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Objective

* Focus on the statistical properties of single-phase turbulent channel flow
e SD, Skewness, Kurtosis
* PDF

Thermal spectra

Structure function

Extensive Self-similarity

Scaling exponent



Twente Mass and Heat Transfer Water
Tunnel

* Design for studying shear-induced multi-phase
turbulent channel flow
* Turbulent Grids
* Thermistor
* Measurement section (Glass channel)
* Water pump
Bubble injectors
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Measurement Techniques

* Lock-in Amplifier
* To amplify the signal
* Increase signal-to-noise ratio

 Laser Doppler Anemometry (LDA)
e To measure the flow speed



Lock-in Amplifier

' : Reference

0 \
If wSlg = Wy, sig

Signal /\ I._'lf\ /\
_/

Vout = VsigVL sin(@sig — QL) — \/  /
ViigV cos[(wsig + wL)t + Osig + 6. ] e e W e

V; sinf \/ F\ef"j \/

Lock-in Reference

V out — Vszg



V'out = VsigVysinf < Phase Sensitive

Your = VsigVp cos 6

Roue = onut + Yozut



Laser Doppler Anemometry (LDA)

* Direction sensitivity

* High accuracy

* High spatial resolution

* Tracer particles are required



Receiver
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*ForU= 1m/s,Af =2 MHz
* ForU = 100 m/s,Af = 200 MHz
e For 4, =500 nm, f, ~ 6 x 101° MHz
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fp is the Doppler frequency (beat)



* independent of the receiver position

. . . 2sin(0/2)
* linearly proportional to velocity fp = v

/1b p,Ll




Temperature Measurement

. * Only half of the heaters were on
\ * Measure atz/L =y/D = 0.5
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. 1 (] |
T(k) = F{T(r t)} = PI5E j j j T(r, t)e *Tdr

o (k) = T(k) - T* (k)

By frozen flow hypophysis,

o(f) =T -T*(H)



Temperature Spectrum (K2s}
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Temperature Spectrum (Kzs)
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Structure Function

D,(r) =(lv(x+ 1) —v)|")

4

Ry(r) =(|IT(x+1) —T(x)|™)

4

Rny(@) =(ITt+7) -T®I")



Ry(7)
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Extensive Self-similarity and Scaling Exponent

Av =v(t+1)—v(t)

Deduced from Navier-Stokes Equation,

4 d
(Av(r)3) = —ger + 6va(Av(r)2)

(|av|™) = al(av3)<0
(lav|™) = B(lAv|3)$™  where [(Av3)] = (|Av|?)

Dy (7) & D3(z)¢™



R, (1) x Ry(r)SW  F

* < * o *

*

<
* & & ¢ > S+ *

* * & * * > > »

<

LA X B X & XK K X X X 2
N S o < - BEN I 'S TN C R

[N -

J0 3 333 333 33 3




n
Predicted by Kolmogorov, {(n) = 3
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Heat flux Measurement

(v(r,t)oT(r, t))H

J(r) = kAT
(U (r id» t)gT(r id» t)) H w . D . L
J;(Cmig) = ——— AT = : mid = 5 1+ 7)+ Ek
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Further Study

* Multi-phase
* Bubble
e Salt
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