols) a family of smooth curves can
be drawn, and the agreement between the experimental
values of Durisch {closed symbols) and the calculated
curves is excellent. Note that the calculation method
presented in this article was originally developed to
describe the CO,/NH o/ H,O vapour-liquid system, only
within a limited concentration space. That the urea
concentration in the liquid phase can be calculated
even within the large range of 40 to 70 mass-% was
not expected, but indicates the wide range of validity
of the caiculation method. The curvature of the cal-
culated curves relative to the measured points {closed
symbols)seems to be alittie too strong. A possible reason
for this fact might be that the equilibrium constant K
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Fig. 2: The urea concentration wj {mass fraction) in the liquid
phase at various temperatures and varying W, at L =2, Closed
and open symbols represent experimentally determined values.
The drawn lines are calculatet according to this work. The half
closed triangle represents an interpolated value of Kawasumi’s [7]
measurements at 160 C, L =2 and ¥ =0. The half closed circle
(170°C) and sguare (180-C) represent extrapolations of Kawa-
sumi’s {7] measurements at L =2 and H'=1(,

- +of the:urea formation from ammonium carbamate is
assumed to be independent of the urea concentration
in the liquid phase. The urea concentrations of Kawa-
sumi (half closed symbols) are systematically a few
percent (absolute) lower than the calculated and meas-
ured values of Durisch. It is possible that Kawasunis's
values may be somewhat too low, since in order to
determine the urea concentration, Kawasumi concen-
trated his samples at 70°C, and at this temperature
some of the urea was probably hydrolysed. The scatter
of Rathgeb’s experimentally determined urea concen-
trations (open symbaols) is rather large, and the agree-
ment between Rathgedh’s concentrations and the con-
centrations of Durisch {closed symbols) is poor. Pos-
sible reasons for this scatter and disagreement may be
hydrolysis of urea during Rathgeb’s sampling procedure
(hot water in sampler), analysis errors (too little xant-
hydrol excess) and non-equilibrium state at the time
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Fig, 3: The biuret concentration wg {mass fraction) in the liquid
phase at various temperatures and varying W, at L=2, Tk
symbols and lines have the same meaning as in Fig. 2,

of sampling [21]. Especially peculiar is the conves
curvature of the suggested curve through Rathgeb’s
points at 180°C {open squares) relative to the concave
curvature found by Durisch. Because of this anomalous
behaviour and because of the large scatter of Ratigeb's
measurements, his data were not used in the least
squares fit for the calculation of the numerical valus
in equations (9) to (14).

In Fig. 3 the biuret concentration in the liquid phas
is presented as afunction of W/ at various temperatures.
As expected from the formation of biuret from ured
the concentration of biuret increases with decreasin?
I, since the urea concentration rises under these ar
cumstances. Agreement between the calculated cuns
and the measured points of Durisch (closed symbobl®
only fair due to the scatter of these points, The resulls
of Rathgel compare very poorly with the calcutated
and measured data of Durisch, but the extreme scatie’
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1 Y Ratheep's data (open symbols) renders them of very
Restionable valye (although they do roughly exhibit

1 Qesame trepg already mentioned).
§ "Fig.4, 5 and 6 the concentrations of the compo-
Y Mats carbop dioxide, ammonia and water in the
3 Bseous phase are graphically represented. For the
Qthon dioxide concentration (Fig. 4) agreement be-
¥n Kawasumi’s concentrations and the measured
nd Caleulated concentrations of Durisch is excel-
", as is also the agreement between the calculated
es and the measurements of Durisch, 1t should be
Mioned that Kawasumi’s data were not useq in cal-
Aling the numerical values in equations (9) to (16).
theb's carbon dioxide concentrations (Fig. 4, open
mb015) exhibit pronounced scatter, except for 180 °C,
3 Lbicy agreement with Kawasumi’s and Duriscli's
: » is ql.}ite reasonable. For the qmmonia_concen-
bﬂ;"’n (Fig. 5) a small systematic difference is found
n Kawasumi’s and Durisch’s data. Again, agree-

qu between the calculated lines and measured values
Y,

@uite good. And again Rathgeb’s data
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Fig. 5: The ammonia concentration X7 (mole fraction of the
<component, not constituent NH;)in the géseous phase gt various
temperatures and varying W, at L=2. The symbols and lines
have the same meaning as in Fig. 2,

exhibit considerable scatler, particularly at [70°C
(Fig. 5, open circles). In Fig. 6 the water concen-
trations of Kawasumi are Systematically slightly higher
than the experimental values of Durisch, Lemkowitz
etal. {26] suggested that Kawasumi's water concentra-
tions might be slightly too high due to possible analysis
errors. The agreement between the calculated curves
and the measurements of Durisch (Fig. 6, closed sym-
bols) is rather good. The water concentrations of
Rathgeb (Fig. 6, open symbols) exhibit extreme scatter.
Rathgeb’s water concentration in general seem to be
Systematically about 100 to 300% (relative) too high.
In Fig. 7 the urea-yield (carbon dioxjde conversion) is
represented as a function of W at various temperatures.
It is seen that the conversion increases with decreasing
W, as is to be expected from the mass action law, The
conversion also increases with temperature at constant
W. The agreement between the experimental values of
Durisch (closed symbols} and the calculated curves is
excellent. The vatues of Kawasumi (half closed sym-
bols) are systematically a few percent (absolute) lower
than the calculated and measured values of Durisch,
As already mentioned, the reason for this fact might
be the hydrolysis of urea during Kawasumi’s concen-
tration of liquid samples. The large scatter of Rathgeb's
experimental values {open symbols) and the peculiar
course of his measurements at 180 °C correspond more
or less to the behaviour shown in Fig. 2. For that
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Fig. 6: The water concentration X% (mole fraction of the com-

ponent, not constituent H,O) in the gaseous phase at various

temperatures and varying W, at L =2, The symbols and lines
. have the same meaning as in Fig. 2.

behaviour, possible reasons were already mentioned.
Note that at a temperature of 180°C and a W of
—0.375 a conversion of about 72% is found accord-
- ing to the experimental and calculated data of Durisch,
~~This conversion value is considerably lower than the
~value of 90.4% experimentally found by Rathgeb and
the value of 93 % given in the patent [12] for the same
temperature and molar ratio .

" Conclusions

The presented comparisons of measured and calculated
data (Fig. 2 to 7) show that the calculation method
described in this article is reliable within the ranges
of 160°C < # < 180°C, 70 bar < p < {45 bar and
—0.6 < =0, at L =2. As the calculation method is
based on physical-thermodynamic (not statistical-
mathematical) principles, extrapolations within rea-
sonable limits are certainly admissible. With the pos-
sibility of extrapolation present, the calculation method
most probably provides a useful tool for the economic
improvement of existing urea plants as well as for the
development of new less energy intensive routes for

Chimia 34 (1980) N, Tq
7y
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0.65 |- 20170 °C
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o * :
— Calculoted, this work

noa Rathgeb, et at, {11,12,13] °

Q.50 ———
~0.6 -0,4 =2

W —  » moie/mole

Fig. 7: The urea-yield (carbon dioxide conversion) x in the liquid
phase at various temperatures and varying W, at L =2 The
symbols and lines have the same meaning as in Fig. 2,

the industrial synthesis of urea from ammonia and car-
bon dioxide. The calculation method presented here can
be improved by deriving and applying more flexible
functions (dependent not only on pressure and tem-
perature, but also on concentrations) for the approv-
mation of the equilibrium constants.-Eventually more
chemical and physical equilibria also have to be tiken
into account. From the meusurements and caleulations
presented in this article it can be concluded that Rati
geb's {11] experimentally determined water congen
trations in the gaseous phase are most probably abou!
F00 to 3009% (relative) too high. ft can also be com
cluded that Rathgeb's [11] carbon diovide comersio:
of 90.4°% at 180°C and W= — 0.375 is most probath
about 25% (relative) too high. For the urea syathess
process described in [12, 14] and [15] (applying Rur
ueb's data) low water concentrations in the pasee
phase and low conversions are disadvantageous. Fre?
the calculations presented in this work, however. £ 8
to be expected that the water concentration 1 U
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gaseous phase and the conversion increase with tem-
facr;nurc at constant L and §°, so that the above-
mentioned  disadvantages may be somewhat com-
pensated.
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Zusammenfassung und Schiussfolgerungen

Di¢ Yerfasser prisentieren eine ncue Methode zur Berechnung
&r Konstituenten- und Komponcmen-Zusammenselzung der
fisigen und koexistierenden gasformigen Phase des terniren
Sstems  Kohlendioxid/Ammoniak ‘Wasser  unter HarnstofT-
smihese-Bedingungen. Bei dieser Methode spielen  Gleich-
fwichiskonstanten physikalischer und chemischer Gleichge-
sichte eine wichtige Rolle. Miltels Niherungsgleichungen fiir
dese Gleichgewichtskonstanten fihrten die Verfasser Berech-
fungen durch im Temperaturbereich von 160 bis 180°C und im
Dnxckbereich von 70 bis 145 bar bei konstantem NH,: CO,-
Yerhilinis und variablem H,0: CO,-Verhiltnis. Vergleiche von
berechneten und gemessenen Daten zeigen, dass die vorgeschla-
tne Berechnungsmethode im untersuchten Bereich recht befrie-
digende Ergebnisse liefert und dass Extrapolationen - in An-
t';lracht der physikalisch-thermodynamischen Prinzipien worauf
“# Methode basiert — innerhalb verntinftiger Grenzen zuldssig
ond. Die mitgeteilte relativ einfache Berechnungsmethode kann
%h deshalb als niitzliches Werkzeug erweisen, sowoh! zur wirt-
%haftlichen Verbesserung existierender als auch zur Entwick-
Mg never weniger energieintensiven Verfahren zur industriellen
Simthese des Harnstoffs aus Kohlendioxid und Ammeoniak. Die
0 erwihnten Vergleiche zeigen auch, dass dliere Messergeb-
% von Kawasumi [6-10] recht gut ibereinstimmen mit
&n hier berechneten Daten (Kawasumis Messergebnisse wur-
1 nicht beriicksichtigt beim Ermitteln der Parameter in den
" erwahnten Niherungsgleichungen), dass jedoch neuere
'I_t“[-'ngen von Rathgeb (11} im allgemeinen betrichtlich
*tichen von den hier berechneten Daten. Es scheint, dass
.ﬂrﬁfﬂ?—f 11} experimentell ermitielien Wasserkonzentra-
a‘;"'m der gasformigen Fhase ca. 100 bis 300% (relativ) zu
sind, Ebenfalls zu hoch zu sein (ca. 25% relativ) scheinen
on Ratkgeb [11] bei tiefen H,0: CO,-Verhiltnissen ge-

: ”m;“eﬂ Harnstoffausbeuten in der fllissigen Phase bei 180°C
Hum(f stellt in etwa die untere Grenze dar der heute itblichen

iy C'ﬁ'S)’l”ltl*lv.:se-Tr::rnperamrc:n)‘ Fiir das von Buck und Rath-

Fatentschriften {12, 14 und 15] beschriebene Verfahren

t%innung von Harnstoff bzw. Verfahren zur Tiefhaltung

tergehalis in einem Harnstoffreaktor, Verfahren, zu de-
Ay “Slpaung Rathgebs Messergebnisse [11] herangezogen

0, sind niedrige Wasserkonzentrationen in der gasformigen
ey uhd tiefe Harnstoffausbeuten in der flissigen Phase baw.,
&, - O5s¢rkonzentrationen in der gasférmigen Phase nach-
*Mass den in der vorliegenden Arbeit mitgeteilten Ergeb-
521 erwarten, dass die Wasserkonzentration in der gas-
&-as‘.xie" Phase und gleichzeitig die Harnstoffausbeute in der
k) 1ase zunehmen, falls die Temperatur (und damit der
"“han trhht wird bei konstantem NH,;: CO,- und H,0: CO,-
s, Hohe Wasserkonzentrationen in der gasformigen
i Bleichzeitig hohe Harnstoffausbeuten in der ftiissigen
‘QH:;TCH fir das oben erwahnte Verfahren zur Gewinnung

Stoff [12] vorteilhalt.
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