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ABSTRACT

Scalar (intermittency) and velocity spectra in premixed
methane/air turbulent v-flames and stagnation flow stabilized
flames have been measured using laser light Mie scattering and
laser Doppler anemometry techniques. To compare the velocity
spectra of the oblique v-flame with those of the normal stagnation
flames, the velocity data for v-flames are transformed to obtain
the spectra of the velocity components normal and tangential to
the oblique flame zone. In both configurations, the spectra of the
normal velocity components are simifar to the corresponding scalar
spectra. The most energetic frequencies are consistent with the
flame passage frequencies demonstrating clearly that the velocity
and scalar spectra are strongly coupled. However, the most ener-
getic frequencies are about an order of magnitude higher in the v-
flame than in the stagnation flames even though the incidence tur-
bulence of the two flames are similar. Since this difference does
not seem to be proportional to the difference in the mean veloci-
ties, our results imply that the spatial scales in the two flame
zones are not the same.

NOMENCLATURE

progress variable

Favre averaged conserved scalar
spectral distribution

integral length scale

position of stagnation piate 75 mm
fluctuation frequency

most energetic [requency
Reynolds number

laminar burning speed

.u'  mean and rms axial velocity
mean and rms transverse velocity
axial distance

transverse distance
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intermittency
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Subscripts

based on integral length scale

|

L laminar condition

n normal to flame zone

t tangential to lame zone

o0 free stream .
INTRODUCTION

Although spectral analysis has proved a powerful looT for
studving non-reacting turbulent shear flows. its application in the
investigation of turbulent combustion has been limited. One rea-
son 18 that, in general, experimental studies of turbulent combus-
tion have emphasized the collection of time mean statistical quan-

tities of scalar and velocity components for comparison with
numerical model predictions. Since most of the theoretical models
do not consider temporal fluctuations, the scalar and velocity spec-
tra are sometime reported but often not analyzed in detail. With
the development of recent theoretical models which place more
emphasis on the temporal characteristics of the scalar and velocity
fluctuations (1), experimental investigation of their spectral
behavior wouid be useful to further the development of turbulent
combustion theories and to infer the physics of the turbulence-
combustion interaction processes which control the overall reaction
rate.

In our previous study of velocity spectra obtained rod-
stabilized premixed turbulent v-flames (2), we have shown that the
features of the velocity-spectra measured in the center of the flame
brush for four ethylene/air flames do not seem to correlate
strongly with the turbulent Reynolds number. This lack of corre-
lation suggests that the turbulence parameters of the approach
flow are insufficient to describe flame spectra. Other parameters
pertaining to the turbulent flamie such as the passage {requencies
of the wrinkled turbulent flame structures may be important for
the interpretation of the velocity spectra.

Within the wrinkled laminar flame regime for premixed tur-
bulent flames with incident turbulence Reynolds number based on
integral length scale R, of less than 100, the flamelet model can be
used to described the turbulent flame structures (3). This model
is based on the concept of a thin wrinkled fluctuating flame sheet
(Aamelet) which separates the the unburned reactants from the
burned products. In the limit when the turbulent flame brush
thickness is large compared to the laminar flame thickness. the
scalar and velocity statistics can be expressed by the intermittency
model (4). The flame intermittency factor, {2, is the probability of
encountering the products in the flow field and can also be inter-
preted as the inverse mean normalized density. It i1s therefore
identical to the conserved scalar T used in theoretical models (1).
Previous studies in premixed turbulent v-flames (4) have shown
that the turbulence fluctuations within the flame brush consist of
rms contributions from the reactants and the products weighted
respectively by (1-T) and T.. In addition, since combustion induces
expansion which accelerates the flow across the flamelet, condi-
tioned mean velocities of the two zones are different. Each flame
passage then results in a sudden change in velocity which also con-
tributes to the rms intensities. Consequently, the velocity spectra
in the flame region should also include spectral information of the
fluctuating flamelet due to this velocity jump. The objective of
this work is to study the effect of the flame passage frequencies on
velocity spectra by comparing the velocity and scalar spectra
obtained in premixed turbulent flames of different configurations.

EXPERIMENTAL SET-UP AND DATA ANALYSIS

Two idealized flame configurations are used in this study
They are 1) rod-stabilized oblique v-flames (5) .and 2) turbulent
flame stabilizéd in a stagnation flow (6). The turbulent Rame
brushes of these configurations are assumed to be planar and two
dimensional. The characteristics of the scalar and velocity fields
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Fig. 1 Schematics of the stagnation flow stabilized tur-
bulent Aame and the LDA data acquisition system.

within the flame zones have been studied in previous works and
are relatively well understood. A schematics of the stagnation flow
stabilized flame configuration and the data acquisition system is
shown in Figure 1. The diameter of the inner fuel/air jet is 50
mm and the diameter of the outer co-flow air jet is 100 mm.
Incident turbulence is generated either by a square grid or a per-
forated plate placed 50 mm upstream of the nozzle exit. The stag-
nation plate-is placed 75 mm downstream. At the nozzle exit, the
turbulence intensity produced by the grid is approximately 5%
while that produced by the perforated plate is 8%.

One of the most significant features of the stagnation flow
stabilized flame configuration is that along the centerline, the tur-
bulent flame brush is normal to the incident flow. It is thus
closest to the idealized one dimensional flame for which many
theoretical model has been developed. Another feature is that
flame stabilization is not dependent on a recirculation zone and
therefcre the development of the wrinkled flame structures would
not be influenced by the fAuid mechanics of the stabilization
region. To stabilize the v-flame, the stagnation piate is removed
and a 1 mm diameter rod is place at the nozzle exit. Since the
fame brush of the v-flame is oblique to both the principal axis of
the burner and the diagnostics, to compare the resuits obtaiqed
for the two configurations, transformation of the v-lames veloc‘ny
data to the coordinate normal to the local Rame brush orientation
is necessary (7).

Four sets of data have been obtained, two for each
configuration using the two turbulence generators (Table 1). The
methane/air mixture flow and equivalence ratio conditions of the
four fames are the same with Uy = 5.0 m/s ¢ = 0.98. Under
these flow conditions, the integral length scale of the incident tur-
bulence at the exit of the nozzle is 2.0 mm for the grid and 3.0
mm for the perforated plate. Therefore, the turbulent flames stu-
died here fall within the wrinkled laminar lame regime where the
mncident turbulence wrinkles the flame sheet without altering the
internal structure of the thin reacting flamelet.

A four-beam two color laser Doppler anemometry system is
used for measuring the velocity statistics of two velocity com-
ponents and their spectra. All four beams were frequency shifted
by Bragg celis and differential frequency of 5.0 MHz is used for
both components to remove directional ambiguity. The LDA sys-
tem were arranged to measure velocity components parallel (U)

and perpendicular (V) to the burner axis. The Doppler bursts are
analyzed by two frequency counters. Mean and rms profiles in the
stagnation flow stabilized flames were measured along the center-
line. For the v-flames, traasverse profiles were obtained at 30 and

~ 40 mm above the burner exit.

The velocity spectra in the stagnation flow stabilized fames
were analyzed by fast Fourier transform (FFT) directly from the
LDA anslog output digitized at 4 kHz. To reduce the spectral
noise, 100 spectra each consisting of 512 samples were averaged.
Continuous sampling is justified because typical data rates in the
reactants for each component approachs 25 kHz. To obtain the
spectra for the velocity components normal U, and tangential U,
to the v-flames, the outputs of the two counters are digitized
simultaneously at 4 kHz and stored on magnetic tape for subse-
quence coordinate transformation and spectral analysis. At each
measurement location within the flame zone, 20480 pairs of instan-
taneous velocity vectors in two dimension are recorded. The spec-
tra for the velocity components before and after co-ordinate
transformation are based on the average of 40 spectra of 512 sam-
ples. The flame coordinate for transformation is deduced from the
joint probability density function of the velocity components. As
shown by Cheng (5), the joint pdf is bimodal with two peaks per-
taining to the reactants and the products zones. A line joining the
two peaks on the U, V hodographic plan represents the axis nor-
mal to the flame. The procedure to transform the velocity data is
described in (7).

Table I
. u’
flame # | configuration I turbulence I Re
L
generator {mm)
1 v .89 plate 3.0 84 |
2 v 33 grid 2.0 32
3 stagnation .39 plate 3.0 84
4 stagnation 35 grid 20 32 !
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Fig. 2 Typical Mie scattering data at the middle of the tur-

bulent Aame brush.

The conserved scalar € or the flame passage {requency spectra
are obtained from time resolved measurements of the flame inter-
mittency {1 (8). The diagnostic method is quite simple: it involves
measuring laser light Mie scattering intensity {rom silicon oil aero-
sol seeded in the fow; the same seeding technique used for LDA
measurement of conditional velocities (5,8). Since the oil droplets
evaporate and disappear through the thin wrinkled flame sheet,
the output signal from the photomultiplier which is focussed on a
small segment of the laser beam at the waist resembles that of a

telegraph signal (Figure 2). Each passage of a flamelet is .

represented by a jump from burned to unburned conditions or vise
versa. The spectral distribution functions of the Mie scattering
signal therefore contain the information of the flamelet passage
frequencies. The Mie scattering signal is digitized at 10 kHz and
again 50,000 samples are used to obtain 100 spectra for averaging.

It should be noted that the application of the present Mie
scattering technique to study lame intermittency assumes a priori
that the Rames satisly the criteria of the intermittency or interface
modei which assume zero flame thickness. Another interesting
feature of this technique is that compare to Rayleigh scattering (9)
which measures gas density, the Mie scattering technique offer
better signal to noise ratio and larger dynamic frequency range.
This is because the Rayleigh scattering is much weaker than Mie

scattering iand so the comparatively l:;rge background radiation
makes density fluctuations higher than 3 kHz difficult to resolve.

RESULTS AND DISCUSSION

Representative mean and rms profiles measured in the v-
flame (flame 1) and stagnation fAames (flame 3) are shown in
figures 3 and 4 respectively. The overall features of these profiles
have been discussed in detail elsewhere (5,6) and will not be
repeated here. The main difference in the mean velocity profiles is
that the approach flow for the v-flames is constant while the flow
velocity in the stagnation flame decreases linearly towards the
flame zone. As shown int Fig. 4(a), the mean velocity at the flame
zone is only about 1.5 m/s compared to 5 m/s at the nozzle exit.
Measurements in the turbulent stagnation flow with no combus-
tion indicate that even though the mean flow velocity decreases,
the fluctuation intensities remains constant. Moreover, the
integral time scales also scale inversely with the mean velocity
which imply that the integral length scale is constant. Under the
same mixture and incident flow conditions, the main difference
between the two type of flames is that the flame brush thickness
of the stagnation flame as shown by comparing the intermittency
profiles is larger. However, it should be noted that in v-flames the
flame brush thickness increases with distance from the flame sta-
bilizer. Therefore, it is difficult to determine from these sets of
data the physical significance of the difference in the thickness of
the v-flame and the stagnation flame.

In Fig. 3, the v/ profile peaks almost at the middle of the
flame brush near T = 0.5 while the u' peak is located closer to
the products zone. However, throughout the reactants region and
up to the middle of the flame, v’ and v/ are identical which indi-
cates a quasi-isotropic turbulence behavior. In contrast, only u’
peaks within the stagnation flame and v/ increases gradually
towards the stagnation plate. Another dissimilar feature with the
v-flame data is that the turbulence at the cold flame boundary is
slightly anisotropic.
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Fig. 5§ (a) Comparison of the scalar (intermittency) spectra
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The normalized energy spectra E (n), E,(n) and E (a) for u’ ,
v/ and scalar T respectively obtained at three positions within
flame 2 at x == 40.0 mm are compared in Fig. 5(a). The same spec-
tra are plotted again in Fig. 5(b), weighted by the frequency
(nE,(n), sE,{a), and nE(n)), to obtain the most energetic frequen-
cies. The results for T == 0.118 show that the velocity and scalar
spectra are similar up to about 600 Hz. At higher frequencies, the
spectral distributions for the two velocity components roll-off
differently than the scalar spectra. The difference in roll-off is
shown in Table Il where the the spectral slopes of this set of spec-
tra are listed together with those obtained in flame 2. The spec-
tral slopes are deduced by least square fit of the linear roll off
region of the spectra. For the results shown in Fig. 5(a), the linear
roll off regions are approximately between 400 and 800 Hz. In Fig.
5(b), the peaks of the energy spectra represent the most energetic
frequencies n,. As can be seen, n, for the three spectra for
T = 0.118 are all about 300 Hz. The discrepancy between the
spectra at a>600Hz is also apparent in this representation which
indicates that the velocity fluctuations are more energetic in the
higher frequencies than in the scalar fluctuation.

Close to the center of the flame brush (€ = 0.56), the three
spectra exhibit similar roli off behavior are consistent up to 1000
- Hz. This clearly demonstrate the influence of lame passage on
velocity spectra since the contributions of combustion induce
acceleration to velocity fluctuations peak at ¥=0.5. Comparison of
the spectral siope (Table {I) also reveals that the slope of v/ is
more consistent with that of the scalar spectrum. This is not very
surprising since the transverse velocity component is closer to the
normal of the Bame brush and receives a larger contribution from
the flame induced velocity jump. The most energetic frequencies
deduced from Fig. 5(b) show that n, for the scalar has shilted to
about 400 Hz while those for u' and v/ remained relatively
unchanged. [t is interesting to note that flame passage [requency
measured in this lame (10) is about 300 Hz at the flame center.
Since the flame passage frequency considers only half of the scalar
fluctuation cycle, our resuits confirm that n, is indicative of the
flame passage {requency.

Towards the hot boundary of the flame brush. (T = 0.95) the

velocity spectra and the scalar spectrum become totally different.
1

c =0 116

Frequancy x Nor. Energy

c = 0.56

o i I
i 10 ico 1000 10000

Frequency (hz)

Fig. 5 (b) Comparison of the frequency weighted spectra of

Fig. 5 (a).

One possible explanation is that at this location the probability of
encountering flame passage is low and so is the fluctuation inten-
sity of the scalar. The Mie scattering signal therefore contains a
relatively larger influence of the photomultiplier noise. This may
also explain why the n, for the scalar spectra is shifted to a higher
frequency. The changes in spectra behavior through the flame
brush as shown in Fig. 5 are typical of those observed in the v-
flames; the scalar and velocity spectra measured elsewhere in flame
1 and in flame 2 alil exhibit similar trend.

In Fig. 6(a) are shown the spectra of Fig. 5 transformed with
respect to the flame coordinate to obtain spectra for the velocity
componeats normal E,(n) and tangential E,(n) to the fame
brush. The U and V components are transformed into the tangen-
tial U, and normal U, respectively. The results clearly show
changes in the spectral features consequent to this transformation.
At T = 0.116 the three spectra are separated at n > 600 Hz. The
difference is shown more clearly in Fig. 6(b). Near the flame
center (T = 0.56), the features of the u,’ and the scalar spectra
are similar up to 1000 Hz while the u,’ spectrum is shown with a

Table I

x {mm) Spectral Slopes
{Rame angle) U, U, T

ol
[eny
<

0.145 | -1.79 | -211 | -1.53 | -2.01 | -2.07

300 048 | -1.90 |-212 | -1.77 | -2.14 | -1.85

- (35°) 086 | -2.11 |-220 | -205 {.224 | -1.36
g

& 035 |-209 {-1.73 | -1.73 | -1.85 | -2.02

400 0.634 | -1.99 | -201 | -1.55 | -2.23 | -1.50

(35°) 092 |.222 | -222 .18 |.228 |.217

013 | -1.30 | -174 | -1.29 | -1.75 | -2.19

300 031 | -164 |-202 | -1.35 | -2.01 | -2.27

=t (18%) 08 -1.70 | -220 | -1.50 | -2.20 1.72

Hane

0.116 | -1.48 | -1.63 | -1.24 | -1.67 | -2.14
400 0.56 -1.86 | -240 | -1.87 | -2.40 | -2.07
(26°) 0.95 -207 | -218 | -1.57 | -1.94 | -1.31
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differeat roll off characteristics (see also the spectral slopes in
Table 1I). Comparison of the corresponding frequency weighted
spectra in Fig. 5(b) and 6(b) shows that the transformation has

very little effect on the u,’ spectrum which receive the most

significant contributions from the velocity jumps. The most ener-
getic frequencies for the v/ and u,’ spectra are about the same.
On the other hand, the u,’ spectrum as compared to the u’ spec-
trum seem to have increased energy content in the higher fre-
quency range. Perhaps a decrease in the energy content centered
around the most energetic frequency of the scalar spectra (about
400 Hz) may be a more appropriate way to describe this change.
This is because even though u’ is oblique to the flame brush, it
receives some of the contributions from the velocity jumps. After
transforming to u,’ the tangential component is insensitive to
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Fraquency o)

Fig. 8 (b) Comparison of the frequency weighted spectra of
Fig. 6 (b)

thesc jumps because the direction of the velocity jumps are mostly
normal to the flame brush. This causes a decrease in the peak
u,' intensity compared to the of u' as shown previously (7). At
¢ = 0.95, coordinate transformation again shifted the u,’ spec-
trum to higher frequency components. The changes are subtle
and are shown more clearly in Fig. 5(b) aad 6(b). In Fig. 3(b), the
W spectrum peak is at frequencies lower than the v/ spectrai
peak while in Fig. 6(b), the u,’ peak is higher than the u,’ peak.
These changes demonstrate that the effects of flame passage is
significant even at the boundaries of the Aame brush where the
probability of encountering flame passage is low.

Since the most energetic frequencies of the scalar spectra is
indicative of the flame passage (frequencies, it would be
illuminating to compare n, for the velocity spectra with those of
the scalar spectra at different positions within the flame zones.
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Shown in Fig. 7(a) and 7(b) are the n,s deduced from the
transformed velocity spectra and scalar spectra for Flame 1 and 2
respectively plotted as functions of the conserved scalar T and the
Favre averaged conserved scalar c. Similar trends are observed in
both flames. The n,s for the tangential component are at higher
frequencies, and tends to decrease slightly towards the product
zone (T — 1.0). The most energetic frequencies for the normal
component are at lower frequencies and show only a slight
decrease at the flame center. The changes in the n,s for the scalar
are more significant. Near the reactants (€ < 0.5), they are com-

products, a significant increase is observed in both flames. The
cause of this increase is unclear, one possible reason as explained
earlier may be due to the increased significance of electronic noise.
Another possible cause is the increase in convective mean velocity
of flame structures at these locations. ‘ :

Representative spectra of velocities and scalar measured at
three positions within the stagnation Aame (lame 3) are compared
in Fig. 8. In this flame configuration, the axial velocity component
U is normal to the Aame zone while the transverse componeat V is
tangential to it. As evident in Fig. 8(a), the spectra in the stagna-
tion flame is quite different from those showa in Fig. 6(a) for the
v-flame. Spectral roil-off for all spectra occur at much lower fre-
quencies and the spectral peaks of Fig. 8(b) are situated at fre-
quencies about an order of magnitude lower than those of the v-
flames. These frequencies, however, are in accord with the flame
passage frequencies. The lower frequencies may be associated with
the lowered mean velocities in the stagnation lame as compared
to those of the v-flame (see Fig. 4) or may be caused by a change
in the length scales. Nevertheless, these spectra clear indicate that
the velocity and scalar spectra are coupled. This lends further
support to the concept of wrinkled famelet since our results
strongly imply that the flamelets are passive functions of the
incident turbulence.

Although it is possible to compare the spectra in wave
number space to investigate whether or not the energy containing
eddies in the two types of flames are comparable, it is not carried
out here due to the fact that the mean velocities in the stagnation
flame region is sufficiently low such that the Taylor hypothesis,
used to obtain the wave number, would not be accurate. Another
concern is the proper velocity to use for computing the wave
number of the scalar spectra. Previous studies using two point
Rayleigh scattering have shown that the flame structures in the

Table II

Spectral Slopes

U, U, 13

of

148 | -1.44 | -2.01 -2.06
flame 3 | 424 | -1.96 | -1.96 | -2.09
727 22,12 | -1.94 | -1.86

.096 -1.82 | -1.41 =227
flame 4 | 35 -1.67 | -1.83 | -2.34
89 211 ] -1.93 | -2.04
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v-flames are convected tangentially along the flame brush. There-
fore, the tangential velocity component would seem to be an
appropriate choice for computing the scalar wave number.

" However, the same logic break down in the stagnation fame

because the mean tangential velocity at the centerline where the
data were obtained is zero. This and the questionable accuracy of
the Taylor hypothesis for the stagnation flame fowfield preclude
the comparison of these spectra in wave number space.

The three spectra for T = 0.148 (Fig. 8(a) and (b)) and the
corresponding spectra slopes listed in Table III all confirm that the
normal velocity spectra is more conasistent with the scalar spectra.
Near the flame center (T = 0.424), the most energetic frequency
for the tangential velocity component shifts towards lower fre-
quencies while those of the scalar and normal compogent remain
unchanged (Fig. 8(b). The shifting of n, for the tangential com-
ponent towards lower frequency may be associated with the
increased contributions of the velocity jumps which tend to be
more random due to the restriction of the stagnation plate.
Towards the product region (T = 0.848), the two velocity spectra
become almost identical but dissimilar with the corresponding
scalar spectra due mainly to the shifting of the scalar spectra to
higher frequencies.

The most energetic frequencies in the two stagnation flames
are plotted in Fig. 9. Again, the ns for the tangential velocity
component are higher and decrease towards the products zone.
More significantly, the n,s for the normal component and the
scalar are identical throughout most of the flame zone except at
T — 09 where the scalar n, increases. The spectral behavior
observed in the stagnation fiames such as the changes in the spec-
tral slopes, the shifting to the higher frequency componenta of the
tangential velocity spectra through the fiame and the similarities
between the scalar spectra and the tangential velocity spectrs are
identicai to the those of the transformed v-flame velocity spectra.
This further emphasizes the significance of the velocity data
transformed to the flame coordinate for studying velocity data in
premixed turbulent Aame.

Although our study has clearly demoanstrated the influence of
flame passage on the velocity spectra. One issue that remains
unresolved is the physical process which controls the magnitude of
the most energetic frequency of the scalar and hence the tur-
bulence statistical behavior of the normal velocity component. As
meationed earlier, the most energetic frequencies in the v-Rames
are about an order of magnitude higher than those observed in the
stagnation flames while the mean velocities differ only by about a
factor of 3.3. The results therefore imply that this difference is
not merely due to a decrease in mean velocity. To address this
issue properly, the spatial scales of the velocity and scalar fluctua-
tions must be compared to show whether or not the lowering of
the roll-off frequencies in the stagnation flame i3 indeed due to an
increase in size of the energy containing eddies. As mentioned ear-
lier, since the application of the Taylor hypothesis in the

stagnation point flow is not acceptable, the scales of the velocity
fluctuation and flame structures must be measured directly using
multi-point diagnostic techniques to obtain space time correla-
tions. For measuring the scales of the flame structures, a tomo-
graphic technique based on the principle of aerosol evaporation
and multi-point Rayleigh scattering techniques is most appropri-
ate. However, a multi-point LDA technique to determine the velo-
city spatial scales is under development and will be applied to
both flame configurations for further studies of the flame spectral
behavior.

CONCLUSIONS

Investigated here is a comparison of the velocity and scalar
spectra measured in two premixed turbulent flame configurations
(1) rod stabilized v-Aame and (2) stagnation flow stabilized planar
flame both propagating in approach flow turbulence generated by
grid or perforated plate. The velocity spectra were measured using
two component laser Doppler anemometry and the scalar spectra
were measured using a laser light Mie scattering technique based
on the principle of aerosol evaporation through the flame front.
Four sets of data have been obtained, two for each configuration
using two turbulence generators. The methane/air mixture flow
and equivalence ratio conditions of the four flames are the same
with Uy, == 50 m/s ,¢ == 0.98.

To obtain a logical comparison between the results obtained
in the two configurations, the data measured in the v-flames are
transformed to the coordinate parallel to the local ame orienta~
tion. Comparison of the velocity spectra before and after transfor-
mation indicates that the effects of transformation is more
apparent in the velocity component tangential to the flame region.
These effects include changes in the spectral slope and shifting of
the most energetic frequencies to higher level. The spectra of the
normal velocity component are similar to the scalar spectra which
is indicative of the flame passage frequencies. The reason is that
the combustion induced velocity jump which occurs after each
Bame passage is mostly in the normal direction. Consequently,
the normal velocity spectra also contain the lame passage spectra.

The spectra measured in the stagnation flames all exhibit
similar features which clearly indicate a strong coupling between
scalar and velocity spectral behavior. However, the most energetic
frequencies are about an order of magnitude higher in the v-flames
even though the incident turbulence of the two flame are similar.
This difference is not proportional to the difference in the mean
velocities implying that the spatial scales in the two flame zones
may be different. Since the spatial scales in the stagnation flames
cannot be deduced accurately from the time scales, further
analysis of the difference in the v-Alame and stagnation fame spec-
tra would rely on measurements of the spatial scales.
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