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Simultaneous measurements of time-resolved velocity and temperature have been 
obtained by laser-Doppler anemometry and numerically compensated fine-wire 
thermocouples in the near wake of a premixed flame stabilized on a disk baffle located 
on the axis, and at the exit, of a confining pipe. The diameter of the disk was 0.056 m, 
the diameter of the pipe was 0.080 m, the volumetric equivalence ratio with natural 
gas as the fuel was 0.79 and the Reynolds number, based on pipe diameter and 
upstream pipe bulk velocity of 9 m/s, was 46800. The purpose of the measurements 
is to quantify the relative magnitudes of terms involving the mean pressure gradient 
and Reynolds stresses in the balance of turbulent kinetic energy and heat flux in a 
strongly sheared, high-Reynolds-number, reacting flow. The latter term has been 
associated with non-gradient diffusion in other flows. Source terms involving the 
mean pressure gradient are large in the conservation of turbulent heat flux but not 
in the conservation of Reynolds stress. The ‘ thin-flame ’ model of burning suggests 
that the sign and magnitude of the heat flux is closely related to the conditioned mean 
velocities. The mean axial velocity of the reactants is larger (by up to 0.27 of the 
reference velocity) than that of the products on the low-velocity side of the shear layer 
that surrounds the recirculation bubble but the reverse is true on the high-velocity 
side. These observations are related to the sign of the axial pressure gradient, which 
is associated with the streamline curvature, and the consequent preferential 
acceleration of the low-density products. Generally, the Reynolds stresses of the 
products are higher than those of the reactants and, in contrast to previously reported 
measurements, the contribution to the unconditioned stresses by the difference in the 
mean velocity between products and reactants, the so-called ‘intermittent ’ contri- 
bution, is small. This is a consequence of the high Reynolds number of our flow. 

1. Introduction 
In  turbulent, premixed flames there arise source terms, explicitly set out below, 

in the conservation equations for the turbulent heat transfer rate and stresses that 
have no counterparts in non-reacting flows. Analysis (Masuya & Libby 1981 ; Bray, 
Libby & Moss 1985; Libby 1986) has shown that at least in the two idealized extremes 
with the flame either normal or oblique to the approaching reactants, and at 
practically important levels of heat release, these terms are sufficiently large to cause 
non-gradient transport of turbulent heat flux. This finding is important because it 
casts doubt on the applicability of turbulence models that use the gradient-transport 
hypothesis. Similar effects can be observed in non-premixed flames, as shown by 

t Now at the Instituto Superior T6cnic0, Mechanical Engineering Department, Lisbon, 
Portugal. 
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Sthner & Bilger (1980, 1981) and Sttirner (1983). The extra terms in the equations 
for the transport and Reynolds stress involve the mean pressure gradient and can 
act as sources or sinks of turbulence and make significant contributions to the change 
in turbulent kinetic energy as the flow crosses the flame front. As pointed out by a 
reviewer, terms that involve pressure fluctuations, such as -en  apt /axi. are potentially 
as important as those that include the mean pressure gradient, although Masuya & 
Libby (1981) have advanced the argument that the neglect of the redistributive 
effects of pressure fluctuations within the reaction zone may be defensible because 
this is thin for premixed flames. Our attention to the terms that contain the mean 
pressure gradient reflects the notorious difficulty attached to measurements of 
fluctuating pressure. Another result is that the mean streamline directions of the 
reactants and products are different from one another and from the mean streamline. 
This is due to the differential effects of gradients of mean pressure and Reynolds 
stresses on the heavy reactants and light products of reaction. 

Measurements of the heat flux and one component of Reynolds stress have been 
made in weakly sheared unconfined (Shepherd & Moss 198 1 ) and confined (Shepherd, 
Moss & Bray 1982) premixed flames that confirm the existence of non-gradient 
diffusion and the effect of production of turbulence due to the mean pressure gradient. 
Results have been obtained in sheared flames, such as V flames (Cheng, Talbot & 
Robben 1984; Cheng 1984) and the near-wall region of bunsen flames (Durst & Kleine 
1973; Yoshida 1981), but, as is demonstrated by this work, these observations are 
not representative of higher Reynolds numbers such as that considered here. 

The importance of these effects have been established in one-dimensional flow, 
where the generation of turbulence by shear strain has been either absent or weak. 
Arguments developed in such flows may not hold in sheared flows. The purpose of 
this paper is to examine the relative importance of source terms involving the 
gradients of mean pressures and Reynolds stresses in the balance of the turbulent 
kinetic energy and the turbulent heat fluxes and to determine the extent of 
non-gradient fluxes in a premixed flame stabilized on a bluff body. With the 
advantages of hindsight, these objectives may be expressed in greater detail as: 
(a) to quantify the interaction between density fluctuations due to heat release and 

force fields due to gradients of mean pressure in the balance - -  of turbulent kinetic 
energy, -u; aP/axi, and turbulent heat transfer rate, -c"aP/ax,.  Here, an overbar 
denotes a time-averaged quantity and a double prime denotes fluctuations from a 
density-weighted average : c is the fluctuation in the so-called ' reaction progress ' 
variable, defined in the next section, and ut is a component of fluctuating velocity; 

(b )  to identify the preferential effects of the forces referred to in (a)  on the mean 
velocity of the low-density hot products relative to that of the high-density cold 
reactants ; 

(c) to examine the generation of turbulence by the flame by comparing the 
Reynolds stresses in the product gases with those in the reactant gases. 

The near premixed flame considered here corresponds to a mixture of methane and 
air flowing along a pipe and over a disk baffle located on the pipe axis a t  its exit plane. 
The flame was stabilized on the baffle and was initially premixed with increasing 
influence of the external ambient air with distance downstream of the baffle. This 
arrangement was chosen because i t  allowed convenient access for the instrumenta- 
tion, which comprised a laser-Doppler anemometer and a digitally compensated 
thermocouple. 

The flow arrangement and instrumentation are described briefly in the following 
section. Further details, including consideration of possible error sources, have been 

_ _  
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1 Watt (nominal) Argon-Ion laser: wavelength 
Beam diameter, at e-z intensity, of laser 
Focal length of focusing lens 
Measured half-angle of beam intersection 
Calculated dimensions of measuring volume, at e-e 

Transfer constant 
Fringe separation (line-pair spacing) 
Focal length of collecting lens 
Magnification of receiving optics 
Photomultiplier - pinhole aperture 

intensity (major and minor axis of ellipsoid) 

514.5 nm 
1.5 mm 
600 mm 
2.88' 
5.19; 0.26 mm 

0.1946 MHz/m s-l 
5.1 pm 
200 mm 
1.56 
0.34 mm 

TABLE 1. Principal Characteristics of the laser-Doppler velocimeter 

provided by Heitor, Taylor & Whitelaw (1985) and Heitor (1985). The results are 
presented and discussed in $$3 and 4 respectively, in relation to the findings of 
previous work including that concerned with the modelling of flows with turbulent 
combustion. A summary of the more important conclusions is provided in $5.  The 
detailed profiles of the results, from which contours were constructed, are to be found 
in Heitor (1985). 

2. Flow arrangement and instrumentation 
The flame was stabilized on a disk of diameter d = 0.056 m, which was positioned 

at the exhaust of a 1.83 m long straight pipe of diameter D = 0.080 m. Natural gas 
(94 % methane by volume) and air were mixed in a swirl register which presented an 
acoustically closed end: the resulting swirl was removed by a honeycomb which was 
followed by a flame trap constructed from screens. The experiences of Heitor, Taylor 
& Whitelaw (1984) confirmed that stable burning could be achieved in a range of 
equivalence ratios #, defined as the volumetric fuel-air ratio relative to that for 
stoichiometric combustion, of around 0.6-1 . l .  A value of 9 = 0.79 was used here for 
which the corresponding adiabatic flame temperature Tad is 1990 K and the heat 
release parameter, T~ = Tad/% - 1, is 5.6 for T,, the temperature of the approaching 
reactant stream, of 300 K. The Reynolds number, based on the pipe diameter and 
an average upstream velocity of 9 m/s, was 46800: the annular bulk velocity U, a t  
the trailing edge of the disk was 18 m/s. The air flow was filtered to remove oil mist 
from the compressors and then seeded with powdered aluminium oxide of nominal 
diameter from 0.6 to 1.0 pm before agglomeration. The flow in the annulus formed 
by the disk and pipe was examined with laser velocimetry and detailed velocity 
characteristics near the trailing edge of the baffle have been provided by Heitor 
(1985). 

Velocity was measured by a dual-beam, forward-scatter arrangement with sensi- 
tivity to the flow direction provided by light-frequency shifting from acousto-optic 
modulation (Bragg cells) at  40 MHz : the remaining principal characteristics are given 
in table 1.  

The scattered light was collected by a lens and focused onto the pinhole aperture 
(0.34 mm) of a photomultiplier with magnification of 1.56. The output of the 
photomultiplier was mixed with a signal derived from the driving frequency of the 
Bragg cell to give a net frequency up to 9 MHz. The signal was amplified (20 dB), 
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measured by a frequency counter and passed to a 16-bit laboratory minicomputer 
with 32 k storage words. 

Temperature was measured with thermocouple junctions made by butt welding 
platinum wires with platinum-rhodium (13 %) wires of either 40 or 15 pm diameter, 
so that the aspect ratio of the wire was over 200, which rendered conductive heat 
loss from the beads negligibly small (Bradley & Matthews 1968). The thermocouple 
was mounted on a straight length of twin-bore ceramic cladding (2.5 mm diameter) 
and located about 1 mm downstream of the measuring volume of the anemometer, 
at  an angle of 22’ to the optical axis. The probe was not observed to act as a source 
of flame stabilization when introduced into the flow. Heat loss from the thermocouple 
by radiation results in underestimation of the mean temperature by up to 150 K. The 
time-resolved temperature is also affected by this loss but the corresponding effect 
on the time constant of the thermocouple is unimportant (less than 10%; see 
Ballantyne, Boon & Moss 1976) in comparison with the other sources described by 
Heitor et al. (1985). Catalytic effects are also of secondary importance in this turbulent 
flame (see Heitor et al. 1985, for justification) in both mean and time resolved 
temperature and coatings were not applied. 

The output of the thermocouple was differentially amplified ( x 100) and digitized 
by a 12-bit analogue-to-digital converter at sampling rates of up to about 38 kHz. 
The noise level could be kept below 0.098 % of full-scale deflection, corresponding to 
a maximum temperature error of f 2  K. The samples were initially stored in the 
memory of an &bit laboratory microcomputer with 48 k storage words and then 
passed to the larger minicomputer for data processing. The time constant for each 
thermocouple was measured as a function of velocity and corrected for temperature 
with a form of the law of Collis & Williams (1959). For the 15 pm wire, the bead size 
was taken into account by the correction of Moffat (1958). The resulting variation 
of time constant with temperature and velocity was recorded in the computer and 
for the measurements of the following section was in the range from 1.5 to 3.0 me 
for the 15 pm wires and 5.5 times larger for the 40 pm wire. Compensation is required 
over 1.8 and 2.6 decades for the 15 and 40 pm wires respectively since the frequency 
response is expected to exceed 5 kHz and evidence for this, together with the reasons 
for the choice of seeding-particle concentration, wire diameter and calibration 
technique, are discussed by Heitor et al. (1985). The digital record of the temperature 
signal was compensated numerically in the minicomputer so that a simultaneous 
record of velocity and temperature could be obtained. Thus the probability function 
of each property and the joint probability function could be determined and, from 
these, the individual and joint moments. The population size varied with the 
measurement position but was usually between 1024 and 2560, leading to statistical 
errors in the unconditioned velocity characteristics below 1 Yo and 7 yo for the mean 
and variance (Yanta & Smith 1978). 

It was also possible to sample the velocity measurements conditionally according 
to the temperature (or vice versa). It is convenient in what follows to refer to the 
temperature as the ‘reaction progress ’ variable : 

where C and T denote instantaneous values. Here the conditioning levels were 
considered to be C = 0.15 (T = 545 K) for cold reactants and C = 0.70 (T = 1480 K) 
for hot products. The resulting estimates of the velocity moments are insensitive to 
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these levels within 2 % and 8 % in the mean and variance respectively. The statistical 
inaccuracy can however be higher, depending on the population size of each point, 
and the random errors in the conditioned mean and variance of velocity are about 
3% and 15%. 

It is expected (see Heitor et al. 1985) that the laser velocimeter will measure a 
density-weighted velocity and that the thermocouple, because of its small size, will 
measure an unweighted temperature. However, when the temperature measurement 
is recorded only at the time of occurrence of a velocity signal, it too should be density 
weighted. The density-weighted probability functions are biased towards high 
velocities (McLaughlin & Tiederman 1973) but for the turbulence intensities con- 
sidered here, the errors are less than + 4 % and -4  % for the mean and variance 
respectively (Glass & Bil er 1978). The uncertainty associated with the measurement 
of turbulent heat flux ut c , where the tilde denotes a density-averaged quantity, 
arises from a number of sources but the largest systematic error is due to the 
temperature-compensation procedure and is likely to be an underestimation of about 
10 %. The largest random errors are due to the spatial separation of measurement 
locations of temperature and velocity and to the population size, and are of the order 
of 16 % . The resulting uncertainties in the measurements of conditioned and 
unconditioned velocities and the corresponding heat fluxes do not affect the con- 
clusions to be drawn. 

k,, 

3. Results 
This section presents the measurements of velocity and temperature-velocity 

correlations for the near wake of the disk. The purpose of the presentation is to 
compare and contrast the results with the corresponding non-reacting flow and with 
similar measurements that have been reported in other premixed flames. The results 
are presented as either profiles or contours, as appropriate. The latter have been 
drawn using linear interpolation between the measurements obtained along seven 
radial profiles, namely at x / D  = 0.38, 0.50, 0.63, 1 .OO, 1.25, 1.50 and 2.50. 

It is helpful to consider the nature of the flame under investigation before the 
presentation of the results and this can be achieved readily with the help of figures 
1 and 2. Figure I t  shows that the thickness of the reaction surfaces, relative to the 
lengthscales of the packets of fully burned reactants and products in the reaction 
zone, is not negligibly narrow because the Damkoehler number is around 10. This 
number is defined as the ratio of characteristic timescales of the flow and chemical 
reaction, i.e. D E l/u‘ #,/a,, where 1 is a measured turbulent lengthscale, u’ denotes 
the r.m.s. velocity in the reactant stream, and laminar flame thickness and velocity 
are 8, and S,, respectively. It can be shown that if the reaction surfaces were 
negligibly narrow, the so-called ‘thin flame’ model of Bray et al. (1981), Masuya & 
Libby (1981), Bray et al. (1985) and Libby (1985), then the mean reaction rate would 
be independent of the chemical kinetics (Bray 1980). In our flame, it is likely that 
this approximation is worse than in the experiment of Shepherd et al. (1982) but better 
than in that of Bill et al. (1982). Wrinkled laminar flames can exist in a turbulent 
flow, according to the Klimov-Williams criterion, if the Kolmogorov microscale is 
greater than or equal to the laminar flame thickness. Since the conditions in our flow 

t The lengthscale 2 waa estimated in the manner of Shepherd t Moss (1983) using the 
conditional-sampling technique described by Heitor et al. (1985), and the results suggest aaymmetric 
distributions with modal and mean values about 1 mm and between 5 and 10 mm respectively. Note 
that the value of viscosity at room temperature has been used. 



392 M .  V .  Heitor, A .  M .  K .  P .  Taylor and J .  H .  Whitelaw 

premixed flames 

1 

‘ Wrinkled-laminar- 
flame’ condition 

Klimov-Williams 
condition -- 

0 

Damkoehler’s 
condition --- 

FIGURE 1. Illustration of regimes of turbulent combustion aa a function of the Damkoehler (D)  and 
Reynolds (R) numbers, both based on a measnred turbulent lengthscale 1 (after Williams 1984; 
Abraham, Williams & Bracco 1985). Circle identifies the combustion regime of the current 
experimental conditions on the basis of a Kolmogorov lengthscale 7 = I R-4 = 0.05 mm. The 
laminar-flame thickness S,, and velocity S,, are taken from Vinickier & van Tiggelen (1968) aa 
0.2 mm and 0.9 m/s, respectively; u‘ denotes the r.m.8. velocity in the reactant stream. 

are such that the microscale, calculated on the basis of the viscosity of the cold 
reactants, is smaller than the laminar-flame thickness, we do not expect to have 
conditioned velocity characteristics similar to those of the V-shaped and bunsen-type 
premixed flames associated with wrinkled flame fronts, and this is confirmed by the 
work presented below. 

Figure 2 show vectors of mean velocity and turbulent heat flux superimposed on 
isotherms: note that the subscript 0 refers to the approaching reactant stream. These 
are highly curved and, in the terminology of Masuya & Libby (1981) and Bray et al. 
(1985), reveal a non-planar flame oblique to the oncoming reactants. The reaction 
region occurs outside the locus of the mean separation streamline ($ = 0) and is 
curved along its length. This curvature imposes mean velocity effects on the 
turbulence field and the result is a highly strained flame different from those for which 
detailed velocity and temperature measurements have been reported. The turbulent 
heat fluxes tend to be restricted to the shear layer with a large component directed 
along the isotherms so that non-gradient transport is likely. 

The characteristics described above are considered in greater detail in the following 
paragraphs, which present profiles and contours of velocity characteristics. The 
discussion of $4 makes clear the implications for calculation methods. 



Interaction of turbulence and pressure gradients in a flame 393 

0 40 x ( m )  80 =It 1 20 

FIGURE 2. Vectors of (a) mean velocity, VlU,, and (a) turbulent heat transfer rate, P v p l p ,  U,, 
superposed on isotherms and separation streamline, locus @ = 0. The scale for the magnitude of 
the vectors is given in the lower left-hand corner of each figure. 

3.1. Unconditioned velocity characteristics 
Some of the salient features of the flow are summarized conveniently by the centreline 
profiles of the mean velocity and Reynolds stresses for the reacting and non-reacting 
flows, figure 3. The recirculation length is longer in the combusting flow (in agreement 
with Clare et al. 1976; Fujii & Eguchi 1981; and Taylor & Whitelaw 1980), which 
also has higher reverse velocities ; larger values of maximum turbulent kinetic energy 
occur in both flows at the rear stagnation point and there is a smaller recirculating 
mass flow rate. These results are likely to be strong functions of equivalence ratio, 
and opposite trends in recirculation length have been reported for confined flames 
by Winterfeld (1965) and Taylor & Whitelaw (1980) and for unconfined flames by 
Westenberg, Berl & Rice (1955). In  common with other investigations in isothermal 
near wakes DurZo & Whitelaw 1978; Taylor t Whitelaw 1984) there is large 

velocity respectively), particularly at the rear stagnation point, but there is no 
evidence of any periodicity. This result is to be contrasted with the near wake of a 
plane baffle (Bradbury 1976) and with the recent measurements for axisymmetric 
disks at comparatively low velocities (Castro 1985). The probability-density distri- 
butions of the centreline axial velocity for the reacting flow immediately upstream 

anisotropy ( v  b > pz where u and v denote the axial and radial components of 
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1.5 
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0.5 

0 

-0.5 

and downstream of the stagnation point ( L R  k 0.50 D, where L R  denotes the length 
of the recirculation zone and D = 0.08 m is the diameter of the confining pipe) are 
skewed (0.5 and -0.5 respectively) and have high flatness (> 4). The present results 
do not provide evidence that can decide between theories of ‘eddy splitting’ at the 
stagnation point (Bradshaw & Wong 1972) or upstream/downstream ‘deflection ’ of 
eddies (Kim, Kline & Johnston 1978). 

The radial distributions of the velocity characteristics are also qualitatively similar 
for non-reacting and reacting flows. Profiles taken in the plane of the baffle show that 
the streamlines near the edge are at a larger inclination in the reacting flow, with 
the result that the maximum width of the recirculation zone is wider (by about 20 %). 
The axial velocities are higher, as expected owing to the expansion of the gases, by 
about 16 % in the axial plane containing the maximum velocities. The spreading rate 
of the boundary of the annular jet (defined as the radial location at which the axial 
velocity falls to one-tenth of the maximum value of the radial profile) is about 0.14 
compared to about 0.09 for non-reacting round jets (see Ribeiro & Whitelaw, 1980a) 
and suggests significant entrainment of the ambient air. This spreading and the 
cooling effect of the disk result in a decrease of the mean temperature along the 
centreline, with differences from the adiabatic flame temperature of about 515 K 
(O.25Ta,) at stagnation. These considerations do not affect the conclusions that are 
drawn from the results. 

The distributions of the components of the Reynolds stress tensor, figure 4, are 
similar - toJhose in non-reacting, confined flows (e.g. Taylor & Whitelaw 1984) in that 
vn2 and wn2, where w denotes the azimuthal component of fluctuating velocity, are 
the largest stresses with the maxima located near the rear stagnation point, while 
the highest values of uT2 lie along the shear layer at r / R  x 0 . 5 , ~ h e r e  R = 0.040 m 
is the radius of the confining pipe. The sign of the shear stress uNvN is related to the 
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si n of the shear strain a8/ar  in accordance with a turbulent viscosity hypothesis 
(u v = - vT au/ar  where vT is a scalar turbulent viscosity) except for a narrow zone 
in the region where the shear strain is close to zero, which is also found in non-reacting 
recirculation flows (e.g. Duriio & Whitelaw 1978; Fujii, Gomi & Eguchi 1978; Durlo, 
Durst & Firmino 1984). It is noted, however, that large regions of counter-gradient 
shear stress can be found in both V-shaped premixed flames (e.g. Cheng & Ng 1983 ; 
Cheng 1984) and bunsen-like flames (e.g. Durst & Kleine 1973; Yoshida 1981). This 
observation receives further attention in $3.2. 

We have addressed the question of whether the nature of the turbulence has 
changed owing to combustion in the following three ways. First, the shear stress has 
been normalized by the maximum axial velocity in each profile, u v / P r n a x ,  where 
Urn,, is the maximum axial velocity at the axial station-At the location of the 
stagnation point, where the maximum radial variation of u"v"/Prnax is found, these 
values varied from -0.026 to 0.019 and from -0.022 to 0.013 in the reacting and 
non-reacting flows respectively. For comparison, DurBo & Whitelaw (1978) reported 
values in a similar, non-reacting annular jet of between -0.010 within the recircu- 
lation zone and 0.018 downstream of the stagnation point: Townsend (1976) reports 
the value of 0.025 for jets; and Etheridge & Kemp (1978) measured values up to 
-0.019 upstream of the reattachment of a backstep isothermal flow. Secondly, the 
correlation coefficient for the shear stress is found to vary between -0.4 and -0.6 
in the shear layer surrounding the baffle, and 0.45 and 0.6 in the outer flame zone. 
Thirdly, the shear stress has been normalized by the turbulent kinetic energy and 
the values lie between -0.35 and 0.30, which is close to the value expected in 
'normal' shear layers (e.g. Bradshaw, Ferriss & Atwell 1967; Harsha & Lee 1970). 
All three criteria suggest that the shear stress in our reacting flow is similar to that 
in the isothermal flow and that therefore the influence of the extra terms in the 
conservation equations for Reynolds stresses is minor. 

45 

3.2. Conditioned-velocity characteristics 
The unconditioned and conditioned radial profiles of mean axial velocity are 
presented in figure 5 (a) and it is evident that reactants and products initially coexist 
only in a thin layer around the maximum axial velocity, and only far downstream 
(x/D > 2.5) do the two states coexist at the centreline. In  addition, the mean axial 
velocity of the products is usually (see below) smaller than that of the reactants, with 
mean differences around 0.15U0 = 2 m s-l and maximum difference of 0.27U0, where 
U, is the bulk annular velocity in the plane of the exit of the confining pipe. Most 
other measurements of conditioned velocity in premixed flames have shown product 
axial velocities larger than those of the reactants, e.g. the bunsen flames of Shepherd 
& Moss (1981), the confined, step-stabilized flame of Shepherd et al. (1982) and the 
V-shaped flames of Cheng (1984) and Cheng et al. (1984). The difference is probably 
due to the large adverse axial gradients of pressure that are associated with the 
recirculation zone, and this point is discussed further in $4. The few exceptions in 
our flow where the products have a higher velocity that the reactants are to be found 
near the outer edge of the annular jet downstream of x = 1.250. In  conjunction with 
the profiles of radial velocity, it is found that the products are deflected away from 
the centreline, relative to the reactants, with an angle of 1'4' between the two states. 

The conditioned and unconditioned profiles of the density-averaged turbulent 
kinetic energy and shear stress are shown in figure 5(b ,  c ) .  Qualitatively the 
conditioned profiles for both quantities are similar, with the shear stress in the 
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FIGURE 4(a-c). For caption see facing page. 
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0.5 1 .o LR x / D  1.5 

FIQIJRE 4. Contours of Reynolds stresses (a) axial component 1 0 0 8 / @ ;  ( b )  radial component 
lo&%/@; (c) turbulent kinetic energy lOO&/V;4; (d) shear stress lOO&?/G: shaded regions show 
areas where the turbulent-viscosity hypothesis is untenable because the sign of the shear stress is 
the same as that of shear strain. 

reactants higher by about O.OluZ, than in the products, and the opposite is true for 
turbulent kinetic energy, except at x / D  = 1.25, as discussed below, where the 
products are greater by about 0.02q. 

It is convenient to refer to the work of Bray et al. (1985) who show that 

where the subscripts P and R denote conditioned quantities in the product and 
reactant gases respectively and where the main approximation in this equation is that 
the probability of intermediate burning states is small (in other words, that the ‘thin 
flame’ approximation holds). The first two terms on the right-hand side of (1) are 
turbulent contributions to the unconditioned density-averaged Reynolds stresses 
but the final term is a non-turbulent (see Bray et al. 1981), or ‘intermittent’ 
contribution. For example the third term contributes less than around 10% to zz 
with a maximum value of about 22 % in the vicinity of the location of the maximum 
width of the recirculation zone. Once more, this result is in contrast to published work 
in unconfined bunsen flames (Shepherd & Moss 1981), confined flames (Shepherd et al. 
1982) and particularly the V-shaped flames of Cheng et al. (1984) and Cheng (1984) 
where the ‘ intermittent ’ contribution was the largest to the measured unconditioned 
stresses. The result is also in contrast to the analysis of unconstrained (Bray et al. 
1981) and constrained (Masuya & Libby 1981) oblique normal flames where, again, 
the difference in the mean velocity within the reactants and products was dominant. 
Cheng (1984) presents evidence that associates counter-gradient shear stress with the 
intermittent contribution (so-called ‘flapping ’ flames), and Moss (1980) has suggested 
that the intermittency occurs only at low Reynolds numbers. We conclude that 
intermittency is unimportant in our flow. The major role played by the conditioned 
turbulence in the flame is a striking feature differentiating this premixed flame from 
those mentioned above, but we should emphasize that this conclusion applies only 
to the Reynolds stresses and not to the turbulent heat transfer rate. 

Results along an axial profile at r/D = 0.46, figure 6, show that the turbulent 
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FI'I~URE 6. Radial profiles of velocity characteristics in unconditioned (O), reactant (V) and product 
(0) gases for (a) mean velocity o/U,, ,  ( b )  turbulent kinetic energy 100klQ and (c) shear stress 
l o o u " v ~ / ~ .  

kinetic energy of the product gases is higher than that of the reactants only upstream 
of 2 = 0.690 (= 55 mm). Inspection of the contours of shear stress (figure 4 4  
suggests that this variation in the relative magnitude of the conditioned stresses is 
due to the proximity of the zone characterized by negative production of turbulence 
by shear stress. Further evidence is provided by the development of the shear-stress 
correlation coefficient along r / D  = 0.46, figure 6 ( b ) ,  which should be analysed taking 
into account the shape of the radial profiles of figure 5 (c). Despite the statistical errors 
that can arise from the small population size of the reactants in the downstream 
points, the increase in the absolute value of R,, of the reactants relative to that of 
the products is remarkable downstream of x / D  = 0.69. This set of results reveals the 
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FIGURE 6. Axial profile along r/D = 0.46 of velocity characteristics in unconditioned (a), reactant 
(a) and product (0) gases for (a) turbulent kinetic energy and (b )  shear-stress correlation 
coefficient. 

importance of the shear-stress production term in the balance of turbulent energy 
and suggests that it may dominate the conditioned stresses, at least in strongly 
sheared flows. It is noted that, in contrast to the experimental investigations of 
Shepherd & Moss (1981), Shepherd et al. (1982), Cheng et al. (1984) and Cheng (1984) 
and the theoretical analysis of Masuya 6 Libby (1981), the present reactant stream 
is strongly sheared (i.e. uz)R + 0) so that the behaviour described above is not 
surprising. 

The calculations for planar flames carried out by Bray et al. (1981) and Masuya 
& Libby (1981) have avoided the use of gradient-transport hypotheses, such as those 
used in non-reacting flows. Closure for turbulent transport has been achieved by 
relating the conditioned variances within the reactants and products to the con- 
ditioned mean velocities as follows : 

This hypothesis is not supported by the data of Moss (1980), as shown by Bray et al. 
(1981), but Cheng et al. (1984) report qualitative agreement with the extension of 
the above equation: 

JP-kR = constant, 
( uR)z 

(3) 

where k represents the turbulent kinetic energy, which for the present results does 
not have a quotient close to a constant. Bray et al. (1985) have suggested a revised 
model for the conditioned Reynolds stress : 

(4) 

where are constants, which is a generalization of that shown by Libby (1985) 
to yield a theory of normal flames in better agreement with the results of Moss (1980) 
than (2). Although (4) does account for the change in the relative magnitude of the 
conditioned stresses, this is predominantly dependent on the local mean value of the 

cy 

( G g P  - ( u ( ) R  = [(I - 4,J c+ ( 4 , o  - 1) (1 - 0 1  4 u;, 
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FIQTJRE 7. Radial profiles of triple velocity correlations near the location of maximum reverse 
velocity, at x / D  = 0.63. 

progress variable d. Our results do not support this model. It is interesting to note 
that the isotherm corresponding to d = 0.5 lies around the zone where the maximum 
differences between k, and k, have been observed and, therefore, precludes the case 
suggested by Libby (1985) for normal flames, of Ktjl = Ktjo in (4) (note that under 
this condition (G)p = (G), if d = 0.5). 

3.3. Unconditioned triple-velocity products 
Diffusion of turbulent energy and shear stress may be associated with the gradients 
of triple-velocity products and has been attributed, e.g. by Castro & Bradshaw (1976) 
and Ribeiro & Whitelaw (1980b), to large-scale motion that is dependent on the 
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surrounding field where both the Reynolds stresses and their gradients can change. 
In addition, the third-order correlations and hence turbulent diffusion are strongly 
affected by both longitudinal curvature and proximity of a stagnation zone. Figure 7 
shows radial profiles at the lo_catioz of thzmaximum width of the recirculation 
bubble of the t 9 l e  products un2 v", 2m3 and uNvn2, which represent the turbulent radial 
fluxes of pz, df2 and UT respectively. The correlations are qualitatively similar to 
those in the shear layer upstream of the reattachment zone and within the 
recirculation region in the backstep flows of Chandrsuda & Bradshaw (1981), Driver 
& Seegmiller (1983) and Pronchick & Kline (1983). 

The distributions of figure 7 show that turbulent transport of both normal and 
shear stresses is mainly in the gradient sense. The triple products are zero at, or very 
close to, the points of zero radial gradient of the corresponding second-order 
correlations and their positive values are associated with turbulent transport of the 
Reynolds stresses from the high production-rate zones to theLuter flow_, The results 
also indicate large, positive and negative radial gradients of v"ub2 and vn3 around the 
edges of the annular jet which contribute to diffusive transport of turbulent energy. 
Further analysis is, however, reserved for $4 together with examination of the 
remaining terms in the conservation equation of turbulent kinetic energy. Never- 
theless, i t  is noteworthy that the decrease of the third-order correlations near the 
centreline is far more rapid than the decrease of the shear- and normal-stress gradient. 
This behaviour agrees with that in the wall-bounded flow of Castro & Bradshaw 
(1976) and in the reattaching mixing layer of Chandrsuda t Bradshaw (1981) and 
has been explained by the dominance of large eddies in triple-product transport. The 
results suggest that calculation methods based on the hypothesis of gradient diffusion 
of turbulence energy and shear stresses will be inaccurate, at least near the centreline 
within the recirculation bubble. 

3.4. Turbulent heat $ux 
ContoLrs of the axial and radial turbulent heat flux are shown in figure 8 (azimuthal 
flux W"C" was measured and found to be zero, within experimental accuracy). These 
quantities represent the turbulent heat transfer rate (or, equivalently, the exchange 
rate of reactants), which is responsible for the phenomenon of flame stabilization 
around the recirculation zone and for flame propagation downstream of this zone. 

The fluxes are largest within the thin reaction zone along the curved shear layer, 
as would be expected, although not spatially coincident with the zones of maximum 
turbulent kinetic energy. The radial heat flux is always positive - in other words, a 
heat flux directed away from the centreline. This is the expected direction in a 
baffle-stabilized flame since the ignition of the reactants (which are characterized by 
c" < 0) must be associaa,d with movement towards the recirculation zone (v" < 0, 
hence net correlation V"C" > 0). The flame is then established by the heat transfer 
between the hot products and the cold reactants. Note also that the sign of the 
radial heat flux is in qualitative agreement with gradient-transport models 
(wT = - v, aC/ar, where v, is a scalar turbulent thermal diffusivity). 

Within the recirculation zone and for x / D  > 1, the peak absolute values of the axial 
flux are larger by at least a factor of two than the values of the radial flux, even though 
the axial temperature gradients are negligible compared with those in the radial 
direction. The observation is not unusual, however, in the sense that similar ratios 
are found in heated, non-reacting flows such as curved boundary layers (Gibson & 
Verriopoulos 1984; Dakos, Verriopoulos & Gibson 1984), round jets (Chevray & Tutu 
1978), coaxial jets (Johnson & Bennett 1983) as well as near the burner tip of the 
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FIQURE 8. Contours of turbulent heat transfer rate : (a) axial heat flux (lOOO&~/V,) : shaded regions 
show areas of non-gradient axial transport where the sign of the heat flux is the same as that of 
the mean temperature gradient; ( b )  radial heat flux ( lOOOv~/Uo).  

premixed flame of Tanaka & Yanagi (1983). It should be recalled that it is the spatial 
gradients of the heat-flux components, and not the components themselves, that give 
rise to heat transport. The axial heat flux is directed towards the baffle, for 
r / D  < 0.5, and is therefore directed against the sign of the axial gradient of mean 
temperature. Similar behaviour has been observed in other turbulent premixed 
flames (e.g. Moss 1980; Shepherd & Moss 1981; Shepherd et al. 1982; and Tanaka & 
Yanagi 1983) and has also been predicted analytically (Bray et d. 1981 ; Masuya & 
Libby 1981). The significance of the counter-gradient heat flux is that gradient-type 
models for turbulent heat flux are likely to be qualitatively incorrect in this region 
and is an important finding of our work. 

The axial heat flux changes direction (i.e. sign) from negative to positive for 
r / D  > 0.5. This change can bzhown to be consistent with the changeLn the sign 
of the Reynolds shear stress u"v"2t r / D  > 0.5, as follows. Given that v"c" is found 
to be always positive, and that U"V" is positive for r / D  < 0.5, this impliesLhat on 
average hot products (c" > 0) move radially outwards (i.e. v" > 0 becaze V"C" > 0) 
and are associated with U" > 0 (because u?? > 0). As consequence u"cN mustke 
positive and this is confirmed by the mea2rements. For r / D  < 0.5, the sign of U"V" 

is negative with the observed result that U"C" is also less than zero. It should be noted 
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that in a V-shaped flame with a large intermittent contribution to the unconditioned 
Reynolds stress,Cheng & Ng (1983) and Cheng (1984) have shown different 
behaviour, with U”C” > 0, v 7  and UT < 0. 

The radial profiles of the correlation coefficients (not shown) for the heat fluxes 
have the same shape as the fluxes themselves. The peak values of the axial coefficient 
are between -0.35 and -0.40 and are greater than for the radial coefficient 
( +0.25 - +0.30). Even when account has been taken of the error in the measurement, 
the maximum correlation coefficient is smaller than for the shear stress (lRuvl < 0.6). 
Our values are similar to those of Tanaka & Yanagi (1983) in a bunsen-type premixed 
flame and are comparable with the results of Driscoll, Schefer k Dibble (1982) 
obtained in a non-premixed flame. 

4. Discussion 
Gradients of mean pressure in premixed flames can affect both the transport of the 

mean momentum of the reactants differently from that of the products, and the 
transport of turbulence energy and heat flux. The purpose of this discussion is to 
assess the importance of these effects relative to the other transport mechanisms 
and to examine the implications for calculation schemes. 

4.1. Mean momentum of reactants and products 
The terms in the transport of axial and radial momentum have been calculated from 
the results and are shown in figure 9 (a, b) (normalized by po q) for z / D  = 0.50, 1.00 
and 1.25 (note that the scales for the terms in the conservation equation of the radial 
momentum are half of those for the axial momentum). These stations correspond, 
approximately, to the maximum width of the recirculation bubble, a location 
part-way between this zone and the rear stagnation point and to the rear stagnation 
point itself. The mean pressure gradients have been found by addition and are 
dominated by the small difference between two large terms, namely the convection 
terms and the diffusion term in the balance of radial momentum. As a consequence 
these gradients are likely to be overestimated because of the errors in evaluating the 
axial gradients of momentum, due to the relatively large axial spacing between the 
measurement stations?. The pressure gradients represent an important source and 
sink of axial and radial momentum which is expected because of the large streamline 
curvature. Qualitatively, the pressure field is similar to that expected in the 
equivalent isothermal flow, for example that of Carmody (1964), and comparison with 
a related confined flow can be established from the calculations of McGuirk, Taylor 
& Whitelaw (1982). The consequences of the mean pressure gradients on the 
conditioned velocity field are analysed in the following paragraphs. 

For r / D  < 0.5, figure 9(a) shows that @/ax is positive and decelerates the axial 
velocity component of the burned gases relative to the reactants with maximum 
differences of the order of 0.27U0. For r / D  > 0.5, with this value decreasing with the 
downstream distance, the axial pressure gradient is of similar magnitude but 
favourable and burned gases have higher velocities than reactants. The existence of 
large regions of the flow over which there is an adverse axial mean pressure gradient 
distinguishes these results from those of Moss (1980), Shepherd & Moss (1981), 

t The axial gradients at xlD = 0.50 were evaluated by central differencing of data at 
xlD = 0.375and0.625;atx/D = l.Wfromdataatx/D = 0.625and1.250;andatx/D = 1.25from 
data at x/D = 1.00 and 1.50. 
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FIGURE 9. Radial profiles of the terms in the transport equations for mean momentum, normalized 
by po @: all terms except the pressure gradient have been taken to the left-hand side of the equation. 
(a) Axial momentum 

aP 
ax 

-0- -- (By addition.) 

( b )  Radial momentum 

l d  -a- --pw"z. , - 0- -5 (By addition.) 
T 

Shepherd et al. (1982), Cheng & Ng (1983) and Cheng et al. (1984). In  these references, 
the 'self-induced ' pressure gradient accelerates the products across the flame front 
and fulfils the intuitive expectation that products have a higher velocity than 
reactants. Masuya & Libby (1981) have shown analytically that gradients of 
Reynolds shear stress can also differentially accelerate the dense reactants and light 
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FIGURE 10. Radial proflea of the convection (left-hand side of equality sign) and production 
(right-hand side of equality sign) terms in the conservation equation for Reynolds stresses, 
normalized by po q. 
Convection : 

(a) Turbulent kinetic energy 

-O--(p8k)+'"(rp8k) a 
ax r ar . ,  . I  

Production : 

(b)  Reynolds shear stress . 
Convection : 
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products but here the gradients of shear stress are of secondary importance compared 
to the axial mean pressure gradient. The flux of radial momentum is influenced by 
both the radial gradients of mean pressure and vxz and i t  is thus difficult to analyse 
the observation that the reactants have consistently smaller (larger negative) 
velocities than the products. The calculated radial pressure gradient is, as expected, 
favourable near the centreline and adverse near the shear layer surrounding the 
separation streamline. Also, the increased contribution of-turbulent diffusion to the 
flux of radial momentum, compared with that for the axial momentum, agrees 
qualitatively with the isothermal measurements of MacLennan & Vincent (1982). 

4.2. Reynolds stresses 
The mean pressure gradient also appears in the transport equations for turbulent 
kinetic energy and for Reynolds shear stress and can act as either a source or a sink, 
as discussed by Bray et al. (1981) for premixed flames and StBrner & Bilger (1980) 
for non-premixed flames. The convection and production terms, normalized by po q, 
are shown in figure 10(a, b)  with convection plotted so that a negative value 
represents a gain of turbulent kinetic energy. The value of q, the tirne-average of the 
density-weighted velocity fluctuation, is required in the evaluation of the source term 
that involves the gradient of mean pressure, i.e. uraP/ax,. This average was found 
from the exact equation (e.g. Bray et al. 1985) 

- -  

N 

where and u; C" are the measured density-weighted progress variable and the heat 
flux, respectively. The reader should bear in mind that the estimates of the terms 
in this figure, as well as in figures 9 and 11, are inevitably approximate because of 
the error in evaluating the spatial gradients. The values are sufficiently accurate, 
however, for the purpose of establishing the relative importance of the separate terms 
in the conaervation equations. 

Within the recirculation zone convection is the largest term, as in the reverse-flow 
zones of Chandrsuda & Bradshaw (1981) and Taylor & Whitelaw (1984). In the region 
of the separation streamline, upstream of stagnation (i.e. x / D  = 0.50 and 1.00) the 
distribution of the various terms resembles that of the mixing layer of Wood & 
Bradshaw (1982), and upstream of the reattachment zone in the backstep flows of 
Chandrsuda & Bradshaw (1981) and Pronchick & Kline (1983) : convection is small, 
production of turbulent energy is by shear stress, and turbulent diffusion and 
dissipation, although not plotted, are likely to be important and represent a loss. In 
common with the confined isothermal flow of Taylor & Whitelaw (1984), turbulence 
production is large in the vicinity of the free stagnation point, is comparable with 
the largest rate of production by shear stress at the same axial station but is through 
the interaction of normal stresses with normal strain. In the free-stream region, and 
in the plane of the stagnation zone (i.e. 0.15 < r / D  < 0.40), the present distribution 
resembles that of a turbulent jet (e.g. Tennekes & Lumley 1972) while the energy 
budget for the confined flow is similar to that of a turbulent wake because of the 
comparatively small value of the ratio (aD/ax)/(i30/&). In the core of the annular 
jet (i.e. 0.40 < r / D  < 0.56), turbulence production by normal and shear stresses is 
negative and convection is the largest term and represents a loss. Again, turbulent 
diffusion and dissipation are expected to balance these terms. 

Turbulent production by GC)P/C)x,, although up to 50 % of the local production by 
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shear stress around the reaction zone at  x / D  = 0.50, is a minor contribution 
throughout the flow. This is not surprising given the highly strained flow in the 
regions around the recirculation zone and is a further difference between this flow 
and the others mentioned in the previous sub-heading since the latter are only weakly 
strained. 

The terms in the transport of shear stress, figure 10(b), show that production by 
u; aP/ax, is again the least important of the three source terms which are dominated 
over the whole len th  of the measurements by the interaction of normal stress with 

of the annular jet, where UT x 0, this term reverses from positive (in the outer flame 
zones) to negative (in the inner flame zones). By analogy with the isothermal flows, 
it is likely to be balanced by the pressurestrain redistribution terms. 

- -  

shear strain, i.e. v 4, aD/ar, as in the isothermal flows cited above. Around the core 

4.3. Turbulent heat j u x  

The previous section (see also figure 2 b )  has shown that the turbulent-heat-flux 
vectors are predominantly directed along the isotherms rather than normal to these 
as would be expected from gradient-transport models of the kind used in non-reacting 
flows. Provided that chemical reaction occurs in 'thin flames' then the turbulent heat 
flux can be represented as 

( 5 )  

To avoid confusion we note that, by analogy to (1) above, 'intermittency ' is the only 
contributor to the turbulent heat flux and is therefore important: this statement 
should be contrasted to that for the unconditioned Reynolds stress. 

As discussed in the introduction to $3, the above formula is an approximation, 
because of the finite thickness of the reaction zone, which is nevertheless useful in 
this discussion. The sign, and to a lesser extent the magnitude, of the heat flux is 
given by the difference in the product and reactant mean velocities. Based on the 
preceding discussion of the axial and radial velocities, the reasons for the large 
non-gradient heat flux in the axial direction &", and the much smaller gradient 
transport in the radial direction v 7 ,  can be explained. The direction of the axial flux 
is towards the baffle for r / D  < 0.5 because there c, > up for reasons stated above. 
For r / D  > 0.5 (and for x / D  > 1.25) the direction changes because there OR < up, 
but the magnitude of the axial component is larger than that in the radial direction 
in both the zones because lUp- URl > I q- vRl. The radial flux is in the gradient 
sense only by virtue of the fact that & > v, everywhere. There does not appear to 
be any fundamental aerodynamic restriction that prevents vR becoming larger than 
Vp except that, in that case, ws%" would represent counter-gradient heat transfer into 
the recirculation zone and it is not clear how a stable flame could exist. The conditions 
under which VR would become larger than are, presumably, values of equivalence 
ratio near unity when the density difference between products and reactants is largest 
and which therefore allows the maximum preferential acceleration between the two 
states. 

Figure 11 (a, b)  shows the convection and production terms, normalized by po q, 
and - -  that production (both positive and negative) due to the pressure-gradient terms 
-c"aP/ax, is large over most of the flow. As for the value of g, the time-average 
of was found from the exact thermochemical relation (e.g. Bray et al. 1985) 

U T "  = (?(I -c) (utp- q,). 
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FIQURE 11. Radial profiles of the convection (left-hand side of equality sign) and production 
(right-hand side of equality sign) terms in the conservation equations for turbulence heat transfer 
rate, normalized by po q. 

Convection : 
(a) Axial heat flux 

(a) Radial heat flux 
Convection : 

-0-- p u v m  +- -rpVV"c" ax a (  ) :(ir -) 
Production : 



Interaction of turbulence and pressure gradients in a flame 409 

where c and cxz were measured. In the transport equation for axial flux the term is 
dominant and must be balanced mainly by turbulent diffusion. For the transport of 
radial flux this term is similar in magnitude to production through the interaction 
of Reynolds stress with the spatial gradient of the mean value of the reaction progress 
vsiable (i.e. mainly -vX3c/ar), but is generally of the opposite sign. The sign of 
d"'" is thus a balance between two large, but competing, source terms. 

Finally, we briefly consider the implications of our results for the calculation of 
premixed flames using turbulence models. The most recent work in this field is that 
of Bray et al. (1985) who ro ose the solution of fifteen equations (for the dependent 
variables, P,  U,, C, u s ; ,  ut C" and E, the mass-averaged rate of dissipation of turbulent 
kinetic energy). One motivation for developing a model at the level of transport 
equations for the Reynolds stresses and turbulent heat fluxes, rather than at the level 
of a turbulent-viscosity closure, is to avoid as far as possible the use of gradient 
hypotheses and to represent directly those processes arising from variable density. 
Our experimental evidence supports the case for calculating the heat fluxes from the 
transport equations, because the source terms involving the mean pressure gradient 
are either large or dominant. It is reasonable to expect that the representation of the 
fluxes by mean gradient transport of the type developed for isothermal flows - for 
which the conservation equations for second-moment quantities have no source terms 
involving the mean pressure gradient - will be unsuccessful. It is more questionable 
whether the presence of the 'unusual ' source term (u; aP/ax,), alone, is sufficient cause 
for progressing to the solution of the transport equations, because the direct 
contribution to the budget is smaller than the source terms due to the interaction 
of Reynolds stress with the rate of strain. Also, at least in non-reactive flow, recent 
calculations with Reynolds-stress models have not provided significantly better 
representations of the velocity field in the lee of a bluff body (e.g. McGuirk, 
Papadimitriou & Taylor 1985) than a two-equation turbulence model. It is likely, 
however, that this level of complexity for the Reynolds stress will be needed if the 
heat-flux terms are to be obtained from a second-moment closure. 

%P 

_ _  

5. Conclusions 
Velocity and temperature measurements have provided information about the 

turbulence characteristics of highly strained disk-stabilized premixed flames in an 
unconfined arrangement. The flames are non-planar and oblique to the oncoming 
reactants and their temperature distributions, although affected by intermediate 
burning states, reveal predominantly biomodal characteristics. The following is a 
summary of the more important findings and conclusions of this work. 

(i) (a) The interaction between gradients of mean pressure and the large density 
fluctuations that occur in the flame represents the largest source terms in the 
transport equations for the turbulent heat fluxes but is less important in the 
conservation of the Reynolds stresses and turbulent kinetic energy. 

(i) (b) The turbulent heat flux is, as expected, large in the shear layer where the 
temperature fluctuations are large. The direction of the flux is not, however, aligned 
with the direction of the gradient of the mean temperature. The axial component is 
dominated by the source term Z@/az, which is presumably balanced by turbulent 
diffusion. The magnitude of the radial component, which is ultimately responsible 
for assuring the stabilization of the flame, is determined by the competing effects of 
the source terms F@/ar and vT2 aC/ar. 

(ii) The velocity characteristics may be associated with the concept of thin-flame 
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turbulent burning, since the moments of velocity are made up principally of the 
separate contributions from the reactants and products. The existence of heat transfer 
in the flame thus depends on the difference between the mean velocities of the 
reactant and product gases. 

(ii) ( a )  In the shear layer, for r / D  < 0.50, the mean axial velocity of the reactants 
is larger than that of the products by up to 0.27U0. This is due to the local preferential 
deceleration of low-density hot products relative to high-density cold reactants by 
the adverse, axial mean pressure gradient. 

(ii) ( b )  In the outer flame zones, for r /D > 0.5, the axial pressure gradient is 
favourable and accelerates the burned gases relative to the reactants with maximum 
differences of the order of 0.05U0. 

(ii) (c) Over the whole area of the measurements, the hot products are deflected 
outwards (by up to 5') relative to the reactants but it is not possible to relate this 
observation with the sign of the radial pressure gradient, in contrast to (ii) (a) above 
for the axial component of velocity. 

(ii) ( d )  The conditioned Reynolds stresses within reactants and products are the 
main contribution to the respective unconditioned stresses and reveal characteristics 
different from those reported in the literature. The magnitude of normal and shear 
stresses of the products are higher than those of the reactants except for a small area 
around the core of the annular jet where turbulence is removed, rather than produced, 
by shear stress. 

(iii) The velocity characteristics of the combusting flow are qualitatively similar 
to those of the equivalent isothermal flow. Combustion has, however, increased 
the recirculation length by 67 yo, the maximum reverse velocity by 18 % and the 
maximum value of the turbulent kinetic energy by 32%: it has decreased the 
recirculating mass flow rate by 51 %. 

The anisotropy of Reynolds stress around the reverse-flow boundary is particularly 
high and the maximum turbulent kinetic energy lies near the rear stagnation point 
owing to comparatively high radial intensities. Inspection of the terms in the 
conservation equation of turbulent kinetic energy confirms that this behaviour is 
associated with the interaction between normal stress and normal strain. The locations 
of zero shear stress do not coincide with those of zero mean velocity gradient, with 
increased differences in the combusting flow. 

The results also indicate that turbulent diffusion and dissipation are likely to be 
important in the balance of turbulent kinetic energy, particularly near Stagnation 

(iv) The evidence suggests that the calculation of uic" in this type of turbulent 
premixed flame must be found from a modelled transport equation rather than from 
a turbulent-viscosity hypothesis. 

and around the core of the annular jet. 
N 
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