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Abstract

Waste gas flares are subjected to various turbulent flow conditions that can adversely

affect downstream combustion efficiency. The United States Environmental Protection

Agency (EPA) mandates that flares operate at combustion efficiencies greater than 96.5%.

However, the operation of waste gas flares under turbulent crosswinds can present signif-

icant challenges to maintaining the mandated combustion efficiency levels. Crosswinds

introduce a complex interplay of aerodynamic forces that can distort the flame shape,

disrupt the flame front, and vary mixing rates between the fuel and the air, which, under

certain conditions, may either improve or significantly impair combustion efficiency. This

is further complicated by the variability in crosswind speeds and directions, making the

prediction and control of flare performance increasingly difficult. This work quantifies

the relationship crosswind turbulent intensity and downstream combustion efficiency in

flares. We consider a canonical case of a reacting jet in cross-flow using high-fidelity

large-eddy simulation coupled with a flamelet progress variable approach to model the

turbulence-chemistry interaction. Our results are also validated by comparison with ex-

perimental data, where emissions were analyzed through gas sampling and composition

diagnostics to measure downstream hydrocarbons, providing a comprehensive assessment

of combustion efficiency under varying conditions. We found that combustion efficiency

decreases non-linearly with turbulence intensity and it causes significant scatter when

plotted against correlation curves.
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I. Introduction

Waste gas flares are integral to various industrial operations, serving as a means to safely

combust excess gases that cannot be captured or repurposed. The efficiency of these flares

is of paramount importance, particularly from an environmental and regulatory perspec-

tive. The United States Environmental Protection Agency (EPA) mandates that flares

must achieve combustion efficiencies exceeding 96.5% to mitigate environmental impacts

and comply with stringent regulations [1]. However, maintaining such high efficiency is

arduous, especially under turbulent flow conditions. These crosswinds induce non-linear

aerodynamic forces that alter the flame structure, disrupt the stability of the flame front,

and modify the fuel-air mixing dynamics. Such disturbances can lead to fluctuations in

combustion efficiency, thereby compromising the flare’s performance [2–5].

The operation of waste gas flares in environments with variable crosswind speeds and

directions further complicates the prediction and control of flare performance. Turbu-

lent crosswinds can cause significant deviations in combustion characteristics, presenting

substantial challenges in optimizing flare design and operation [6]. Previous studies

have shown that crosswinds can significantly impact flame stability and combustion effi-

ciency, with both experimental and computational approaches highlighting the sensitivity

of flares to external aerodynamic disturbances [3, 6–8].

The primary objective of this study is to quantify the relationship between turbulent

flow structures induced by crosswinds and the downstream combustion efficiency of waste

gas flares. Specifically, this research aims to understand how varying the intensity of

crosswind turbulence affects the combustion processes. The flare gas considered here is

methane and the selected flow rates are below 50 thousand standard cubic feet per day

(MSCFD), representing typical heating values and flow rates observed in vent gases from

storage tanks [9].

The layout of this paper is as follows, in Section IIA discusses the flow configura-

tion and as well key parameters for the simulations, Section II B presents the governing

equations , Section IIC discusses the numerical setup, boundary conditions and the dis-

cretizations used for this study, Section IIIA provides qualitative comparisons of the

various flow fields, Section III B-IIID discuss the quantitative comparisons for various

configurations used to study the effect of turbulence crosswinds and Section III E con-

sists of the collapse of all the numerical data on correlation curves.
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II. Methodology

A. Flow configuration

FIG. 1: Setup for reacting jet-in-cross-flow simulations.

We consider a reacting jet-in-cross-flow (RJICF), a canonical case for turbulent com-

bustion and non-premixed diffusion flames [10, 11]. Fuel is injected from a nozzle with

diameter D into a domain interacting with cross-flow from the left. This setup, shown in

Fig. 1, is relevant for systems like non-assist flares [12].

The computational domain is 63D in length, with a height of 20D, and width 21D.

The nozzle is positioned 10D from the left wall, with a pipe height of 5D. Cross-flow

inlet conditions include bulk crosswind velocity Uc corresponding to a crosswind Reynolds

number Rec=�cUcD=�c, where �c is the crosswind density and �c is the crosswind dynamic

viscosity, the fluctuating component of crosswind velocity urms and a mixture fraction

value of Z = 0. The fuel enters the domain with a jet velocity Uj corresponding to a

jet Reynolds number Rej=�jUjD=�j, where �j is the jet density, �c is the jet dynamic

viscosity, a mixture fraction Z = 1 and a mass flow rate ṁin,fuel.

The mixture fraction Z = mf=(mf + mo) is defined as the ratio of the local mass-

fraction of the fuel stream mf to the total mass-fraction of fuel and oxidizer streams

mf +mo [13]. We consider pure fuel at the jet inlet (Z = 1) and pure oxidizer at the

crossflow inlet (Z = 0).

The flow is characterized with the velocity ratio r = Uc=Uj, the momentum flux
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ratio J = �cU
2
c =�jU

2
j , and the turbulence intensity I = urms=Uc. Combustion metrics,

such as the mass flow rate of combustion products ṁout, CO2
and combustion efficiency

� = ṁout, CO2
=ṁin,fuel, are measured at the exit plane (shown in blue) in Fig. 1 [14]. The

simulation parameters considered in this study are listend in Table I.

TABLE I: Simulation parameters.

D (m) Uc (m/s) Uj (m/s) urms (m/s) I r J Rec Rej

0.0247 2-10 2 0.1-0.5 5 1-5 1.968-49.200 3530-17645 2916

0.0498 2-10 2-3 0.1-0.5 5 1-5 1.968-49.200 7115-35575 5879-8819

0.0762 0-9 1-4 0-1.8 0-20 0-3 0-70.848 0-48991 4498-17992

0.0996 9 3 0-1.8 0-20 3 17.712 64036 1.7638

B. Governing equations

The reacting flow simulations are performed in a large-eddy simulation (LES) frame-

work. The governing equations for the filtered flow include the conservation of mass and

momentum. The conservation of mass and momentum are given by

@�̄

@t
+r � (�̄ũ) = 0; (1)

@(�̄ũ)

@t
+r � (�̄ũũ) = �rp+r �

�
(�+ �t)

�
rũ +rũT � 1

3
r � ũI

��
+ �̄g; (2)

where overbars denote filtered quantities, tildes denote Favre filtered quantities, and

primes denote fluctuations (i.e., � = �+ �′, u = ũ+ urms, and ũ = �u=�̄). The turbulent

viscosity, �t, is modeled as

�t = C��̄∆
2jS̃j; (3)

where jS̃j =
p

S̃ : S̃ is the magnitude of the filtered strain-rate tensor, ∆ is the local grid

spacing, and C� is determined dynamically [15].

In the flamelet progress variable approach (FPVA), instead of having multiple scalar

transport equations, the chemical state variables (mass-fraction, temperature, and den-

sity) are functions of the mixture fraction Z and progress variable C = mCO2 +mH2O +

mCO+mH2 (where mi denotes the mass-fraction), obtained from lookup tables generated

using FlameMaster [16]. For the combustion chemistry, the GRIMech-3.0 mechanism

was used. The scalar mapping helps in reducing the number of transport equations down



5

to two, one for Z and one for C. The thermochemical properties are obtained by the

mapping

yi = yi(Z;C); T = T (Z;C); � = �(Z;C); !C = !C(Z;C): (4)

where !C is a source term obtained from a lookup table. The transport equation for Z

and C are given by
@�Z

@t
+r � (�uZ) = r � [��rZ] ; (5)

@�C

@t
+r � (�uC) = r � [��rC] + �!C (6)

A unity Lewis number assumption is made with all species have equal diffusivity, � [17].

C. Numerical setup

The large-eddy simulations (LES) are performed using a custom solver umFlameletFoam [18]

built on the OpenFOAM platform. It is an LES solver based on the low-Mach variable

density formulation. umFlameletFoam utilizes an unstructured mesh discretization, all

variables are stored at cell centers. Specialized numerical schemes are chosen to preserve

secondary quantities, such as kinetic energy, and reduce numerical dissipation [19]. The

reacting solver is second-order accurate in both space and time.

A convergence study was performed to determine the mesh resolution for the setup

shown in Fig. 1. The boundary conditions (BC) for the jet inlet are a fixed value (Dirich-

let) on Uj, Z, and C and a zero-gradient (Neumann) on pressure. The nozzle wall has

a finite thickness of 0:1D and has a no-slip BC on velocity. The crossflow inlet uses the

turbulentDigitalFilterInlet BC on velocity to produce synthetic turbulence [20].

Turbulent crosswinds having variable turbulent intensities I = urms=Uc are specified at

the crosswind inlet patch to mimic real-world turbulent crosswinds affecting real-world

waste gas flares. BC’s for Z and C on the crossflow inlet are fixed value (Dirichlet)

as well. Patches other than the jet inlet, crossflow inlet, and pipe wall are considered

outlets and have a clipped zero-gradient (Neumann) BC on velocity and a zero-gradient

(Neumann) condition on pressure, Z and C.

The computational grid used for each case is fully unstructured with uniform re-

finement. The average grid spacing ∆ is plotted against the combustion inefficiency

(1� �)% for the various grid spacings in Fig. 2. Convergence is achieved for ∆ of 4e-03

m, this equates to approximately 12 million elements. The computational cost for one
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ow through time was 1700 CPU hours. The simulations were performed on the Uni-

versity of Michigan supercomputing cluster Great Lakes (Intel Xeon Gold Architecture).

This mesh resolution is followed for all subsequent simulations.

FIG. 2: Convergence study for combustion ine�ciency. The jet diameter isD= 0.0498

with a velocity ratio of r = 5 and turbulence intensity I = 0.

III. Results

A. Qualitative comparison of turbulence intensity on 
ame shape

Instantaneous snapshots of the iso-surface of the mass-fraction OH colored by temperature

are shown in Figs. 3 and 4. From these qualitative assessments, with a progressive increase

in Uc and I , 
ame pro�les exhibit notable transient behavior and are shorter in length

compared to those with comparabler values. The nozzle shape also has a noticeable

e�ect on the overall dimensions of the 
ame. SmallerD nozzles display more slender


ames and turbulent structures as compared to largerD nozzles.
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FIG. 3: Instantaneous snapshots of the temperature pro�le for various 
ow �eld

con�gurations. The iso-surface shown is a singular value of the OH mass-fraction

colored by temperature.
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FIG. 4: Instantaneous snapshots of the temperature pro�le for various 
ow �eld

con�gurations. The iso-surface shown is a singular value of the OH mass-fraction

colored by temperature.




	Effects of crosswind turbulence on the combustion efficiency of non-assist waste gas flares
	Introduction
	Methodology
	Flow configuration
	Governing equations
	Numerical setup

	Results
	Qualitative comparison of turbulence intensity on flame shape 
	Influence of turbulent crosswinds on combustion inefficiency
	Influence of nozzle diameter on combustion inefficiency
	Influence of jet velocity on combustion inefficiency 
	Comparison of computational results with flare correlations

	Conclusion
	Acknowledgement
	References
	References
	Appendix
	Comparison against a wind tunnel experiment



