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Motivation

The theory of turbulence effects on poloidal flow via turbulent flux
of momentum—Reynolds stress--has been studied and widely
validated in the fusion community, since it was first proposed.
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P. H. Diamond et al., 1991 Physics of Fluids B

• Poloidal flow can shift relatively to its neoclassical value, if 𝜕rۦ ۧ෤vr෤vθ ≠ 0

𝜇𝑖𝑖
𝑛𝑒𝑜

𝑣𝜃 − 𝑣𝜃 𝑛𝑒𝑜 = −𝜕𝑟 ෤𝑣𝑟 ෤𝑣𝜃
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• The Reynolds stress can be expressed in the form:

෤𝑣𝑟 ෤𝑣𝜃 = −𝜒𝜃
𝜕 𝑣𝜃
𝜕𝑟

+ 𝑣𝑟
𝑒𝑓𝑓

𝑣𝜃 + Π𝑟𝜃
𝑅𝑒𝑠

C.J. McDevitt et al., 2010 POP

Ö. D. Gürcan et al., 2007 POP

• 𝑣𝜃 𝑛𝑒𝑜 by KDG model & viscous damping rate

𝑣𝜃𝑖,𝑛𝑒𝑜 =
𝐵𝜑𝐾

𝑖𝑇𝑖𝐿𝑇𝑖
−1

𝑍𝑖𝑒𝑖𝐵
2

Y.B. Kim et al., 1991 
Physics of Fluids B



• A specially designed Langmuir probe array on the outer mid-plane of HL-
2A tokamak was used to do the main experimental measurement—

Study Reynolds stress & turbulent generation of edge poloidal flows

෨𝜙𝑓~ ෨𝜙𝑝, 𝐸 = −𝛻𝜙𝑝

෤𝑣𝑟 = ( ෨𝑉𝑓,09 − ෨𝑉𝑓,07 Τ) 2 𝑑𝜃𝐵𝑡

෤𝑣𝜃 = ( ෨𝑉𝑓,5 − ෨𝑉𝑓,11 Τ) 2 𝑑𝑟𝐵𝑡

𝐼𝑠𝑎𝑡 = (𝑉− − 𝑉+ Τ) 𝑅𝑠

𝑇𝑒 = (𝑉+ − 𝑉𝑓 Τ) 𝑙 𝑛2

൯𝑛𝑒 = Τ𝐼𝑠𝑎𝑡 ( 0.61𝑒𝐴𝑒𝑓𝑓𝐶𝑠

𝐶𝑠 = 𝑘 Τ𝑇𝑒 𝑚𝑖

Experimental set up
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Potential and electric field

Electron temperature & density

ExB velocity
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• With ECRH heating power, slope of 
Reynolds stress increases, Relative 
Deviation increases significantly.

Rotation and its deviation from neoclassical
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𝜈𝑖
∗ ≡ 𝜈𝑖𝑖𝑞𝑅/(𝑣𝑡ℎ𝑖𝜀

3/2)~1

plateau regime

𝑅𝐷 = −
𝜕𝑟 ෤𝑣𝑟 ෤𝑣𝜃

𝜇𝑖𝑖
𝑛𝑒𝑜

𝑣𝜃 𝑛𝑒𝑜

~
𝑣𝜃 − 𝑣𝜃 𝑛𝑒𝑜

𝑣𝜃 𝑛𝑒𝑜

• A significant deviation on Ohmic and ECRH heating power L mode.
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෤𝑣𝑟 ෤𝑣𝜃 = −𝜒𝜃𝜕𝑟 𝑣𝜃 + 𝑣𝑟
𝑒𝑓𝑓

𝑣𝜃 + 𝑆𝑟𝜃
𝑅𝑒𝑠

Reynolds 
stress 

diffusive 
stress

convection
stress

residual 
stress

Decomposition of Reynolds stress
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• Contribution of these diffusive or non-diffusive stress to the turbulent 
generation of poloidal flows

𝑣𝑟
𝑒𝑓𝑓

≅ Τ𝜒𝜃 𝑅 A. G. Peeters et al., 2007 PRL

𝜒𝜃 = ෤𝑣𝑟
2 𝜏𝑎𝑐 Z. Yan et al., 2010 PRL

𝜒𝜃 and 𝐷𝑛= −
෤𝑛෤𝑣𝑟

𝜕 𝑛 /𝜕𝑟

“Frequency saturation” in 𝜏𝑎𝑐
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• Diffusive stress and residual 
stress are of the same order 
as Reynolds stress.

• The poloidal intrinsic 
torque, −𝜕𝑟(Π𝑟𝜃

𝑅𝑒𝑠) increases 
substantially with ECRH 
heating powers. 

• Residual stress is a function 
of profiles of both density 
and temperature, which 
drive the turbulence.

A. Ashourvan et al., 2016 POP

Different from linear device:

Decomposition of Reynolds stress



• As a consequence of wave-flow momentum exchange, the
residual stress drives an off-diagonal turbulent momentum flux
and its divergence defines an intrinsic poloidal torque.

HL-2A
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P. H. Diamond et al., 2009 Nuclear Fusion

Y. Kosuga et al. 2010 POP

൯Π𝑟𝜃
𝑅𝑒𝑠 = Π𝑟𝜃

𝑅𝑒𝑠(∇𝑇, ∇𝑛 ൯torque = − 𝜕𝑟(Π𝑟𝜃
𝑅𝑒𝑠

Gradients drive rotation 
via 𝜫𝒓𝜽

𝑹𝒆𝒔

heating power,
𝛻𝑇 drives the turbulence, 

leading to profile relaxation 
and the generation of flow 

via turbulent stresses

A car engine 

burns fuel,
converts thermal 
energy liberated 

into kinetic energy 
of a rotating wheel. 

analogy

Decomposition of Reynolds stress



Discussion on residual stress vs adiabatic parameter 

• Adiabatic parameter —— (non-) adiabatic electron response

HL-2A
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R. J. Hajjar et al., 2018 POP

𝛼 =
𝑘∥
2𝑣𝑡ℎ

2

𝜈𝑒𝑖|𝜔|
|𝜔| is the frequency of the Drift wave unstable mode

:Residual vorticity flux

The dominant modes 

may switch from 

adiabatic drift waves 

to non-adiabatic 

resistive driven 

modes.

Experimental study and validation in near future.
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 fat tail: 
leptokurtic
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• Virtually all models of turbulent momentum transport are based on quasi-
gaussian (quasilinear models), we explore statistics of edge Reynolds stress.

Beyond the quasi-gaussian Ansatz
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Skewness: asymmetry of the tail   

Kurtosis: tail in general

𝑠 =
σ𝑖=1
𝑛 𝑥𝑖 − ҧ𝑥 3 /𝑛

𝜎3

Table 1  Skewness and kurtosis with/out ECRH      

heating at 1.5 cm inside LCFS

ECRH

(kW)

𝑠 𝜅

෤𝑣𝑟 ෤𝑣𝜃 ෤𝑣𝑟 ෤𝑣𝜃 ෤𝑣𝑟 ෤𝑣𝜃
e ෨𝜙𝑓

𝑇𝑒

e ෨𝜙𝑓

𝑇𝑒

2

0 0.3 3.4 3.3 12.4 3.2 9.9

700 0.9 3.1 3.3 14.8 3.1 9.4

𝜅 =
𝜈4
𝜎4

=
σ𝑖=1
𝑛 𝑥𝑖 − ҧ𝑥 4 /𝑛

𝜎4

Strongly non-Gaussian dynamics regulate 

poloidal momentum transport. → Avalanches 

of poloidal momentum?



Beyond the quasi-gaussian Ansatz
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• Deviation from Gaussian suggests the consideration of:

➢ Validity of quasilinear models of edge turbulence transport

➢ Coherence and phase dynamics between ෤𝑣𝑟 and ෤𝑣𝜃

Hurst exponent of “coherence cross phase”
෤𝑣𝑟 ෤𝑣𝜃
෤𝑣𝑟 ෤𝑣𝜃

General (left) & cumulated(right) structure function method
Y. H. Xu et al., 2004 POP

𝐻=1/2, random walk, occurs 

in Brownian motion;

0<𝐻<1/2, the dynamics 

exhibit rapid switching 

between high and low values, 

temporal anticorrelation

1/2<𝐻<1, the dynamics 

manifest a sustained memory, 

and positive correlation in 

time, long-term persistence.

Hurst exponent of potential 
perturbation is ~0.85 

H=0.65 



➢ Coherence and phase dynamics between ෤𝑣𝑟 and ෤𝑣𝜃

Discussion on cross phase and coherence
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෤𝑣𝑟 ෤𝑣𝜃 = ෤𝑣𝑟
2 Τ1 2 ⋅ ෤𝑣𝜃

2
1
2 ⋅ 𝑋𝑓𝑎𝑐𝑡𝑜𝑟

D. Guo et al., 2018 Nuclear Fusion

Strong shear layer, cross phase is randomly scattered—— “incoherent phase slips”. 

Reynolds stress is determined by cross phase dynamics. 

Weak shear region, cross phase stays in a coherent state ——“ phase locked state”, 

turbulence fluctuation and coherence are more important.

In frequency domain，

Our next step:
Study the coherence and cross phase in frequency domain
Compare with the results in time domain

cross phase 

coherence 



• Significant deviation of mean poloidal flow from the neoclassical value is deduced. 

• The deviation increases with heating power. 

• Both diffusive and non-diffusive stresses contribute to the deviation.

• The turbulent poloidal viscous flux and residual stress are synthesized using 

fluctuation data.

• The turbulent poloidal viscosity is comparable to the turbulent particle diffusivity.

• The residual stress increases with heating power and exhibits a sharper gradient for 

higher powers.

• The PDFs of both Reynolds stress exhibit fat tails and large kurtosis, suggesting 

non-Gaussian processes control momentum transport.

• It’s significant that Reynolds stress has non-Gaussian features, despite the fact that 

momentum transport is a secondary process.

• Experimental study of scaling of residual stress with adiabatic parameter will be 

conducted soon.

• Further study of coherence and phase dynamics via Hurst parameter and in 

frequency domain has been planned.

Summary
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Thanks for your attention!




