ENERGY ENGINEERING AND CONTROL SYSTEMS

Volume 1, Number 2, 2015

Gas-dynamic Analyzer of Nitrogen-hydrogen Mixturefor Industrial Application

Halyna Matiko', Y evhen Pistun
Lviv Polytechnic National University, 12, S, Bandera ., Lviv, 79013, Ukraine
Received: April 20, 2015. Revised: May 07, 2015.  Accepted: October 22, 2015.
© 2015 The Authors. Published by Lviv Polytechnic National University.

Abstract

Mathematical model of gas-dynamic analyzer of nitrogen-hydrogen mixture built on bridge throttle scheme
using laminar-turbulent and turbulent-laminar throttle dividers is devel oped in the paper. The developed analyzer has
twice higher senditivity than any of these dividers. The authors developed the algorithms for calculation the
congtructive parameters of gas-dynamic analyzer of nitrogen-hydrogen mixture to provide optimal sensitivity of the
throttle bridge scheme. The types of throttle elements have been selected, their dimensions have been calculated,
technical means for realization of gas analyzer scheme have been proposed. The authors developed a principal
scheme of the gas anayzer of nitrogen-hydrogen mixture and calculated its static characteristic. The influence of
uninformative parameters such as temperature and pressure of nitrogen-hydrogen mixture on output signa of analyzer
is analyzed and measures for their stabilization are proposed. The authors also proposed tasks for the experimenta
investigation of the devel oped gas-dynamic analyzer.

Keywor ds: gas-dynamic analyzer; nitrogen-hydrogen mixture; bridge throttle scheme; throttle divider; throttle;
sensitivity.

1. Definition of the problem to be solved

Ammonia is one of the most important products of modern chemical industry. Its annual global production
reaches 100 million tons. Mainly ammonia is used for the production of nitrogen fertilizers (nitrate and ammonium
sulphate, urea), nitric acid, soda and other chemical products. The main raw material of nitric industry is natural gas
and coke gas. So the companies producing ammonia are placed in the mining areas of natura gas, aong the lines of
gas pipelines and in the areas of mining and coking of coal [1].

One of the main conditions for improving the efficiency of ammonia production is to obtain reliable
information on the composition of gas mixtures. Particularly, the amount of ammonia significantly depends
on the composition of nitrogen-hydrogen mixture that circulates in the apparatus for synthesis of ammonia.
So gas analysis equipment of high precision should be used in order to provide qualitative analysis of this
mixture.

Thousands of gas analyzers of about 400 types and hundreds of chromatographs are used in Ukraine. Often
existing devices do not meet the requirements for the accuracy and sensitivity of measurement that are specified
by technological process. Gas-dynamic throttle analyzers [2, 3] can solve this problem of control since they
have high sensitivity, reliability, ease of constructive implementation, low costs for production and operation, a
wide range of applications.

2. Analysis of therecent publications and resear ch wor ks on the problem

The problems of constructing, modeling and designing gas-dynamic throttling devices are analyzed in a
number of publications and research works [2—7]. New approaches to the design and construction of gas-
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dynamic throttle measuring transducers using set-theoretic concepts [2] have been considered, the
mathematical models and schemes of measuring transducers built on two, three or more elements have been
presented [3, 4] mathematical model of gas-dynamic analyzer of gas mixtures built on bridge scheme has
been synthesized and its functionality has been analyzed [5-7].

3. Formulation of the goal of the paper

The goal of this paper isto synthesize mathematical model and principal scheme of gas-dynamic anayzer of
nitrogen-hydrogen mixture containing 25 % N, and 75 % H, to be applied in production of ammonia from coke gas.
The influence of uninformative parameters on output signal of analyzer should be analyzed and measures for their
stabilization should be proposed.

4, Presentation and discussion of the research results

One of the methods for obtaining nitrogen-hydrogen mixture for the production of ammoniais a method
of deep cooling of coke oven gas. Nitrogen-hydrogen mixture containing 25 % N, and 75 % H, is obtained
using this method. According to the ammonia production technology requirements, we should develop gas-
dynamic analyzer of nitrogen-hydrogen mixture with measuring range 0-30 % vol. N, in H, in order to
provide qualitative analysis of this mixture. Initial data for calculation of the constructive parameters of
analyzer are the physical parameters of the nitrogen-hydrogen mixture, namelyr , m i ¢ — density,

dynamic viscosity and isentropic exponent of gas mixture, temperature 7 of gas mixture and supply pressure
of transducer P;n, and P,y Whose values are grounded bel ow.

Pressure of the analyzed mixture Pin, at the input of throttle scheme of analyzer is selected from the
conditions for the normal flowing modes of throttlesin the scheme and within the operating range of absolute
pressure regulators. Therefore we choose the input pressure Pj,, = 200 kPa. Pressure of gas mixture Py, at
the output of throttle scheme of analyzer must not exceed the maximum value of barometric pressure. Asthis
pressure does not exceed usually 106.6 kPa we take P, = 110 kPa. The temperature T of nitrogen-hydrogen
mixture and analyzer we determine taking into account the range of changes of ambient temperature and
temperature of gas mixture sample. To ensure the normal operation of the stabilization system of temperature
of nitrogen-hydrogen mixture and transducer elements at measuring conditions we choose T = 313 K.
Physical parameters of nitrogen-hydrogen mixture (density, dynamic viscosity and isentropic exponent) for
working conditions of gas-dynamic analyzer were calculated using Computer Aided Design of Differential
Pressure Flow Meters (CAD “Raskhod -RU”) [8].

Synthesis and design of gas-dynamic devices is based on structural optimization (choice of scheme and type of
throttle elements) and parametric optimization (choice of throttles parameters) [2]. Therefore we analyzed existing
schemes of analyzers such as scheme built on two throttle elements and throttle bridge scheme in order to select the
optimal scheme. We chose the optimization criterion — averaged sensitivity Sy. Thisisthe sensitivity at the measuring
range, which is defined as the ratio of increase of changes of output signal X,; to the increase of changes of the input
signal Xinp, of analyzer [9]:

Sj = XOUIZ B XOUtl (1)
Xinpz - Xinpl

where Xinp1, Xoun @re input and output values of the analyzer at the beginning of measuring range; Xing, Xoure areinput

and output values of the analyzer at the end of measuring range.

Averaged sengitivity S significantly depends on the scheme (structure) of gas-dynamic analyzer and the
parameters of throttles. Thus, the problem of optimization of gas dynamic analyzer of nitrogen-hydrogen mixtureisto
choose throttle scheme and such parameters of throttles that provide maximum average sensitivity S, of scheme
taking into account the limitations of supply pressure of analyzer, of characterigtics of throttle elements and of motion
mode (laminar or turbulent) of mixture in the throttle channds.
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In order to smplify the analytical solution of optimization problem, we used complex valuesB,, B; and By,
introduced in [5, 6], as variables instead of individual parameters of throttles and mixture:

d; ds . u?
Bo=— 2 p= % . g @
aq >42 xdl 054>43>d4 P

where d, ||, are diameter and length of i -th throttle; a; is flow-rate coefficient of i -th turbulent throttle; r ,nm are
the density and the viscosity of the analyzed gas mixture.

Thus, we formalized the parametric optimization problem of gas-dynamic analyzer of nitrogen-hydrogen mixture
for specified optimality criterion:
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where Q is mass flowrate of mixture through the scheme; B, i R, arethe absolute pressure at theinput and at the

output of throttle scheme; B,,Bg i Bp are the constructive and the parametrical complex values that depends on the
type of throttle and parameters of gas mixture and are determined by the formulas (2). Indexes "1" and "up" mean the
lower and the upper boundary of limitations.

We have analyzed throttle scheme that consists of a serial connection of turbulent and laminar throttles

(T-L divider) (see Fig. 1, a) and throttle scheme that consists of a serial connection of laminar and turbulent
throttle (L-T divider) (see Fig.1, b).

. 1 2 . 3 4
Pinp — P — Lout Pinp — Ps —  Pou
— —
a b

Fig. 1. Schemes of throttle dividers:
a —turbulent-laminar divider; b —laminar-turbulent divider
1, 4 —turbulent throttles; 2, 3 —laminar throttles

Calculation of parameters of the gas-dynamic analyzers built on two throttles with optimal sensitivity
was made by the analysis of mathematical models described in [4, 5] and by solving them using the method
of half division.

Figure 2 shows a diagram of the sensitivity changes of T-L divider and L-T divider depending on the
constructive complex values B, and Bg. We calculated the maximum sensitivity of T-L divider

S :-231%, that corresponds to the maximum change of output signal of analyzer — pressure
0VOl. 2

between throttles 4P =6.916 kPa at the optimum constructive complex value of T-L divider B,=4.632-10° m,
and also — the maximum sensitivity of L-T divider Sy :258%, that corresponds to the maximum
0VOl. 2

change of output signal of analyzer AP =7.742kPa at the optimum constructive complex value of L-T
divider Bg = 2.93-10° m.
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Fig. 2. Diagram of sengitivity changes
of T-L divider (curve 1) and T-L divider (curve 2)

The sensitivities of the dividers differ little between themselves and laminar-turbulent divider provides a little
higher sensitivity. It should be noted that the sensitivities S, of the dividers have different signs. This means that the
change in the composition of the nitrogen-hydrogen mixture leads to the change in pressures between throttles of L-T
and T-L dividersin opposite directions. This feature can be used in the analyzers built on the bridge scheme based on
these dividers. This alowsincreasing the sensitivity of measurement and provides zero output of the bridge scheme at
the beginning of the measurement range.

Bridge throttle scheme of gas-dynamic analyzer built on the opposite included laminar and turbulent throttles
and with differential manometer in output diagonal is shown in Fig. 3.
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Fig. 3. Bridge throttle scheme
1, 4 —turbulent throttles; 2, 3 —laminar throttles;
5 —measuring device

Throttle dividers in scheme (see Fig. 3) have a common supply: input pressure R, and output pressure
it - Mass flowrate of mixture through the throttles 1, 2, 3 i 4 and also through the measuring device 5
are marked Q;,Q,,Q;,Q, and Q;, and the total mass flowrate through the bridge scheme — Q.
When measuring device 5 is the differential manometer with hydraulic resistanceR; =¥ the flowrate
isQ; =0.

Since we realize the measuring transducer of nitrogen-hydrogen mixture on the basis of the proposed
bridge scheme in which we stabilize absolute pressures R,,, R, and temperature T of gas mixture, the

model of such analyzer consists of the model of bridge scheme [5], and equations for determining parameters
of gas mixture:

P
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where P, is pressure between throttles of T-L divider of bridge scheme; Py is pressure between throttles of
L-T divider of bridge scheme; T,, B,, r, are temperature, pressure and density of nitrogen-hydrogen
mixture under normal conditions; M ,r , m i ¢ are molecular weight, density, viscosity and isentropic
exponent of nitrogen-hydrogen mixture at temperature T; Cy, is concentration of nitrogen in mixture.

Indexes of throttle parameters mean: 1, 2 — turbulent and laminar throttle of T-L divider; 3, 4 — laminar and
turbulent throttle of L-T divider.

System (3) connects the output signa DP of gas-dynamic analyzer with throttle parameters that form the
complex values B, By, with parameters of the mixture m, r i ¢ that form the complex B, and therefore with the
input signal — the concentration of nitrogen Cy, . If throttle parameters and characteristics of gas mixture are known,

we can calculate static characterigic of gas-dynamic anayzer of nitrogen-hydrogen mixture using the proposed
model. The maximum sensitivity of scheme can be achieved if throttle parameters provide conditions B, =B, and
Bg = By - Therefore, wemust find such pair of values B, and Bg that provide maximum measuring sensitivity S
and balance of bridge scheme at the beginning of the measuring range (zero output of the bridge scheme at the
beginning of the measuring range).

Using approaches to modeling of gas dynamic devices proposed in [10] the authors devel oped the algorithms for
calculating the constructive parameters of gas-dynamic analyzer of nitrogen-hydrogen mixture to provide optimal
sensitivity of the bridge throttle scheme. To implement these algorithms, we developed programs in Matlab, the

results of which are presented below. Physical parameters of nitrogen-hydrogen mixture for working conditions of the
analyzer were calculated using Computer Aided Design “Raskhod-RU” [8].

We cal culated the optimal constructive parameter B opt for L-T divider of bridge throttle scheme of gas-

dynamic analyzer of nitrogen-hydrogen mixture. Thus, figure 4 shows the diagram of pressure Pg between
throttles via parameter Bg for L-T divider of bridge scheme. The studied interval of change of parameter Bg
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contains the maximum pressure Pg between throttles that points the optimal constructive parameter
ngpt:2.93-10'6 m for L-T divider. It was mentioned above that the value of constructive parameters of
throttle dividers should deviate from their optimal values in order to balance bridge throttle scheme at the

beginning of the measuring range. We calculated the optimal constructive parameter BBOpt:3.8177-10'6 m for

bridge throttle scheme using the designed algorithms.
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Fig. 4. Pressure Pg between throttles via parameter Bg Fig. 5. Pressure P, between throttles via parameter B,
1—for L-T divider Bgj, =2.93-10°m; 1 —for T-L divider Byg, =4.632:10°m;
2 —for bridge scheme B, = 3.8177:10°m 2 —for bridge scheme B, = 7.3112:10°m

We also calculated the optimal value of constructive parameter B, for T-L divider of bridge throttle scheme
of gas-dynamic anayzer of nitrogen-hydrogen mixture. Figure 5 shows that the studied interval of change of
parameter B, contains the maximum pressure P, between throttles that points the optimal constructive parameter

Bopt = 7.3112x40° m for T-L divider. We also calculated the optimal constructive parameter Bopt = 3.817740°m
for bridge throttle schemein order to balance the scheme at the beginning of the measuring range.

Using the developed algorithms we calculated the output signal of gas-dynamic analyzer of nitrogen-hydrogen
mixture built on bridge throttle scheme at the beginning of the measuring range (at C=0 %N,) —AP;=0, and at the end
of the measuring range (at C=30% N,) — AP,=13.766 kPa. The maximum senstivity of the bridge scheme of anayzer
Pa

iISS, =459 ———— .
% vol. N,

Therefore, using developed agorithms and programs, the authors calculated the optimal constructive parameters

B Bgopt Of bridge throttle scheme that provide optimal measuring sensitivity and the balance of bridge scheme at

Aopt »
the beginning of the measuring range ( DP = 0).

The results of investigation of throttle schemes for building of gas-dynamic analyzer of nitrogen-hydrogen
mixture with the measuring range C= 0—-30 % vol. N2 a B, =200, R,; =110 kPa, 7=313 K are presented in table 1.

We can see that the bridge scheme of gas-dynamic analyzer of nitrogen-hydrogen mixture provides nearly twice
higher measuring sensitivity (change of output signal DP =13.766 kPa) than the schemes built on T-L divider (change
of output signal DP =6.916 kPa) or L-T divider (change of output signal DP =7.742 kPa). Thus, we can conclude that
bridge throttle scheme should be applied for building the gas-dynamic analyzer of nitrogen-hydrogen mixture,
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because it has almost twice higher measuring sensitivity than the other schemes and provides balance at the beginning
of the measuring range.

Table 1. The results of investigation of throttle schemes for building of gas-dynamic analyzer of nitrogen-hydrogen mixture with the measuring
range C= 0-30 % vol. N, at Pin=200 kPa, Po,=110 kPa, 7=313 K

. . Sengitivity
Sheme SrudUre Optimal constructive parameters o Change of output signdl,
> AP = Xouz- Xau, kPa
BAOpt’ m BBopt »m % 06N 2
T-L divider 4.6320-10° - 230 6.916
L-T divider - 2.9300-10° 258 7.742
Bridge scheme 7.3112-10° 3.8177-10° 459 13.766

Taking into account the requirement of ammonia production technology and simulation results, the authors
developed the principle scheme of the gas-dynamic analyzer of nitrogen-hydrogen mixturethat is shown in Fig. 6.

Fig. 6. Principle scheme of gas-dynamic analyzer of nitrogen-hydrogen mixture
1, 4 —turbulent throttle; 2, 3 —laminar throttle; 5 —removable throttle; 7 — variable throttle;
6 — measuring device; 8, 9 — stabilizers of absolute pressure “to themselves’;
10 —thermostat; 11— heat exchanger; 12 — reducer; 13 — dehydrator; 14 —filter

The analyzer is built on the bridge throttle scheme consisting of two turbulent throttles 1 and 4 and two laminar
throttles 2 and 3. The removable laminar throttle 5 is provided for theinitial balancing of bridge scheme. The output
diagonal of bridge scheme includes measuring device 6.

Before nitrogen-hydrogen mixture comes to the input of analyzer, it undergoes special treatment. Reducer 12
reduces the pressure of the gas mixture to a specified value B, =200 kPa. Gas mixture is purified from drops and

water vapor in dehydrator 13 in order to improve the accuracy of measurement. Filter 14 also purifies the mixture
from the solids that can block the throttle holes.

The scheme of gas-dynamic analyzer includes the pressure stabilization system that includes a variable throttle 7
and two stabilizers of absolute pressure 8 and 9 to compensate for the effects of pressure fluctuations of nitrogen-
hydrogen mixture. All items of gas-dynamic analyzer are placed in the thermostat 10 to compensate for the
fluctuations of environment temperature. Heat exchanger 11 is installed before the bridge scheme.

The analyzer works as follows. When the composition of nitrogen-hydrogen mixture changes its physica
properties density r and viscosity n also change and this causes a change of gas dynamic resistances of bridge
scheme. As a result the output signal of bridge scheme DP =P, - B; also changes. It is measured by differentia
manometer 6. Thus, each composition of the gas mixture corresponds to the certain value of the output signal DP of
bridge throttle scheme.

The influence of uninformative parameters such as temperature and pressure of nitrogen-hydrogen mixture on
output signal of analyzer isanalyzed and measures for their stabilization are proposed to build the principal scheme of
gas-dynamic analyzer of nitrogen-hydrogen mixture. It was found that change of temperature of nitrogen-hydrogen
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mixture for 1 °C causes the maximum change of output signal of bridge scheme at about 0.63 % val. N,, separate or

simultaneous change of input pressure R, or output pressure R, for 50 Pa causes the maximum change of output

signal of bridge scheme at about 0.23 % vol. N,. Therefore, during the stahilization of the considered parameters of
analyzer at thevalues T =313K , B, =200 kPa, P,, =110kPait is necessary to ensure the accuracy of temperature

stabilization +0.2 °C, and the accuracy of pressure stabilization — 50 Pa.

The authors propose to apply the following technical means to realize the developed scheme (see Fig. 6):
stabilizers of absolute pressure SAD-307 — to stahilize the pressure at the input and output of bridge scheme; pressure
differential sensor Siemens Sitrans P Series DSIII — to control the output signal of bridge scheme. Glass capillary
tubes [11] are proposed to use as the laminar throttles as well as clock stonetype SC [12] as turbulent throttles.

The authors determined the constructive parameters of turbulent and laminar throttle elements based on the
values of optimal complexes B, and By by the selection of the ratio of dimensions at their different values. The
diameters of turbulent throttles and diameters and lengths of laminar throttles were calculated using developed
algorithms, Flow-rate coefficient of turbulent throttle for nitrogen-hydrogen mixture was determined from
experimental data given in [12]. Calculated constructive parameters of throttle elements of bridge scheme of gas-
dynamic analyzer aregivenin table 2.

Table 2. Constructive parameters of throttle elements of bridge scheme of gas-dynamic analyzer of nitrogen-hydrogen mixture

Constructive parameters Turbulent throttles Laminar throttles Rfm?)\t/t?gl €
1 4 2 3 5
Diameter, d, mm 0.082 0.082 0.240 0.240 0.240
Length, I, mm - - 84.36 154.56 7
Flow-rate coefficient, a 0.8 0.8 - - -

We calculated static characteristic of gas-dynamic anayzer of nitrogen-hydrogen mixture with measuring
range C=0-30 % vol. N, (see Fig. 7) taking into account optimal constructive parameters B, Bgoy Of bridge

scheme. We can see that static characterigtic of gas-dynamic analyzer is nearly linear and there is dight nonlinearity
only at the beginning of the measuring range from 0 to 5% vol. No.

AP, 14 : : : : :
kPa - - - - -
12 femmmeies S SRS SRR SO S S .

1] — S— SRR SR S G S .

0 i i i i i
i 5 10 15 20 25 w C%

Fig. 7. Cdculated static characteristic of gas-dynamic analyzer
of nitrogen-hydrogen mixture

The next tasks for the investigation of developed gas-dynamic analyzer of nitrogen-hydrogen mixture are to
make the decision on layout of laminar and turbulent throttles, to choose the scheme of their assembly, to devel op the
basic design of the device, to make experimenta studies of the andyzer and to compare its calculated and
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experimental calibration characteristics. The authors analyzed different variants of composition of the analyzer in
order to reduce the size of the analyzer and to reduce dead zones in its channds, to increase performance and to
improve thermal stabilization condition. We recommend implementing the gas-dynamic analyzer with the output
signal of pressure differential asa compact module that contains all eements.

5. Conclusion

Mathematical model of gas-dynamic analyzer of nitrogen-hydrogen mixture built on bridge throttle scheme
using laminar-turbulent and turbulent-laminar throttle dividers is developed in the paper. It was found that the
developed analyzer has twice higher sendtivity than anyone of these dividers. The authors developed a principal
scheme of the gas analyzer of nitrogen-hydrogen mixture and calculated its satic characteristic. There are selected the
types of throttle elements, calculated their dimensions. The influence of uninformative parameters, such as
temperature and pressure of nitrogen-hydrogen mixture on output signal of anayzer is analyzed and measures for
their stabilization are proposed. The authors aso proposed tasks for the experimental investigation of devel oped gas-
dynamic analyzer.
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I'azopuHaMiyHMii aHATI3ATOP CKJIALYy A30TOBOAHEBOI CyMiLli
NMPOMMCJIOBOI0 NPU3HAYECHHS

I"anuna Mariko, €Bren Ilictyn
Hayionanvnuii ynisepcumem “ Jlosiecoka nonimexnixa” , éyn. C. banoepu 12, Jlvsis, 79013, Vipaina

AHoTalifa

Po3pobneno maremaTtndHy MOJeNb Ta30[MHAMIYHOIO aHalizaTopa CKJIaJy a30TOBOIHEBOI cymimni Ha 0asi
MOCTOBOI JIDOCEJIbHOI CXE€MH i3 JIaMiHaApHO-TYpOYJIEHTHUM Ta TypOyJeHTHO-JaMiHAPHUM MOMAITbHUKAMH.
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BcraHoBieHO, 1110 4YTIMBICTh TAKOTO aHAIII3aTOpa € BJBIYi BUIIIO0, aHIX IiJ] YaC 3aCTOCYBaHHS OY/Ib-SIKOTO OHOTO 3
IMX TMOMIMBHUKIB. P03po0JeHO anroput™Mu Jisi PO3PAaXyHKY KOHCTPYKTHBHHMX TapaMeTpiB ONTHMAJbHOTO 32
YYTIMBICTIO Ta30[MHAMIYHOIO aHaJli3aTopa CKJIaay a30TOBOAHEBOI CyMillli, BHKOHAaHOro Ha 0a3i MOCTOBOL
JPOCETbHOI CXeMH. BHOpaHO THMH APOCENBHHUX EJIEMEHTIB MOCTOBOI CXEMH Ta PO3PaxOBaHO 1X KOHCTPYKTHUBHI
PO3MIpH Ta 3aIllpOIIOHOBAHO TEXHIYHI 3acOo0M JUIsl peajrizalii cxeMH rasoaHajiizaropa. 3amporOHOBAaHO IPUHIUIIOBY
CXeMy Tra30/IMHaMIYHOro aHajlizaTopa CKJIaJy a30TOBOJHEBOI CyMillli HA MOCTOBIH JIpOCENBHIN CXeMi Ta HaBelIeHO
HOro pO3paxyHKOBY CTaTHYHY XapaKTePUCTHKY. [IpoaHami3oBaHO BIUIMB HEIH(QOPMATHBHHX MapaMeTpiB, a came
TEMIIEPaTypH 1 THCKY a30TOBOJHEBOI CyMIllll HA BUX1THUH CUTHAJ Ta30[JMHAMIYHOIO aHali3aTopa Ta 3alpolOHOBAaHO
3axoau oo ix crabimizamii. CPopMynbOBaHO 3aBIaHHS U E€KCIIEPUMEHTAIBLHOTO JOCHTIHKEHHS! PO3po0JIEHOro
ra30MHAMIYHOTO aHai3aTopa CKIIaJy a30TOBOIHEBOI CyMIiIlri.

Kiro4oBi cjioBa: ra3omuHaMivyHHIA aHAI3aToOpP; a30TOBOAHEBA CYMIIIl; MOCTOBA JAPOCENIbHA CXeMa; MPOCETbHUIN
MOJIUTBHUK; IPOCEINTb; YyTJIUBICTh.



