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Resistive ballooning modes could be responsible for the turbulence and induced transport 
observed at the edge of present tokamaks [ 11. Due to the mode structure, the geometry of the 
calculation is fully toroidal. The increase in computer capabilities allows now high resolution 
turbulence calculations. This is very important in the case of ballooning modes since the 
spectrum is very flat. Two main issues are addressed in this paper: 1) The validity of the mixing 
length approach for toroidal modes. It is especially important to identify the characteristic spatial 
and temporal scales in this approach, since these scales would be determinant of the induced 
transport. 2) The role and characterization of the Reynolds stress in toroidal geometry. Because 
of the intrinsic poloidal asymmetry of the ballooning modes, flows with m f 0 are generated. 
The effect of these flows will be analyzed. 

The equations used to describe the resistive ballooning turbulence are the reduced 
equations in the electrostatic approximation with plasma compressibility effects included. For 
the nonlinear calculations, the cil-equation is replaced by a parallel diffusivity in the pressure 
equation. Viscosity and perpendicular transport are also included in the equations in order to 
provide the energy sink needed to get steady-state turbulence. The geometry is fully toroidal, 
and we use a flux coordinate system (p, 8, 5) in which p is an equilibrium flux surface variable 
which behaves as a generalized minor radius, 8 is a generalized poloidal angle variable, and < is 
the toroidal angle [2]. With these assumptions, the model is described by the perpendicular 
momentum balance equation: 

dt 

and the equation of state 

F 
dP -+rpv+v, = 
dt 

Here, p is the pressure, VL is the perpendicular velocity, U is the {-component of the vorticity, 

q is the resistivity, K is the magnetic field curvature, F = RB is the toroidal flux function, and 

p,,, is the mass density. The derivative along the magnetic field can be expressed as 
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The perpendicular velocity can be expressed in terms of the electrostatic potential, 
is the unit vector in the toroidal direction. The <-component of the V, = -V@ x </B. Here, 

vorticity is defined as U = <. V x V I / B .  

The parameters used in the nonlinear calculations correspond to a medium-size tokamak 
with circular cross section, major radius lm, aspect ratio 4, and magnetic field 1 T. The 
equilibrium pressure and safety factor correspond to a flux-conserving sequence with 

112 
p(p) = p(O)( l -  and q(p) = 0.9[1- (p/0.6521)'] . The value of p,, is varied from 0.01 

up to 0.087. For the highest-fl case, the Lundquist number S = zR/zHp is lo5, and the 

viscosity for the equilibrium components is very close to the neoclassical value. Both S and p 
are maintained constant in the pscan. 

The perpendicular diffusivities are chosen to stabilize all modes with the toroidal mode 
number n > 35, with no change in the growth rate for the ones with n < 30. With this choice, 
the linear spectrum peaks at n-values close to 30. The linear mode structure can be seen in Fig. 

1 for the mode n = 30. The structure is the typical of a ballooning mode with two characteristic 
scales: The scale of each (m, n)  Fourier component, and the scale of the envelop of the 
eigenfunction. The characteristic time scale is the inverse growth rate, and for the dominant 
modes in the high-P case is of the order of 10-42,. 

The nonlinear convection terms in the poloidal momentum balance generate the 
nondiagonal p0 term of the Reynolds stress tensor. Purely growing modes lead to a poloidal 
asymmetric Reynolds stress. Since 

the toroidal angle average of the nondiagonal p8 term of the Reynolds stress tensor is: 

To study the effect of the shear flow. we have considered equilibrium flows with m = 1, n = 0. 
With this choice, the symmetry of purely growing modes (4) can be maintained. As radial 
profile of the poloidal velocity we take an hyperbolic tangent centered at the dominant poloidal 
component of the linear spectrum with radial width LE. The efficiency of the shear stabilization 
depends on the radial width of the shear, and the mode is stabilized for a shearing rate of the 
order of the linear growth rate. The structure of the linear eigenfunctions is strongly modified 
with a reduction of the amplitude of the poloidal components in the region of high shear. 



To begin the nonlinear calculations, we take a random amplitude for each Fourier 
component. The initial components are Gaussian functions of p and peak at the corresponding 
rational surface. The fastest growing modes dominate the initial phase of the calculation, in 
which the fluctuations growth at an approximately exponential rate. After this initial phase, the 
pressure and electrostatic potential fluctuations nonlinearly evolve to a saturated state in a time 
scale of 0.02 to 0.04 resistive times. 

The structure of the turbulence has been analyzed by calculating correlation functions for 
the fluctuations at different poloidal positions. As can be seen in Fig. 2 for the high-P case, 
there is a significant reduction in the radial correlation length of the fluctuations from the linear 
phase to the nonlinear phase of the evolution. In the linear approximation, the coherence as a 

function of 8 can be estimated analytically as y(0) = cos(ApnqtO), where A,, is the radial 

separation. This yields a radial correlation length proportional to 1/6. In the nonlinear phase, the 
poloidal dependence of the radial correlation length weakens considerably. These results imply 
a reduction of the characteristic scale of the fluctuations in the nonlinear phase. 

For the high-P case, the spectrum at saturation is very flat. However, for low values of p 
(Po = 0.01, 0.021), the spectrum is dominated by a single mode. The coherence is then similar 
to that of a linear eigenfunction, and the characteristic scale of the fluctuations is given by the 
linear estimate. 

The saturation level ) / p  is of the order of the mixing length estimate A/Lp. Due to the 

flattening of the average pressure profile, the pressure scale length L,, is almost constant in the 
region where the fluctuations are located. To check the scaling with L,, we maintain the average 
pressure profile frozen during the evolution. The comparison of the r.m.s. value of the pressure 
fluctuations normalized to the local equilibrium pressure and the mixing length estimate is 
shown in Fig. 3. We have taken for A the mean value of the radial correlation length at the 
poloidal angles 8 = 0 and 8 = n. As can be seen, the agreement is very good. 

The nonlinear evolution with in = 1 shear flow shows a reduction of turbulence and 
induced transport. Comparing with the case without equilibrium flow, the radial correlation 
length decreases slightly, and the pressure profile steepens since the perturbation of the average 
pressure is negligible. The reduction of the induced transport can be seen in Fig. 4, where the 
diffusion coefficient for two different shear widths is compared with the diffusion coefficient in 
absence of an external flow. For the two cases shown, the linear growth rate is roughly one- 
half of the linear growth rate without flow. 
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Fig. 1. Poloidal components of the linear 
eigenfunction with n = 30. The dominant component is 

m = 49. 
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Fig. 3. Comparison of the pressure fluctuations r.m.s. 

value with the mixing length estimate for the 8, = 

0.087 case. 
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Fig. 2. Coherence vs radial separation at 8 = 0 in 

the linear and nonlinear phase of the evolution 
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Fig. 4. Diffusion coefficient for two different shear 
flow profiles and without shear flow. 


