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Objective

• Focus on the statistical properties of single-phase turbulent channel flow

• 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





Measurement Techniques

• Lock-in Amplifier
• To amplify the signal

• Increase signal-to-noise ratio

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



Lock-in Amplifier

𝑉𝑜𝑢𝑡 = 𝑉𝑠𝑖𝑔𝑉𝐿 sin 𝜔𝑠𝑖𝑔𝑡 + 𝜃𝑠𝑖𝑔 sin 𝜔𝐿𝑡 + 𝜃𝐿

Lock-in Reference

If 𝜔𝑠𝑖𝑔 = 𝜔𝐿,

𝑉𝑜𝑢𝑡 = 𝑉𝑠𝑖𝑔𝑉𝐿 sin 𝜃𝑠𝑖𝑔 − 𝜃𝐿 −

𝑉𝑠𝑖𝑔𝑉𝐿 cos 𝜔𝑠𝑖𝑔 + 𝜔𝐿 𝑡 + 𝜃𝑠𝑖𝑔 + 𝜃𝐿

𝑉′𝑜𝑢𝑡 = 𝑉𝑠𝑖𝑔𝑉𝐿 sin 𝜃



𝑉′𝑜𝑢𝑡 = 𝑉𝑠𝑖𝑔𝑉𝐿 sin 𝜃 Phase Sensitive

𝑋𝑜𝑢𝑡 = 𝑉𝑠𝑖𝑔𝑉𝐿 sin 𝜃

𝑌𝑜𝑢𝑡 = 𝑉𝑠𝑖𝑔𝑉𝐿 cos 𝜃

𝑅𝑜𝑢𝑡 = 𝑋𝑜𝑢𝑡
2 + 𝑌𝑜𝑢𝑡

2



Laser Doppler Anemometry (LDA) 

• Direction sensitivity

• High accuracy

• High spatial resolution

• Tracer particles are required 



𝑓𝑟 = 𝑓𝑏
1 −

𝒗𝑝 ⋅ 𝒆𝑝𝑟
𝑐

1 −
𝒗𝑝 ⋅ 𝒆𝑏

𝑐



∵ 𝒗𝑝 ≪ 𝑐,

𝑓𝑟 ≈ 𝑓𝑏 +
𝒗𝑝 ⋅ 𝒆𝑝𝑟 − 𝒆𝑏

𝜆𝑏

𝑓𝑟 = 𝑓𝑏
1 −

𝒗𝑝 ⋅ 𝒆𝑝𝑟
𝑐

1 −
𝒗𝑝 ⋅ 𝒆𝑏

𝑐



• For 𝑈 = 1 m/s, Δ𝑓 = 2 MHz

• For 𝑈 = 100 m/s, Δ𝑓 = 200 MHz

• For 𝜆𝑏 = 500 nm, 𝑓𝑏 ≈ 6 × 1010 MHz

𝑓𝑟 ≈ 𝑓𝑏 +
𝒗𝑝 ⋅ 𝒆𝑝𝑟 − 𝒆𝑏

𝜆𝑏

Δ𝑓 =
𝒗𝑝
𝜆𝑏



𝑓1 = 𝑓𝑏 +
𝒗𝑝 ⋅ 𝒆𝑝𝑟 − 𝒆1

𝜆𝑏

𝑓2 = 𝑓𝑏 +
𝒗𝑝 ⋅ 𝒆𝑝𝑟 − 𝒆2

𝜆𝑏



𝑓𝐷 is the Doppler frequency (beat)



• independent of the receiver position

• linearly proportional to velocity 𝑓𝐷 =
2 sin Τ𝛩 2

𝜆𝑏
𝑣𝑝,⊥



Temperature Measurement

• Only half of the heaters were on

• Measure at Τ𝑧 𝐿 = Τ𝑦 𝐷 = 0.5









෠𝑇 𝒌 = ℱ 𝑇 𝒓, 𝑡 =
1

2𝜋 3ම

−∞

∞

𝑇 𝒓, 𝑡 𝑒−𝑖𝒌∙𝒓𝑑𝒓

𝛷(𝒌) = ෠𝑇 𝒌 ∙ ෠𝑇∗ 𝒌

By frozen flow hypophysis,

𝛷(𝒇) = ෠𝑇 𝒇 ∙ ෠𝑇∗ 𝒇







Structure Function

𝑅𝑛 𝐫 = 𝑇 𝐱 + 𝐫 − 𝑇(𝐱) 𝑛

𝐃𝑛 𝐫 = )𝐯 𝐱 + 𝐫 − 𝐯(𝐱 𝑛

𝑅𝑛 𝜏 = )𝑇 𝑡 + 𝜏 − 𝑇(𝑡 𝑛







)Δ𝑣 = 𝑣 𝑡 + 𝜏 − 𝑣(𝑡

)Δ𝑣(𝑟 3 = −
4

5
𝜀𝑟 + 6𝜈

𝑑

𝑑𝑥
)Δ𝑣(𝑟 2

Deduced from Navier-Stokes Equation,

Δ𝑣 𝑛 = 𝛼 Δ𝑣3 )𝜁(𝑛

Δ𝑣 𝑛 = 𝛽 Δ𝑣 3 )𝜁(𝑛 where Δ𝑣3 = Δ𝑣 3

Extensive Self-similarity and Scaling Exponent

𝐷𝑛 𝜏 ∝ 𝐷3 𝜏 )𝜁(𝑛



𝑅𝑛 𝜏 ∝ 𝑅3 𝜏 )𝜁(𝑛



Predicted by Kolmogorov, 𝜁 𝑛 =
𝑛

3



Heat flux Measurement

𝐉 𝐫 =
)𝐯(𝐫, 𝑡)𝛿𝑇(𝐫, 𝑡 𝒕𝐻

𝜅Δ𝑇

𝐽𝑧 𝐫mid =
)𝑣𝑧(𝐫mid, 𝑡)𝛿𝑇(𝐫mid, 𝑡 𝒕𝐻

𝜅Δ𝑇
𝐫mid =

𝑊

2
𝐢 +

𝐷

2
𝐣 +

𝐿

2
𝐤









Further Study

• Multi-phase
• Bubble

• Salt
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