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Abstract. The paper investigates the influence of the productivity of plasma-chemical
processing of carbon-hydrogen containing raw material and initial parameters of syngas on the
performance of syngas cooler. The syngas cooler consists of a sequentially located radiation
section, a preliminary convective section, a steam superheater, a main convective section, an
economizer, and an autonomous water cooler. To determine the operating parameters of the
syngas cooler, a well-known methodology based on the solution of heat transfer and heat
balance equations was used. The main performance indicators of the basic cooler design (steam
capacity, superheated steam temperature, heat utilization coefficient of syngas) were
determined for the ranges of 100 - 400 m¥h and initial temperature of syngas 2000 °C. The
research results were summarized in the form of analytical dependence of the total area of heat-
exchange surface of the cooler on the flow rate of syngas in the range from 100 to 400 m?/h,
which can be used in optimization of equipment for plasma-chemical technology of hydrogen
production at minimum of total costs.

1. Introduction

Currently, the issues of syngas production from carbon-hydrogen containing raw materials are of
increasing interest to researchers. Various technologies with appropriate equipment have been
developed [1-9]. At the same time, the cooling of produced syngas remains a serious problem, which
many researchers are focused [10-15].

Due to the high energy intensity of plasma process, it is necessary not only to cool syngas to a
given temperature, which is limited by the subsequent processes of syngas purification from solid
particles and syngas separation to obtain hydrogen, but also to maximize the use of extracted heat,
which should be returned to plasma-chemical process. An obvious solution to this problem is the use
of a syngas cooler (SGC) capable of producing superheated steam.

At the same time, peculiarities of plasma technology of hydrogen production create certain
difficulties for practical realization of such a solution. Due to the fact that the main components of
produced gas are hydrogen and carbon monoxide, which are diathermic gases, in the radiating part of
the cooler heat removal is possible only by radiation from slag particles. This leads to a decrease in the
efficiency of the cooling process in the radiation part of the SGC.
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The purpose of this work is to determine the influence of initial parameters of syngas and plasma
plant performance on the SGC parameters.

2. Methods
For the conditions of the laboratory plasma-chemical gasification unit, the SGC scheme with the
layout typical for utilizer boilers (UB) was chosen (figure 1) [10, 14].

The hot syngas from the bottom of gasifier flows down through the radiation section of the cooler
(1). High pressure steam is generated in pipes that create a heat exchange surface around the perimeter
of cylindrical gas flow zone. The molten slag particles are cooled by gas flow to slag solidification
temperature and fall into the bowl (8) at the bottom of the cooler, from where they are removed for
further utilization.

hot syngas
from reactor

b

cooled syngas

‘:> for separation

[

8

Figure 1. Schematic diagram of the SGC: 1 - radiation section (RS); 2 - preliminary
convection section (PCS); 3 - superheater (SH); 4 - main convection section (CS);
5 - economizer (EM); 6 - autonomous water cooler (WC); 7 - connecting channel;
8 - slag bowl.

The syngas flows through the radiation section in connecting pipeline (7) to the convective syngas
cooler, where high pressure steam is also generated. To protect the superheater (3) from high
temperature, a preliminary convection section (2) is located in front of it. The main convection section
(4) is located after the superheater. In the convective sections of the cooler, the syngas flows through
pipe packages with a corridor arrangement of pipes.

Chemically purified water in the form of vapor-water mixture circulates in the evaporating surfaces
of the cooler and removes heat from the syngas.

The water feeding the SGC is heated in an economizer (5). The final cooling of the syngas takes
place in an autonomous water refrigerator (6), which is not intended for steam production. In this
refrigerator, industrial water is used as a heat transfer medium. The cooled syngas flows from the SGC
to the gas cleaning unit to remove the remaining solid particles and compounds. To determine the
SGC operation parameters, the previously approved approach to the calculation of industrial gas
coolers based on the solution of heat transfer and heat balance equations was used [16].

As initial data, taking into account the limitations, the following are specified: 1) composition,
guantity and temperature of gas before the cooler; 2) maximum temperature of syngas at the outlet
from the radiation part of the SGC; 3) maximum temperature of syngas before the superheater; 4)
maximum temperature of gas after the cooler taking into account the subsequent process of separation
of the gas mixture; 5) pressure of superheated steam produced in the SGC and its temperature.
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Due to the fact that most of the heat transfer parameters depend on the value of syngas temperature
at the outlet of the calculated section, the calculation is performed by the method of successive
approximations.

The syngas temperature tgy at the outlet of the design section is set and the enthalpy change at this
section is determined. The heat balance equation for gases determines the heat to be removed from the
syngas at this section, and the heat transfer equation determines the required surface area of the section
to remove this heat.

To calculate the total heat transfer coefficient on the syngas side, the heat transfer coefficient by
radiation is determined, for which the total attenuation coefficient k of syngas in the presence of soot
particles is calculated.

In the radiative part of the cooler, convective heat transfer from gases to the screen is negligibly
small compared to the radiant heat transfer, so convective heat transfer is not taken into account in the
section of radiating surfaces. In the convective part of the cooler, the conditions of heat transfer from
syngas to tube surfaces change. In particular, the temperature of syngas decreases significantly, which
decreases the heat transfer by radiation, while the turbulization of the flow around tubular surfaces
leads to increase in the convective component of heat transfer. As a result, the role of convective heat
transfer increases significantly.

The convective heat transfer coefficient for gas-washed tube packages is determined using criterion
equations, depending on the conditions of the heat transfer process and the cooling surface layout [17].

The following data are taken as initial data: gas temperature before the cooler is 2000 °C,
productivity of the plasma-chemical gasification unit is 200 m%h of syngas, pressure of the produced
superheated steam is 1 MPa with temperature 300-350°C. Steam with such parameters is used in
plasma process during gasification, besides it can be used in municipal and domestic sphere.

The design dimensions of individual parts of the SGC were selected taking into account the UB
design practice [18]. The diameter of the radiative part of the SGC was taken to ensure sufficient
thickness of the dusty radiating gas layer and minimum hydraulic resistance of the channel. For the
convective part of the cooler, a corridor arrangement of heat-exchange tubes was used with a step
providing the recommended gas velocity in the intertube space.

The area of heat-exchange surfaces was calculated taking into account the recommendations [19]
on syngas temperature along the flow. Thus, the temperature of gases before the convective part
should not exceed 1300 °C (melting temperature of solid slag particles carried away from the reactor
together with gases). The temperature of syngas before the superheater should not exceed 600-700 °C,
and the temperature at the SGC outlet should not exceed 60 °C (limiting for the subsequent process of
separation of the gas mixture).

Preliminary studies have shown that for the case of the classical SGC layout, when the economizer
(EM) is closing, it is impossible to cool syngas to less than 110 °C. This is due to the fact that feed
water after thermal deaeration enters the economizer at a temperature of 100 °C. Therefore, an
autonomous water cooler was provided after the EM, which is designed to reduce the SG temperature
to the temperature of 50-60 °C.

Table 1 shows the design characteristics of the SGC sections, obtained on the basis of the
calculation methodology and for the accepted initial data.

Table 1. Design characteristics of the basic SGC design.

Parameter RS PCS SH CS EM WC
Section area, m? 5453 1.645 1645 3.290 3.2899 8.2248
Section diameter/width, m 0.579 0.409 0.409 0.409 0.409 0.409
Pipe diameter, mm - 32 32 32 32 32
Number of pipe rows, pcs:

- in width - 10 10 10 10 10

- in length - 4 4 8 8 20
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3. Results and discussion
Since the heat transfer conditions depend on syngas flow rate and temperature, in order to assess their
influence on the SGC performance, the basic design of the cooler was calculated in the range of
possible capacities and temperatures of syngas supplied for cooling.

Figures 2-3 show the calculation results of the main parameters of the basic SGC design for the
range of plasma-chemical plant productivity from 100 m3/h to 400 m%/h.
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Figure 2. Dependence of steam capacity in the basic SGC design
on syngas flow rate.
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Figure 3. Temperature dependence of superheated
steam in the basic SGC design on syngas flow rate.

The analysis of the results showed that the dependence of the SGC steam capacity on syngas flow
rate is linear - steam capacity increases with the growth of syngas flow rate (figure 2). At the same
time, the temperature of superheated steam increases nonlinearly with increasing syngas flow rate
through the SGC and rises from 295°C at 100 m%h to 357°C at a flow rate of 400 m*/h (figure 3).

In this case, the initial heat utilization coefficient (HUC) of syngas, which is the ratio of enthalpy of
superheated steam to enthalpy of syngas at the SGC inlet, has a noticeable maximum area (86.90-
87.02%) in the range of syngas flow rate 200-300 m/h (figure 4).
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Figure 4. Dependence of the HUC of the basic SGC
design on syngas flow rate.

Figures 5-7 show the effect of initial syngas temperature on the performance of the basic SGC
design at a nominal gas flow rate of 200 m%/h.

Figure 5 shows the temperature distribution in the basic SGC design at different initial syngas
temperatures. As can be seen from the figure, the initial gas temperature has a significant effect only
on the RS. This is due to a sharp decrease of the radiant heat flux to the SGC walls as the temperature
of syngas decreases. However, already after PCS, the temperature distribution over the sections does
not differ much by variants. It is noteworthy that in all cases syngas temperature at the SGC outlet has
the same value equal to +54 °C. This is explained by the sufficient heat exchange surface area of the
convective part of the SGC and high heat transfer coefficients to the steam-water mixture.

As can be seen from figures 6 and 7, with decreasing initial syngas temperature, the steam capacity
and HUC of the basic SGC expectedly decrease, while the superheated steam temperature on the
contrary increases (figure 6).
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Figure 5. Syngas temperature distribution along the heat exchange surfaces in the
basic SGC design depending on the initial temperature of syngas.
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Figure 7. Dependence of the HUC of the basic SGC design
on the initial temperature of syngas.

Analysis of the results shows that deviation of syngas flow rate from the nominal flow rate leads to
changes in steam capacity and temperature of superheated steam. In turn, this affects both the process
and the operation of third-party consumers of superheated steam.

Thus, the study of regularities of the SGC operation showed that when reducing the flow rate from
the nominal value (200 m%h) to 100 m%/h, the temperature of syngas decreases from 54 °C to 46 °C
(by 14.81%). Increasing the syngas flow rate from the nominal value to 400 m?h leads to an increase
in syngas temperature behind the SGC from 54 °C to 67 °C (by 24.07%), which may have a negative
impact on the efficiency of the separation process of H in the gas separation unit.

With reduction of syngas flow rate from nominal value (200 m3h) to 100 m?/h, steam capacity
decreases from 118.836 to 46.459 m%/h (by 60.90%). At increase of flow rate from nominal value to
300 m®/h steam capacity increases up to 195.755 kg/h (by 64.73%). And at syngas flow rate equal to
400 m3/h steam capacity reaches 273.302 kg/h (increases by 129%). At the same time, it was assumed
that the hydraulic resistance of the path does not exceed the capabilities of the draught blowing
equipment of the basic SGC design and the flow of gases through the SGC is ensured.

The change of syngas temperature at the inlet to the SGC has no critical influence on the cooler
performance. However, at lowering of syngas temperature from 2000 °C to 1800 °C, steam capacity
decreases from 118.836 to 113.563 kg/h (by 4.44%). When the temperature is further decreased from
1800 °C to 1600 °C, the steam capacity decreases from 113.563 to 106.575 kg/h (by 6.15%). Finally,
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when the temperature changes from 1600 °C to 1400 °C steam capacity drops to 97.633 kg/h (by
8.39%).

At the same time, fluctuations of syngas flow rate and its initial temperature do not significantly
affect the superheated steam temperature. It remains practically unchanged (325- 333 °C) and is within
the error of this engineering calculation (2.46%).

To assess the possibility of scaling the considered SGC design, calculations of SGC for operation
with nominal flow rate in the range of productivity of plasma-chemical plants on syngas from 100 to
400 m® /h at unchanged initial temperature of entering for cooling syngas 2000°C, were performed.
The results of calculations are given in table 2.

Table 2. The SGC design characteristics for different nominal capacities and design performance data.

Syngas L The SGC structural parts
flow @ Dsc, Tss, HUC, DSC/VO!
e, & Rs pcs  SH cs EM wc kihoCo % kgm?
mih £

ty 1029 528 386 239 168 54
100 F 3.817 1.047 1.047 2.094 2.094 5.234 59.3 326 86.81 0.593

Fs  3.817 4.864 5.911 8.005 10.099  15.333

ty 1025 524 383 237 167 54
200 F 5.453 1.645 1.645 3.29 3.290 8.225 118.836 324 86.90 0.594
Fs  5.453 7.098 8.743  12.033  15.323  23.548

ty 1030 529 387 239 168 56
300 F 6.682 2.540 2.540 5.080 4838 12.096 178.651 326 86.83 0.596
Fs  6.682 9.222 11.762 16.842 21.68  33.775

ty 1029 533 390 241 169 55
400 F 7.911 3.255 3.255 3.255 6.51 16.274 235922 328 86.69 0.590
Fs 7911 11166 14421 20.931 27.441 43.715

* ty—syngas temperature at the outlet from the relevant SGC structural part, °C; F— SGC section area, m?;
Fs— total area of heat exchange surfaces of SGC, m? Vo— syngas flow rate at the SGC inlet under normal
conditions, m3/h; Dy /V, — specific steam capacity, kg/m?3.

Analysis of the results showed that SGCs designed for plants with different nominal capacity, in all
cases provide the specified parameters of cooled syngas, the temperature behind the SGC is not more
than 54-56° C. At the same time, the specific steam capacity is in the range of 0.590-0.596 kg/m® of
gas, and the superheated steam temperature is practically unchanged and is 326-328°C, the HUC of
the SGC is in the range of 86.69-86.90%.

Depending on the nominal syngas flow rate for which the SGC is designed, the areas of heat
exchange surfaces of the radiative and convective parts of the SGC change. Thus, figure 8 shows the
dependence of Fs — the total area of the SGC heat-exchange surfaces and F~ - the area of the SGC heat-
exchange surfaces (without taking into account the area of autonomous water cooler) on the syngas
flow rate. As can be seen from figure 8, both areas increase with increasing plant capacity. At the
same time, Fs increases to a greater extent, which is due to the low intensity of heat exchange in the
autonomous water cooler section due to the small temperature difference “syngas -water”.

On the basis of calculated data, the analytical dependence of the total area of the SGC heat-
exchange surface on syngas flow rate in the range from 100 to 400 m3/h was obtained, which can be
used in setting and solving the optimization problem of equipment for plasma-chemical technology of
hydrogen production on the minimum of total costs:

Vo ) Vo )2 Vo
Fo=-0.3840- -2 | +3.3111-| 2 | +0.9695-| ~O |+11.4364,
100 100 100

where F; — the total area of the SGC heat-exchange surfaces, m2.
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4. Conclusions

For the conditions of plasma-chemical processing of carbon-hydrogen containing raw materials and
selected cooler layout, the influence of initial syngas parameters and plant productivity on the SGC
performance was established.

Rational sizes of separate heat-exchange surfaces of the SGC with account of initial and final
parameters of syngas were determined.

The analytical dependence of total area of the SGC heat-exchange surface on syngas flow rate in
the range from 100 to 400 m*h was obtained, which can be used in solving the problem of
optimization of equipment for plasma-chemical technology of hydrogen production according to the
minimum of total costs.
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