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coal reserves that are unfeasible to mine may be utilized by UCG technology. The
process can be categorized according to the material injected air-steam injection,
oxygen-steam injection. Both categories have their advantages and drawbacks and the
process oxygen-steam injection was selected as being more economical. The project
being relatively new is still in an experimental and research stage. Thus, the approach
of the research throughout is experimental. In this research, formed several models
using software like MathCAD and MS Excel that might be useful for further researchers
and designers to improve the process.
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1. Introduction

The recently there came a report in the leading newspapers that Pakistan is rich in coal deposits
and we should use it for the generation of electricity but another leading factor that people are
overlooking is that the gas reserves in the country are depleting and that there would be no
alternative to it. The fertilizer industry is a major user of the natural gas. So, we thought that if we
could provide an alternative source of energy through coal, it would be very beneficial for our country
as there are vast coal reserves in Pakistan. When the nation is confronting a vitality shortage of
thousands of megawatts and power blackouts have injured each circle of life, one would have
believed that the government would burn through no time in abusing the Thar coal reserves [1-2].

As indicated by atomic researcher, the coal stores can empower the nation to create 50,000MW
for a long time. It involves incredible worry that despite what might be expected, personal stakes are
attempting to obstruct the venture. Happening in rock strata in layers or veins called coal creases or
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coal beds. The harder structures, like, anthracite coal, can be observed as transformative stone due
to later introduction to raised temperature and weight. Coal is made basically out of carbon along
with factor amounts of various components, essentially sulfur, oxygen, hydrogen and nitrogen. The
formation of coal is shown in Figure 1 [3-4]. As plants and trees decay, their remaining parts sank to
the base of the territories, gathering layer upon layer and in the long run shaping a thick, saturated
material known as peat [5-6]. The weight from overlying dregs that cover a peat bed will minimal the
coal. Peats change to second rate lignite once they are packed to about 20% of their unique thickness.
Lignite commonly changes to bituminous coal as it is packed further and warmed to somewhere in
the range of 100 and 200°C. This efforts a great part of the water and different volatiles from the
coal. Longer presentation to raised temperature will additionally drive volatiles from the coal, and
drive synthetic responses that produce Anthracite. Anthracite coals are normally packed to 5-10% of
the first thickness of the peat bed, and comprise 10% water and different volatiles. Coal is frequently
found in beds around a meter or more in thickness that are far reaching in degree. These are regularly
extracted to extricate the coal for use as a non-renewable energy source [7-8].

HUGE FORESTS GREW AROUND
300 MILLION YEARS AGO
COVERING MOST OF THE EARTH

THE VEGETATION DIES AND
FORMS PEAT

THE PEAT IS COMPRESED BETWEEN
SEDIMENT LAYERS TO FORM LIGNITE

FURTHER COMPRESSION
FORMS BITUMINOUS AND
SUBITTUMINOUS COAL

EVENTUALLY ANTHRACITE FORMS

Fig. 1. Coal formation

In-situ gasification strategies have not been effective so far as business usage methods. Over 60%
of coal creation, when all is said in done around the world, is devoured for making of electric force
while 25% is utilized for the production of metallurgical coke. Productions containing concrete and
paper factories, synthetic plants, household and other warming establishments [6, 9].

In spite of the fact that coal has enrolled a slight interfered with as a wellspring of vitality because
of expanded portion of natural gas, petroleum products, atomic force and sun based/wind vitality
still it keeps on being a key source of vitality uncommonly for power generation. Concrete and force
plants are progressively being changed over to coal around the world. Now, the portion of coal in
world power utilization is about 38%. This projection represents 33% of the world's absolute
increment in vitality utilization and 90% of world's complete increment in coal use. Pakistan's offer
in it has still to be resolved. Coal is a cheap indigenous vitality asset and, after the revelation of 175.5
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billion tons of coal in Thar zone, Pakistan's coal potential power has expanded complex. It is foreseen
that, if appropriately exploited, coal assets may create over 100,000 MW of power for the following
30 years in Pakistan [9-10]. There are immense assets of coal in each of the four provinces of Pakistan
and in Azad Kashmir. As per harsh appraisals, the absolute coal stores are more than 185 billion tons.
Coal holds with warming qualities are given in Table 1 and qualities of coal present in Pakistan are
present in Table 2 [5, 11-12].

Table 1
Coal resources and its heating values

Province Resources in Million Tones Heating value (Btu/lb)

Sindh 184623 5219-13555

Punjab 235 9472-15801

Baluchistan 217 9637-15499

NWEFP 91 9386-14217

AJK 9 7336-12338

Total 185175
Table 2
Qualities of coal present in Pakistan

. Balochistan Punjab
(S;_Eil:) (Sor-Range and (Sargodha and :\‘/Zth(el-:::)gu AJK
Degari Coal) Jhelum)
Moisture (%) 29.60-55.50 3.90-18.90 3.20-10.80 0.10-7.10 0.20-6.00
Ash content (%) 2.90-11.50 4.90-17.20 12.30-44.20 5.30-43.30 3.30-50.00
xj’;at"e MaAter  23.10-36.60 20.70-37.50 21.50-38.80 14.00-33.40 5.10-32.00
(o]
Fixed carbon (%)  14.20-34.00 41.00-50.80 25.70-44.80 21.80-76.90 26.30-69.50
Sulfur (%) 0.40-2.90 0.60-5.50 2.60-10.70 1.10-9.50 0.30-4.80
(HBetzt/'llg) value 10723-11353  11245-13900 9472-15801 9386-14217 7336-12338
. Lignite B to Sub-bituminous . . . . Sub-

Quality of coal Lignite A to bituminous Sub-bituminous  Sub-bituminous bituminous
Quantity (Million
Tones)
:\:jiaczutreedd 2700 15 50 2 1
Inferred 9395 16 16 5 1
Hvoothetical 50706 19 147 84 7
Tg’:’al 112705

175506 50 213 91 9
Thickness of coal  » 28 0.3-2.3 0.3-15 3.5 0.6

bed (m)

Figure 2 shows the chemical structure of coal. Kinds of coals incorporate peat, lignite, bituminous,
sub-bituminous, anthracite, steam and graphite. Peat is viewed as a forerunner of coal. In its dried-
out structure, peat is a profoundly successful permeable for oil and fuel slicks ashore and water.
Lignite, additionally alluded to as darker coal, is the most reduced position of coal and utilized only
as fuel for electric force age. Sub-bituminous coal properties extend from lignite to bituminous coal,
are utilized principally as fuel for steam-electric power generation. Also, it is a significant wellspring
of light sweet-smelling hydrocarbons for the synthetic combination industry. Bituminous coal, thick
sedimentary stone, dark however some of the time dim darker, frequently with well-characterized
groups of splendid and dull material, utilized principally as fuel in steam electric power generation,
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with considerable amounts likewise utilized for force and heat usages in assembling and to make
coke. Steam coal is an evaluation concerning bituminous and anthracite coal, when broadly utilized
as a fuel for steam trains. Anthracite, the most elevated position; lustrous, a harder, dark coal utilized
basically for business and private space warming. Graphite, in fact the most noteworthy position,
however hard to touch off and isn't so regularly utilized as fuel: it is for the most part utilized in
pencils and, when powdered, as an oil [13-14].

MO

Fig. 2. Chemical structure of coal

This classification shows the transition stages of coal from lignite to anthracite. The center 6
grades coal in the Table 3 present a dynamic progress from the sub-bituminous coal to bituminous
coal. A more vitality proficient method for utilizing coal for power generation would be by means of
strong oxide energy components or liquid carbonate power devices (or any oxygen particle transport
based energy units that don't separate among fuels, if they devour oxygen), that would have the
option to get 60% to 85% joined effectiveness (direct power + squander heat turbine). As of now
these fuel cell innovations can just make gaseous fuels, and delicate to sulfur harming, issues that
initially turned out before enormous business achievement conceivable with coal [15-16].

Table 3

Classification of coal by weight percent

Name Volatiles % Carbon % Hydrogen % Oxygen % Sulfur % Heat content kl/kg
Lignite 45-65 60-75 6.0-5.8 34-17 0.5-3 <28470
Gas flame coal 35-40 82-85 5.8-5.6 9.8-7.3 ~1 <33910
Gas coal 28-35 85-87.5 5.6-5.0 7.3-4.5 ~1 <34960
Flame coal 40-45 75-82 6.0-5.8 >9.8 ~1 <32870
Forge coal 14-19 89.5-90.5 4.5-4.0 3.2-2.8 ~1 <35380
Fat coal 19-28 87.5-89.5 5.0-4.5 4,5-3.2 ~1 <35380
Non baking coal 10-14 90.5-91.5 4.0-3.75 2.8-3.5 ~1 35380
Anthracite 7-12 >91.5 <3.75 <2.5 ~1 <35300

Coal gasification can be utilized to deliver syngas, a combination of hydrogen (H;) and carbon
monoxide (CO) gas. This syngas would then be able to be changed over into transportation fills like
gas and diesel by Fischer-Tropsch process. On the other hand, the hydrogen acquired from
gasification can be utilized for different purposes, for example, driving a hydrogen economy,
redesigning non-renewable energy sources or making ammonia. In gasification, the coal is mix with
oxygen and steam however additionally being warmed and pressurized. Throughout the reaction,
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water and oxygen particles oxidize the coal into CO and discharging H2 gas. This procedure has been
directed in underground coal mineshafts and in coal processing plants [8, 16]. Coal was changed over
to produce coal gas, was supplied to consumers to consume for light, warming, and cooking.

Coal + H,0 +O; - CO + H; (1)

Coal liguefaction techniques include CO; discharges in the conversion procedure. If coal
liqguefaction is managed without utilizing carbon catch and storage innovations or biomass mixing,
the outcome is lifecycle ozone depleting substance impressions that are commonly more significant
than those discharged in the extraction and refinement of fluid fuel creation from crude oil. For future
research, CO; sequestration is proposed to abstain from discharging it into the environment and add
to the expense of production.

Underground Coal Gasification (UCG) is the procedure in which coal is changed over in situ into a
combustible gas that can be utilized as a chemical feedstock or fuel. It is a procedure to change over
unmixable underground coal into flammable gases (ignitable syngas) by gasifying. UCG utilizes a
comparative procedure to surface gasification. As a strategy for exploiting coal, UCG signifies natural
enhancement for the mix of surface combustion of coal and coal mining. It is additionally more secure
and effective [5, 17]. The essential UCG process includes boring two wells into the coal, first for
infusion of the oxidants (water/oxygen blends) and other well for some separation away to get the
product to the surface. Coal is gasified below the ground by making a connection by the coal seam
amid the infusion and production wells and infusing water and air in the underground zone. The
infused gases respond with coal to shape a combustible gas that transported to the surface of
production well, cleaned and utilized as a fuel or substance feedstock. A cavity is shaped as the coal
consumes and the rooftop breakdown. This outcome in horizontal development and is permitted to
proceed till the gas quality of product disintegrates. The more prominent the sidelong development,
the more drawn out the life of a gasifier and the will be more economical. At the point when the
product gas quality decreases, crisp coal is touched off more along the infusion well. When the coal
inside the earth gasifier has been depleted, new infusion and creation wells are bored and the
procedure is rehashed [1, 5].

Infusing O as opposed to air diminishes the N; substance and increases the heating rate of the
delivered gas to the 'medium-Btu’ gas range is around one-fourth of petroleum gas. If the objective
is high-Btu gas (SNG), the level of CH4 in the formed gases should be supported. For CHs development
in UCG, two extra advances are requisite. In the first place, a portion of the CO produce in the
gasification procedure is responded with steam to frame extra H,. This progression, termed as move
change, sets up the best possible proportion of gases for the following stage known as methanation.
The hot gas in this manner created is permitted to go through the coal crease to the leave boreholes
and is conveyed to the surface from where it is overhauled and cleaned for use.

The gasification contrasts from combustion, happens when coal is scorched in overabundance
oxygen to create CO, and H,O. One more significant distinction among coal burning and coal
gasification is in toxin development. The decreasing air in gasification changes over S from N to NH3
and coal to H,S, while oxidation built sulfur dioxide and oxides of N». The principle gases created are
CO;, Hz, CHs and CO and 0. CHs is basically a result of pyrolysis, instead of gasification. Its
development is supported by high pressure and low temperature [2, 18].

In a hypothetical examination of the gasification procedure, the Autothermal Chemical
Equilibrium (ACE) condition exists. In this condition the conversion proficiency of the gasified coal
and heat estimation of the product gas (concoction vitality of item gas/synthetic vitality of gasified
coal) is a greatest. At high pressures and temperatures (state 5MPa, 900°C), ACE conditions are drawn
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nearer quickly however at lower temperatures and constrains an opportunity to accomplish
equilibrium significantly surpass the residence of the gases in the gasifier and subsequently ACE won't
be achieved [11, 19]. The essential reactions can be summed up to a basic empirical structure:

C + 02 > CO; (+heat) (2)
C + CO; (+heat) > 2CO (3)
C + Hy0 (+heat) > H, + CO (4)
C + 2H; > CHg (+heat) (5)

The gasification circuit involves a stream connect to be accomplished between a production well
and infusion. Establishment of well combines both exorbitant and hence it is alluring to gasify the
most extreme volume of coal amongst a well pair. As gasification continues, a cavity is made that will
stretch out till the roof collapses. This roof collapses is significant as it helps the sidelong development
of the gasifier. Where the rooftop is solid and neglects to break, or gotten ground is blocky and
ineffectively merged, some liquid reactants will pass by the coal and the effectiveness of the reactor
could decrease quickly [20-21].

UCG can possibly exploit coal assets that are inefficient to work coal extraction by customary
underground, or difficult to reach because of profundity, geography or other mining and security
contemplations. The effective improvement of UCG won't just rely upon progresses in the utilization
of innovation yet in addition on exhibiting that a perfect vitality can be created without hindrance to
the earth. As a strategy to take advantage of coal, UCG speaks to a considerable natural enhancement
for the mix of surface combustion of coal and coal mining. At the surface the syngas is changed over
to CH4 and afterward Dimethyl Ether (DME), whenever required, in a little synthetic plant or for some
further use [7, 21].

2. Methodology
2.1 Process Description

Figure 3 represents the process flow diagram. This process was chosen for the following reasons.
More cooling of syngas is achieved. The energy utilization of air blowing fan is very large as compared
to the open and closed-circuit cooling systems. More cyclones mean bypass can be possible and no
need to shut down the system for maintenance. UCG is at experimental stage throughout the world.
Few countries like Russia, China and Australia are producing significant amount of syngas through
UCG process. Other countries such as US, India and few parts of Europe, as well as in Pakistan, UCG
is still in the experimental phase [14, 21].

UCG process involves several steps such as site preparation, injection of reactants, gasification
(drying, pyrolysis, and oxidation), purification of coal gas (solid-gas saperation, syngas cooling,
scrubbing, demin water cooling) and utilities (boiler, cooling tower). Steam at 573 K and oxygen at
313 K are injected into the bore hole. Valves are used to maintain pressure at 34 barg and 35 barg
and flowrate at 1343 kg/hr and 7123.4 kg/hr of steam and oxygen respectively in the rigs and inside
the gasifier well. The steam and oxygen reach the coal seam with same drop in temperature and
pressure. There the coal reacts with the incoming feed to form different products. The temperature
and pressure inside the gasifier vary throughout the different stages of the gasifier. The process
gasification initiates with the drying step as soon as the temperature in the gasifier reaches 373 K or

108



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 71, Issue 2 (2020) 103-133

above. Liquid water leaves the particles in the form of steam. The drying of water in the coal particles
are governed by the normal law of drying, which takes place in several stages as explained in the
Figure 4 [21-22].
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Fig. 3. The process flow diagram

dp
dt

0
Fig. 4. Typical drying rate as function of
time for a porous particle

t

In Figure 4, A to B shows heating of porous coal molecule. In the event that the temperature of
the combustion gas around the coal molecule is equivalent to or over the boiling point of water at

109



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 71, Issue 2 (2020) 103-133

pressure of atmosphere around the molecule, the fluid water at molecule surface watches out for
saturation temperature. In the event that the gas temperature around the coal particle is less than
the boiling temperature of water on surface to particle at pressure of atmosphere, the fluid water at
surface will in general wet bulb temperature registered from gas blend close to the surface. From B
to C speaks to consistent drying rate region. The liquid is stored in interior pores of coal molecule and
they continuously reach the surface of coal particle forming thin film of water on surface of coal. The
water evaporates into combustion gas around the particle lays on the surface remain wet and
surrounding conditions remain same, the rate of drying will be consistent. From C to D; in this region,
the surface of coal particle is no longer wet the liquid water in inner pores changes to steam. Steam
needs to go through a layer of dried coal.

Pyrolysis is known devolatilization or warm disintegration, ascarbonisation and gasification.
Throughout pyrolysis coal is changed over to a roast discharging tars, oils, low atomic hydrocarbons
and different gases. The gasification happens when H;0, O, CO; and H; respond with the scorch. The
primary gases created are CO3, CHa, H2 and CO. The O; and CHg is basically a result of pyrolysis, as
opposed to gasification.

Oxidation is a process in which oxygen, steam, carbon dioxide and hydrogen react with char. The
resulting gas is known as raw syngas which returns to surface via production bore well and is sent to
the purification plant. The coal gas obtained from gasifier needs to be further processed in order to
utilize it commercially. The following steps are involved in purifying the coal gas.

2.1.1 Solid-gas separation

The coal gas contains significant amount of dust and solid particles in it that could cause fouling
in the equipment. A cyclone separator is used to remove the solid particles from the gas.

2.1.2 Syngas cooling

Syngas flows in the tubes of two-phase heat exchanger. It enters at 500 K temperature and 34
barg pressure and is cooled to 373 K and 33.5 barg pressure. Demineralized water is used in the shell
and it gets heated from 323.1 Kto 333.1 K.

2.1.3 Two phase separator

Vertical separators are normally chosen when the vapor/liquid proportion is high or total volume
is low. A vertical separator consumes less floor space than a horizontal separator and is regularly
viewed as when plot space is restricted. In any case, a vertical separator might be bigger and more
costly than a horizontal separator for similar gas taking care of limit because of the upward
progression of gas impeding the falling liquid droplets. In the vertical separator, the liquids go into
the vessel striking distracting baffle which starts essential separation. Fluid expelled by the inlet baffle
to the base of the vessel. The gas goes upward, generally going over a mist extractor or "demister
pad" to expel suspended mist. Fluid expelled by the demister pad is combine into bigger droplets
which at that point fall through the gas to the fluid source in the base. The capacity to deal with fluid
slugs is normally acquired by expanding stature. Level control isn't basic and the level of fluid can
fluctuate few inches without influencing operational effectiveness. Mist extractors can
fundamentally decrease the necessary width of vertical separators.
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2.1.4 Demineralized water cooling

Hot demineralized water at 333.1 K is chilled off to 323.1 K by utilizing a shell and cylinder heat
exchanger. The demineralized water is coursed through the shell and the cold tap water is streamed
in tubes. This demineralized water is sent back to the syngas cooler to frame a cyclic procedure.
Following utilities are utilized in underground coal gasification (UCG) plant.

2.1.5 Boiler

This is utilized to create steam at required temperature and pressure for the infusion in the
gasifier of UCG plant. The item syngas is utilized a fuel in evaporator. The two essential setups of
mechanical boilers are; Fire Tube Boilers and Water Tube Boiler. As the necessary pressure of steam
is high and water tube boilers can be projected to misuse any heat source and are generally favored
in high pressure applications as the high pressure water/steam is contained inside measurement
pipes, subsequently a Water Tube Boiler is utilized to change over water into steam. The water tube
heater courses water inside cylinders and warms the cylinders remotely by the fire. Subsequently at
the outlet a high pressure steam is accessible for the infusion into the gasifier.

2.1.6 Cooling tower

In the Cooling tower the warm water from the warmth exchanger is cooled by reaching it with
surrounding air. The warm water is siphoned to the highest point of the IPCT (mechanical procedure
cooling tower) and is disseminated over the distribution deck where it moves through a series of
nozzles onto the highest point of the tower's fill material. A small percentage of the water dissipates,
cooling the flowing water and warming the air. The warm, clammy air at that point goes through the
float eliminator and ways out the pinnacle through the fan stack(s), completing some leftover float
of the tower. The cooled water falls into a virus water bowl, which is at the base of the IPCT. From
that point, the water exposed to the harsh elements water bowl is siphoned back to the heat
exchanger for additional cooling purposes. The developed different models of UCG considering
different constraints and assumptions. On the basis of these assumptions we have the following
steady state models: GIBB’s free energy model, kinetic model with reversibility, kinetic model
(irreversible and no sulphur) and kinetic model (irreversible and sulphur included).

2.2 Gibb’s Free Energy Model

In this model, Gibb’s Free Energy was used to calculate simultaneous heat and mass balance.
Firstly, a property data was developed which includes entropy, enthalpy, Gibb’s energy, heat capacity
of different Hydrocarbons ranging from elemental carbon to heavier C¢H14, moreover some inorganic
compounds like Oxygen, Sulfur and Nitrogen were also included. Coal data from Thar Block IlI-A was
used for the calculations. The composition of the specified coal is shown in the Table 4.

G(p,T)=H-TS (6)

Table 4

Composition of the specified coal

Fixed Carbon Ash Hydrogen | Carbon | Nitrogen | Sulfur | Calorific Value
40.76 5.36 6.59 61.84 0.33 0.99 10190
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The significant reactions occurring inside the gasifier are considered for the calculations of
minimum Gibb’s free energy. These reactions will attain equilibrium when the Gibb’s free energy of
the control system is minimum [20, 23].

Reaction 1: Water Gas Shift Reaction

CO + H,0 —»CO; + H, (7)

Reaction 2: CO; Reforming

CO; + CH4s—»2CO + 2H, (8)

Reaction 3: H,0 Reforming

H20 + CH4—CO + 3H, (9)

Reaction 4: Boudouard Reaction

2CO0 —>C0:+C (10)

Reaction 5: Beggs Reaction

CO+H; —»C+H0 (11)

Reaction 6: Methane Cracking

CHy — C+2H; (12)
Solving all the above equations simultaneously will yield the composition of the product gas.

2.3 Kinetic Model with Reversibility

Here reactions are considered to be reversible in nature i.e. they proceed in the forward direction
as well as backward direction on changing the parameters inside the gasifier. The reactions that show
significant reversibility will be considered. Based on the eight reactions simultaneous material and
energy balance simulator was designed. Using this simulator a composition of product gas was

calculated. The simulator was modeled by application of Runge-Kutta method [8, 23].

Runge-kutta equation
1
Yn+1 =Yn t+ g(kl + 2k; + 2k3 + ky) (13)

the1 =th +h (14)
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where y, +1 is the RK4 approximation of y (tn+1), and
ky = hf (tn, yn)

1 1
Ky = hf (b + 5 h Y + 5 k1)

1 1
ks = hf(tn +§h:yn +§k2)

ky = hf(tn + h,y, + k3)

The composition of each element was determined over 1m step size. Similarly temperature
variation with respect to length was calculated for each step. All the compositions were summed to
get the molar flow rate of the gas, the BTU value, molecular weight and mass flow rate were also
calculated on every step.

Shape Factor = Pi{(r+l)2 — r2} * density * ghsv * effectivity (15)

The composition of the product gas highly varied from the results of the research papers. Hence
this consideration is not feasible. The following two assumptions are taken into account for simplicity.
Amount of sulfur in coal bed is ignored and the reactions are considered to be irreversible. These
assumptions were incorporated in the simulator and new composition of the product gas was
obtained, which was almost similar to the results in the research papers. Sulfur was included in the
above model and new gas composition was calculated. The amount of sulfur obtained was minute so
amount of sulfur content in the product gas maybe safely neglected [24-25].

3. Results
3.1 Material and Energy Balance

Table 5 shows thermodynamic property data and syn-gas cooler is shown in Figure 5.

Table 5
Thermodynamic Property Data
Species A Bx1000 C Dx107-5  Mole Fraction
02 3.639 0.593 0 0.04 0
H> 3.249 0.422 0 0.083 0.032419119
H20 3.47 1.45 0 0.121 0.095977349
CO:2 5.457 1.045 0 -1.157 0.444780754
Cco 3.376 0.557 0 -0.031 0.426822777
4.306 0.855 0.00 -0.514
Syngas In Syngas Out
11579 kg/hr 11579 kg/hr
500 K 373K
— > —
Syngas Cooler
- -~
Demin Demin
Water In
Water Out
38623 kg/hr 38623 kg/hr
333.15K 323.15K

Fig. 5. Syn-gas cooler

Table 6 shows the gas flow rate for different gases.

113



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 71, Issue 2 (2020) 103-133

Table 6

Gas flow rate of different gases

Species 02 Ha H.0 CO2 co Total
Gas Flow (kmol/hr) | 0.00 11.26 33.35 154.55 148.31 347.48

Hot Gas Temperature=500 or K=226.8 °C;

Cold Gas Temperature=373 K or 99.85 °C;

Closed Circuit Cooling Water Supply Temperature= 333.15 K=60 °C;

Closed Circuit Cooling Water Return Temperature= 323.15 K (50 °C);

Water Density=1000 kg/m?® =62.38 |b/ft3;

Syn Gas Cooler Duty=1,615,991,272 J/hr =448.9 kW or 1.5317 MMBTU/hr and
Closed Circuit CW Flow=38623.1 kg/hr or 38.62m3/hr.

Close circuit pump power

Figure 6 represents closed circuit water cooler. Differential Head=3bar, Flow=38.62m3/hr,
Efficiency=55%, Power =3.22kW.

Demin Water Demin Water
In Out
38623 kg/hr 38623 kg/hr
333.15K 323.15K

—_— >
Water Cooler
D e — -~
Water Out Water Out
38623 kg/hr 38623 kg/hr
316.15K 306.15 K

Fig. 6. Closed circuit water cooler

Closed Circuit Hot Water Temperature=333.15 K=60 °C;

Closed Circuit Cold Water Temperature=323.15 K=50 °C;

Open Circuit Cooling Water Supply Temperature=306.15 K=33 °C;

Open Circuit Cooling Water Return Temperature=316.15 K=43 °C;

Cooling Duty=1615991272 J/hr;

Open Circuit Cooling Water Flow=38623.1 kg/hr =38.62m3/hr = 85087.2 Ib/hr =170.04gpm

Cooling water pump power

Differential Head=6 bar=87 psi; Flow=38.62 m3/hr=170.04gpm; Efficiency=55 %; Power =11.70
kW=15.7 hp

Cooling Tower (Open Circuit)

Cooling Water Flow Rate=38.62 m3/hr=170.04 gpm;
Makeup Water TDS=400 mg/L;

Blowdown TDS=1500 mg/L;

Cycles of Concentration=3.75;

Cooling Range 18°F =10 °C;

Evaporation Fraction=0.018;

114



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 71, Issue 2 (2020) 103-133

Blowdown Fraction=0.0065;

Drift Losses=0.00005;

Evaporation Loss =0.70 m3/hr=3.06gpm;
Blow Down loss=0.25 m3/hr=1.11gpm;
Drift loss=0.00 m3/hr=0.01gpm;
Makeup Water= 0.95 m3/hr=4.18gpm;

Cooling tower duty=448.89 kW and Refrigeration Ton (1 RT = 12000 BTU/hr)

Makeup water pump power
Differential Head =4 bar=58 psi;
Flow=0.95 m3/hr=4.18gpm;
Efficiency=55 %;

Power =0.19 kW=0.26 hp

Boiler

Syngas is used as fuel. Table 7 shows the boiler fuel requirement.

Table 7
Boiler Fuel Requirement

Requirement Temperature °C  Pressure ‘bar’ Enthalpy ‘ki/kg’

Treated Water 30 34 -15683

De-Aeration Steam / Steam 300 32 -13101(60°C Super heat)
Vent Steam 108 0.345 -13271

Boiler Feed Water Temperature 108

0.345

-15525

Minimum vent Steam Flow rate=100 kg/hr.

Steam Required:

Process Steam for UCG=803.75 kg/hr;
Blowdown @ 5%=40.19 kg/hr;
De-Aeration Steam=500.00 kg/hr;
Total Steam=1343.94 kg/hr;

Steam Flow=1343.9 kg/hr;

Enthalpy Change from Treated Water to Steam=2582 kJ/kg;

Fuel BTU Value (Syn Gas)=3860 kJ/kg (From UGC Calculations);

Combustion Efficiency=85 %; Required / Syn Gas= 1058 kg/hr.
Figure 7 shows the underground coal gasifier. Oxygen and steam flow rate in boiler are given in

Table 8.

Carbon from UCG

3638

7942

11580

UCG iz Balanced

Fig. 7. Underground coal gasifier

11580
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Table 8

Oxygen and steam flow rate in boiler

Inlet E;V;//hr ke/hr kmol/hr Temperature K Pressure barg
Oxygen Flow Rate 5000 7138.13 223.0749 315 30

Steam Flow 1000 803.753 44.61497 673 30

Total 6000 7941.88 267.6898

Combustion Temperature=1600 K;
GHSV=0.01hr;
Exhaust Temperature= 500 K;

UCG Cin Coal Consumed= 3637.688892 kg/hr= 302.8631165 kmol/hr;

Length of Reactor=24.21 m.

Simultaneous mass and energy balance is carried out in UCG Kinetic Simulator as shown in Table 9.

Table 9

Calculations of outlet yield gases

Outlet Yield Nm3/hr kg/hr kmol/hr Mole Fraction
02 0 0 0 0.000

H2 252.5 22.7 11.26 0.0324

H20 747.5 600.8 33.35 0.0960

CO: 3464.1 6801.8 154.55 0.4448

co 3324.3 4154.3 148.31 0.4268

Total 7788.4 11579.6 347.48 1.0000

BTU Value=128624 J/mol=5739 kJ/Nm3= 146 BTU/SCF; MW= 33.32 kg/kgmol

3.2 Equipment Design
3.2.1 Compressor

Table 10 displays the oxygen and steam flow rate in compressor.

Table 10
Oxygen and steam flow rate in compressor
Flow Temp. Pressure
Inlet
Nm3/hr kg/hr kmol/hr K bar psi
Oxygen Flow Rate 5000 7138.3 223.08 313 16 234.9
Oxygen flow rate in Ib/min  261.74
Oulet
Oxygen flow rate 5000 7138.3  223.08 35 513

Compression ratio=2.1875;
Molecular weight =32; R=48.25;

Suction temperature=313 K= 104 °F= 564 R;
Specific volume of oxygen at 315 K=0.80277 m3/kg;
(A=3.639, Bx1073=0.593, Cx10”76=0, Dx107-5=0.04).
CP/R=3.865438, y=1.348987, Tc=154 K, Pc=50.43 bar, Tr=2.032467532, Pr=0.317271.
Z=7°+wZ%, but for simple fluids the value of w=0 so, the equation reduces to Z=70.

The thermodynamics value of z is; Z=0.997; Polytropic efficiency=0.85; Adiabatic efficiency=0.9;

116



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 71, Issue 2 (2020) 103-133

Polytropic Coefficient=1.437517568,;

Adiabatic head; Adiabatic exponent=0.258702879

Factor ZKRT/(K-1)=58201.68424

Hap=13064.1

Polytropic head; polytropic exponent=1.437517568

Factor ZRT/(N-1)N=49471.43161

Hpoly =60574.92

Horse power from adibatic head=115.1318 HP= 85.85377 kW=0.086 MW
Horse power from polytropic head=565.2389 HP=421.4986 kW

3.2.2 Gasifier design

Figure 8 to 13 portrait the simulations for gasifier design using Gibbs’s free energy model.

Gas Constant R=8314 Tmol K

Oiperating Pressure F=230 bar Standard Pressure FPo = 101335 thar

Operating Temp is in Kelvin T =1327 + 27315 Standard Temperature To:=1298.13 K

Property Data
1 1702 92021 -2le4d o =74520 50480 1604276 CH4 1
2 3470 1.45 0 0121 -241818 228572 1801528 H20 2
3 5457 1045 0 —1.157 383500 304350 440093 02 3
4 3376 0557 0 0031 -110525 137169 280104 (] 4
5 3249 0422 0 0.023 u] u] 201588 .«IZI«%-» 5
a 1131 19225 -53581 u] —-83820 -318355 30.06%64 C2Ha &
71213 LBTES -BEL4 u] =104680  —242900 4409652 C3HE 7
2 1935 38915 -11.402 o —125790 -16570 581234 C4H10 2
PropertySet = 9 2464 45351 -14111 o =14a7a0 2650 T2.15028 CAH1Z - 9

o 1771 077 0 —0.867 o o 12011 A(;W 10
11 3639 0306 0 —0.237% o o 31 .99%8 o2 11
12 3280 0593 0 0.040 o o 2801242 Hz 12
13 u] 0 0 u] u] u] 55 84T Fe 15
14 53824 1.0004 0 =29 249500 283710 T1.E2464 FeO 14
15 u] 0 0 u] u] —Fe4700 150 a022 Fe203 15
16 o 0 0 o o —F97E14 231 5386 Fe304 16
17 o 0 0 o o o 601 Grangue 17
18 o 0 0 o o 20687 179.552 Fe3C 18

Fig. 8. Minimizing gibbs free energy for equilibrium composition

117



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 71, Issue 2 (2020) 103-133

Hy + 0.8 Oy —-> Hy0

DeltasH20 := Props(H20) — PropstHZ) — 0.5-Props(O2) = (—1.5985 0775 0 0.1515 —24181% —228572)

C 405 Oy > CO

DeltasCO = Props(CO) — PropsrC) — 0.5 PropstO2) = (—02145 —0467 0 05493 —110525 —137169)

C+0,—> CO,

DeltasCO2 = Props(COZ) — Props(C) — ProperQZ = (005 -023 0 -006 393300 —304350)
C+2H; > CH,

DeltasCH4 = Props(CHM - Props(C) — 2-Props(HL) = (-6.57 747 -216 0F 74520 -504a60)
2C +3 Hy = CH,

DeltasCZH6 = Props(C2HA) — 2-Frops(C) - 3-Props(HZ) = (~1216 1642 -556 148 —23820 —31855)
3C +4 Hy > CHg

DeltasC3HE = PropstC3HE) — 3-Props(Ch — 4 PropstHZ) = (—17.1 2478 -832 227 —104680 —24290

4C +5 Hy > C,H,,

DeltasC4H10 = Props(C4H10) — 4-Props(C) — 5-Props(HZ) = (-21.39 3172 -114 305 —125790 —16570)

5C +6 Hy > CoHyp

DeltasC5HIZ = Props(CSHLZ) — 5-PropstC) — 6-Props(HZ) = (-2588 3896 -1411 384 -146760 —26350)
Fig. 9. Reaction deltas (AA, AB, AC, AD, AH, AG) formation reactions

Reaction 01: Water-gas Shift Reaction
CO+H,0 > CO, +H,

Deltas0l = Frops(H2) + Props(COZ) - Props(H20) — Praps(CO) = (186 -054 0 -1.16 -41166 -28618) I D(DeltasOl) = 423229 1_D(Deltas0l) = -18.01

Reaction 02: CO, Reforming
Gy + CHy -2 200 + 2H,

Deltasl2 = 2Props{HZ) + 2Propa(CC) - Props(CHE) - Props(COZ) = (609 -817 216 126 246079 170481) 1 D(Dehasld) = 7382561 1 D(Déltasiy) = 6.8

Reaction 03: H,0 Reforming

HyO + CH, > CO +3H,

Deltas3 = 3Props(H3) + Props(CO) - Praps(CHA) - Props(H20) = (795 -271 216 01 205813 141363) I D(DeltasD?) = 1304333 1_D(Deltas3) = -249
Reaction 04: Boudouard Reaction

200> CO, +C

Diltas0d = Props(C) + Props(COZ) - 2Brops(COY = (048 07 0 -196 -172450 —120021) 1_D¢Deltasid) = -170360.4 1_D(Deltashd) = -2566

Reaction 03: Beggs Reaction

GO+ Hyme G+ H,0

Deltas05 = Props(C) + Props(H20) - Props(H3) - Praps(CO) = (-132 124 0 -08 -131203 -81403) I_D(DeltasD3) = -130546.5 1_D(Deltas5) = 764
Reaction 06: Methane Cracking

CHy-—=C +2H,

Deltas0é := Props(T) + 2Props(H2) - Props(CHA) = (6.57 -747 216 -0.7 74520 304607 1 D(Detasls) = 58386.2 1 D(Deltasté) = 3254

Fig. 10. Reaction deltas (AA, AB, AC, AD, AH, AG) general reactions
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AG HX(T) =10

AG HXT) =0
AG CHAT) = AG CompDeltasCH4, T

AG H2OT) = AG Compl DeltasH20 T
AG COrTY = AG Compl DeltazsC0 T
AG COX Ty = AG ComplDeltasC02 [T

AG CIHET) = AG_Comp(DeltasC2Hé T

AG C3HI(T) = AG_Comp(DeltasC3HE, T)

AG CAHIT) = AG_Comp(DeltasC4H10, T

AG CSHIZ(T) = AG_Comp(DeltasC5HIZ, T

Fig. 11. Gibbs energy functions for
formation reactions

Mol% =0
o MQI%HQO =598
. M
01% g =0
2H A3 02
In| MOI%CO =0
d Mol%,,, = 26.23
0 H2
Mol% =0
u}
WIol%s = a1l 03 C2H6
: Mol% =0
26 67 C3H8
009 Mol%04H10=0
o Mol% =0
0 CSHI2
o Mol%c = 4103
1] Totalllol = %  Wial% = 100
2 Mol = 2667
0 _— 02
o EFeformetrll ol = hWIol'W7 i 150935 Mol%., .. = 009
100 N2
|Mol¥% .~ + 2Mol% + Mlol% + 2 ol¥% |
O _balance = ¢ co2 H0 02 =[0.593
- 100
|21‘u‘1u:|1°/‘oI_I2 + 4-M01%CH4 + E'MDI%HQO + 6-1\1‘101%021_16 + 8-M01%03H8 + ID'MDI%CJIHID + IE'MDI%CSHIQ'
H balance = = 0644
- 100
|M01%C + MDI%CH4 + Mol%co + I‘..'Iol?‘ff:co2 + 2M°1%C2H6 + 3M°1%03H8 + 4'M°1%C4H10 + S'Mol%CSHIQ'
C halance = =041
- 100
IWlal%
N_balance = 2- N2 = 0002

Fig. 12. Gas composition (Mole percentage)
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Initial guesses

wH2 =02 wCH4 = 0.01 wH20 = 005 woO =02 w202 = 0.01
¥H2 = 0.01 wo2Ha = 0.1 wCO3HE = 0.1 wC4HI10 =01 wCo3HIZ =01
n=1 o2 =01

AC=1-E-1000 AH = 1-E-100 AC = 1.R-1000 AN = 1-E-1000

Solving 15 equations and 15 variables simultaneously; yCHa, yH>0, yCO, yCO3, yH», yN2, AC, AH,
AO, AN, n, yCaHe, yC3Hs, yCaH10, yCsH12; given;

vH2Z + v0O + y0O2Z + yHIO + yOH4 + yCO2HS + vC3HE + yCAHIO + vOSHIZ + yN2 =1

4yCH4 + 2.yH2 + 2-yH20 + 6-yC2ZHA + 8-5C3HS + 10-yC4H10 + 12-5C5HIZ = —H—hjﬂn“
yCH4 + yCOZ + yCO + 2-yC2HS + 3-yC3HS + 4yC4HID + 5-yC5HIZ = C_hjﬂnce

yH2O0 + yCO + 2yC02 + 2302 = w

2yNZ = —N—him“

ASHID) | 4, szi 228 g
R-T Pa R-T

AG COT)
BT

0

PY AC AO
In| yOO — |+ — + — =
[yc Pnj RT RT

ASKNID |y, yN2-£ ELL
R-T Po/ RT

Hope. .

— RT RT RT
Fo
AG CIH&T) 2AC  6AH
il RT RT  RT
yCIHE =

(%)
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epo AG C3HYT) | IAC 8-_\HI|

RT ET  RT
yCIHE =
P
Po
AG CAHINT) 4AC  10-AH
i BT RT  RT
yC4H10 =
P
Pao
H35)
o RT
(o 2 n)
yCSHIZ = - =
. AG HIOD |
BT
Limits
= = £ £ =
0<yCHAS 0<yHI0£1 DEyH2E1 Deyons 1
= £ £ =
g Dsyoo2sl DEy2El
< <
0% yCIH <1 0eycosl
0% yCAHID £ 1
0% yCsHIZE |
AG_COXT) |
BT

Fig. 13. Solving equations

Parametric Function

]n[yCOE-

Yield (T)=Find (yCH4, yH20, yCO3, yCO, yH3, yCaHs, yCsHs, yCaH10, yCsH12, yN2, yO2, n, AC, AH, AO, AN)

v=Yeild(1327+273.15)

Results;

yCH4=v1=0.0001; yH,0= v,=0.1589; yCO,= v3=0.0907; yCO= v4=0.4689; yH>= v5=0.2803; yCoHs= v6=0;
yC3Hsg= v7=0; yCs4H10= vs=0; yCsH12= vo=0; yN2= v10=0.0012; yO,= v1:=4.8571 x 10713; n= v1,=0.7332;

AC=v13=51401.47; AH= v14=14075.85; AO= v15=166063.59; AN= v16=22048.94
3.2.3 UCG kinetic simulator
Table 11 shows the exhaust gas properties.

Steam Feed Rate=1000 Nm3/hr=44.61497 kmol/hr;

Oxygen Flow Rate=5000 Nm3/hr=223.0749 kmol/hr;

Radius of Tube=1 m;

Density =833 kg/m?3;

Thickness=0.001 m;

Effectivity=0.4; GHSV=0.01 hr-1;

Combustion Temperature=1600 K;

Cutoff Temperature=500 K; Step Size=1 m and Factor= 0.020946
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Table 11

Exhaust gas properties

Exhaust Gas Properties

Length BTU
Flows kmol/hr Reactor Sum Value MwW Flow
02 Ha H20 CO2 co CHs m kmol/hr  BTU/SCF  kg/kmol kg/hr
0.0 11.265 33.350 154.552 148.312 0.0 24.210 347.478 146.02 128623.54 5738.536

Sulphur Content;

delta G =41170+27.36T=54850
In K=(-G/RT)=-13.19461

K=1.8617-6
K=[H2S]/[H]

The concentration of H; gas 0.0342, multiply it with value of K, to get the concentration of H.S.
Concentration of H,S=0.0008233. This is very low value. Hence concentration of sulphur in product
gas maybe neglected. Figure 14 to17 represents the graphical summary of the gasifier.

+ Hydrogen ®— Water Vapour A Carbon Dioxide B Carbon Monoxide
180.000 -
160000 | A AAAAAAAAAAAAAAAAAA
| anaadddddd
_ 140.000 ...-IIIIIIIIII
< 120.000 -
o
£ 100.000
x
= 80.000 -
.z
E 60.000
-]
= 40.000 - ........................
20000 1 R R
* e
0000,#_‘_‘_’_&000?0000? | | |
0 5 10 15 20 25 30
Temperature (kelvin)
Fig. 14. Formation of gas species with respect to distance
+ Hydrogen ®— Water Vapour A Carbon Dioxide B Carbon Monoxide
180.000 -
160.000 | A A AAAAAAAAAAAAAAAAL
samaddddd
—~ 140000 - ...-.IIIIIIIII.
£ 120.000 -
£  100.000 -
=
= 80.000 -
Rl
E 60.000 -
g 40.000 - .....................Q..
20.000 - .
0000 | +444446092200004004449294¢ ‘
0 5 10 15 20 25 30
Temperature (kelvin)

Fig. 15. Formation of gas species with respect to temperature
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Fig. 16. BTU value with respect to temperature
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Fig. 17. BTU value with respect to distance
Turbine calculations

Combustion temperature=Ti=2000 K,
Polytropic efficiency=pT=0.99,
CP/CV=y=1.3,

Inlet Pressure=P1=30 bar,

Outlet Pressure =P2=1 bar,
Pressure Ratio=P1/P2=30,

For Turbine=(n-1)/n=0.228462,
Cp=1.37,

m=13351.5 Kg/Hr= 3.70875 kg/sec,
AT=1080.473 K,

W=5489.869 kW= 5.489869 MW

Cyclones

Figure 18 show the schematic diagram for cyclone. Tables 12 and 13 show the iterative and
efficiency calculations for cyclone 1.
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Cyclone 1; Cyclone Characteristics

Actual Gas Flow (Qg) =129.8062258 m3/min;
Body Diameter (D) =1.4 M;

Total Height of Cyclone (H) =4.32

M; Height of Inlet (a) =0.432 M;

Width of Inlet (b) =0.432 M;

Diameter of the Vortex Finder (Dx) =0.594 M;
Length of the Vortex Finder (S) =0.54 M;
Height of Conical Section (Hc) = 2.7 M;
Diameter of Dust Exit (Dp) = 0.324 M;

Inlet Type=Wrap Around;

Vortex Finder Edges=Rounded;

Cyclone Body Type (Cylindrical / Conical) =Conical;
Cyclone roughness (ks) =0.05 Mm;
Correction Factor for cut diameter (X fact) =1;
Slope of Grade Efficiency Curve (m) =5;

Estimated Efficiency (Starting Value) = hest=0.9 and Width to Radius Ratio (x)=0.617142857

b

Do

He

Fig. 18. Cyclone

Gas Properties;

Actual Gas Flow (Qg) =2.163 m3/s;
Density (r) =20.84 kg/m3;

Dust Mass Loading (Mo) =0.06 kg/m?3;
Dust Loading (Co) = 0.00288 kg/kg;

Gas Vortex Slip Fraction (Sy) =0.1 and Gas Viscosity (m) = 2.43E-05 Pa.s

Dust Properties;

Dust Density (rp) =690 kg/m?3;

Strand Density to Dust Density Ratio (j) =0.4;
Strand Density (rsrg) =276 kg/m?3;

Median Particle Size (Xmeq) =50 Mm
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Muschelknautz Method;

Total Wall Area of Cyclone Separation Space (Ag) =16.85 m?3;

Inlet Velocity (Vin) =11.59 m/s;

Relative Roughness (2ks/D) =0.000071;
Relative Roughness Taken (2ks/D) =0.000600;
Ratio of Moment of Momenta Inlet to Wall Gas Flow (a) =1.000;

(For wrap around inlets a =1);

Radial Position of Center of Inlet (Rin)=0.48 M;
Geometric Mean Radius (Rwv)= 0.46 M;
Wall Axial Velocity (Vzw) =2.20 m/s;

Wall Velocity (Vqw) =8.01 m/s;

Vortex Finder Velocity (Vx) =7.81 m/s;

Friction Factor Starting value (f) =0.00580;
Froude's Number (F.x) =3.236.

Table 12

Iterative Calculations for Cyclone 1

Iterative Calculations

Core Spin Velocity

Muschelknautz and Trefz Cyclone

body Reynolds Number

Friction Factor for Air
Friction Facor (iterating)

n

fin)

Vacs
Rer
fsm
fr

far
fin+1)

0
0.00580
14.77

92481.50

0.00026
0.000169
0.00043
0.00411

1

0.00411

15.77

92711.92

0.00026
0.000169
0.00043
0.00411

2
0.00411
15.77

92711.92

0.00026
0.000169
0.00043
0.00411

3
0.00411
15.77

92711.92

0.00026
0.000169
0.00043
0.00411

Core Spin Velocity (Vgcs) =15.77000 m/s;
Muschelknautz and Trefz Cyclone body Reynolds Number (Rer) =92711.9;

Friction Facor (f) =0.00411;

Cut-Diameter (xs0) =0.000015 m=14.7 mm;
Critical Mass Loading (Co.) =0.001363 kg/kg;

Pressure Drop across body (Dpsopy) =10016 Pa;
Vortex Finder Pressure Drop (Dpx) =45651 Pa;
Total Pressure Drop (Dp) =55668 Pa.

Table 13
Efficiency Calculations for Cyclone 1
Xi Ni MF<xi delta MF delta MF*ni
0.05 7.53791E-09 0.00120 9E-14 6.82E-24
0.09  1.3717E-07 0.00390  5.3E-12 7.34E-21
0.15  1.66801E-06 0.00790  1.3E-10 2.2E-18
0.5 0.000501182 0.01200 6E-08 3.01E-13
1 0.010563438 0.01370 1.4E-06 1.53E-10
2 0.16077663 0.02070 3.3E-05 5.35E-08
5 2.774499377 0.03460  0.00096 2.66E-05
8 8.051595078 0.07140  0.00575 0.000463
10 12.16084883 0.17050 0.02073 0.002521
30 44.70732155 0.37630 0.16823 0.075213
70 69.69854728 0.63430  0.4421 0.308136
100  77.46039167 1.00000 0.7746 0.600011
sum 0.986371
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Efficiency 0.991701
Cyclone 2; Cyclone Characteristics

Table 14 and 15 show the iterative and efficiency calculations for Cyclone 2.

Actual Gas Flow (QG) =129.8062258 m3/min;
Body Diameter (D) =1.4 M;

Total Height of Cyclone (H) =4.32

M; Height of Inlet (a) =0.432 M;

Width of Inlet (b) =0.432 M;

Diameter of the Vortex Finder (Dx) =0.594 M;
Length of the Vortex Finder (S) =0.54 M;

Height of Conical Section (Hc)=2.7M;

Diameter of Dust Exit (Dp) =0.324 M;

Inlet Type=Wrap Around;

Vortex Finder Edges=Rounded;

Cyclone Body Type (Cylindrical / Conical) =Conical;
Cyclone roughness (ks) =0.05 Mm;

Correction Factor for cut diameter (X fact) 1;
Slope of Grade Efficiency Curve (m) =5;
Estimated Efficiency (Starting Value) = hesr =0.9;
Width to Radius Ratio (x) =0.617142857

Gas Properties;

Actual Gas Flow (Qg) =2.163 m3/s;
Density (r) =20.84 kg/m3;

Dust Mass Loading (Mo) =0.06 kg/m?3;
Dust Loading (Co) =0.00288 kg/kg;
Gas Vortex Slip Fraction (S5) =0.1;
Gas Viscosity (m) =2.43E-05 Pa.s.

Dust Properties;

Dust Density (rp) =350 kg/m?3;

Strand Density to Dust Density Ratio (j) =0.4;
Strand Density (rsrr) =276 kg/m3;

Median Particle Size (Xmeq) =50 Mm

Muschelknautz Method;

Total Wall Area of Cyclone Separation Space (Ag) =16.85 m3;
Inlet Velocity (Viv) =11.59 m/s;

Relative Roughness (2ks/D) =0.000071;

Relative Roughness Taken (2ks/D) =0.000600;

Ratio of Moment of Momenta Inlet to Wall Gas Flow (a) =1.000;
(For wrap around inlets a =1);

Radial Position of Center of Inlet (Rin) =0.48 M;

Geometric Mean Radius (Rv) =0.46 M;

Wall Axial Velocity (Vzw) =2.20 m/s;
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Wall Velocity (Vgw) =8.01 m/s;

Vortex Finder Velocity (Vx) =7.81m/s;
Friction Factor Starting value (f) =0.00580;
Froude's Number (F.x) =3.236

Table 14
Iterative Calculations for Cyclone 2
Iterative Calculations

n 0 1 2 3
fin) 0.00580 0.00411 0.00411  0.00411
Core Spin Velocity Vies 14.77 15.77 15.77 15.77

Muschelknautz and Trefz Cyclone

body Reynolds Number Rer 92481.50 92711.92 92711.92 92711.92

fsm 0.00026  0.00026  0.00026  0.00026

fr 0.000169 0.000169 0.000169 0.000169

Friction Factor for Air far 0.00043 0.00043 0.00043  0.00043
Friction Facor (iterating) fin+1) 0.00411 0.00411 0.00411 0.00411

Table 15

Efficiency Calculations for Cyclone 2

Xi Ni MF<xi delta MF  delta MF*ni

0.05 7.53791E-09 0.00120 9E-14 6.82E-24

0.09 1.3717E-07 0.00390  5.3E-12 7.34E-21

0.15 1.66801E-06 0.00790  1.3E-10 2.2E-18

0.5 0.000501182 0.01200 6E-08 3.01E-13

1 0.010563438 0.01370  1.4E-06 1.53E-10

2 0.16077663 0.02070  3.3E-05 5.35E-08

5 2.774499377 0.03460 0.00096  2.66E-05

8 8.051595078 0.07140 0.00575  0.000463

10 12.16084883 0.17050 0.02073 0.002521
30 44.70732155 0.37630 0.16823 0.075213
70 69.69854728 0.63430 0.4421 0.308136
100 77.46039167 1.00000 0.7746 0.600011

sum 0.986371

Efficiency 0.787766

Core Spin Velocity (Vges) =15.77000 m/s;

Muschelknautz and Trefz Cyclone body Reynolds Number (Rer) =92711.9;
Friction Facor (f) =0.00411;

Cut-Diameter (xs0) =0.000015 m=14.7 Mm;

Critical Mass Loading (Co.) =0.001363 kg/kg;

Pressure Drop across body (Dpsopy) =10016 Pa;

Vortex Finder Pressure Drop (Dpx) =45651 Pa;

Total Pressure Drop (Dp) =55668 Pa.

3.2.4 Heat exchanger 1 (Syngas cooler)
The designing of syngas cooler proved to be out of scope for us since it is a two-phase heat

exchanger as shown in Figure 19 and 20 [24]. Thus, heat exchanger software was used to design the
syngas cooler by using the process conditions of our own.

127



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences

Volume 71, Issue 2 (2020) 103-133

8l

Size

431.87 5486.4 mm

 — —

4

Fig. 19. Heat exchanger

parallel 1

Type BEM Hor Connected in 1 series
Surflunit{eff.) 71.1 m2 Shells/unit 1 Surf/shell (eff.) 71.1 m2
PERFORMANCE OF ONE UNIT
Fluid allocation Shell Side Tube Side
Fluid name Water Syn Gas
Fluid quantity, Total ka/h 81482 11568
Vapor (In/Out) kg/h 0 0 11569 10489
Liguid ka/h 81482 81482 0 1080
Noncondensable kg/h 0 0
Temperature (In/Out) C 50 65 227 80.03
Dew / Bubble point C 139.08
Density (Vap / Lig) kg/m3 / 99086 / 9829|1538 / 21.45 [ 8702
Viscosity cp [ 0.551 /[ 0.441] 0.023 / 0.0185 / 0.285
Molecular wt, Vap 20.64 20.87
Molecular wt, NC
Specific heat kcal/{kg*C) / 1 /1 0.4273 / 0.3741 / 1.011
Thermal conductivity kcal/(h*m*C) / 0.544 [ 0.558] 0.069 [/ 0.058 / 0.521
Latent heat kcal/kg 491.37 418.05
Pressure kgflem2 7.24 7.163 31.621 30.71
Velocity m/s 0.85 19.4
Pressure drop, allow./calc. kgficm2 0.51 | 0.077 1.02 | 0.911
Fouling resist. (min) m2*h*C/kcal 0.0001 0.00248
Heat exchanged 1221839 kcalh MTD corrected 63.63 C
Transfer rate, Service 270 Dirty 298.9 Clean 1305.5 kcal/(h*m2*C)
CONSTRUCTION OF ONE SHELL Sketch
Shell Side Tube Side
Design/Test pressure kgflcm?2 9.843 / Code 36.56 Code
Design temperature C 165.56 326.67 ..
Number passes per shell 1 4
Corrosion allowance mm 3.18 3.18 ﬂzﬂr ! ﬁ' Lt lﬁ ' J:]_|II}
Connections In mm 152.4 | 152.4 - ) )
Size/rating Qut 127 127
Nominal Intermediate - -
Tube No. 221 OD 19.0¢ Tks- Avg 1.65 mm Length 5486.4 mm Pitch 23.81 mm
Tube type Plain Material Carbon Steel | |Tubepattern 30
Shell Carbon Steel ID 438.15 OD 457.2 mm |Shell cover -
Channel or bonnet Carbon Steel Channel cover
Tubesheet-stationary Carbon Steel Tubesheet-floating
Floating head cover - I mpingement protection None
Baffle-crossing Carbon Steel Type Single segment Cut{%d) 38.68H Spacing: ¢lc 596.9 mim|
Baffledong - Seal type | |inlet 600.08 mm
Supportstube U-bend Type
Bypass seal Tube-tubesheet joint Exp.
Expansion joint Type
RhoV2dnlet nozzle 1489 Bundle entrance 174 Bundle exit 435 kg/(m?*
Gaskets - Shell side Compressed Fiber 1/16  Tube Side Compressed Fiber 1/16
Floating head -
Code requirements ASME Code Sec VIII Div 1 TEMA class R - refinery service
Weight/Shell 2106.4 Filled with water 2803.6 Bundle 1116.1 kg

Fig. 20. Designing for heat exchanger 1
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3.2.5 Heat exchanger 2 (Demin water cooler)

Hot fluid in = 149 °F and Hot fluid out =122 °F; Cold fluid in = 91.4 °F and Cold fluid out= 104 °F;
Flow of hot fluid = 43653.1 Ib/hr; CP water= 1, Table 16 shows the demin water cooler properties for
shell and tube sides.

Table 16

Heat exchange 2 (Demin water cooler)

Shell Side Tube side

ID =15.25 inch Number =160; Length = 8 ft

Baffle space =6 0D=0.75 inch; BWG=16; Pitch=0.9375 inch
Passes=1 Passes =2

Heat Balance; Distilled Water (Q) =1178634 btu/hr; Raw water (m) =93542.36 Ib/hr. Table 17
shows the AT (hot and cold fluid difference).

Table 17
Hot and cold fluid difference

Hot Fluid Cold Fluid Differences
High Temperature 149 104 45
Lower Temperature 122 91.4 30.6
Differences 27 12.6 14.4

LMTD=18.89416514 °F, R=2.142857143, S=0.21875, Ft=0.97 and AT=18.32734018 °F.
Te and te; the viscosities will vary too little to require correction flow in the tubes to prevent
corrosion of the shell [25]. Table 18 shows the hot and cold fluid for shell and tube side water.

Table 18
Hot and cold fluid for shell and tube side water
Hot fluid: shell side, distilled water

Cold fluid: tube side, water

4') as ID*C'B/144Pt =0.127083333 a) at' 0.302
at Nta't/144n =0.167778
5 Ga W/as =343499.8033 5) Gt w/at =557537.2
\Y 2.484303 Fps
AtTa 135.5°F At ta 97.7°F
6) meu 1.164988 6) meu 1.687466
De 0.045833333 Dt 0.054167
Re DeGa/meu =13514.07996 Re DtGt/meu =17896.62
7') jh 76
AtTa 135.5°F
8') K 0.378
(cpmeu/k)*(1/3) =1.455268796
9') ho jh*(K/De)*(cpmeu/k)”(1/3)*¥*1=912.1518978 9) hi 675
10') 11') and 12') viscosity correction is unnecessary 10) hio hi*ID/OD = 558
13) Clean overall coefficient
Uc hio*ho/(hio+ho) = 346.2096398
14) Design overall coefficient
a" 0.1963
total surface A 251.264 ft2 = 23.34 m?
ud Q/AAT = 255.94647
15) Dirt Factor Rd = (Uc-Ud)/(UcUd) = 0.001018644
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Summary=912.1518978
H outside=558, Uc=346.2096, Ud=255.9465, Rd calculated=0.001019 and Rd required=0.001
Table 19 shows the pressure drop in heat exchanger.

Table 19
Pressure drop in heat exchanger
Pressure Drop

1) For Rea 13514.0799 1) For Ret 17896.62
F 0.00195 f 0.000195
?6umber of Crosses, N+1=12L/B F*GtA2* LN
2" s 1 2) APt 5.22*10710*Dsfit
Ds 1.270833333 =0.343004 Psi
Gt 557537.2
f*G"2*Da(N+1) 3)  vA2/2g 0.041
=1.95543881 Psi
4) AP APt +APr =2.967004 Psi
Allowable AP 10 Psi Allowable AP 10 Psi

3.2.6 Cooling tower calculation

Table 20 and Figure 21 shows the cooling tower calculations. Base Area=16 m?; A H,0=2495 KJ/Kg;
Cp air=1.003 KJ/Kg K; Cp H20=2.006 KJ/Kg K; Tin H,0=316.15 K; Tout H,0=306.15 K; Tin Air=306 K; Air
Flow=1.75279 m3/m? sec; m H,0=0.67415Kg/m?.sec; hDa=0.2 sec* (Assumed); RH=37.7 %.

From RC; At 306 K and 37.7 %; H= 0.013 Kg/Kg; HG1=66.3984857 KJ/Kg; In inlet air water
vapour=0.020944444 Kmol/Kmol dry air; Dry air flow=1.716078787 m3/m? sec; Density of air at
306.15K=1.15502451 Kg/m3m; dry air=1.98211306 Kg/m? sec; Slope of operating line=1.421688327.

Table 20

Cooling tower calculations

H HG T HF HF-HG 1/(HF-HG)
0.079 66.3984857 306.15 235.6078631 169.2094 0.005909838
0.08 70 323.6 258.472088 188.4721 0.005305825
0.107 110 327 332.717668 222.7177 0.00448999
0.131 150 331 400.260588 250.2606 0.003995835
0.151 190 334 456.405266 266.4053 0.00375368
0.1681 230 337 505.1828504 275.1829 0.003633947
0.1876 270 340 560.4768152 290.4768 0.003442616
0.2071 310 344 617.4239246 307.4239 0.003252837
0.2266 350 348 674.68397 324.684 0.003079918

Solving Integration =[dHG/(HF-HG)

Equation=y=0.0203x"-0.32

UL=310, LL=66.3984857 and dHG=2.436015143

Answer of integration=0.984396556

Height=8.446510243 m

Two Phase Seperator: Vapour flow=21204 Ib/hr, Liquid flow=2181.6 Ib/hr, Total flow=23385.6 Ib/hr,
Temperature=176 °F, Pressure=420.5 psig, Density of gas=1.34 Ib/ft3, Density of liquid=54.37 lb/ft3,
Gas molecular weight=20.64, Liquid molecular weight=20.87

Terminal velocity: Vt=0.315xV(pl-pg/pg)=1.982ft/s
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Volumetric flow rate of gas (QG) =4.395522 ft3/s; Volumetric flow rate of liquid (QL) =0.011146 ft3/s
Optimum diameter: Dv=V(4xQG/pi*Vt)=1.68 ft

Dia round off to 2 ft; Allow a minimum of 3 min hold up; V=2.01 ft3

Maximum allowable Gas mass velocity necessary for particles of size Dp to drop or settle out of gas
Gm=CVpg(pl-pg)=6743.777 Ib/ft2.hr =1.873271 Ib/ft’.s

Liquid depth; Hv=V/(PIxDv2/4)=0.91 ft

A two phase separator of schedule 80", having a dia of 2ft and height of 5ft is selected.

0.007

0.006 -

0.005 -

0.004 -

1/(HF-HG)

0.003 |

0.002 - Y= 0.0244)('0'353

0.001

D T T T T T T T 1
0 50 100 150 200 250 300 350 400

Temperature

Fig. 21. Temperature versus 1/(HF-HG)

4. Conclusions

Today, significant expenses of oil and gas and vulnerabilities about political steadiness in the
greater part of oil delivering nations, have re-established interest for a wide range of fuel. A restored
interest for coal gasification is in this manner not surprising. Moreover, hydrogen is presently a
greeting side-effect in light of the present interest for on the other hand fuelled vehicles. UCG is
possibly the most significant clean coal innovation of things to come with overall application.
Eventually, it could fill in for profound digging coal for power generation use. Using improved UCG
innovation to gasify thin, deep and low grade coal seams could immensely build the measure of
consumable reserves. The coal could be changed over to gas for an assortment of employments and
discharges of nitrous oxides, sulphur and mercury could be significantly decreased. UCG could
increment recoverable coal holds around 300 to 400 percent. One more advantage of UCG is that
hydrogen represents almost a large portion of the total gas item which can be isolated and effectively
utilized as feed-stock for the Chemical Industry. Nations are going to UCG to completely use their
coal assets in a monetarily suitable and ecologically adequate manner. Utilizing UCG innovation even
without a carbon-catch and-sequestration plan could likewise be qualified for carbon credits.
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