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1. Abstract 3. Hurst coetficient (H) and autocorrelation function (p) of 5. Discrete autocorrelation function of the HK process

Two-dimensional (2D) spatio-temporal temperaturc? records obtained from tracer Conce?nt.ratlon the HK pr 0CEeSS
measurements on the plane of symmetry of heated jets (small turbulence scale) are statistically o o
analyzed and the presence of Hurst-Kolmogorov (HK) dynamics is detected. The 2D HK process * HK.P}'OC@.SS depen(.is on th? c.ha.ract.erlstlc parameter 0<H<I. Here, the estm.qe}tlon of the H Oiccore Girer ) b B/2 . . > o .

is then fitted to the data and synthetic time-varying and/or spatial fields are generated for coefficient is done via the minimization of the square error (SEp) of the empirical (5S%)’ and true Dr = I Yo =2 _[ .[ [(]1 et ] [(1 - ‘]1‘)‘”(1 - ‘] D‘)Jdvl...dvl), "= \/]1 tetp g €N
temperature, which are consistent with the observed. Moreover, the 2D HK process is formulated (y™) variance over scale k of the process, a method by Tyralis and Koutsoyiannis (2010). ? S
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For the discrete acrf, one can adapt the Koutsoyiannis et al. (2010) approximate solution (KAS)
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* The autocovariance y (acvf) and autocorrelation function p (acrf) of the HK are expressed as:

2. Hurst phenomenon and the HK pr . . .
urst phenomenon a € T process where B =2D(1-H) =24 =) 1 <5 > Anticorrelated (p < 0) 6. Simulation scheme for generating HK process
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“High tendency of hightlow values to occur in natural events' Flurst (1951) = Slowly decaying Ve =K7Y and Vi = Lot ¢ stands for continuous | _ 5 _, Independent (p = 0) SMA stands for Symmetric Moving Average and it can be used to generate a stochastic process
] . .. - - y 1 \%! \Y 1 u i

opk Peiry = Vi ! Vioy = Pecr = Lot 170 L, 1s a coefficient | 5. p <15 Correlated (p>0) with any structure of autocorrelation or power spectrum (Koutsoyiannis, 2000).

autocorrelation over scale=» Power-law behaviour (Kolmogorov, 1940).
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) d (l 2o " v k" i (vlz—l)kﬂ iy =%:-1)k 8 (— *Z, generated normalized random field of interest

« 7. random field of interest d stati d isotrobi Note: The continuous acvf and acrf become infinite for scale 0 and lag 0, respectively.
£: fandom field ol Interes (assume. stationary and isotropic) » W: discrete white noise (random field) with zero mean (u,, = 0) and unit
» Z,: mean aggregated field (at a spatio-temporal scale)

* v: vector index of random field indicating location in the field 4 ‘ Fleld Normallzatl()n standard deviation (;, =1) (since Z has been normalized).

* kI: any aggregation scales of the process HK process generates random fields that follow the N(0,1). Here the following transformation - q: finite lirlni’f for the;fljapge Of;(’efﬁdengs a, (for m’d the desired number of
* 4: mean of the process (Papalexiou et al., 2007) is used, where its coefficients p; are estimated through the minimization autocorrelation coefficients that are to be preserved).

* = equal in distribution function : of the square error of the transformed data and the N(0,1) distribution function.
+ A: power law exponent of autocorrelation over scale

*a;: field of coefficients that can be determined through the Fourier transform
F, of the autocovariance field y, (Koutsoyiannis, 2000, Koutsoyiannis et al.

* D: dimension of vector index space of random field (v) 7 = (p A )(p n \/(1+1/ D )ln[p (Z —p )2 +1}) — 2010).
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7. Spectral density and «,, coetficients of SMA 8. Experimental set-up 9. Calibration

The first scale under investigation is the turbulence microscale (order of mm). This scale is
The spectral density F,, of the stochastic field can be determined via the Fourier transform of the usually observed in boundary layers and turbulent shear flows such as turbulent buoyant jets.
discrete form of autocovariance V ji..oro(7)- It can be shown that the Fourier transform F,, of the An experiment is set at the laboratory of Applied Hydraulics of the NTUA by P. Papanicolaou,
field v, is related to F,, (for g==<), thus the a, field can then be estimated. where measurements are based on the LIF (laser-induced fluorescence) technique.

* The initial fluorescence light intensity lo is proportional to the R6G initial concentration Co if it
does not exceed 50 ppm (or pug/L), as shown by Ferrier et al. (1993). Here, this is verified through
the measurement of the intensity of several R6G concentrations samples fully mixed into the

: water-tank, for 2 camera shutter speeds (sp) of 50 and 100 s. The ‘Ferrier’ curves on the graphs

( )D/2 (2 )D/2 OO B The buoyant jet i.S dyed with a rhoc;lamine are adjusted to the measurements by multiplying with an arbitrary factor as Ferrier et al. (1993)

F.(s) = |r D "y, {2msr}dr = il |r|D Py (2msr)dr — sl ; ol 6G (R6G) dye with low concentration that intensity is arbitrary. As the yellow emitted light is formed only by the red and green dye, the blue
V4 D/2 1 7/ D/2-1 D/2-1 D D/2-1 ! c . . . . . . .

§ 0 H g ' does not affect buoyancy. The jet flow field is one will be close to zero. Also, to avoid the influence of the green laser beam, one can link the R6G

rojection screen 1 L illuminated with a thin (order of 1 mm) concentration with the red intensity only.
-B)/ 2] 1 1 . ' s 4 plane sheet of laser light. A DPSS 1 W laser 0.35 1.0

, for1<B<D —»>—-<H<1l-—,seR : .- . beam at 532 nm (green) is converted to a To=6E-08C0’-3E-05C0™+0.0047Co+0.0086 To=8E-08C0’-5E-05C0>+0.01C0+0.0657
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thin laser light sheet via a rotating prism

. _ (yellow) light at 556 nm. Thus, laser based
Also, it can be assumed that, F, = K, |s disereie | ofOr O<H <1l and K, a coefficient : —— tomography of the buoyant jet flow-field can
position be obtained across any desired plane. Then,
ik the experiment is videotaped using a high o5 f 2 x Red 505 4 100sp 7L Green 50sp Green 100sp

. . . . ——F Ig d_50s +F R d 100 —— Ferrier_ Green 50sp —= Ferrier Green 100s
resolution video-camera pointing normal to ~ PonCiRed 50sp) —P%ﬁ?ef ed_T0Osp) — Poly. (Green_ 50spf — Poly. (Green_ T00sp)
extension . ‘ |

F = /F > a, = ,HY), '—D=MB-D)/2—>H'=(H+05)/2 . ] the light sheet at 30 frames per second (fps). 50 100 150 200 50 100 150 200
% ot 1D SMA N Vaseree y Z};ﬂﬁﬁ;};ﬁg g;efﬁfﬁimﬁﬁglo?&i ;fi;ﬂge;tv E;t?g:tr:é IJlect)Sf In this way, the yellow intensity of R6G Initial concentration-Co (ug/L) Initial concentration-Co (ug/L)
\/ v,Cpr(H)E(H) horizontal, circular and non axis-symmetric buoyant jets, in a (measured through the RGB frame format of * For concentrations of R6G greater than 50ppm, the attenuation factor can no longer be
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=Y,/ Z ;H')  and g, = homogeneous and stationary environment’, supervisor P. the camera) can be linked to its assumed negligible and it should be accounted for (Ferrier et al., 1993).
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Initial intensity-Io (RGB/255)
Intensity-Io (RGB/255)

From the above equations and assumptions it can be derived that:

, n,=n,, +¢&C,where nw and e are coefficients to be determined experimentally

10. Case study on heated vertical jet 11. Anisotropy 2D stochastic simulation model 12. Conclusions

The application presented is based on an experiment of a heated vertical jet held at the laboratory
of Hydraulics at the NTUA. By analyzing the video-frames with MATLAB (computer image
process program) and using the relationships held on the ‘Calibration’ slide, one can estimate the
color intensity at any point and time of the experiment and thus the spatio-temporal tracer

concentration/temperature.

Each frame (2278 in total) corresponds to 1/30 sec and each pixel to approximately 0.048X0.048 10 128 A proposed rough solution would be to omit intermediate data of affected by the green laser light intensity), and thus more appropriate to be linked to the

cm? The grid of the field shown below is 860 x 300 pixels. 100 199 the field grids, so as the multi-acrfs decay at the same rate (at temperature concentration.

0.1 U] ] K . I
D Fold least for the first lags). So, omitting factor (omfc) m means that the

H=0.97 (m*c)m cell is omitted in the model, where c is 0,1,...,maximum
number of cells in each direction of the sub-field and in the

— Spatial diagonally ones. Here, m is chosen equal to 30, as one can see at
—— Temporal, m=0

D is the nozzle diameter, , M, B, £, K, and K, are the nitial o Jemortm || The figure on the'left, thus the final spatio-temporal grid is A 2D model is also applied (via the SMA scheme) to generate the observed long-term persistence
discharge, jet specific momentum and buoyancy flux, Froude, 755eC0ndSX860plxels. pp & 8 P

Richardsonand Reynolds number, Top, and Ty are the - o of temperature along the jet axis. The simulation is done at the plume area (S/1,,>2) of the flow as

ambientand jet temperatures and [,,.the characteristic length

scale (M*4B17), | | S Ve ‘ ; : : the observed long-termed persistence is expected away from the nozzle, where buoyancy forces
1.0 ‘ ‘ ‘ e - s 2D field ol | The simulated autocorrelation ,
] dominate over momentum ones, (M<<B).

A separate Hurst coefficient should be assigned to the quantities that are non isotropic to each
other. It is still not applicable to create a multi-dimensional model that can synthesize time-series
assuming anisotropy (thus assuming a different autocorrelation behavior in each dimension) and
that is why scientists tend to use multi-variate models.

* A calibration for the LIF technique is performed in order to explore the relationship between the
temperature and R6G fluorescence intensity . It is shown that it is linear for R6G concentrations
less than 50 pg/L, in agreement with Ferrier et al. (1993). Moreover, it is evident that the red
intensity of the RGB color scheme is less sensitive than the green one (which may also be

D (cm) Q (ml/s)
1.5 15.263
M (cm~4/s*2) | Blcm*4/s53)
131.828
Ri 0.08
0.238

A LIF technique is used to visualize a heated vertical jet. Spatio-temporal temperature is
estimated through the analysis of the color intensity of the video-frames based on the red
intensity of the RGB format. The plane of symmetry of the flow (“jet axis” of the maximum time-
averaged temperature) and RMS axis are identified.
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