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A B S T R A C T   

This paper aims at reviewing and analyzing the operation and design of a utility flare in an oilfield 
in the Iraq/Kurdistan region. The flare supports a gas separation unit that separates 100 MMSCFD 
of natural gas from other liquid compounds in petroleum refining. The actual flare dimensions are 
50 m high and 0.6 m diameter and works in summer where the crosswind speed is 9 m/s and a 
flow of 1.2 MMSCFD of treated natural gas is flaring through it. At the beginning, the flare design 
was performed using the API-521 recommended approach based on full operating capacity of the 
unit and composition of the gas to be flared. The API-521 based design resulted in a flare with a 
0.76 m diameter and 48.19 m height. The effects of stack height on heat radiation in case of full 
capacity firing showed that as the flare height increases from 42.34 m to 133.05 m, the heat 
radiation decreases from 15.8 kW/m^2 to 1.6 kW/m^2 within 45.7 m dimeter. Furthermore, the 
relation between stack height and heat radiation was studied for the actual firing rate 
1.2MMSCFD using simulation, where the results showed that as the stack height increasing from 
10 m to 50 m the heat radiation decreasing from over 1000 w/m^2 to around 150 W/m^2. In fact, 
CFD code C3d was used to analyze flare performance at normal firing condition during summer 
operation of 1.2 MMSCFD with a flare diameter and height of 50 m and 0.6 m, respectively. The 
code was able to predict the flame shape and size during actual flare operation. The results of the 
simulation demonstrated by defining four locations in the domain to measure the average tem
peratures and emissions, and to calculate the Combustion Efficiency (CE) and Destruction and 
Removal Efficiency (DRE). These points were 6 m, 8 m, 10 m, 12 m far from the tip on x-axis and 
at height of 52 m. The results showed that the average temperature at 6 m far from the flare is 
658 K and it decreasing to 490 K at 12 m away from the tip. The CO and CO2 also decreased from 
7.27E-5 and 0.033 mass% to 4.53E-6 and 0.027 mass%, respectively. Generally, soot formation 
was low but at points 8 m and 10 m from the tip the soot formation was considerably lower, 
respectively at 6.16E-5 and 8.71E-5 mass%. The emissions of C1, C2, C3 and C6+ were measured 
at 7.46E-9, 5.39E-9, 5.13E-9 and 4.35E-9 mass% at 6 m away from the tip. The emissions 
increased slightly at 8 m and 10 m from the tip but at 12 m they were observed to decrease. The 
flare CE and DRE were estimated to be 98% and 100%, respectively. Analysis results confirmed 
that the flare design was safe and the flare operation was highly efficient with very little smoke 
produced as indicated by the predicted CE and DRE.   
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1. Introduction 

Generally, a gas flare is a combustion device used for burning gases that cannot be stored or processed due to economical, technical 
or safety reasons [1]. Flares are used in petroleum industry for extraction of oil or gas from wells in both offshore and onshore ap
plications, and in refineries. Additionally, gas flares are also used in other industries to burn waste gas from coal-gasification, sewage 
digesters, and ammonia fertilizer plant [2]. 

Nowadays, gas flaring is considered a significant challenge climate change because of the carbon emissions produced by the flare 
[3,4]. Gas flaring affects local populations by producing undesirable by-products including noise, smoke, thermal radiation, SOx, NOx, 
Soot, CO and CO2. Proper flare design and operation can minimize these impacts. Gas flaring volume is directly related to the level of 
oil production. Fig. 1 shows the relation between oil production and gas flaring worldwide. Fig. 2 compares global gas flaring volume 
for the top 10 countries between 2012 and 2022. 

Table 1 and Fig. 3 show the effect of increasing oil production in Iraq on flaring volume and intensity. As shown, the flaring volume 
and intensity is almost stable even with slightly decreasing oil production in 2020 and 2021. This can be explained due to improper 
flare operation and design in some locations in the oil field in Iraq. 

Flare performance can be quantified using Combustion Efficiency (CE) and Destruction and Removal Efficiency (DRE) [6–11]. The 
DRE measures the amount of destroyed original fuel converted to CO2 and CO, while CE measures how much of the original fuel burns 
completely to produce CO2 & H2O. In flare design, both CE and DRE need to be considered [12–15]. Studies have shown that a good 
DRE can be obtained if the flame burns in a stable fashion [12,16]. 

Moreover, the relationship between gas heating value and tip exit velocity is a factor that affects flame stability. Flares generally 
generate emissions when they are unstable (e.g., near the point of blowing out) [17,18]. Other parameters affecting flare operation and 
combustion efficiency is flame lift-off which occurs when the flow velocity at the tip (exit velocity) is too fast and exceeds the burning 
velocity of the flare gas. To avoid the flame’s lift off, the USEPA has suggested that the flare tip velocity should be less than the 
maximum allowable flare tip velocity determined by the flare tip diameter, the density of the flared vent gas and the air and com
bustion zone gas composition. The key factors important in determining the flare flame stability includes flame speed, flammability 
limits and ignition temperature [18,19]. The ambient wind velocity also affects the flame size and shape and can affect the heat ra
diation from the flame [19,20]. 

In flare design, the following factors are important to achieve best performance and meet regulations; flow rate, gas composition, 
gas temperature, gas pressure, utility cost and availability, environmental requirements, safety requirements, and social requirements 
[2]. Furthermore, the design should consider the following requirements; first, flares should install at least as high as any platform 
within 150 m horizontally, and not less than 15 m high. Second, the base of flares should install at least 60 m away from any source of 
flammable hydrocarbons. Third, the location & height of flares should meet all applicable standards for atmospheric pollution & noise. 
Fourth, flare spacing & elevation should be such that permissible radiation heat intensities for personnel at grade be less than the 
allowable limit (1.6 kW/m2) under condition of maximum heat release. Finally, the minimum distance from the flare stack base to 
nearby property line should be 60 m [16,21]. 

During operation, plume forms from the visible flame and travels downwind of the flare stack. As a result of temperature differences 
between the surrounding air and flare plume, buoyance will lead to rise the plume and expand it as it mixes with cooler air in the 
surroundings. Generally, pollutants and heat will disperse into the surrounding atmosphere as the plumes rise and expand; therefore, it 
has been observed that pollutants and heat will travel more until they reach the ground level. In general, momentum and buoyancy are 
the main two factors that control plume rise [22]. Flare height must be calculated to ensure that unburned toxics will not exceed the 
limit of safe dispersion (ground level concentration) [16]. This paper aims at evaluating the design and operation of a utility flare that 
operate in Iraq/Kurdistan region to burn 1.2 MMSCFD in summer. This work will check the hydraulic limits of the flare using API-521 
design approach and maximum gas flow rate (100MMSCFD) passing to the flare. Furthermore, this paper will evaluate the safety limits 
and performance using CFD code C3d. According to hypothesis, safety factor should increase when the flare height increases due to 
decreasing amount of heat radiation and emissions to ground. The flare performance will be evaluated depending on the CE and DRE 
results. High DRE is expected to obtain if the difference in the concentrations of the fuel in the plume and the gas being sent to the flare 

Fig. 1. World-wide flaring volume (million m3/year) and oil production (thousand barrels per day) (1996–2022) [55].  
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was high. Moreover, high CE is expected to observe as a result of smokeless operation, and low emissions of carbon monoxide and soot 
formation. The following parts will discuss first the design and then evaluate of the flare operation. 

2. Case study 

Data of a utility flare operating in an oil field in Kurdistan region of Iraq has been collected and used in this study. The case study 
flare is designed for a maximum capacity of 100 MMSCFD (capacity of the gas separation unit). The flare height and diameter are 50 m 
and 0.61 m (24″), respectively (see Fig. 4). The gas composition sent to flare shown in Table 2, and the actual flame size and shape 
during summer is shown in Fig. 4. Figs. 5 and 6 are graphical ways to design the flare considering the wind effect on the flame. 

The flare design was performed using API-521 recommended practice for determining the maximum capacity of the flare. In the 
following parts, the flare design will be carried out based on maximum capacity 100 MMSCFD to check the actual flare hydraulic limits 
if its capable of burning the full plant capacity in case of failure. 

2.1. Flare design using API-521 recommended practice 

The flare design using the equation and method provided by API-521 determines the flare height and diameter. At the beginning, 
the flare gas composition (mole basis) was converted to mass basis (see Table 2). After that, the gas average molecular weight, density 
and lower heating value have been calculated (see Table 3). 

The flare gas mass flow rate was obtained through the following steps. 
Flow rate (Max Capacity) = 100 MMscfd = 118,000 m3/h. 
(1 MMscfd = 1180 M3/hr). 
Density, ρ = P/

( R
M ∗ T

)
= 101325

8314.3
19.25 ∗300 ≈ 0.782 kg/m3 

Mass Flow Rate
(

kg
hr

)

=Flow rate
(

m3

hr

)

x density
(

kg
m3

)

Mass Flow Rate
(

kg
hr

)

= 118, 000
(

m3

hr

)

x 0.782
(

kg
m3

)

= 92, 276
kg
hr

(

25.63
kg
s

)

The required information for the flare design is listed in Table 4. 
The results of the calculations are listed in Table 5. These results have been obtained using the equations and charts in Table 6. 
Fig. 7 shows the flare dimensions obtained using API-521 method. The flare height was 48.2 m with a diameter of 0.76 m. These 

dimensions are near to the flare dimensions in the plant. The reason for using slightly smaller diameter is to increase the gas velocity 
injected since at normal operation less than the maximum capacity is sent to the flare. 

2.1.1. Flare performance 
The LHV of gas mixture is 46266 kJ/kg on volume basis which equals to 

LHV = 46, 266
(

kJ
kg

)

x 0.782
(

kg
m3

)

= 36180
(

kJ
m3

)

= 971
(

Btu
ft3

)

The Heating value of the gas 971
(

Btu
ft3

)
is greater than the recommended minimum of 300 

(
Btu
ft3

)
for efficient combustion, which 

mean it can combust according to EPA regulation and guidelines. 

2.1.2. Combustion stability 
The flare gas tip velocity is (236.22 ft/s) with as heating value of 971 Btu/ft3, the combustion should be stable above the flare tip 

because the velocity and heating value are in the recommended range (gas tip velocity < 1000 ft/s, heating value > 800 Btu/ft3). 

Fig. 2. Top 10 flaring countries by volume flared (2012–2022) [5].  
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2.1.3. Combustion efficiency 
The flare combustion efficiency at max firing capacity is expected to be > 98% based on the equation and chart below (see Fig. 8). 

Heating value
Minimum heating vlaue

=
971
300

= 3.23  

2.1.4. Wake stabilized 
Wake stabilized analysis for the full capacity flare operation is shown below. 

wind air momentum= ρaU2
w = 1.225 x (9)2

= 99.225 kg
m. s2  

Flare gas momentum= ρf U2
f = 0.782 x (72)2

= 4043.52
kg

m. s2 

Since the momentum of exiting flare gas is higher than the cross flowing air, no effects are expecting during maximum flaring. 

2.1.5. Smokeless operation 
For this design, burning flare gas is expecting to generate some smoke as it contains propane (C3 with C/H = 0.375) and Hexane (C6

+

with C/H = 0.43) which have C/H ratios higher than the recommended values of 0.35 (see Table 7). Therefore, as recommends to using 
steam assist or air assist to achieve smokeless operation. For Iraq, it is recommended that an air-assisted flare to enhance mixing due to 
water shortage.). 

2.1.6. Effect of mach number on diameter and height of stack 
According to API-521 standard, the conservative Mach number is between 0.2 and 0.5. By repeating the design steps for the same 

gas composition and data input but using a different Mach number results in decreasing stack height and increasing the tip velocity (see 
Table 8, Figs. 9 and 10). 

2.1.7. Effect of mach number on diameter and height of stack 
Fig. 11 and Table 9 show the effect of K (allowable radiation limits) on D (distance from center of flame to surface objects). This 

study carried out to show the effect of changing the flare height on amount of heat radiation to ground. This analysis depends on 
assuming D = h (height of the stack). 

Comparing stack height (133.05 m) with the estimated stack height (42.34 m), the former has less radiation safety issue in the 
workplace. However, the cost for the taller stack is higher than the API design. In general, the best design will consider worker’s safety 
first. According to API-521 recommendations, a flare stack height of 67.05 (k = 6.3 kW/m2) is acceptable since plant personnel can 
work around it for up to 1 min. For more safety a higher sack should be considered. 

2.3. CFD analysis of the flare operation 

After designing the flare using API-521 approach, CFD code C3d versions 12.21.21 has been used to analysis the flare operation at 
normal firing rate 1.2MMSCFD during summer (wind speed 9 m/s) and using the actual flare dimensions 50 m height and 0.61 m 
diameter. In this simulation, the gas composition, density, wind speed and temperature used in the design of the flare has been used 
also in the simulation. 

2.3.1. C3D code (background) 
Generally, C3d is a computational fluid dynamic (CFD) and heat transfer computer code aimed at solving a wide range of heat 

transfer and fluid mechanics problems in cases involving fires and flares. The code includes several optional sub models that help 
simulate radiation heat transfer, deposition and aerosol transport, material decomposition, chemical reactions, and combustion [25]. 

The C3d code has been used in several previous works [26–28]. This code is based on a CFD tool originally known as ISIS-3d, and it 
has been validated and used for simulating pool fires to investigate thermal performance of nuclear transport packages [29–31]. 
Originally, the code was developed at Sandia National Laboratory, and has been commercialized into a new CFD tool known as C3d to 

Table 1 
Iraq flaring volume, Flare intensity and oil production (2016–2022) [5].  

Years Flaring Volume (Million m3/year) Flare Intensity (m3 per barrel of oil produced) Oil Production (1000 barrels per day) 

2016 17,551.52 10.82 4443.52 
2017 17,843.04 10.98 4454.69 
2018 17,767.14 10.55 4612.70 
2019 17,914.22 10.35 4740.62 
2020 17,373.79 11.64 4088.22 
2021 17,891.97 12.00 4084.82 
2022 17,902.88 10.96 4474.17  
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be used for analyzing the performance of large gas flare. In fact, C3d has been used previously for evaluating the performance of air 
assisted flares, non-assisted (utility) flares, and large multipoint ground flares [26,32] with the combustion model expanded and 
approved for application and testing of typical flare gas (methane, propane, ethylene, xylene, ethane and propylene). Furthermore, 
C3d has been used for predicting flame shape and size, estimating the potential for smoking ignition behavior, and estimating the 
radiation flux from the flame to surrounding objects. 

I code has also been used to analyze multi-point ground flares and air flow through the surrounding wind fence, and the resulting 
flame shape and height during maximum firing conditions. Also, the code has helped to evaluate the spacing between flare tips and 
rows to ensure adequate air flow to individual burners during operation to avoid smoking during maximum relief conditions [33]. 
Moreover, the code has been used to study the impact of using a continues pilot compared to a discrete ignition system, whereas 
various ignition scenarios considering instantaneous ignition compared to delayed ignition [32]. 

2.3.2. Using LES versusu RANS CFD 
Studies shown that the traditional CFD simulation tools which use the Reynolds-Averaged Navier-Stock (RANS) approximations 

may not compute accurately the flare combustion efficiency. This is because of large-scale mixing resulting from vertical coherent 
structures in the flames are not easily reduced to a steady state condition provided by a typical RANS. Furthermore, in RANS, unsteady 
information (i.e., flame shape & instantaneous mixing) cannot be properly captured by time averaging the equations. 

Industrial flares operate in turbulent flow conditions, which include large disparity time and length scales. The smallest of these 
scales is set by viscosity and the biggest is on the order of flare tip diameter. Generally, the combustion is limited by mixing rates due to 
non-premixed combustion. There are numerous centrally reaction steps with hundreds of species with a wide range of reaction time 
scales involved in the detailed kinetic mechanism of chemical reactions. Both radiative and convective heat transfer accompany in the 
exothermic nature of the chemical reactions. These processes are closely coupled; for instance, the chemical reactions are affected by 
turbulent mixing air and combustion gas. The chemical reactions change the density and consequently the mixing intensity through 
turbulence. This occurs because the gas temperature changes with the chemical reactions as heat is generated. Resolving all the time 
and length scales in practical turbulent combustion applications is very difficult and mostly not possible even with supercomputers. 
Alternatively, capturing important features of the flame can be done through resolving large time and length scales, responsible for the 
controlling dynamics, and using subgrid scale models for more homogenous smaller scales. It has been observed that the Large Eddy 
Simulation (LES) approach can more accurately simulate transient flare gas combustion compared to an RANS approach [34–38]. 

2.3.3. Computational domain and boundary conditions 
The computational domain size used in this work was 70 m high, 45 m in length and 40 m in width. The height of the domain (z- 

axis) started from – 0.1 to 0 to specify ground for the flare, then from zero to 70 m. The domain length (x-axis) started from – 5 m to 40 
m. Finally, the domain width (y-axis) started from – 20 to 20. Starting the x and y domains at – 5 and − 20 set the center of the flare so 
the cross wind would blow from the x-axis. In this simualtion, the flare height and diameter were 50 m and 0.61 m, respectively. Fig. 12 
shows the flare location in the domain and the mesh size. The total number of hexahedral cells were 1,850,625 (141 × 125× 105), and 
was finer near to flare tip to capture the flame shape and transient nature correctly. 

Fig. 13 shows a mesh inpependence study considering soot formation (ppmv) in the plume for three different mesh sizes. For this 
study, a probe was located at 6 m, 8 m, 10 m and 12 m (on x-axis), 0 m (on y-axis) and 52 m (on z-axis) in the domain to capture the soot 
in the plume. According to the results, with fewer cells the predicted soot (C20) formation was higher than with more cells. To ensure 
best results, the most refined mesh (1,850,625) was used for all work reported in this paper. 

The boundary conditions used in this work included: constant 9 m/s cross wind at 300 K blowing from the x-axis to the flare and 

Fig. 3. The correlation between flaring intensity, flaring volume and oil production [5].  
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with hydrostatics pressure defined across the domain. Three 1-d sub grids were defined for the ground, flare wall and flare tip. In the 
first sub grid, dry sand was selected as the material for the ground of flare. In the second sub grid, carbon steel was selected as the 
material for the stack. Finally, in the last sub grid, the mass flux and temperature of the gas through the flare was defined as 1.08 kg/ 
m2.s (equal to 1.2 MMSCFD) and 300 K, with the flare exit as a 3-D pressure. 

2.3.4. Physical model 
In this simulation, the LES turbulence model was used to simulate fluid flow. Radiation effects were included in the energy 

equation. To keep monitoring the fuel distribution and concentration, soot, intermediate species, and products of combustion (H2O and 
CO2), individual species equations were also solved. The combustion model used for providing the sink and source terms for the species 
equations as a function of local gas temperature, species concentrations and turbulent diffusivity. 

The code predicted the flame emissivity using a series of models as a function of soot volume fraction, molecular gas composition, 
flame size, flame shape and combustion effluent temperature profile. These variables depend on solutions of the momentum, mass, 
species, and energy equations. In this simulation, radiation transport model used for predicting the radiation flux from the flame to 

Fig. 4. Case study flare operation at 1.2MMSCFD of gas injection.  

Table 2 
Case study Gas composition.  

Basis = 100 kg mol/h 

Components Mole (%) Kg mole MWt Kg. Mass (%) 

C1 83.34 83.34 16 1333.44 0.693 
C2 9.501 9.501 30 285.03 0.148 
C3 3.391 3.391 44 149.204 0.078 
C6+ 0.232 0.232 86 19.952 0.010 
CO2 1.713 1.713 44 75.372 0.039 
H2S 1.816 1.816 34 61.744 0.032 
N2 0.007 0.007 28 0.196 0.000 
Total 100 100.00  1925 1 

Average molecular weight =
Total mass
Total mole

=
1925 kg/hr

100 kg mole/hr
= 19.25

kg
kg mole

.  
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Fig. 5. Flame length versus heat released [20].  

Fig. 6. Approximate wind distortion due to lateral wind on jet from flame stack [16].  

Table 3 
Heating value calculations.  

Components Mass fraction LHV (kJ/kg) LHV x Mass fraction (kJ/kg) 

C1 0.693 50,048 34,669.17 
C2 0.148 47,611 7049.87 
C3 0.078 46,330 3591.09 
C6+ 0.010 45,099 467.45 
CO2 0.039 –  
H2S 0.032 15,223.67 488.31 
N2 0.000 –  
Total 1  46,266  
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external ground, as well as providing sink and source terms for the energy equation to predict the flame temperature distribution. 

2.3.5. Chemical and soot model 
The rate of combustion equations is defined by a combination of Arrhenius & Eddy breakup reaction time scales. 

ttotal = treaction + tturb =

(
1

AkTbe− (
TA
T )

)

+
Cebdx2

εdiff
(1) 

Ak is the pre-exponential coefficient, T is the local gas temperature, b is a global exponent, TA is activation temperature, Ceb is the 
eddy breakup scaling factor, dx is the characteristic cell size, εdiff is the eddy diffusivity from LES module, tturb is the turbulence time 

Table 4 
Design data.  

Input Data 

Wind velocity 9 m/s 
R (reference point) 45.7 m 
Mach number (0.2–0.5) 0.2 dimensionless 
Mass flow rate 25.63 Kg/s. 
Molecular weight 19.25 Kg/kmole 
Temperature of gas at tip 300 K 
LHV 46266 kJ/kg 
γ (cp/cv) 1 dimensionless 
Pressure 101,325 Pa 
Z (compressibility) 1 dimensionless 
K max (allowable radiation) 6.3 kW/m2 

fraction of heat transmitted (τ) 1 dimensionless 
fraction of heat radiated (E) 0.3 dimensionless  

Table 5 
Design results.  

Output Data 

Tip Velocity (m/s) 72 
Tip Area (m2) 0.45 
Tip Diameter (m) 

Stack Height (m) 
0.76 
48.2 

Heat Liberated (kW) 1,185,898 
Flame length 95 
Distance from the center of flame to ground (m) 67.06  

Table 6 
Equations used in the design [16].  

Tip sizing 

Speed of Sound (c) 
c =

̅̅̅̅̅̅̅̅
γRT
M

√ T = Temperature 
M = Molecular weight 
R = gas constant 
γ (cp/cv) 

Tip velocity (Vtip) = c * Mach  
Tip area A =

ṁ
ρv 

m. = gas mass flow rate 
ρ = gas density v = gas velocity 

Tip diameter 
d =

̅̅̅̅̅̅̅̅̅̅̅
4 ∗ A

π

√ A = Tip Area 

Flame length 

Heat liberated Q = Flow ∗ LHV  
Flame Length Figs. 5 and 6  

Wind effects (flame distortion) 

Distance 
D =

̅̅̅̅̅̅̅̅̅
τEQ
4πK

√

Stack height U∞

Utip 
r’ = r – xc 

h’2 = D2 - r’2 

h = h’ – yc 

U∞ = wind velocity 
Utip = Tip Velocity  
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Fig. 7. Flare stack dimensional reference [16].  

Fig. 8. Heating value/ minimum heating value versus CE [23,24].  

Table 7 
C/H ratio of the gas mixture.  

Components C/H Mole % Mass Fraction 

CH4 0.25 83.34 0.69 
C2H6 0.33 9.50 0.15 
C3H8 0.375 3.39 0.08 
C6H14 0.428 0.23 0.01 
CO2 – 1.71 0.04 
H2S – 1.82 0.03 
N2 – 0.01 0.0001 
Total 1.00 100 1  
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scale [25]. 
The combustion chemistry includes primary fuel breakdown reactions (incomplete combustion) that produce intermediate com

bustion products (C2H2, H2, CH4, Soot, and CO). Next, the reactions include burning the intermediate products and produce soot. 
Furthermore, reforming reactions with OH radicals are included, and the oxidizing species are simplified as water vapor. Equilibrium 
reactions between methane, acetylene, hydrogen, hydrogen sulfide and sulfur are included to allow to form soot [25]. 

The primary fuel breakdown reactions in this study are shown below:  

CH_4 + O_2→ H2 + CO + H2O C1 Breakdown                                                                                                                                  

C2H6 + O2→ 2.5H2O + 0.5C2H2 + CO C2 Breakdown                                                                                                                       

C3H8 + 1.5O2→ C2H2 + 2H2O + CO + H2 C3 Breakdown                                                                                                                 

Table 8 
Flare dimensions and tip velocity versus mach number.  

Mach Stack Height (h) m Stack Diameter (d) m Stack Tip velocity (m/s) Stack Tip area (m2) 

0.2 48.19 0.76 72 0.46 
0.3 43.34 0.62 108 0.30 
0.4 39.58 0.54 144 0.54 
0.5 37.37 0.48 180 0.48  

Fig. 9. Stack height at different mach numbers number (0.2, 0.3, 0.4 and 0.5).  

Fig. 10. Tip exit velocity at different mach numbers (0.2, 0.3, 0.4 and 0.5).  
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C6H14 + 3.5O2→ 5H2O + 2C2H2 + 2CO C6+ Breakdown                                                                                                                  

H2S + O2– > SO2 +H2 H2S Breakdown                                                                                                                                           

The secondary reactions of the gas are shown below:  

H2 + 0.5 O2→ H2O H2 combustion                                                                                                                                                   

C2H2 + 0.8 O2→ 1.6 CO + H2 + 0.02C20 (soot) nucleation soot formation                                                                                             

C2H2 + 0.01C20→ H2 + 0.11C2 soot growth by acetylene addition                                                                                                        

CO + 0.5 O2→ CO2 + H2O CO combustion                                                                                                                                       

Fig. 11. Flare height versus heat radiation.  

Table 9 
Flare height and heat radiation.  

D = h (m) K (kW/m^2) API-521 recommendation 

133.05 1.6 Personnel, continuous 
94.83 3.15  
82.72 4.14 Personnel, few minutes 
67.05 6.3 Personnel, 1 min 
54.60 9.5 Personnel, a few seconds 
42.34 15.8 Equipment only  

Fig. 12. (a) Domain size and mesh, (b) Flare and ground mesh (c) Flare surrounding mesh.  
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C20 + 10 O2→ 20 CO soot combustion                                                                                                                                               

C2H2 + 3H2→ 2 CH4 acetylene decomposition                                                                                                                                    

CH4 + CH4→ C2H2 + 3H2 acetylene formation                                                                                                                                  

O.5 S2 + H2→ H2S sulfur reduction to hydrogen sulfide                                                                                                                        

H2S–> 1.5 S2 + H2 hydrogen sulfide decomposition                                                                                                                             

H2S + 0.5 〖SO〗_2→ 0.75 S_2 + H_2 O elemental sulfur formation                                                                                                    

The reforming reactions are showing below:  

C_20 + 20 H_2 O–> 20 CO + 20 H_2 soot steam reforming.                                                                                                                

Fig. 13. Mesh Independence study for Soot in the Plume.  

Fig. 14. Net reaction energy source for simulations.  

A.A. Maaroof et al.                                                                                                                                                                                                    



Heliyon 9 (2023) e18581

13

0.75S2 + H2O– > H2S + 0.5 SO2 sulfur steam reforming                                                                                                                      

For these reactions, a global Arrhenius rate mode is used. The consumption of soot, fuel and intermediate species are described by: 

dfRi

dt
= − C

[
∏N

i
f pAi

]

Tbe− (TA/T) (2)  

where N = number of reactants, fRi = moles of each reactant, i and C = pre-exponential coefficient, TA = effective activation tem
perature and b = temperature exponent. 

2.3.6. Post processing and transient calculation 
At the beginning, the simulation run for 10 timesteps to calibrate the gas mass flow rate injected through the flare 0.31 kg/s which 

is equivalent to 1.2 MMSCFD (Case study flow rate). After this step, the simulation timesteps and time set to 10000 step and 10 s, 
respectively to allow the process to stabilize. The net reaction energy source (Fig. 14) shows the simulation reach stability after 3–4 s. 

3. Results 

Paraview (version 5.10.0) was used to visualize the flame and extract results of combustion products, temperature, velocity of the 
flame and other properties. 

3.1. Flame shape, size and prodcuts of combsution 

The C3d code was able to give a good estimation of the flame shape and size compared to the real flare (see Fig. 15). 
Fig. 16 shows the flame temperature, soot concentration (ppmv) and methane concentration (mass %) in the plume. 
These figures show that the temperature inside the flame is around 2000 K and its decreasing due to cooling by cross wind. 

Furthermore, the soot formation is significantly low approximately 0.6 ppmv, and methane concertation is about 0.1 mass% inside the 
flame. Moreover, Fig. 17 shows the mass fraction of oxygen, carbon monoxide and carbon dioxide in the plume. 

According to Fig. 17 (a), oxygen concentration around the flame is higher than the center of the flame to maintain the complete 
combustion. The complete combustion of the flame can be observed from Fig. 17 (b) and (c) where the carbon monoxide concertation 
is low compared to carbon dioxide concertation. Due to the cross wind effect, the oxygen concentration increasing, the carbon dioxide 
decreasing at the end of the flame as a result of changing in the stoichiometric ratio lead to producing very little smoke (see Fig. 16 b). 

Fig. 15. Flare shape and size predicted by the C3d code and the real flare.  

A.A. Maaroof et al.                                                                                                                                                                                                    



Heliyon 9 (2023) e18581

14

3.2. Flare stack height effect and ground heat 

Three different stack elevations have been studied to show the effect of changing flame distance from ground on amount of heat 
released to the ground. Fig. 18 shows three stack elevations (10 m, 30 m and 50 m) and ground heat (W/m^2) due to the distance from 

Fig. 16. Products of combustion; (a) flame temperature (K), (b) soot (ppmv), and (c) CH4 (mass%).  

Fig. 17. Products of combustion; (a) O2 (mass %), (b) CO (mass%), and (c) CO2 (mass%).  
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the flame. 
These figures show that the real flare height 50 m (Fig. 18 c) has very low heat radiation to the ground compared to 10 m stack 

height (Fig. 18 a) with approximately 150 W/m^2 and over 1000 W/m^2 respectively. This prove that the case study flare considered 
the safety requirements for flare operation in the area near to the flare. 

3.3. Cross wind effect and flare flame 

The effect of cross wind speed on flare operation has been studied by considering three scenarios for cross wind speeds; 5 m/s, 9 m/s 
and 14 m/s. Fig. 19 show the flame shape as a result of changing cross wind speed from 5 m/s to 14 m/s. According to these figures, as 
the wind speed increases to 14 m/s, the probability of wake stabilizer increases. Moreover, as the wind speed increases, the flame cool 
faster and increase chances for soot formation and flame shut down. The wind speed of the case study flare (9 m/s) is acceptable with 
flare firing rate (1.2MMSCFD) as there is less wake stabilizing compared to 14 m/s. However, when comparing 9 m/s with 5 m/s, it’s 
clear that less firing rate can be applied in this case to maintain the flame. 

3.4. Combustion efficiency (CE) and destruction and removal efficiency (DRE) 

The combustion products and temperature were calculated using probe function in Paraview. The probe radius was set to 0.25 m 
and located at four different locations in the domain: 6 m, 8 m, 10 m and 12 m (on the x-axis) away from the stack, and 52 m height (on 
z-axis) to capture combustion products and temperature. At each point, 10 data points were measured and the average calculated (see 
Table 10 and Table 11). The locations of the probes are shown in Fig. 20. 

The output from the code includes the mass fraction of all combustion products except of Soot where it is in ppmv. To convert soot 
concentration to mass fraction, code output in ppmv is divided as ppmv/10,000 and multiplying it by molecular weight of C20 (240 g/ 
mol). 

According to these data, the temperature is decreasing from around 650 K at location near to the tip of the flame to 490 K at 12 m 
away from the flame. This can be explained due to the effect of cooling by cross wind blowing toward the flare from a side. As explained 
before there is a soot formation but it is low as the carbon monoxide consternation. Comparing carbon dioxide concentration to carbon 
monoxide concentration, it’s clear that the combustion is compete inside the flame. 

To evaluate the performance of the flare CE and DRE have been calculated using the following equations: 

%CE=
Co2

Co2 + Co + C1 + C2 + C3 + C+
6 + Soot

(3)  

%DRE= 1 −
C1 + C2 + C3 + C+

6 (Mass % in the plume)
C1 + C2 + C3 + C+

6 (Mass % in the original fuel)
(4)  

%DRE(CH4) = 1 −
CH4(Mass % in the plume)

CH4 (Mass % in the original fuel)
(5) 

Since Methane gas (C1) is the main gas in the flare gas, the DRE has been calculated for Methane gas in the flare. The result of CE% 
and DRE % are shown in Table 12. 

Fig. 18. Stack hieght and ground level heat radiation; (a) 10 m, (b) 30 m, and (c) 50 m  

A.A. Maaroof et al.                                                                                                                                                                                                    



Heliyon 9 (2023) e18581

16

Comparing the results of the fuel distribution in the flame (see Table 11) with fuel concentration in the gas sent to the flare (see 
Table 2), it’s clear that the flare was working perfectly in which all the fuel combusted. For example, the original mass fraction of the 
methane in the gas sent to the flare is 0.693 and its mass fraction in the plume is around 7.12E-9 (see Table 13). This show that the flare 

Fig. 19. Cross wind speed and flare flame: (a) 5 m/s, (b) 9 m/s and (c) 14 m/s.  

Table 10 
Average Temp, CO, CO2, and Soot in the plume at different locations.  

Probe Temp (K) CO (Mass%) CO2 (Mass%) C20 (Mass%) 

x-axis y-axis z-axis Radius (m) 

6 0 52 0.25 657.84 7.27E-5 0.033 0.00038 
8 0 52 0.25 880.70 8.00E-9 0.121 6.16E-5 
10 0 52 0.25 602.16 2.11E-6 0.040 8.71E-5 
12 0 52 0.25 490.12 4.53E-6 0.027 0.000109  

Table 11 
Average C1, C2, C3 and C6+ mass fraction in the plume at three different locations.  

Probe C1 (Mass%) C2 (Mass%) C3 (Mass%) C6+ (Mass%) 

x-axis y-axis z-axis Radius (m) 

6 0 52 0.25 7.46E-9 5.39E-9 5.13E-9 4.35E-9 
8 0 52 0.25 7.94E-9 7.76E-9 7.60E-9 7.71E-9 
10 0 52 0.25 7.46E-9 6.94E-9 6.77E-9 5.94E-9 
12 0 52 0.25 5.60E-9 4.85E-9 4.70E-9 4.16E-9  
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operation was good and almost all the fuel combusted in the flame. The CE results approve that the flare operation was almost 
smokeless at least in the area near to the flame. Table 13 show the carbon mass fraction in the flare gas and in the plume for the main 
carbon compounds in the gas mixture. According to this table, the total carbon mass fraction decreases due to the complete combustion 
of the gas and good performance of the flare at operation condition. 

3.5. Soot formation and combustion efficiency (CE) 

The effect of soot formation on flare combustion efficiency has been studied and showed in Table 14. Theoretically, as the soot 
formation decrease, the CE should increase. According to Table 14, the combustion efficiency increase when the mass % of the soot 
(C20) decrease. This prove that the flare operation was acceptable and according to requirement. 

4. Conclusion 

This paper reviewed the design and operation of an oilfield utility flare operating in the Iraq/Kurdistan region. The flare design was 
carried out using API-521 approach and considering the full firing capacity (100MMSCFD). Results of the design produce a flare with 
0.78 m diameter and 48.2 m height, which can be considered reasonable and near to the real flare hydraulic dimensions (50 m high and 
0.61 m diameter). Primarily results for flare operation at full capacity showed that as the stack height increases the amount of heat 
radiation to the ground decreases, and the safest flare height is 133 m with heat radiation 1.6 Kw/m2 within 45.7 m radius. The CFD 
code C3d was used to study the flare performance using real flare hydraulic dimensions and depending on real firing rate (1.2 
MMSCFD). The results showed that the real flare operation was stable as 1.2 MMSCFD gas firing rate was enough to keep the flame 
against the applied cross wind of 9 m/s. Moreover, the simulation showed that the real stack height 50 m considered the safety 
requirement of flare operation with about 150 W/m^2 ground heat. The CFD pictures of the flame showed the flame temperature at the 
center was slightly above 2000 K and decreasing at the shell. Additionally, the CO emissions inside the flame was little and the CO2 was 
more, which indicate complete combustion and good performance of the flare. Moreover, the soot formation was very low, and the CE 
calculations proved that with about 98% CE. Furthermore, the DRE calculations showed that the flare has destroyed perfectly all the 
fuel with 100% DRE. Future prospective of this flare depend of the wind conditions in the region. For example, in the winter, the firing 
rate should be changed to keep the flame at the tip. Although the flare has very little smoking, air assist can be used to have better 
smokeless operation. 

Fig. 20. Probe locations and distance from the stack: (a) 6 m, (b) 8 m, (c) 10 m and (d) 12 m  

Table 12 
Flare combustion efficiency (CE) and destruction and removal efficiency (DRE).  

Probe CE % DRE % DRE (CH4) % 

x-axis y-axis z-axis Radius (m) 

6 0 52 0.25 98.7 100 100 
8 0 52 0.25 99.9 100 100 
10 0 52 0.25 99.8 100 100 
12 0 52 0.25 99.6 100 100  
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