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Abstract. Background Oriented Schlieren (BOS) is an optical technique that 
visualizes and quanti�ies refractive index gradients in transparent media, used 
extensively in studying compressible �lows, heat transfer, and combustion. The 
refractive index �ield can be converted to a density �ield using the Lorentz-Lorenz 
or Gladstone-Dale equations. Recently, the tomographic version of BOS has gained 
attention for its application in these �ields. Sipkens et al. proposed the ARAP 
method for tomographic BOS, which improves reconstruction accuracy by 
accounting for light rays converging at the camera pinhole, a common setup with 
entocentric lenses. This study aims to assess the limitations of tomographic BOS 
reconstruction using numerical simulations of an axisymmetric hydrogen Bunsen 
�lame, comparing the results with experimental BOS measurements. It has been 
observed that the constant composition assumption (i.e., assuming a unique value 
of the Gladstone-Dale constant independently from composition) may introduce 
some limited errors, whereas the implementation of the ARAP algorithm has a 
negligible impact on the computation of temperature distribution. 

 

1. Introduction  

Background Oriented Schlieren (BOS) is an optical technique that visualizes and quanti�ies 
refractive index gradients in transparent media. Using the Lorentz-Lorenz or Gladstone-Dale 
equations, the density �ield can be derived from the refractive index �ield. BOS is simple to set up 
and provides quantitative results, making it popular for studying compressible �lows [1], heat 
transfer [2] and combustion [3–5]. Recently, its tomographic version (tomoBOS) has garnered 
attention for its applications in various �ields. Moreover, tomoBOS offers a non-intrusive, cost-
effective alternative for temperature �ield measurement in axisymmetric �lames, avoiding the 
limitations of thermocouples and complex laser techniques. For 3D objects, this technique 
requires the acquisition of frames from multiple viewpoints. However, if the object exhibits axial 
symmetry, an Abel-transform deconvolution algorithm can be used. Abel-based algorithms 
assume that light rays are parallel to the optical axis of the camera, which is not accurate when 
using the commonly employed entocentric lenses, particularly when the camera is positioned 
close to the Schlieren object. To address this limitation, this study applies the ARAP transform 
proposed by Sipkens [6], which effectively models light rays as converging at the camera pinhole. 
Iapaolo et al. [5] applied such methodology to analyse an experimental lean premixed 𝐻𝐻2-air 
Bunsen �lame to compute the temperature �ield thanks to the introduction of both constant 
composition assumption and ideal gas. Lean premixed hydrogen combustion is crucial for 
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minimizing NOx emissions and is a promising technology for cleaner energy systems, despite 
challenges like �lashback and thermoacoustic instability. Understanding the temperature �ield in 
such �lames is essential for optimizing burner design and validating numerical simulations. 
Moreover, to the authors' knowledge, no studies in the literature analyze the application of 
tomoBOS to a Bunsen lean premixed hydrogen �lame. 

This study aims to analyze the accuracy of tomographic BOS reconstruction for an 
axisymmetric premixed lean hydrogen �lame by applying numerical BOS to the CFD simulation 
results of the same �lame. The numerical BOS results are then compared with BOS measurements 
obtained by Iapaolo et al [5] for the same �lame. The forward ARAP transform is used to recover 
the de�lection �ield, accounting for the local refractive index distribution from the CFD simulation. 
Next, the tomoBOS algorithm is applied to this de�lection �ield to retrieve the temperature �ield, 
which is compared with the temperature �ield from the CFD simulation. Finally, the computed 
de�lection and temperature maps are compared with experimental results, and conclusions are 
drawn. 

2. Experimental tomoBOS 

Background Oriented Schlieren (BOS) is an optical technique used to visualize density variations 
in transparent media, such as gases or liquids [7]. One of the main advantages of BOS is its non-
intrusive nature as it eliminates the need for introducing a probe that could potentially perturb 
the �low. In a typical BOS setup, the transparent medium is placed between a camera and a 
background characterized by a random speckle pattern. The camera captures images of the 
background pattern as seen through the inhomogeneous transparent medium. The captured 
images appear distorted because light rays are de�lected by a quantity that is proportional to 
refractive index gradients 𝑛𝑛 as per equation (1): 

𝜀𝜀𝑦𝑦(𝑦𝑦) =  
1
𝑛𝑛0
�
𝜕𝜕𝜕𝜕(𝑟𝑟)
𝜕𝜕𝜕𝜕

𝑑𝑑𝑑𝑑 (1) 

where 𝜀𝜀𝑦𝑦 represents the light-ray de�lection in horizontal direction and 𝑛𝑛0 is the ambient 
refractive index [7,8]. 

Changes in the refractive index may be caused by pressure, temperature and composition 
variations along the light ray path according to the Gladstone-Dale equation (2), valid for ideal gas 
mixtures [9]: 

𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚 =  1 + 𝑝𝑝
𝑅𝑅𝑅𝑅
𝑅𝑅𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚= 1 + 𝜌𝜌𝑅𝑅𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚 (2) 

where 𝑝𝑝 is the pressure, 𝑇𝑇 is the temperature, 𝑅𝑅 is the universal gas constant, 𝜌𝜌 is the molar 
density, 𝑅𝑅𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚 = ∑ 𝑅𝑅𝐺𝐺𝑖𝑖𝑥𝑥𝑖𝑖

𝑁𝑁
𝑖𝑖=1  is the Gladstone-Dale constant of the mixture,  𝑅𝑅𝐺𝐺𝑖𝑖 is the Gladstone-

Dale constant of the i-th species and 𝑥𝑥𝑖𝑖 is the molar fraction of the i-th species. 
To quantify the image distortion a cross-correlation algorithms [6,7] can be applied to BOS 

images. The resulting displacement maps represent the integral of the ray de�lection occurring 
along the ray path. Assuming small de�lection angles, the de�lections in 𝑥𝑥 and 𝑦𝑦 directions are 
computed from the measured displacements ∆𝑥𝑥 and ∆𝑦𝑦 as reported in (3): 

𝜀𝜀𝑥𝑥  ~ 
∆𝑥𝑥
𝑍𝑍𝑑𝑑

     𝜀𝜀𝑦𝑦 ~ 
∆𝑦𝑦
𝑍𝑍𝑑𝑑

      (3) 

where 𝑍𝑍𝑑𝑑  represents the distance between the background and the axis of the Bunsen burner [10]. 
In general, for a 3D schlieren object a tomographic approach is required to recover the spatial 

distribution of the refractive index at the Bunsen axis. For axisymmetric objects such as the �lame 
under study, the 2D refractive index �ield can be obtained through the inverse Abel transform 
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using images acquired from a single viewpoint. In this study the ARAP algorithm proposed by 
Sipkens et al. [6] is used because of its capability to model light rays as convergent in the pinhole 
of the optical system. This approach better approximates the real light ray path when using 
entocentric lenses, especially when the camera is placed closer to the background, as the light ray 
fan angle increases. As reported in Iapaolo et al. [5], since the ARAP algorithm is derived using a 
Bayesian approach, the refractive index computed is the result of a minimization expression 
where a regularization factor 𝝀𝝀 promotes a smoother solution. Moreover, the outcome is affected 
by the discretization step 𝑵𝑵𝒓𝒓 ×𝑵𝑵𝒙𝒙 used. Smaller discretization steps yield more resolved 
solutions but require higher computational cost. 

Starting from de�lections 𝜀𝜀, the non-dimensional parameter 𝛿𝛿 de�ined in equation (4) is 
computed using the ARAP transform and the refractive index �ield 𝑛𝑛 is obtained by inverting 
equation (4), once the air refractive index 𝑛𝑛0 =  1.00026794 is known. 

𝛿𝛿(𝑟𝑟) =  
𝑛𝑛(𝑟𝑟)
𝑛𝑛0

− 1 (4) 

The value of 𝑛𝑛0 is computed at wavelength 𝜆𝜆 =  633 𝑛𝑛𝑛𝑛 using equation (2), imposing 𝑝𝑝 =
1 𝑎𝑎𝑎𝑎𝑎𝑎, 𝑇𝑇 =  25°𝐶𝐶 and considering dry air with a molar composition of 21% 𝑂𝑂2 and 79% 𝑁𝑁2 [11]. 
Eventually, the density is computed by inverting the Gladstone-Dale equation (2) and assuming a 
constant composition at each point of the domain equal to that of air such that 𝑅𝑅𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑅𝑅𝐺𝐺𝑎𝑎𝑎𝑎𝑎𝑎 =
6.55544 𝑐𝑐𝑐𝑐3 𝑚𝑚𝑚𝑚𝑚𝑚⁄  [5]. Once the density �ield is known, the temperature distribution is estimated 
by assuming ideal gas behaviour as per equation (5): 

𝑇𝑇 =
𝑝𝑝
𝑅𝑅𝑅𝑅

 (5) 

3. Experimental 𝑯𝑯𝟐𝟐 − 𝒂𝒂𝒂𝒂𝒂𝒂 tomoBOS methodology and results 

TomoBOS measurements are carried out through the experimental setup schematized in Figure 
1.  It is composed by a LCD monitor and a CCD camera mounted on the same optical rail, while the 
Bunsen burner is located between the camera and the display. The latter is at a distance of 
121.8 𝑐𝑐𝑐𝑐 from the camera and 32.9 𝑐𝑐𝑐𝑐 from the burner. The camera is focused on the monitor 
which is used to display the background needed by the BOS measurements. The Bunsen-type 
burner is a cylindrical stainless-steel tube measuring 8 𝑚𝑚𝑚𝑚 in diameter and 40 𝑐𝑐𝑐𝑐 in length. The 
air and hydrogen �low rates are set by means of two thermal mass �low meters/controllers and 
are premixed before reaching the electric igniter placed at the burner rim. More details of the 
setup components and of the supply-system can be found in Iapaolo et al. [5]. 

The experimental tests are carried out at a thermal power 𝑃𝑃𝑡𝑡ℎ of 1 𝑘𝑘𝑘𝑘 and equivalence ratio 
𝜙𝜙𝑒𝑒𝑒𝑒 of 0.45, corresponding to air and hydrogen �lowrates of 𝑉̇𝑉𝑎𝑎𝑎𝑎𝑎𝑎 = 30 ± 0.65 [𝑛𝑛𝑛𝑛 𝑚𝑚𝑚𝑚𝑚𝑚⁄ ] and  𝑉̇𝑉𝐻𝐻2 =

Figure 1.  BOS experimental setup [5]. 
𝟑𝟑𝟑𝟑,𝟗𝟗  𝒄𝒄𝒄𝒄 𝟖𝟖𝟖𝟖,𝟗𝟗 𝒄𝒄𝒄𝒄 

BUNSEN 
BURNER 
𝑫𝑫 = 𝟖𝟖 𝒎𝒎𝒎𝒎 

9,7’’ LCD 
DISPLAY 

CCD CAMERA 
+ 

UV CAMERA 𝒍𝒍 
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5.6 ± 0.18 [𝑛𝑛𝑛𝑛 𝑚𝑚𝑚𝑚𝑚𝑚⁄ ] respectively. In these conditions, using the bulk velocity and the Bunsen inner 
diameter as characteristic length, the computed Reynolds number 𝑅𝑅𝑅𝑅  is 5578. 

During the experimental campaign, a total of 100 background images have been acquired 
with the hydrogen �lame, and one image without the �lame has been taken as the reference 
undistorted background image. A commercial software (DynamicStudio 7.3) is used to compute 
the 100 displacement maps which are averaged to obtain the mean displacement �ield. The mean 
refractive index and the mean temperature are computed with the ARAP transform setting a 
discretization step of 𝑵𝑵𝒓𝒓 × 𝑵𝑵𝒙𝒙 = 125 ×  250 and a regularization parameter of 𝜆𝜆 = 75. 

4. CFD simulation 

4.1. Cold �low and reacting simulation 
CFD simulations are conducted using Ansys Fluent 2023. Before running the reacting simulation 
and performing the numerical BOS, a preliminary cold simulation is run to set initial conditions 
for the reactive simulation. The domain considered comprises: the pipe, the elbow and the Bunsen 
burner as represented in Figure 2a. The �luid is modelled as a perfect mixture of hydrogen and air 
where the latter is a binary mixture of nitrogen (78.992%) and oxygen (21.008%) [12]. Mixture 
viscosity is computed according to Davidson [13] as in equation (6). 

𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚 =
∑𝜇𝜇𝑖𝑖𝑥𝑥𝑖𝑖�𝑀𝑀𝑀𝑀𝑖𝑖

∑𝑥𝑥𝑖𝑖�𝑀𝑀𝑀𝑀𝑖𝑖
= 1.804𝑒𝑒 − 05 [𝑁𝑁𝑁𝑁 𝑚𝑚2⁄ ]  (6) 

where, 𝜇𝜇𝑖𝑖 , 𝑥𝑥𝑖𝑖 and 𝑀𝑀𝑀𝑀𝑖𝑖  are the kinematic viscosity, the molar fraction and the molar mass of the 
𝑖𝑖 − 𝑡𝑡ℎ species, respectively. Thermal conductivity is obtained using equation (7) from Zhukov 
[14]. 

𝑘𝑘𝑚𝑚𝑚𝑚𝑚𝑚 =
1
2
��𝑥𝑥𝑖𝑖𝑘𝑘𝑖𝑖 +

1
∑𝑥𝑥𝑖𝑖𝑘𝑘𝑖𝑖

� = 0.04 [𝑊𝑊 𝑚𝑚𝑚𝑚⁄ ]  (7) 

where 𝑘𝑘𝑖𝑖 is the thermal conductivity of the 𝑖𝑖 − 𝑡𝑡ℎ species. 
The  𝑘𝑘 − 𝜔𝜔 𝑆𝑆𝑆𝑆𝑆𝑆 turbulence model with Standard Wall Treatment is used, suitable for 𝑦𝑦+ 

values close or lower than 1.  Since the computed Reynolds number falls just outside the transition 
range, so the Low Reynolds correction is enabled [15]. Energy equation and species equations are 
not solved. For numerical accuracy and stability, the Coupled-PRESTO and Second order upwind 
schemes are selected. The boundary conditions are: inlet velocity of 20 𝑚𝑚 𝑠𝑠⁄ , outlet pressure of 
0 𝑃𝑃𝑃𝑃 and no-slip conditions at the walls (with a roughness constant of 0.5 and a roughness height 
of 0. 007 𝑚𝑚𝑚𝑚). The axisymmetric simulation domain for reacting simulation (Figure 2b) is based 
on three criteria: sensitivity of the jet and �lame to boundary distance, an experimental image 

Figure 2. a) 3D model of the experimental setup and b) boundaries for combustion simulation domain, the 
Bunsen nozzle is located in the lower-left corner, with the burner's axis oriented horizontally. 

(a) (b) 
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region of approximately 50 ×  50 𝑚𝑚𝑚𝑚² that the simulation domain must encompass, and the 
software's cell limit. The mesh uses 1 𝑚𝑚𝑚𝑚 square elements, with "Automatic Mesh Adaption" 
re�ining elements above 100°𝐶𝐶, resulting in a �inal mesh of 924871 cells. The �low consists of 
hydrogen, oxygen, nitrogen and water vapour, treated as ideal gases. Species fractions are variable 
across the domain. The Eddy Dissipation Concept (EDC) model is employed for modelling 
turbulent combustion. The considered reaction mechanism is a global one-step reaction 
mechanism as shown in (8): 

𝐻𝐻2 + 0.5𝑂𝑂2 → 𝐻𝐻2𝑂𝑂   (8) 
The reaction rate activation energy and the pre-exponential factor to compute the reaction 

rate 𝜔̇𝜔 of the one-step global mechanism are those proposed by Varma [16]. To account for the 
high diffusivity of hydrogen, the simulation was made considering the Soret effect and energy 
transport by diffusion. The incompressible ideal-gas model was used for density calculations, 
assuming constant pressure. Mass diffusion coef�icients were calculated using the Chapman-
Enskog equation [15], and speci�ic heat capacity was calculated using the mixing law [15]. 
Viscosity and thermal conductivity were treated as constants. Figure 2b shows the simulation 
domain and the boundary names. The conditions imposed at these boundaries are detailed in 
Table 1. The Pressure Coupled with a pseudo global time step and PRESTO scheme and QUICK 
approach was used for other equations. 

Table 1. Boundary conditions for reactive CFD numerical simulation. 

Boundary Boundary condition Value 

Inlet 
Velocity inlet 

Constant temperature 
Mixture composition 

From cold simulation 
25°𝐶𝐶 

Fresh mixture 

A, B and C 
Pressure outlet 

Constant temperature 
Mixture composition 

0 𝑃𝑃𝑃𝑃 
25°𝐶𝐶 
Air 

External Wall (outer surface of Bunsen nozzle) Constant heat flux 0 𝑘𝑘𝑘𝑘 (adiabatic) 

Internal Wall and Rim Constant temperature 40°𝐶𝐶 

4.2. Simulation results 
The temperature map resulting from the CFD simulation is reported in Figure 3a. It is possible to 
clearly identify two blue regions corresponding to fresh mixture inside the �lame cone and to the 
surrounding ambient air. The exhaust gas region is found outside the �lame cone and its shape 
enlarges going from the burner rim towards higher axial coordinates. In the proximity of the 
Bunsen rim, a maximum temperature value of 1290°𝐶𝐶 is found with good agreement with the 
computed adiabatic temperature for �lames at the considered equivalence ratio. This value is 
consistent with the adiabatic temperature 𝑇𝑇𝐴𝐴𝐴𝐴 = 1265 °𝐶𝐶 computed at the same equivalence ratio. 
The difference between these values can be explained by a locally richer mixture caused by 
hydrogen diffusion. Speci�ically, a local maximum equivalence ratio of 0.48, corresponding to an 
adiabatic �lame temperature of 1331°𝐶𝐶, is observed in the CFD results at the base of the �lame. 

Given the temperature distribution and knowing the species concentration in the considered 
domain from the numerical simulation, it is possible to compute the exact Gladstone-Dale 
constant of the mixture 𝑅𝑅𝐺𝐺𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  and, thus, the corresponding refractive index �ield according to 
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equation (2). The latter is shown in Figure 3b and is characterized by a morphology similar to that 
of temperature. In particular, being the exhaust gases region at a higher temperature than fresh 
mixture and ambient air, the corresponding refractive index is lower according to the Gladstone-
Dale equation (2). On the contrary, regions characterized by lower temperatures show higher 
refractive index values or almost a value equal to that of ambient air.  
As mentioned before, the algorithm used in the experimental tests assumes a unique value of the 
Gladstone-Dale constant over all the domain and equal to that of the ambient air. Knowing the 
local 𝑅𝑅𝐺𝐺𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  it is possible to compute the relative error with (9): 

𝑒𝑒𝑅𝑅𝐺𝐺
𝑟𝑟𝑟𝑟𝑟𝑟 =  

𝑅𝑅𝐺𝐺𝐴𝐴𝐴𝐴𝐴𝐴 −  𝑅𝑅𝐺𝐺𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑅𝑅𝐺𝐺𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

  (9) 

The result is a map showing the regions where the assumption of a unique Gladstone-Dale 
constant yields to signi�icant differences. In Figure 3c are shown the radial pro�iles of the 
percentage relative error extracted at the axial coordinates 𝑦𝑦/𝐷𝐷 = 0.5, 𝑦𝑦/𝐷𝐷 = 1.5 and 𝑦𝑦/𝐷𝐷 = 4. 
The maximum error induced by the assumptions of constant Gladstone-Dale is around the 9% 
and occurs at the lowest axial coordinate 𝑦𝑦/𝐷𝐷 = 0.5, in the region occupied by the fresh mixture. 
The error decreases as the gas composition shifts toward that of the burnt products and reaches 
a value below 2% downstream the �lame front at 𝑦𝑦/𝐷𝐷 = 4. 

5. Forward numerical BOS 

One objective of this work is to numerically simulate a BOS experiment. The forward numerical 
BOS refers to the generation of a de�lection map starting from the refractive index �ield obtained 
numerically. For this purpose, the Ray Tracing (RT) algorithm is implemented. This methodology 
involves splitting the light source into distinct rays [17] and integrates equation (1) along these 
rays to compute the de�lections. This method is simple but can be computationally expensive 
depending on geometry and discretization. 

Figure 4(a-c) shows the radial de�lection pro�iles for both BOS measurements and numerical 
case extracted at the axial coordinates 𝑦𝑦/𝐷𝐷 = 0.5, 𝑦𝑦/𝐷𝐷 = 1.5 and 𝑦𝑦/𝐷𝐷 = 4. The agreement 
between experimental BOS pro�iles and forward numerical BOS results is generally good 
throughout the domain and improves closer to the Bunsen rim, where the peak magnitude 
coincides and is found at the same radial coordinate. At higher axial coordinates the experimental 
peak has increasing magnitude and is found closer to the Bunsen axis with respect to the 

Figure 3. a) temperature map and b) refractive index �ield resulting from CFD numerical simulation; c) radial 
pro�iles of relative error introduced by constant composition assumption extracted at different axial 
coordinates. 

(a) (b) (c) 
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numerical pro�ile. The good agreement between the numerical and experimental results indicates 
that the current CFD simulation, along with the ray tracing procedure, is able to reproduce the 
measured displacements reasonably well. 

6. Reverse numerical BOS 

From Section 5 it is evident that the CFD simulated �lame leads to de�lection maps comparable to 
those obtained experimentally. At this point the tomoBOS algorithm described in Section 2 is 
applied to the numerical de�lections to compute the refractive index and the temperature 
distribution. The goal is to assess any possible intrinsic deviation induced by both the ARAP 
transform and the constant composition assumption by comparing the reverse BOS (R-BOS) 
results to the CFD ground truth. 

Figure 5a compares the refractive index �ield obtained through the CFD numerical simulation 
and the one computed with the ARAP transform. From this comparison it is possible to identify 
the discrepancies due to the implementation of the inversion algorithm. It is observed that the 
length of the �lame is slightly reduced and characterized by a faded shape with respect to the 

Figure 4. Comparison of experimental radial de�lections and those computed through ray tracing at 
three different �lame heights, (a) 𝑦𝑦/𝐷𝐷 = 0.5, (b) 𝑦𝑦/𝐷𝐷 = 1.5, (c) 𝑦𝑦/𝐷𝐷 = 4. 

(c) (b) (a) 

Figure 5. Comparison of CFD refractive index with R-BOS maps (a) and radial pro�iles at three axial 
coordinates, (b) 𝑦𝑦/𝐷𝐷 = 0.5, (c) 𝑦𝑦/𝐷𝐷 = 1.5, (d) 𝑦𝑦/𝐷𝐷 = 4. 

(a) (b) (c) (d) 
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original CFD result. This result can be related to the regularization factor or the discretization 
used to run the deconvolution. Looking at the radial pro�iles of the refractive index extracted at 
different axial heights in Figure 5(b-d), it is possible to notice that the numerical pro�ile and the 
one after R-BOS are superimposed. However, some discrepancies are observed near the Bunsen 
axis, where the R-BOS pro�ile is characterized by higher refractive index values. 

Figure 6a compares the temperature half-maps obtained by the CFD simulation with the 
reverse BOS results obtained assuming constant composition equal to that of air. This comparison 
allows to visualize the effect introduced by both the implementation of the ARAP transform and 
the constant composition assumption. Figure 6(b-d) illustrates the temperature radial 
distribution for both the CFD and reverse BOS case, indicating a good agreement between the R-
BOS and CFD results. Discrepancies in the cold mixture arise from variations in the Gladstone-
Dale constant, deviating from that of the air. While R-BOS slightly underestimates temperature 
peaks near the burner rim, this discrepancy decreases downstream. This effect can be explained 
by the use of a too high regularization parameter or a too coarse discretization grid while 
implementing the tomoBOS algorithm. The assumption of constant composition (i.e., assuming 
the Gladstone-Dale value equal to that of air) causes negligible discrepancies, except in the fresh 
mixture region. 

7. Comparison of experimental and numerical simulation results 

Figure 7a compares temperature maps from CFD simulations with experimental tomoBOS results. 
The biggest difference is observed at the top of the experimental map, where it is found an abrupt 
decrease of the �lame temperature in the exhaust gas region. Such phenomenon is not observed 
in the simulations or reported in the literature. In the proximity of the Bunsen rim, the simulated 
case shows a maximum temperature of 1290°C, which is higher than the maximum one resulting 
from experimental tomoBOS (around 1222°C). Figure 7(b-d) presents a comparison of 
temperature radial pro�iles extracted at 𝑦𝑦/𝐷𝐷 = 0.5,  𝑦𝑦/𝐷𝐷 = 1.5 and 𝑦𝑦/𝐷𝐷 = 4. The CFD and BOS 
pro�iles show similarity, especially closer to the Bunsen rim. However, the simulation shows 
slightly higher temperatures almost everywhere. The experimental curves exhibit smoother 
gradients, which may be attributed to the regularization constant or the chosen discretization. 
The higher temperature in the CFD simulation might result from the lack of accounting for 
radiative heat losses. 

The refractive index radial pro�iles extracted at different axial coordinates for both numerical 

Figure 6. Comparison of CFD temperature with R-BOS maps (a) and radial pro�iles at three axial 
coordinates, (b) 𝑦𝑦/𝐷𝐷 = 0.5, (c) 𝑦𝑦/𝐷𝐷 = 1.5, (d) 𝑦𝑦/𝐷𝐷 = 4. 

(a) (c) (b) (d) 
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and experimental results are shown in Figure 8(a-b). At the lowest axial coordinate 𝑦𝑦/𝐷𝐷 = 0.5, 
the curves are almost superimposed, however visible differences are present at 𝑦𝑦/𝐷𝐷 = 4 where 
the simulated case shows lower refractive index values approaching the �lame axis. This effect is 
strictly related to the higher temperature values predicted by the CFD simulations in that region. 

8. Conclusions 

A CFD model for a lean premixed hydrogen Bunsen �lame was developed and validated against 
experimental data [5]. The forward numerical BOS technique was applied to the CFD results to 
simulate de�lections. Since numerical de�lections had good agreement with the one measured 
through BOS technique, the tomographic BOS algorithm was applied to the simulated case to 
compute the refractive index and the temperature distributions to be compared with original CFD 
results. 

From the comparison between CFD refractive index and temperature with those obtained 
through tomographic BOS on the same maps, arise signi�icant differences in the region nearby the 
Bunsen axis. The assumption of constant composition is justi�ied by the limited discrepancies 
induced on the pro�iles; however, assuming the Gladstone-Dale constant is equal to that of air, 
regardless of composition, introduces small but not negligible errors in the region occupied by 
the fresh mixture. From temperature radial pro�iles it was noticed that the R-BOS led to 

Figure 7. Comparison of experimental temperature with CFD maps (a) and radial pro�iles at three axial 
coordinates, (b) 𝑦𝑦/𝐷𝐷 = 0.5, (c) 𝑦𝑦/𝐷𝐷 = 1.5, (d) 𝑦𝑦/𝐷𝐷 = 4. 

(b) (c) (d) (a) 

Figure 8. Comparison of refractive index radial pro�iles of experimental tomoBOS with CFD results, (a) 
𝑦𝑦/𝐷𝐷 = 0.5, (b) 𝑦𝑦/𝐷𝐷 = 4. 

(a) (b) 
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underestimation of peak magnitude, maybe due to the chosen regularization factor or 
discretization step. Although there is good agreement between experimental and numerical 
de�lections, the temperature maps obtained using the tomoBOS algorithm show signi�icant 
discrepancies at high axial coordinates. The underlying cause of these discrepancies is not yet 
clear, and future work will focus on investigating this issue. Additionally, future work could 
explore other conditions, such as different equivalence ratios and velocities, as well as the 
application of the technique to a swirling 100% H₂ �lame. 
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