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Description

Field of application

[0001] The invention relates to measuring parameters of a urea-containing stream in a urea production process.

Prior art

[0002] Urea is produced industrially by reacting ammonia and carbon dioxide. An overview of the processes for the
production of urea can be found in Ullmann’s Encyclopedia of Industrial Chemistry, "Urea".

[0003] Urea is synthesized primarily in a urea synthesis reactor under high pressure and high temperature, typically
at around 150 bar and 200 °C. In the reactor, ammonia and carbon dioxide form ammonium carbamate and dehydration
of ammonium carbamate forms urea and water. The effluent of the reactor is an aqueous solution containing urea and
unreacted ammonium carbamate; this solution is generally processed to recover the significant quantity of unconverted
reagents contained therein. In a modern urea process, the reactor effluent is sent to a high-pressure stripper where
gaseous ammonia and carbon dioxide are removed and sent to a high-pressure condenser. Stripping may be performed
with the aid of gaseous ammonia or gaseous CO2 introduced in the stripper to act as a stripping medium.

[0004] The urea-containing solution from the stripper is sent to one or more recovery sections at a lower pressure,
such as a low-pressure recovery section or a medium-pressure section followed by a low-pressure section. The recovery
process generally includes thermal dissociation of ammonium carbamate still contained in the solution, separation of
gaseous ammonia and CO2 and their condensation to form a recycle solution containing ammonium carbamate. Said
recycle solution obtained in the recovery section is sent back to the synthesis loop, for example to the high-pressure
condenser.

[0005] In a urea synthesis process, a number of items operating at high pressure, generally above 100 bar, can be
identified. These items typically include the urea synthesis reactor, the high-pressure stripper, the high-pressure con-
denser and possibly a high-pressure scrubber. These items may be referred to as synthesis loop.

[0006] A proper control of the urea synthesis process requires to measure various parameters of the relevant process
streams. A stream of particular interest is the aqueous urea solution effluent from the synthesis reactor. It is known that
key parameters of a urea reactor are the N/C ratio and the H/C ratio, wherein N/C is the equivalent Ammonia / Carbon
dioxide molar ratio and H/C is the equivalent Water / Carbon dioxide molar ratio.

[0007] The N/C can be calculated as follows:

N Z2moly,eq + molyy;

C  moly,eq + molgos

[0008] The H/C can be calculated as follows:

H _ mOIHZO - mOlU-rea

c moly,eq + molcos

[0009] Itis broadly acceptedthattheliquid outlet of areactor closely approaches the chemical equilibrium corresponding
to a given outlet temperature and to a given inlet composition in terms of N/C and H/C. Several advantages are envisaged
when the N/C ratio is kept within an optimal range, including a reduction in steam consumption, a reduction in the
emission of unreacted ammonia and a maximization of urea production. An optimal N/C ratio may also contribute to the
stable operation of the plant. There is therefore the interest to know the N/C and H/C of the reactor effluent in order to
provide accurate control of the synthesis process. More generally, there is a need to measure directly or indirectly N/C
and H/C at suitable locations of a urea plant, including typically the reactor outlet and possibly other locations. Unfortu-
nately, this task is not easy particularly due to the highly corrosive properties and content of dissolved gasses of the
urea-containing solution.

[0010] A first method of the prior art is off-line analysis of samples taken at selected locations of the plant. This method
however introduces safety concerns in relation to manual extraction of samples and is intrinsically discontinuous, not
allowing a real-time optimization of the plant.

[0011] Other methods determine the N/C indirectly on the basis of a known correlation between N/C and density. This
is typically made with the use of Coriolis mass flow meters. Coriolis mass flow meters measure the mass flow rate and
the density of the fluid. The N/C ratio is then estimated from a known relationship between the N/C and density, which
may be determined experimentally or taken from the literature. Another method is described in JP-A-960341520.
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[0012] The Coriolis mass flow meters still have some drawbacks. They require that a stream of the urea-containing
medium is extracted for analysis and returned to the plant. To do so, dedicated expensive equipment such as a pump,
an extraction line and a returning line are needed, particularly if the stream to be analyzed is extracted from a pressure
vessel, such as the synthesis reactor.

[0013] A further drawback is that the urea stream may crystallize into the extraction line, especially during transitory
events such as start-up and shutdown of the reactor. Therefore, a dedicated auxiliary system is required to perform a
cleaning of the line in the event of crystallization. Further, the accuracy and especially reliability of this type of instrument
in a urea environment is questionable.

Summary of the invention

[0014] The invention aims to overcome the above drawbacks of the prior art. In particular, the present invention aims
to provide an effective method for estimating parameters of interest of urea synthesis process streams.

[0015] The above aimisreached with a method according to the claims. The invention is based on the use of a vibrating
density meter to measure the density and possibly the viscosity of a target process stream of a urea synthesis process.
[0016] The density of the stream is a parameter of interest. The density may be of interest as such or as an indirect
means to determine other parameters Particularly, in a urea-containing stream, the ratio N/C can be calculated as a
function of the density with a good approximation. Measuring the viscosity in addition to the density gives further infor-
mation about the stream and may be useful to determine the H/C ratio. Consequently, one or more composition parameters
of great interest such as N/C and H/C can be computed with the invention.

[0017] A process stream of a urea synthesis process is understood as a stream containing at least ammonia, carbon
dioxide and water. The process stream may contain urea, although certain process streams of interest may contain little
or no urea. Process streams of noticeable interest include the reactor effluent, which is an aqueous solution of urea,
and recycle carbamate stream. The process stream may be a liquid stream or a gaseous stream.

[0018] The process streams of interest are mixtures. In cases of practical interest, the target stream is at elevated
temperature and pressure. Additionally, in cases of interest at least one of the components of the mixture may be above
the critical temperature and/or above the critical pressure. The critical parameters are referred to the component in a
pure state.

[0019] The invention is based on the surprising finding that a vibrating density meter can provide accurate and reliable
density measurements also under the high temperature and high pressure found in the process streams a urea synthesis
process, particularly in the urea synthesis section, and even if the target stream is a mixture wherein at least one
component has a supercritical temperature and/or a supercritical pressure. The term of supercritical state is used to
denote a urea process stream wherein at least one component is above at least one critical parameter.

[0020] Advantages of the invention include the following. A vibrating density meter can be installed directly on a pipe
or on a vessel, such as the urea reactor. Accordingly, no sampling line or extraction line is required. Vibrating density
meters can be manufactured from a variety of corrosion resistance alloys which make them particularly adapted to be
used in corrosive urea environment. In addition, vibrating density meters can be manufactured weld-free to prevent the
occurrence of localized corrosion.

[0021] Furtheradvantagesinclude that vibrating density meters do not pose safety concerns and gives a good accuracy,
generally better than Coriolis flow meters.

Detailed description

[0022] The vibrating density meters are known in the art. A vibrating density meter includes a sensing element located
in a chamber which can be filled with the tested fluid, so that the sensing element is immersed in the fluid. A vibration
is imposed to the sensing element and, by detecting the mechanical response of the sensing element, the properties of
the fluid such as density and viscosity can be determined. In a common embodiment, the sensing element is an elongated
rod. If the fluid is in a gaseous state, the sensing element may have a feature to increase the contact surface with the
fluid, such as an end flap for example.

[0023] Vibrating density meters are known for measuring the density of monophasic fluids such as liquids and gases.
The previously known applications to liquids are restricted to liquids with low content of dissolved gas, such as crude
oil or polymer compositions. The urea-containing streams of a urea synthesis process, particularly the synthesis reactor
effluent, however, have a liquid phase with a significant amount of dissolved gas possibly in supercritical state. Prior to
the present invention, it was generally believed that dissolved gas would alter the accuracy of a vibrating density meter
due to formation of bubbles on the surface of the sensing element.

[0024] The invention is based on the very unexpected finding that a vibrating density meter gives accurate and re-
peatable measure on urea synthesis process streams and particularly on urea-containing liquid streams, such as the
urea-containing aqueous solution as it is typically found at the outlet of a urea synthesis reactor. Without being bound



10

15

20

25

30

35

40

45

50

55

EP 4 424 666 A1

by theory, it is believed that such unpredicted precision is due to the nearly critical or supercritical conditions of the urea-
containing streams, wherein the physical properties of the liquid are similar to the properties of the gas. Therefore, the
invention overcomes a strong and well rooted prejudice of the prior art.

[0025] A significantadvantage of a vibrating density meter is that said meter can be installed directly to a urea synthesis
reactor by means of a flange. Accordingly, no sampling line or extraction line is required to perform the measurements.
[0026] It is broadly accepted that physical properties such as density and viscosity are dependent on temperature,
pressure, and composition. The impact of pressure can be usually neglected for liquids whereas it may not be negligible
for gases. At a given temperature, it was experimentally found that the density of a urea-containing liquid stream subject
to chemical equilibrium is mainly dependent on the N/C although a minor dependence on the H/C was also observed.

[0027] The main univocal correlation between the density of the urea-containing liquid stream subject to chemical
equilibrium and the N/C ratio of said stream can be determined experimentally or from the literature data. Then the N/C
can be estimated on the basis of the measured density and of said correlation.

[0028] Inaninteresting embodiment, the method furtherincludes to measure the viscosity of the urea synthesis process
stream by means of said vibration-type density meter. The density and the viscosity measured together with the tem-
perature and possibly the pressure of the urea synthesis process stream can then be used to determine an additional
composition parameter of the stream, preferably the H/C ratio. Measuring the pressure is appropriate if the process
stream is gaseous. For a liquid stream, the knowledge of the temperature is generally sufficient.

[0029] Particularly preferably the target stream is a urea-containing liquid stream and more preferably a urea-containing
liquid reaction effluent, namely the effluent of a urea synthesis environment, such as a urea reactor. Preferably the
temperature of said urea-containing reaction effluent is measured at the outlet of the synthesis reactor. The temperature
of said urea-containing reaction effluent is preferably comprised between 170 to 230 °C, more preferably 180 to 210 °C,
particularly preferably 180 to 190 °C.

[0030] In an embodiment of practical interest, said target urea-containing liquid stream is in a nearly critical or super-
critical state. In a preferred embodiment at least one of the temperature and pressure is supercritical (namely above the
critical value) or both temperature and pressure are supercritical.

[0031] In addition to the above-mentioned N/C and H/C, a further parameter of interest is the ratio U/C of moles of
urea over moles of carbon which is determined as follows:

mOlurea

U
C  moly,e, + molgo,

[0032] Inanembodiment, the invention provides that N/C, H/C and U/C are calculated on the basis of the temperature,
density and viscosity of a reaction effluent, as well as constant of equilibrium in the reactor K. The knowledge of the
temperature, density and viscosity, as well as knowledge of Keq, allows to compute N/C, H/C and U/C on the basis of
the following system of equations:

p=h(r3%) (1

k=f(rE) @

N HU

Kea=fi (¢ t7) ©

[0033] Wherein p (rho) denotes the density, x (mu) denotes the viscosity, T is the temperature, K, is the constant of
equilibrium of the urea conversion reaction. Preferably the equilibrium constant is determined from literature data. The
functions f;, f, and f5 can be obtained from literature data or from fitting of experimental data thus they are known
parameters. Knowing the values of T, p, « and equilibrium constant, the above equations (1), (2), (3) form a system of
three equations with three unknowns (N/C, H/C, U/C) which can be solved.

[0034] Therefore, an embodiment of the invention may include:

determining the first function f; which represents the density of the urea containing stream as a function of: the
temperature of the urea containing stream, the N/C ratio and the H/C ratio;
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determining the second function f, which represents the viscosity of the urea containing medium as a function of
temperature, N/C, and H/C;

determining the third function fa which represents the equilibrium constant of the urea conversion reaction, as a
function of N/C, H/C, U/C and of the temperature measured;

solving the above system of equations (1), (2) and (3) to find the values of N/C, H/C, U/C. The system may be solved
numerically according to known techniques.

[0035] In a particularly interesting application, the target stream is a urea-containing reaction effluent; the method
includes determining the density and the viscosity of the target stream using the vibration density meter; measuring the
temperature of the target stream at the outlet of a urea synthesis reactor; from the knowledge of the equilibrium constant
of the urea synthesis reaction computing the values of N/C, H/C, U/C from the system of equations as above explained.
[0036] This method is further elucidated in the example reported below. An example of the functions f;, f, and f3 is
also given.

[0037] The method of the invention may be implemented in a suitable control system. An aspect of the invention is a
control system for an equipment of a urea synthesis plant, particularly for a urea synthesis reactor, wherein the control
system is configured to implement a method according to any of the embodiments described above. The control system
may be configured to monitor an input stream or output stream of a specific equipment, a preferred application being
the effluent of a urea synthesis reactor. A preferred application of the invention is a control system of a urea synthesis
reactor.

[0038] The method of the invention can be performed continuously on a running urea synthesis process, so that the
target stream is monitored in real time. For example, one or more of the above-mentioned parameters such as N/C,
H/C, U/C of the target stream can be determined in real-time.

[0039] A preferred vibration density meter is a rod-type meter wherein the sensing element has the shape of an
elongate rod. A rod-type meter may include a single rod or a plurality of rods. The rod can be either cylindrical or with
additional wings / flaps or other features to increase the wet surface depending on the application.

[0040] The sensing element is manufactured preferably with a corrosion-resistant material. Preferably said corrosion
resistant material is pure titanium or a titanium alloy. Alternatively, the sensing element can be manufactured in a high-
nickel austenitic stainless steel or a duplex stainless steel. Preferred materials include steel 25-22-2, Superduplex UNS
32906, 316L Urea-grade or Safurex®.

[0041] A very interesting application of the invention concerns the effluent of a urea synthesis reactor. The reactor
effluent is essentially a mixture of water, urea, ammonium carbamate, other salts such as ammonium carbonate and
ammonium bicarbonate, free ammonia and CO2 dissolved in the liquid. In certain embodiments the composition of the
reactor effluent is modeled in terms of equivalent moles of CO2, NH3 and H20. Said equivalent moles account for the
content of Carbon, Nitrogen and Hydrogen in the stream. The equivalent moles of CO2 are moles of CO2 which contains
the same atoms of Carbon as the reactor effluent and similarly the equivalent moles of NH3 and H20 correspond to the
content in Nitrogen and Hydrogen. By referring to this model, the composition of the stream can be easily represented
in terms of N/C, H/C, U/C. this provides a simplified but effective approach for controlling the process, for example for
controlling a urea reactor.

Example

[0042] Fig. 1 is a plot showing experimental density measured in accordance with the invention Vs. density data
calculated using a dependable model implemented with the process simulation software UniSim®.

[0043] Fig. 1 reports data obtained with more than 30 runs performed on a test facility in an autoclave under different
operating conditions, with N/C ranging from around 2.9 to around 6.2 and temperature from 185 °C to 195 °C.

[0044] Fig. 1 compares density measured in accordance with the invention with valued predicted with the simulation
software, showing that experimental measures were consistent with the model. Further it was observed that the density
signal was very stable over time and excellent reproducibility was found. No reliability issues were detected.

[0045] The plot of Fig. 1 demonstrates that a vibration density meter provides a reliable measure of the density of a
urea-containing stream under urea-forming conditions of temperature and pressure. From the density, the N/C can be
determined.

[0046] Within the range of interest, the N/C can be assumed to have a linear relationship with the density. Therefore
N/C can be calculated as:

N/C=ap?
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wherein p is the density (kg/cm3), a and b are coefficient determined experimentally. For example, for a urea-containing
solution at equilibrium at 185 °C and N/C between around 3.0 and 4.5 the applicant has found experimental data which
are well fitted by coefficients a = 1.6519 and b = -0.517. Other correlations may be found in the literature.

[0047] The following is an example of how to determine the parameters N/C, H/C e U/C in a urea reactor effluent. The
method is based on a density-viscosity-equilibrium model making use of a density equation, viscosity equation and
equilibrium equation. Input data are density and viscosity measured by a vibration density meter according to the invention
and temperature measured by a suitable temperature probe. On the basis of the three equations of the model, the
parameters N/C, H/C and U/C can be calculated.

[0048] Density equation:

p(N/C,H/C,T) =

Prgs =0y + a N/C + az; H/C + a, N/C -H/C T = 185°C
_ P195 — P1ss _ o
= 195 — 185 (T — 185) + pygs 185 < T < 195°C

Pros = by + by NJC + by H/C + b, NJC -H/C T = 195°C

wherein:

(a1, a2 as, a4) =(1.772;-2.6323e-01; -7.4272e-01; 2.2374e-01)

(b1, bz, bs;, bs) =(1.1836; -7.0823e-02; -2.4142e-01; 4.6252e-02)

[0049] The above density equation and coefficients fit a temperature range of 185 to 195 °C; N/C in the range 3 to 3.5
and H/C in the range 0.5 to 1.0. The coefficients are given in scientific notation wherein the digits after the symbol "e"
denotes powers of ten.

Viscosity equation:

[0050]
(1)
!’l C)C) -
Pigs = ¢ + ¢ N/C + cs HIC + ¢, N/C -H/C T = 185°C
_ H195 — H1sgs _ .
fhos =dy + dy N/C + ds H/C + dy N/C -H/C T =195°C
wherein:

(c1, €2 €3 C4) =(5.2958e-01; 4.8882e-02;, 4.4359, -9.3751e-01)

(d1, d2; ds; d4) =(1.1836; -7.0823e-02; -2.4142e-01; 4.6252e-02)

[0051] The viscosity equation and coefficients fit a temperature range of 185 to 195 °C; N/C in the range 3 to 3.5 and
H/C in the range 0.5 to 1.0. The coefficients are given in scientific notation as in the previous case.

Equilibrium:

[0052] The equilibrium constant is intended in relation to the reaction of synthesis of urea:
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2NH; + CO, = Urea + H,0

and has the form:

Xyxmo _ U/C(NJC+U/CYA+N/C+H/C—UJC)

K.

S O P e
c)\t—°T
= h(N/C,H/C,U/C,T)

[0053] The function h(N/C, HIC, UIC, T) can be determined by fitting experimental data.
[0054] Reference can also be made to the following paper about the equilibrium in a urea reactor: Inoue, Kanai, Otsuka,
"Equilibrium of Urea Synthesis", Bulletin of the Chemical Society of Japan, vol. 45, 1339-1345.

Claims

1. Method for monitoring a urea synthesis process stream, in a urea synthesis process, comprising the step of measuring
the density of said urea process synthesis stream by means of a vibration density meter in contact with said stream.

2. Method according to claim 1 including the step of determining at least one composition parameter of said urea
synthesis process stream on the basis of the density measured by the vibration density meter.

3. Method according to claim 2 comprising:

a) measuring the density of said urea process synthesis stream by means of said vibration density meter;
b) determining the N/C ratio of said stream on the basis of the density measured at step a), wherein N/C is the
ratio between the equivalent ammonia and carbon dioxide contained in the stream according to the formula:

N 2Zmoly,eq + molyys

c moly,eq + molcos

4. Method according to any of the previous claims wherein the urea synthesis process stream is a liquid stream,
preferably a urea-containing liquid stream and more preferably an aqueous solution of urea effluent from a urea
synthesis environment.

5. Method according to any of the previous claims including:

providing a correlation between the density of the urea synthesis process stream and the N/C of said stream;
determining the N/C of said stream on the basis of the measured density and of said correlation.

6. Method according to any of the previous claims further including the step of measuring the viscosity of the stream
by means of said vibration-type density meter;
the method further includes determining the H/C ratio of the stream wherein H/C is defined according to the following
formula:

H _ mOIHZO - mOlU-rea

c moly,eq + Mmolcos

7. Method according to any of the previous claims wherein the urea synthesis process stream is a urea-containing
stream effluent from a synthesis environment where reagents and product of the urea synthesis reaction are at
chemical equilibrium, the method including:
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determining a first function which represents the density of the stream as a function of temperature, N/C and H/C;
determining a second function which represents the viscosity as a function of temperature, N/C, H/C and U/C,
wherein U/C is a ratio of moles of urea over moles of carbon;

determining a third function which represents the equilibrium constant of the urea conversion reaction in the
urea-containing stream, as a function of N/C, H/C, U/C and temperature;

wherein the density and the viscosity are determined by said vibration density meter; the temperature is measured
and the equilibrium constant is calculated;

computing the values of N/C, H/C, U/C from said first, second and third function using the density, viscosity,
temperature and equilibrium as input data.

Method according to any of the previous claims, wherein the method is performed continuously on a running urea
synthesis process, so that said urea synthesis process stream is monitored in real time.

Method according to any of the previous claims, including the step of representing the composition of said urea
synthesis process stream in terms of equivalent moles of CO2, equivalent moles of NH3 and equivalent moles of
water.

Method according to any of the previous claims wherein said vibration density meter is a rod-type meter wherein
the meter includes at least one sensing element in the form of an elongated rod.

Method according to any of the previous claims wherein said urea synthesis process stream is a mixture wherein
at least one component of the mixture has a temperature and/or pressure above critical value.

A control system for an equipment of a urea synthesis plant, particularly for a urea synthesis reactor, wherein the
control system is configured to implement a method according to any of the previous claims.
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