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 Introduction to turbulence stabilization by flow shear

 Finding Low Momentum Diffusivity (LMD) regime using circular geometry

 Combining up-down asymmetry and the LMD regime to stabilize turbulence

 Studies of a MAST equilibrium from shot #24600

 Simulations of preliminary SMART geometry
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Introduction to turbulence 
stabilization by flow shear
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Suppression of turbulence by flow shear
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Flow shear 𝜔𝜔⊥~𝜕𝜕Ω/𝜕𝜕𝜕𝜕 twists
turbulence eddies into smaller spatial
scale, reducing their amplitude

[Highcock et al., PRL, 2010][Angioni et al., PRL, 2011]
Pressure gradient Pressure gradient

𝜔𝜔⊥

𝜔𝜔⊥

ASDEX-U Experiments Gyrokinetic Simulations
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Experiments and simulations have shown that flow shear
can stabilize turbulence, improving tokamak performance

Presenter Notes
Presentation Notes
Blue arrows are velocity (mention during the talk!)



Generating flow shear using neutral 
beam/radio frequency waves
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Flow shear is usually generated
from external momentum sources
such as NBI or RF waves.

External injections do not scale
well to large devices:
Π𝑖𝑖𝑖𝑖𝑖𝑖
𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖

~ 1
𝑣𝑣

~ 1
𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖

Alternatives?

ITER: 𝜔𝜔⊥ ∼ 0.02𝑣𝑣𝐴𝐴/𝑅𝑅0

[Liu et al., Nuclear Fusion, 2004]

Presenter Notes
Presentation Notes
The best scenario is that we don’t have to do anything and we let the plasma itself generate a strong flow shear for us.



Generate flow shear using up-down asymmetry
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[Ball et al., Nuclear Fusion, 2018]

Define Prandtl number: 𝐏𝐏𝐫𝐫𝒊𝒊 =
𝑫𝑫𝚷𝚷𝒊𝒊
𝑫𝑫𝑸𝑸𝒊𝒊

Typical expression for momentum flux (Taylor 
expansion of flow and flow shear)

In steady state 𝚷𝚷𝒊𝒊 = 𝟎𝟎, so assuming pinch term is small,
we have

𝚷𝚷𝒊𝒊 = 𝚷𝚷𝒊𝒊,𝒊𝒊𝒊𝒊𝒊𝒊 − 𝒊𝒊𝒊𝒊𝒎𝒎𝒊𝒊𝑹𝑹𝟎𝟎𝟐𝟐𝑫𝑫𝚷𝚷𝒊𝒊
𝒅𝒅𝛀𝛀𝒊𝒊

𝒅𝒅𝒅𝒅
− 𝒊𝒊𝒊𝒊𝒎𝒎𝒊𝒊𝑹𝑹𝟎𝟎𝟐𝟐𝑷𝑷𝚷𝚷𝒊𝒊𝛀𝛀𝒊𝒊

𝐐𝐐𝒊𝒊 = −𝑫𝑫𝑸𝑸𝒊𝒊
𝒅𝒅𝑻𝑻𝒊𝒊
𝒅𝒅𝒅𝒅

𝚷𝚷𝒊𝒊,𝒊𝒊𝒊𝒊𝒊𝒊 = 𝑫𝑫𝚷𝚷𝒊𝒊
𝒅𝒅𝛀𝛀𝒊𝒊

𝒅𝒅𝒅𝒅
𝒊𝒊𝒊𝒊𝒎𝒎𝒊𝒊𝑹𝑹𝟎𝟎𝟐𝟐

To lowest order in gyrokinetics,
Π𝑖𝑖,𝑖𝑖𝑖𝑖𝑖𝑖 = 0 unless magnetic
equilibrium is up-down asymmetric

Prandtl number estimates the rotation 
relative to turbulence amplitude
Many people assumed 𝐏𝐏𝐫𝐫𝒊𝒊 ≈ 1

Intrinsic momentum flux Turbulent diffusion Pinch term

[Parra et al., POP, 2011]

Presenter Notes
Presentation Notes
Spend more time explaining the effect of the pinch term(Comments: mention the definition of momentum flux) the most important source of intrinsic rotation is up/down asymmetry of magnetic equilibrium.From the equation, we can see that if there is no up-down asymmetry or no flow, there is no momentum flux.So in order to get strong flow shear, we can either increase the intrinsic momentum flux, or we can decrease the momentum diffusivity. So in order to find out the real flow shear being generated by the intrinsic rotation, in simulations, we typically tilt the geometry, and scan the flow shear value to find out the flow shear value that makes total momentum flux drop to zero. However, in reality what we actually want to minimize is the so-called Prandtl number Flow: 1. strong intrinsic drive, already done2. Need low momentum diffusivity: done by us3. To find flow shear being generated is too expensive: QL model4. Final answer and  results of flow shear reduction of heat flux.5. Mention how you find out  Π 𝑖 =0 in simulationsDoppler shear from rho_star



7Low Momentum Diffusivity (LMD) has been observed  
in recent simulations and experiments
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Experimental data is often hard to interpret 

𝐷𝐷 Π
𝑖𝑖,|

|/
𝐷𝐷 𝑄𝑄

𝑖𝑖

[Casson et al., POP, 2009]

Only parallel momentum flux

𝐷𝐷 Π
𝑖𝑖/
𝐷𝐷 𝑄𝑄

𝑖𝑖

[Guttenfelder et al., NF, 2017]

𝜌𝜌𝑝𝑝𝑝𝑝𝑝𝑝

Often simplified calculation of toroidal angular momentum flux

𝜔𝜔⊥(𝑎𝑎/𝑐𝑐𝑠𝑠)

𝐷𝐷 Π
𝑖𝑖,|

|/
𝐷𝐷 𝑄𝑄

𝑖𝑖

[Camenen et al., NF, 2011] 𝑅𝑅0/𝐿𝐿𝑇𝑇𝑖𝑖
A thorough parameter scan searching for the 
optimized parameter regime with lowest Prandtl 
number is required

Presenter Notes
Presentation Notes
Verbally say that we are  going to talk about out own simulation work.It is surprising to obtain a very low Prandtl number



Finding low momentum 
diffusivity regime using 
circular geometry [1,2]

[1] Haomin Sun, Justin Ball, Stephan 
Brunner et al.,2024, 
https://doi.org/10.48550/arXiv.2410.10555
[2] Haomin Sun, Justin Ball, Stephan 
Brunner et al.,2024, 
https://doi.org/10.48550/arXiv.2408.12331
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https://doi.org/10.48550/arXiv.2410.10555
https://doi.org/10.48550/arXiv.2408.12331


9Low Momentum Diffusivity (LMD) manifold
𝐏𝐏𝐫𝐫𝒊𝒊 = 𝟎𝟎.𝟓𝟓manifold for circular geometry and 𝝐𝝐 = 𝟎𝟎.𝟑𝟑𝟑𝟑

576 nonlinear GENE simulations with adiabatic electrons.
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𝐏𝐏𝐫𝐫𝒊𝒊 =
�𝚷𝚷𝒊𝒊,𝒊𝒊𝒕𝒕𝒅𝒅
�𝑸𝑸𝒊𝒊

𝑹𝑹𝟎𝟎
𝑳𝑳𝑻𝑻𝒊𝒊

𝝐𝝐
𝒒𝒒𝝎𝝎⊥

𝒄𝒄𝒔𝒔
𝑹𝑹𝟎𝟎

Flow shear in 
toroidal direction

Toroidal angular 
momentum flux

𝚷𝚷𝑖𝑖,𝑖𝑖𝑝𝑝𝑡𝑡 = 𝑚𝑚𝑖𝑖 �𝑑𝑑3𝑣𝑣𝑅𝑅 𝒗𝒗 ⋅ 𝒆𝒆𝝓𝝓𝑓𝑓 𝒗𝒗𝑫𝑫

= 𝑚𝑚𝑖𝑖 �𝑑𝑑3𝑣𝑣𝑅𝑅 𝑣𝑣|| + 𝑣𝑣⊥ 𝑓𝑓 𝒗𝒗𝑫𝑫

= 𝚷𝚷𝑖𝑖,𝑖𝑖𝑝𝑝𝑡𝑡
|| + 𝚷𝚷𝑖𝑖,𝑖𝑖𝑝𝑝𝑡𝑡

⊥

Presenter Notes
Presentation Notes
Verbally say that we are  going to talk about out own simulation work.It is surprising to obtain a very low Prandtl number



It is important to consider 𝚷𝚷𝐢𝐢,𝐭𝐭𝐭𝐭𝐫𝐫⊥ in Prandtl number 
calculation at tight aspect ratio
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𝑹𝑹𝟎𝟎
𝑳𝑳𝑻𝑻𝒊𝒊

= 𝟑𝟑.𝟗𝟗𝟑𝟑, 𝝐𝝐 = 𝟎𝟎.𝟑𝟑𝟑𝟑, circular geometry, adiabatic electrons

𝚷𝚷𝐢𝐢,𝐭𝐭𝐭𝐭𝐫𝐫
⊥ becomes important especially in the LMD regime 



Low Momentum Diffusivity (LMD) regime 
tight aspect ratio, low 𝒒𝒒, normal to high �𝒔𝒔

11

[McMillan & Dominski, Journal 
of Plasma Physics, 2019]

Contours of 𝐏𝐏𝐫𝐫𝒊𝒊 for circular geometry, 𝝐𝝐 = 𝟎𝟎.𝟑𝟑𝟑𝟑

A more comprehensive study
inspired by previous work
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Effects of other parameters (𝜖𝜖, kinetic electrons, TEM turbulence)?

Presenter Notes
Presentation Notes
A large number of Gyrokinetic simulationsLines of constant value Prandtl numbers in the (q, s) plane at fixed R0/LTKeep the right hand plot, add some lines showing the LMD regime(mention this is my work)Inspiration of our study, which encourage us to do a more self-consistent study. 



Tight aspect ratio reduces Prandtl number

H
ao

m
in

 S
un

 &
 G

EN
E 

gr
ou

p,
 P

PP
L 

se
m

in
ar

 

12

Tight aspect ratio 
and high magnetic 
shear reduce 
Prandtl number



Kinetic electrons increase Prandtl number, but 
do not affect basic trend
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One can still get very small Prandtl number with kinetic electrons.
With kinetic electrons, simulations are further away from marginal stability

Presenter Notes
Presentation Notes
Kinetic electrons push simulation further from marginality



TEM turbulence does not change the Prandtl number 
significantly
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TEM mode does not change Prandtl number significantly.

Considered TEM mode with kinetic electrons with 𝑅𝑅0/𝐿𝐿𝑇𝑇𝑖𝑖 = 0 𝐏𝐏𝐫𝐫𝒊𝒊 =
�𝚷𝚷𝒊𝒊
�𝑸𝑸𝒆𝒆

𝑹𝑹
𝑳𝑳𝑻𝑻𝒆𝒆

𝝐𝝐
𝒒𝒒𝝎𝝎⊥

𝒄𝒄𝒔𝒔
𝑹𝑹

ETG does not contribute to momentum flux because 𝑚𝑚𝑒𝑒 ≪ 𝑚𝑚𝑖𝑖

Presenter Notes
Presentation Notes
Mention ETG does not contribute much to the momentum flux!



Combining up-down 
asymmetry and LMD regime 
to stabilize turbulence
[1,2] H

ao
m

in
 S

un
 &

 G
EN

E 
gr

ou
p,

 P
PP

L 
se

m
in

ar
 

15

[1] Haomin Sun, Justin Ball, Stephan 
Brunner et al.,2024, 
https://doi.org/10.48550/arXiv.2410.10555
[2] Haomin Sun, Justin Ball, Stephan 
Brunner et al.,2024, 
https://doi.org/10.48550/arXiv.2408.12331

https://doi.org/10.48550/arXiv.2410.10555
https://doi.org/10.48550/arXiv.2408.12331


H
ao

m
in

 S
un

 &
 G

EN
E 

gr
ou

p,
 P

PP
L 

se
m

in
ar

 

16Using quasilinear (QL) model to estimate flow shear at equilibrium

Using our QL model to predict 
the steady-state flow shear, 
which shows good agreements

Scan flow shear to find the 𝜔𝜔⊥
value at which �Π𝑖𝑖 = 0

𝑞𝑞 = 2.05,𝜅𝜅 = 1.5,𝜃𝜃𝜅𝜅 = 𝜋𝜋/8 𝑞𝑞 = 3.05,𝜅𝜅 = 1.5,𝜃𝜃𝜅𝜅 = 𝜋𝜋/8
QL model: [Sun et al., NF, 2024]

Presenter Notes
Presentation Notes
Transition between the different subsection needs to be added!Elongation 1.5 add



LMD regime with up-down asymmetry drives strong 
flow shear

17

In the LMD: strong flow shear,
significant suppression of turbulence
especially near marginal stability

Out of the LMD: weak flow shear, little
effect on heat transport

In the LMD regime, 𝑃𝑃𝜕𝜕𝑖𝑖 ≈ 0.3 Out of the LMD regime 𝑃𝑃𝜕𝜕𝑖𝑖 ≈ 1
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𝚷𝚷𝒊𝒊 = 𝚷𝚷𝒊𝒊,𝒊𝒊𝒊𝒊𝒊𝒊𝒅𝒅𝒊𝒊𝒊𝒊𝒔𝒔𝒊𝒊𝒄𝒄 − 𝑫𝑫𝚷𝚷𝒊𝒊
𝒅𝒅𝛀𝛀𝒊𝒊

𝒅𝒅𝒅𝒅

� 𝑄𝑄 𝑖𝑖

𝑅𝑅0/𝐿𝐿𝑇𝑇𝑖𝑖 𝑅𝑅0/𝐿𝐿𝑇𝑇𝑖𝑖

Presenter Notes
Presentation Notes
Mention the previous slides to remind the listenersNow again, we combine the up-down asymmetry together with the low momentum diffusivity regime. It turned out that the Prandtl number is quite stable and it does not change much with your elongation or triangularity.Even without accounting for flow shear suppression, transport appears lower for a given gradient value in the LMD regime compared to a standard case (~"out of LMD"), however profile appears somewhat less stiff. Also, when accounting for the flow suppression, the critical gradient in the LMD case is clearly increased compared to the "out of LMD case". However, you may start thinking, the LMD regime requires a combination of low q



Effect of pinch term on intrinsic rotation 18
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𝚷𝚷𝒊𝒊 = 𝚷𝚷𝒊𝒊,𝒊𝒊𝒊𝒊𝒊𝒊 − 𝒊𝒊𝒊𝒊𝒎𝒎𝒊𝒊𝑹𝑹𝟎𝟎𝟐𝟐𝑫𝑫𝚷𝚷𝒊𝒊
𝒅𝒅𝛀𝛀𝒊𝒊

𝒅𝒅𝒅𝒅
− 𝒊𝒊𝒊𝒊𝒎𝒎𝒊𝒊𝑹𝑹𝟎𝟎𝟐𝟐𝑷𝑷𝚷𝚷𝒊𝒊𝛀𝛀𝒊𝒊 = 𝟎𝟎

We therefore have

Considering pinch term will only make the intrinsic rotation stronger

𝚷𝚷𝒊𝒊,𝒊𝒊𝒊𝒊𝒊𝒊 = 𝒊𝒊𝒊𝒊𝒎𝒎𝒊𝒊𝑹𝑹𝟎𝟎𝟐𝟐𝑫𝑫𝚷𝚷𝒊𝒊
𝒅𝒅𝛀𝛀𝒊𝒊

𝒅𝒅𝒅𝒅
+ 𝒊𝒊𝒊𝒊𝒎𝒎𝒊𝒊𝑹𝑹𝟎𝟎𝟐𝟐𝑷𝑷𝚷𝚷𝒊𝒊𝛀𝛀𝒊𝒊

Important to note that both 𝐷𝐷Π𝑖𝑖 and 𝑃𝑃Π𝑖𝑖 are positive [Peeters et al., PRL, 2007]

𝛀𝛀𝒊𝒊 𝒅𝒅 = −𝒆𝒆∫𝒅𝒅
𝒂𝒂𝑷𝑷𝚷𝚷𝒊𝒊
𝑫𝑫𝚷𝚷𝒊𝒊

𝒅𝒅𝒅𝒅′ �
𝒅𝒅

𝒂𝒂 𝚷𝚷𝒊𝒊,𝒊𝒊𝒊𝒊𝒊𝒊

𝒊𝒊𝒊𝒊𝒎𝒎𝒊𝒊𝑹𝑹𝟎𝟎𝟐𝟐𝑫𝑫𝚷𝚷𝒊𝒊
𝒆𝒆− ∫𝒅𝒅′′

𝒂𝒂 𝑷𝑷𝜫𝜫𝒊𝒊
𝑫𝑫𝜫𝜫𝒊𝒊

𝒅𝒅𝒅𝒅′𝒅𝒅𝒅𝒅′′ + 𝛀𝛀𝒆𝒆𝒅𝒅𝒆𝒆𝒆𝒆𝒆𝒆
∫𝒅𝒅
𝒂𝒂𝑷𝑷𝜫𝜫𝒊𝒊
𝑫𝑫𝜫𝜫𝒊𝒊

𝒅𝒅𝒅𝒅′

𝒅𝒅𝛀𝛀𝒊𝒊

𝒅𝒅𝒅𝒅
𝒅𝒅 =

𝑷𝑷𝚷𝚷𝒊𝒊
𝑫𝑫𝚷𝚷𝒊𝒊

𝒆𝒆∫𝒅𝒅
𝒂𝒂𝑷𝑷𝚷𝚷𝒊𝒊
𝑫𝑫𝚷𝚷𝒊𝒊

𝒅𝒅𝒅𝒅′ �
𝒅𝒅

𝒂𝒂 𝚷𝚷𝒊𝒊,𝒊𝒊𝒊𝒊𝒊𝒊

𝒊𝒊𝒊𝒊𝒎𝒎𝒊𝒊𝑹𝑹𝟎𝟎𝟐𝟐𝑫𝑫𝚷𝚷𝒊𝒊
𝒆𝒆− ∫𝒅𝒅′′

𝒂𝒂 𝑷𝑷𝜫𝜫𝒊𝒊
𝑫𝑫𝜫𝜫𝒊𝒊

𝒅𝒅𝒅𝒅′𝒅𝒅𝒅𝒅′′ +
𝚷𝚷𝒊𝒊,𝒊𝒊𝒊𝒊𝒊𝒊

𝒊𝒊𝒊𝒊𝒎𝒎𝒊𝒊𝑹𝑹𝟎𝟎𝟐𝟐𝑫𝑫𝚷𝚷𝒊𝒊
− 𝛀𝛀𝒆𝒆𝒅𝒅𝒆𝒆𝒆𝒆

𝑷𝑷𝚷𝚷𝒊𝒊
𝑫𝑫𝚷𝚷𝒊𝒊

𝒆𝒆∫𝒅𝒅
𝒂𝒂𝑷𝑷𝜫𝜫𝒊𝒊
𝑫𝑫𝜫𝜫𝒊𝒊

𝒅𝒅𝒅𝒅′

Flip up-down symmetry 
changes its sign

Presenter Notes
Presentation Notes
Say flipping the sign of intrinsic by flipping the up-down symmetry of flux surface!



Test if MAST #24600 is in 
the LMD regime [1,2]

H
ao

m
in

 S
un

 &
 G

EN
E 

gr
ou

p,
 P

PP
L 

se
m

in
ar

 

19

[1] Haomin Sun, Justin Ball, Stephan 
Brunner et al.,2024, 
https://doi.org/10.48550/arXiv.2410.10555
[2] Haomin Sun, Justin Ball, Stephan 
Brunner et al.,2024, 
https://doi.org/10.48550/arXiv.2408.12331

https://doi.org/10.48550/arXiv.2410.10555
https://doi.org/10.48550/arXiv.2408.12331


Simulate MAST #24600 at t=0.28s 20

Chose #24600 at t=0.28s as it has a large radial range with low 𝑞𝑞, and is in a quasi-steady 
state, nearly free of MHD instabilities

Presenter Notes
Presentation Notes
The question you may ask is: the combination of low q and high magnetic shear. This doesn’t sound to be very achievable in experiments. We spent some time searching for the suitable experimental case, and we finally chose this case. Tried  𝜓 𝑛 =0.2,0.3,0.4,0.5,0.6,0.7. Only  𝜓 𝑛 =0.5,0.6,0.7 gave converged results



Benchmark with experiment using measured flow 
shear at 𝝍𝝍𝒊𝒊 = 𝟎𝟎.𝟓𝟓

21

Exp value: �𝑄𝑄𝑖𝑖 = 𝑄𝑄𝑖𝑖
𝑄𝑄𝑔𝑔𝑔𝑔

= 3.06 Exp value: �Π𝑖𝑖 = Π𝑖𝑖
Π𝑔𝑔𝑔𝑔

= 1.74

Presenter Notes
Presentation Notes
A factor of 3 is not large, if change within the errorbar (of the gradient uncertainty), . 



22Prandtl number comparison

Linearly estimated pinch term using a
given 𝑘𝑘𝑦𝑦𝜌𝜌𝑖𝑖 = 0.3, and then corrected the
experimental Prandtl number

A low Prandtl number can be
obtained on MAST.

TRANSP calculates 

𝜒𝜒Π,𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜒𝜒Π,𝑡𝑡𝑒𝑒𝑟𝑟𝑝𝑝 1 +
𝑅𝑅𝑉𝑉𝑝𝑝𝑖𝑖𝑖𝑖𝑝𝑝𝑝
𝜒𝜒Π,real

1
𝑅𝑅/𝐿𝐿𝑢𝑢

[Peeters et al., 2007, PRL]

𝚷𝚷𝒊𝒊 = 𝝌𝝌𝚷𝚷𝒖𝒖′ + 𝑽𝑽𝒑𝒑𝒊𝒊𝒊𝒊𝒄𝒄𝒑𝒑𝒖𝒖



Tilt the MAST geometry
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Artificially tilt MAST geometry to study intrinsic flow shear 24

𝜃𝜃𝜅𝜅 = 𝜋𝜋/8 No triangularity

𝜓𝜓𝑖𝑖 = 0.5

𝜓𝜓𝑖𝑖 = 0.6

𝜓𝜓𝑖𝑖 = 0.7

𝜓𝜓𝑖𝑖 = 0.5

𝜓𝜓𝑖𝑖 = 0.6

𝜓𝜓𝑖𝑖 = 0.7



Predicting flow shear generated by up-down asymmetry 25

Errorbars come from rolling average

Radial Location 𝝍𝝍𝒊𝒊 Theoretical Prediction 𝝎𝝎⊥ (𝒄𝒄𝒔𝒔/𝒂𝒂, 
by up-down asymmetry)

Experimental 𝝎𝝎⊥ (𝒄𝒄𝒔𝒔/𝒂𝒂, 
by NBI)

0.5 −0.27 −0.37

0.6 −0.30 −0.34

0.7 −0.26 −0.30

𝜓𝜓𝑖𝑖 = 0.5

𝜓𝜓𝑖𝑖 = 0.6
𝜓𝜓𝑖𝑖 = 0.7
𝜓𝜓𝑖𝑖 = 0.5 with exp 𝜔𝜔⊥

𝜓𝜓𝑖𝑖 = 0.6 with exp 𝜔𝜔⊥

𝜓𝜓𝑖𝑖 = 0.7 …

Presenter Notes
Presentation Notes
Make the table better, add x-axis and y axis only number in the middleMention that for a larger device we expect lower



Reconstruct rotation profile 26

At least 1/3 of the experimental rotation can be generated

No intrinsic 
rotation?

For larger devices, red curves are lower but blue dots are expected to remain the same

𝜓𝜓𝑖𝑖
1/2 𝜓𝜓𝑖𝑖

1/2

Presenter Notes
Presentation Notes
Not sure how fast the flow shear goes down in the inner part of the tokamak, so choose an ad-hoc approachIt is important to note that we are underestimating the rotation being driven because we only consider three radial locations.Mach number: 0.2-0.25Same notation as last slide! Delete the left plot, make left plot dotted for the uncertain region



SMART preliminary 
geometry simulation 
[1,2] H
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[1] Haomin Sun, Justin Ball, Stephan 
Brunner et al.,2024, 
https://doi.org/10.48550/arXiv.2410.10555
[2] Haomin Sun, Justin Ball, Stephan 
Brunner et al.,2024, 
https://doi.org/10.48550/arXiv.2408.12331

Presenter Notes
Presentation Notes
Make the figure smaller!

https://doi.org/10.48550/arXiv.2410.10555
https://doi.org/10.48550/arXiv.2408.12331


28Parameters

𝜅𝜅 ≈ 1.39

𝜃𝜃𝜅𝜅 ≈ 0.51 = 29𝑝𝑝

At 𝜌𝜌𝑖𝑖𝑝𝑝𝑡𝑡 = 0.7, we have 𝜖𝜖 = 0.393, 𝑞𝑞 =
1.33, �̂�𝑠 = 1.25 (LMD regime)

Use miller general geometry for 
GENE simulations



Summary of SMART simulations 29

Flow shear created: SMART: 0.16𝑐𝑐𝑠𝑠/𝑎𝑎 MAST (hypothetical): 0.26𝑐𝑐𝑠𝑠/𝑎𝑎 TCV: 0.03𝑐𝑐𝑠𝑠/𝑎𝑎

𝜔𝜔⊥
�Π𝑖𝑖=0 = −0.16𝑐𝑐𝑠𝑠/𝑎𝑎



 Outlined a new approach to drive strong flow shear in large 
spherical tokamaks
 Prandtl number can be much smaller than 1, termed the Low 

Momentum Diffusivity (LMD) regime
• Enabled by tight aspect ratio, low 𝑞𝑞, high �̂�𝑠, and low 𝑅𝑅0

𝐿𝐿𝑇𝑇𝑖𝑖

 Combining the LMD regime with up-down asymmetry creates 
intrinsic flow shear that significantly reduces the heat flux
 Simulations of MAST and SMART show they can exhibit LMD
 Hypothetical tilted MAST showed flow shear stabilization
 Studied a tilted geometry that may be achievable on SMART, which 

also demonstrated flow shear stabilization
Useful for STEP design?

Conclusions 30

https://arxiv.org/abs/2408.12331 https://arxiv.org/abs/2410.10555
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Presenter Notes
Presentation Notes
One more point: This could be 



Full expression of EM toroidal angular momentum flux
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31

[Parra et al., 2011; Ball PhD thesis 2016; Sugama & Horton 1998]

ℎ𝑠𝑠 = 𝐻𝐻𝑠𝑠 −
𝑍𝑍𝑠𝑠𝑒𝑒𝐹𝐹𝑀𝑀𝑠𝑠
𝑇𝑇𝑠𝑠

�𝜙𝜙 − �𝜙𝜙 𝜑𝜑 + 𝜇𝜇
𝐹𝐹𝑀𝑀𝑠𝑠
𝑇𝑇𝑠𝑠

�𝐵𝐵|| 𝜑𝜑 Pull back operation

𝐻𝐻𝑠𝑠: distribution in guiding center coordinate

Note: Not really self-consistently written, 
because the 𝜑𝜑 dependence of ℎ𝑠𝑠 and other parts 
must be integrated together

Π𝑠𝑠 = − �𝑑𝑑3𝑣𝑣 𝑓𝑓𝑠𝑠𝑚𝑚𝑠𝑠𝑅𝑅 �⃗�𝑣 ⋅ �̂�𝑒𝜉𝜉 �⃗�𝑣 ⋅ ∇𝜓𝜓

𝜓𝜓 Δ𝜓𝜓 Δ𝑖𝑖



32

Converge grid: 192 × 64 × 64 × 32 × 16

𝝍𝝍𝒊𝒊 = 𝟎𝟎.𝟓𝟓Nonlinear Simulations, 
realistic geometry, no flow shear
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