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Abstract 

The effects of combustion on the strain rate field are investigated in turbulent premixed CH 4 /air Bun- 
sen flames using simultaneous tomographic PIV and OH LIF measurements. Tomographic PIV provides 
three-dimensional velocity measurements, from which the complete strain rate tensor is determined. The OH 

LIF measurements are used to determine the position of the flame surface and the flame-normal orientation 

within the imaging plane. This combination of diagnostic techniques enables quantification of divergence 
as well as flame-normal and tangential strain rates, which are otherwise biased using only planar measure- 
ments. Measurements are compared in three lean-to-stoichiometric flames that have different amounts of 
heat release and Damköhler numbers greater than unity. The effects of heat release on the principal strain 

rates and their alignment relative to the local flame normal are analyzed. The extensive strain rate preferen- 
tially aligns with the flame normal in the reaction zone, which has been indicated by previous studies. The 
strength of this alignment increases with increasing heat release and, as a result, the flame-normal strain rate 
becomes highly extensive. These effects are associated with the gas expansion normal to the flame surface, 
which is largest for the stoichiometric flame. In the preheat zone, the compressive strain rate has a tendency 
to align with the flame normal. Away from the flame front, the flame – strain rate alignment is arbitrary 
in both the reactants and products. The flame-tangential strain rate is on average positive across the flame 
front, and therefore the turbulent strain rate field contributes to the enhancement of scalar gradients as in 

passive scalar turbulence. Although increases in heat release result in larger positive values of the divergence 
as well as flame-normal and tangential strain rates, the tangential strain rate has a weaker dependence on 

heat release than the flame-normal strain rate and the divergence. 
© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 

Keywords: Tomographic PIV; Turbulent premixed flames; Strain rate; Dilatation 

∗ Corresponding author at: P.O. Box 969, MS. 9053, 
Livermore, CA 94551, USA. Fax: + 1 925 294 2595. 

E-mail address: jhfrank@sandia.gov (J.H. Frank). 

1. Introduction 

The strain rate plays an important role in turbu- 
lent mixing by enhancing or suppressing scalar gra- 
dients. The turbulence-scalar interaction is strongly 
dependent on the magnitude of the strain rate 
tensor eigenvalues, also known as principal strain 
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rates, and their alignments with the scalar gradients 
[1–5] . In non-reacting turbulent flows, scalar gradi- 
ents are produced by stretching of the scalar isosur- 
faces. In reacting flows, heat release introduces ad- 
ditional effects such as dilatation and changes in the 
gas diffusivity, viscosity, and density. These changes 
to the fluid properties can in turn affect the strain 

rate field and its effect on the production of scalar 
gradients. 

In turbulent premixed combustion, the dynam- 
ics of the flame–strain rate interaction involve the 
alignment of the principal strain rates with the 
flame normal [1] . The flame-normal and tangential 
strain rates can be expressed as: S n = n i n j s i j and 

S t = [ δi j − n i n j ] s i j , where s ij = 

1 
2 (u i, j + u j,i ) are the 

nine components of the strain rate tensor and n = 

−∇ c/ | ∇ c | is the flame-normal unit vector point- 
ing toward the reactants with c representing the in- 
stantaneous reaction progress variable. The flame- 
normal strain rate can be written in terms of 
the principal strain rates, s i , as: S n = s 1 cos 2 θ1 + 

s 2 cos 2 θ2 + s 3 cos 2 θ3 , where θ i are the angles between 

the strain rate eigenvectors and flame-normal unit 
vector. The principal strain rates satisfy the rela- 
tion s 1 ≥ s 2 ≥ s 3 . In non-reacting turbulence, s 1 + 

s 2 + s 3 = 0 and the maximum and minimum prin- 
cipal strain rates, s 1 and s 3 , correspond to the most 
extensive and compressive strain rate components, 
respectively. In reacting flows, the sum of the prin- 
cipal strain rates is non-zero because of dilatation: 
� = s 1 + s 2 + s 3 = S n + S t . The flame-normal and 

tangential strain rates are determined by dilatation 

and turbulent strain. 
The tangential strain rate, S t , is a key quantity in 

the transport of scalar gradients [1] , critical to the 
modeling of turbulent premixed flames in the con- 
text of Reynolds averaged Navier–Stokes (RANS) 
and flamelet-based models for large-eddy simula- 
tions (LES) [1,4,6–8] . In passive scalar turbulence, 
S t is dominantly positive, resulting in the produc- 
tion of scalar gradients. In turbulent flames, an un- 
derstanding of the turbulent transport of scalar 
gradients requires analysis of the alignment of the 
principal strain rates with the flame surface and its 
relation to heat release. 

DNS studies have contributed to our under- 
standing of the strain rate field in turbulent pre- 
mixed flames. In particular, Swaminathan and 

Grout [1] established the preferential alignment of 
the extensive strain rate eigenvectors with the flame 
normal unit vector, which is a different behavior 
from that of passive scalar gradients. In moder- 
ately turbulent flames, scalar gradients, strain rate, 
and dilatation are strongly correlated with flame 
surface curvature [2,3] . However, the preferential 
alignment of the most extensive strain rate with the 
flame normal seems to be significantly reduced as 
the Damköhler number decreases [4,5] . 

A few experimental studies on turbulent 
premixed flames [9–11] have investigated the pref- 
erential alignment of the strain rate eigenvectors 

Table 1 
Non-reacting flow field properties. 

u ′ (m/s) u ′ /U l ′ (mm) η (mm) Re t 〈 | s | 〉 (s −1 ) 

0.62 8.1% 5.0 0.08 250 535 

with the flame surface. Velocity measurements 
have been limited to a single plane and therefore 
have been unable to assess the three-dimensional 
orientation of the velocity gradients. In particular, 
the three-dimensional orientation of the princi- 
pal strain axes as well as the magnitudes of the 
divergence and the flame-tangential strain rate 
cannot be determined from planar PIV measure- 
ments. However, cross-plane OH PLIF imaging 
has been used to determine the three-dimensional 
orientation of the flame fronts [11] . Ultimately, the 
development of three-dimensional imaging capa- 
bilities is required to fully capture the dynamics 
of the turbulence-flame interactions. Tomographic 
particle image velocimetry (TPIV) is an advanced 

PIV technique that provides instantaneous mea- 
surements of all three velocity components within 

a probe volume [12] . TPIV enables measurements 
of the nine components of the velocity gradient 
tensor from which the complete strain rate tensor 
and the divergence can be derived. TPIV measure- 
ments in flames [13,14] have potential to unveil 
new insights into turbulent combustion [15,17] . 

In the present study, we use simultaneous TPIV 

and OH LIF imaging measurements to analyze 
the strain rate field in turbulent premixed Bunsen 

flames. The effects of heat release on the strain rate 
field statistics are evaluated by comparing measure- 
ments in lean-to-stoichiometric CH 4 /air flames. 
The results are presented in the following three 
parts: (1) strain rate properties of the compara- 
ble non-reacting turbulent flow, (2) strain rate- 
flame alignment and (3) variations of the strain rate 
across the flame front. 

2. Experimental methods 

2.1. Flow conditions 

Measurements were performed in turbulent pre- 
mixed CH 4 /air flames stabilized on a piloted Bun- 
sen burner of nozzle diameter 36 mm, at a dis- 
tance of Y = 50 mm above the nozzle exit where 
the influence of the pilot was reduced [18] . An in- 
let flow rate of 475 LPM was used for the three 
flames. Turbulence was generated by a combination 

of two perforated plates housed inside the nozzle. 
Table 1 lists a series of relevant turbulence prop- 
erties for a non-reacting jet of stoichiometric re- 
actants measured using 10 kHz TPIV at the same 
location of measurements in the flames, includ- 
ing the mean and RMS (root-mean squared) ax- 
ial velocities, U and u ′ , respectively, the integral 
lengthscale, l ′ , estimated based on the time- 
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