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 In-house code 

 SHEFFlow (for DNS)

 Unstructured solver with dynamic meshing

 Simulation with moving surface, e.g. synthetic jets

 Extended to high order for structured mesh 

 5th order by MUSCL scheme

 Simulation of synthetic jets generation process

 Jet exit velocity, slot height/spacing/number

 Analysis of energy efficiency of synthetic jet generation

 Chamber shaping

 Validation of DNS for channel flow

 Mesh sensitivity

 parallel efficiency



Flow condition:

𝑅𝑒𝑏𝑢𝑙𝑘 = 2800 => 𝑅𝑒𝜏 = 180 ;
𝑈𝑏𝑢𝑙𝑘 = 42 m/s => 𝑈𝜏 = 2.7 m/s 

Mesh size : 128 × 128 × 84
∆𝑥+ = 17.67
∆𝑦+ = 0.2 ~ 7.098
∆𝑧+ = 8.976
∆𝑡+ = 0.486
𝐿𝑥
+ = 2262, 𝐿𝑦

+ = 360, 𝐿𝑧
+ = 754

Result:

Data source 𝑪𝒇

SHEFFlow 8.16 × 10−3

Kim & Moin[1] 8.18 × 10−3

Wall

Periodic

Periodic

Schematic of the channel flow and 

the boundary conditions

[1] Kim John, Parviz Moin, and Robert Moser. "Turbulence statistics in fully developed channel flow at low 

Reynolds number." Journal of fluid mechanics 177 (1987): 133-166.





(b) Root-mean-square velocity fluctuations normalized by the 

friction velocity: 





𝐿𝑥
+ = 2262, 𝐿𝑦

+ = 360, 𝐿𝑧
+ = 754

The definition of wall-units, where 𝒖𝝉 is defined by the baseline channel flow:

𝑉+ velocity 𝑉 in wall unit, 𝑉+ = 𝑉/𝑢𝜏,

𝐿+ length 𝐿 in wall unit, 𝐿+ = 𝜌𝑢𝜏𝐿/𝜇,

𝑇+ time 𝑇 in wall unit, and 𝑇+ = 𝜌𝑢𝜏
2𝑇/𝜇.





𝛿𝑗𝑒𝑡
+ = 2, 𝑊𝑚𝑎𝑥

+ = 18, 𝑇𝑜𝑠𝑐
+ = 125, 𝐿𝑠𝑡𝑒𝑝

+ = 36, 𝐿𝑗𝑒𝑡
+ = 90,

∆𝑥+ = 8.84, ∆𝑦+ = 0.2 ~ 4.09, ∆𝑧+ = 4.49



Triple decomposition of velocity:

The oscillating jets impose periodic velocity fluctuations in the flow, in

addition to the pure turbulent fluctuations. Thus, the velocities (𝑢, 𝑣, 𝑤)

can be decomposed into three components

𝑢 =  𝑢 +  𝑢 + 𝑢′′, 𝑢′ =  𝑢 + 𝑢′′, 𝑢 =  𝑢 +  𝑢

 𝑢 time-averaged value,  𝑢 periodic velocity, 𝑢′′ turbulent fluctuation of 𝑢,

𝑢′ total fluctuation, ⟨𝑢⟩ phase averaged value.



Spatial averaging of flowfield data



Spatial averaging of flowfield data



Spatial averaging of flowfield data



Spatial averaging of flowfield data



Periodic jet velocity distribution

 Jets from the two opposing slots are exactly anti-phase 

 Time mean mass flow for each slot is zero

 Mass flow to flow field is also zero instantaneously



Sensitivity of reduction of 𝒄𝒇 to changes in 𝜷 for 𝑻𝒐𝒔𝒄
+ = 𝟏𝟐𝟓.

 Optimal angle was found at about 75 º between 70º and 80º

 Pure spanwise jets do not work 

750
(º)



 Pure spanwise jets have significant increase of averaged 𝑐𝑓
 Skin friction drag reduction with ZMFJ.

Case Averaged 𝑪𝒇

Baseline model

(jet off)
8.19 × 10−3

Jet on with 𝛽 = 0⁰ 16.08 × 10−3

Jet on with 𝛽 = 75⁰ 7.32 × 10−3



Iso-surface of 𝝀𝟐 coloured by 
𝒖′′

𝒖𝝉

Finer turbulent structures observed

Baseline model Jets on with 𝜷 = 𝟕𝟓°

𝒖′′/𝒖𝝉



The contours of instantaneous 𝒖′′/𝒖𝝉 at 𝑦+ = 5.

 Increased fluctuation can be clearly observed with control. 

Baseline model Jets on with 𝜷 = 𝟕𝟓°
Bulk flow

𝒖′′/𝒖𝝉



Jet on with 𝛽 = 75⁰ Baseline model (no jets)



Jet on with 𝛽 = 75⁰



Jet on with 𝛽 = 75⁰



Jet on with 𝛽 = 75⁰
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Jet on with 𝛽 = 75⁰



Jet on with 𝛽 = 75⁰



Jet on with 𝛽 = 75⁰



Jet on with 𝛽 = 75⁰



Baseline model (no jets)



The dash line is the case of 

baseline channel.









𝜑 = 0

The dash line is baseline model.
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Stream-wise mean velocity profile is twisted by the 

spanwise vorticity.



 Wall tangential zero mass jets can have a significant effect on skin 

friction drag, depending on the inclination angle against the main 

flow

 For pure spanwise (0⁰) ZMFJ, a large increase in skin friction is 

observed for the given conditions. However, if the jets are at a 

range between 700and 800, substantial reduction of friction can be 

achieved.

 The physical mechanism for drag reduction is different from 

spanwise oscillating walls. There is an increase of pure turbulent 

shear stresses (𝑢’’𝑣’’) using triple decomposition, which leads us to 

speculate  that the reduction comes from  𝑢 and  𝑣 in (𝑢’𝑣’ ), to be 

verified by generalized FIK analysis

 The drag reduction comes primarily from the blowing phase

 A lot of further work need to be done for understanding!


