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The gyro-radius scaling of ion thermal transport from global numerical
simulations of ion temperature gradient driven turbulence
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A three-dimensional, fluid code is used to study the scaling of ion thermal transport caused by
ion-temperature-gradient-drivéfl G) turbulence. The code includes toroidal effects and is capable

of simulating the whole torus. It is found that both close to the ITG threshold and well above
threshold, the thermal transport and the turbulence structures exhibit a gyro-Bohm scaling, at least
for plasmas with moderate poloidal flow. @®999 American Institute of Physics.
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I. INTRODUCTION gyro-radius scaling of ion thermal transport, which is par-
ticularly crucial for the extrapolation of present experimental
In order to attain the ignition regime, it is crucial for a data to future larger devices. Our goal is to assess the depen-
fusion device to display good confinement properties. Exdence of ITG transport with the scale separation parameter
perimentally, the confinement time of toroidal fusion ma- Py :pS/a WherepS is the ion sound Larmor radiL(ﬁ']e Lar-
chines(tokamaks has been growing steadily during the pastmor radius measured at the electron temperatane a is
decades. From the theoretical point of view, it is commonlyggme macroscopic machine scale lengibually the toka-
accepted that confinement properties in the core of the tokanak minor radius Note that the transport database studies
mak are mainly determined by some form of low frequencycarried out in the framework of the international thermo-
(ma_ir_lly_eIectrostatD:turbuIence, dr_iven by_ the presence of ,clear experimental reactéfTER) project have demon-
equilibrium temperature and density gradients. . strated that a machine of the ITER type would perform better
In the past few years, a subclass of gradient-driven turit ihe present data can be extrapolated according to the so-
bulence, the ion-temperature-gradientiTG) driven  .ojaq gyro-Bohm scalingsee below
turbulence? has received considerable attention by theore- Throughout this paper, “large scale” normalizations are

ticians. This is partly due to the fact that in large, ”eu”al'adopted: Lengths are measured in unitsacénd times in
beam heated tokamaks, the main thermal losses occur on t'ﬂlﬁits ofazl(cTe/eB), whereT, is the electron temperature,

lon _channel. There is, therefore, the hope that the study_of 8 the toroidal magnetic fields the electron charge, amthe
sufficiently accurate model of ITG turbulence would prowdeSpeed of light. In these units, the transport coefficients are

a rather good description of the ion losses in those regime . ; . :
Our motivation for this work is somewhat more funda_?'heasured n Bo.hrn unlf[sTe/eB. Thus,am general, the ion
thermal conductivityy will scale asy~ p5 , wherea=1 for

mental. We note that a suitably simplified model of ITG di lingith led Boh i d
turbulence is a paradigm for many types of gradient—driven(':’yrora s scamg'_[ e so-called gyro-Bohm scalingnd «
=0 for Bohm scaling, and the dependence on other param-

turbulence in toroidal geometry, and in particular gradient ters like the temperature gradient, the safety factor, the

driven, small-scale, drift wave turbulence. Such a mode : - :
. L magnetic shear, and the aspect ratio is not of primary con-
should retain most of the qualitative feature of more accurate .
cern in the present work.

models. Thus one can hope that the study of the paradigm Turbulent transoort in tokamaks is given by small scale
would produce information universal to the broader class t urbu port in 'S glven by
luctuations of some typical length and time . At the

which the paradigm belongs. This approach is particularl hi >\ d for i f ord £ th

. . . . =
useful when one is interested in the dependence of a give achine scal@>A, and for imes ot order ol the energy
class of models on asymptotically smatir large dimen- confinement timerg> 7, it is usually assumed that transport

sionless control parameters, and the quantitative compariscﬁ?n be malnlly described as a d|ffu3|.op-llke Process. l,t IS
with the amount of transport measured in a specific experinatural to estimate the transport coefficients on the basis of
ment is not an issue. simple dimensional arguments, based on the turbulence char-

In this work we focus specifically on the problem of acteristic length and time;~\?/7. The problem, of course,
is that one does not know how to evaluateand . The
estimates provided by linear theory are often unhelpful, since
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site Henri PoincareNancy-1, BP 239 F-54506 Vandoeuvre-les-Nancy ce- direct numeri'cal simulations and, indeed, there iﬁmio'ri
dex, France. reason why linear theory alone should be able to provide the
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correct length and time scales for fully developed turbulencetherefore, not suited to address fhgscaling problem of ion
The main(linear or nonlinear ideas put forth to evaluate transport.
suitablex and = are briefly reviewed here. On the other hand, particle-in-cell codes are used to
In a cylinder, the radial extension of the linear eigen-solve the relevant gyro-kinetic equations in a finite region of
function scales a$r,~p, . Therefore, identifying. with  the torus, much larger than the ion gyro-radi(giobal
8y and 7 with the inverse of the mode frequenfwhich ~ codes. Early results from global gyro-kinetic codés'
for ITG is the drift frequencyw, = (cT./eB)(k,/Ly) asso- pointed to a Bohm scaling for the ion thermal conductivity.
ciated with the temperature scale-lendth], 7~p, , one  The latest simulations by Liat al,'® which include the self-
could conclude thay~p, (gyro-Bohm scaling consistent poloidal flows, did not address the gyro-radius de-
However, linear theory in a torfi®® shows thatdr,,, ~ pendence. However, the observable vortices appear to be
~(pSLT)1’2~p,1f2 due to toroidal coupling, when the calcu- smaller than in previous studies, thus suggesting the possi-
lations are taken to second orfein the ballooning bility that gyro-Bohm scaling could also occur in gyro-
formalism® Since the time scale is still given by the drift kinetic codes under certain conditions.
frequency, identifying. with or,,, leads toy~const., inde- By comparison, our approach employs a fluid code in
pendent ofp, (Bohm scaling. global geometry. We consider that a fluid model is adequate
In the nonlinear regime, analytical arguménésmd nu-  for our task, at this stage. Indeed, as previously discussed,
merical simulations have shown a tendency to isotropizatiomuch of the theoretical debate on tipg-scaling has re-
in the poloidal plane, with radial and poloidal correlation volved around the generation and interaction of the turbulent
lengths of similar size. A suitable would then be given by structures in toroidal geometry. Thus, progress is made by
the inverse of a typical poloidal wave number, but this isunderstanding the role of the nonlinearities with respect to
difficult to evaluate. A plausible estimate could be given bythe linear turbulence drive and wave dispersion. Now, the
the poloidal wave number of marginally stable modes. Withrelevant nonlinearities are fluid nonlinearities that can al-
this assumption, and replacing the parallel derivative operaready be studied in a fluid context. Moreover, on the techni-
tor with a constanty— 1/(qR) (q is the safety factor an®  cal side, fluid models easily allow to study separately the role
the major radiug one obtainssr ~ p,(qR/L+), which yields  of the different terms entering in the equations, and the role
again a gyro-Bohm scalintj. of different approximations. In this respect they are a valu-
This latter argument, that linear structures are destroyedble complement to the analytic theoretical investigation. Of
by the nonlinearities, seems plausible for strong input powergourse a gyro-kinetic approach would give a more precise
which brings the plasma well above the ITG marginal stabil-description of the plasma, and in particular would provide a
ity state. However, in the case of weak forcing, one carmore accurate determination of the instability threshold and
conjecture that the turbulence is not able to alter appreciabl9f the Landau damping. However, a precise determination of
the form of the linear structures, which would then reachthe threshold does not seem to be required to study those
their saturation level essentially unchangérhis occurs in  aspects of the turbulent dynamics that are probably universal.
several physical systems slightly above the instability threshWe also stress the need to work in global geometry, since no
old, for example in the case of Rayleigh—Benard convectiona priori assumption is made on the size of the turbulent
where the rolls, which are linear structures, survive un-structures. Finally, note that with this choice at least two
changed in shape for not-too-strong temperature gradientsime scales come into play, the wave number-dependent tur-
If this were the case for ITG, it would open the possibility bulent time scale and tHgloba) transport time scale. In this
that, close to threshold, the transport scaling becomes dgspect, we opted to carry on most of the simulations until
Bohm-type, due to the survival of the elongated linear structhe system is stationary on the longest time scale—i.e., for at
tures. least one energy confinement time.
In this work, we study thep, -scaling of ion thermal The fluid model utilized in this paper will be presented
transport in a torus, by means of direct numerical simulation#n Sec. Il. In the spirit of working with a simplified model,
of the ITG turbulence paradigm model, as described in theéind differently from the more detailed gyro-fluid models em-
next section. In order to explore whether the nature of transployed in local simulations, several parameters are only set
port changes when one approaches the ITG threshold, tHe the correct order of magnitude, ignoring dimensionless
system is forced by various levels of input power; the correfactors which are presumably close to unity.
sponding turbulence ranges from near-threshold conditions Section Il will be devoted to a brief description of the
to well-above-marginality conditions. The main conclusionnumerical techniques. The numerical results will be pre-
is that, for all the cases so far studied, the ion thermal transsented in Sec. IV. Our conclusions are summarized in Sec.
port scales as gyro-Bohm. Some preliminary results fromV.
this study(for the case of forcing well above threshpigere

r n i i .
presented in a previous paper Il. THE PARADIGM FLUID MODEL FOR ITG

Several numerical investigations of this problem haveTURBULENCE AND ION THERMAL TRANSPORT
recently appeared in the literatu(®r a partial review, see

Ref. 12. Recently developed gyro-fluid codes are being used A minimal (paradigm model to describe ion thermal

in flux-tube geometry—i.e., considering a small volumetransport in a torus should include at least three evolution

around a magnetic field lindocal codes Local codes gen- equations for the ion density, temperature, and parallel mo-

erally assumea priori a gyro-Bohm scaling, and they are, mentum. The electrons are assumed to be perfectly adiabatic,
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and the quasi-neutrality equation provides the relationshi[.;),pfd with the correct scaling. Since the actual damping is
between the ion density and the electrostatic potential thquoportionm to the ion transit frequenay/(q R)'17 one must
closes the system. The main toroidal term comes from tht‘akeypfdz vo(€/qp, ), wherey, is a constant of order one. It
curvature drift in the continuity equation, and it is respon-turns out that, with this choice of,, the poloidalE X B flow
sible both for driving the instability and for the coupling is comparable to the diamagnetic flow. It was previously
between neighboring poloidal modes, which is a specificallyerified!1° that, when the flow damping is set to zero, the

toroidal feature. . plasma accelerates and the transport drops substantially.
The paradigm ITG turbulence model employed in the  The domain of the simulation is a toroidal annulus be-
present study is written as follows: tweenr=r, and r=1. We taker,=0.5 throughout this
dw/dt+2 DT+ AV (ko /1) 3D study. AII fluctuating compo_nents are set to zero at the
ewal ) v (kalT) 9 boundaries. The macroscopic profiléise., the m=n=0
=D, V2w— ypfdp§<<b>, (1) components, wheren and n are, respectively, the poloidal
) and toroidal wave numbersf the vorticityw and the paral-
dv/dt+AV|(®+T;)=D,V*v, (2) lel velocity v are set to zero at=1, while atr=r, their
dT;/dt+T(T))AV)v=—A(T)Y4V||T; + D V2T, 3 radial derivative is set to zero.

As to the electric potentiab, the radial gradient of its
where,w=(q>—(<D>)/Te—in2q> is the generalized vortic- m=n=0 component at the inner radius is an arbitrary pa-
ity (effectively the ion guiding center densityD is the elec- rameter that we can freely adjust. This represents a radial
tric potential,v the parallel ion velocityT; the ion tempera- electric field created in the inner region of the tofbstween
ture, d/dt=4d,+vg-V the advection operator, wq r=0 andr=r,). Throughout this study, the radial derivative
=(1/r)cosfds+sin 65, the curvature operatorV=(1/q) of the potential at, is taken to be zero.

X(qd,+dg) the parallel derivative operatofe) denotes The boundary condition for the ion temperature is more

flux surface averagé=e€/p, , andl is a constant. Units of delicate. In order to achieve a stationary state, we want to

Te for the temperatureT./e for the potential andcs inject energy in the system at a constant rate. This can be

=(T./M;)¥2 for the velocity are employed. The main con- done by imposing the incoming flux of energy;,=

trol parameters are, , the aspect ratie=a/R, and the —D{VT, at the inner radius,. In order to avoid exces-

equilibrium density gradient,=Vngy/n,. FurthermoreD,, , sively high gradients, it is convenient to dBt; relatively

D, , andD+ are small artificial perpendicular dissipation co- large atr =r,, and then smoothly decrease it until it reaches

efficients set to damp the smallest scales gggmodels the its asymptotically small value at=r,,. In the present study,

poloidal flow damping. The model is written for a log- r,=0.6. We can then set the temperature gradiemt, @t a

plasma with circular magnetic surfaces identified by the rareasonable value—e.gV,T;(r,)=—1, and adjust the ther-

dial coordinater; # and ¢ are the poloidal and toroidal mal conductivityD(r,) in order to obtain the wanted value

angles, respectively. of the incoming fluxF;,. An increasedD; near the outer
This model can be viewed as a simplified version of theboundary was also employed in some of the r(imstween

“3+1" gyro-fluid model!” where the pressure tensor is r=r,=0.92 andr=1), to reduce the build-up of a thermal

taken to be isotropic and a number of finite Larmor radiusboundary layer.

(FLR) terms are dropped. This is justified by the interest in

the dynamics of long wave lengths: If long wave lengths

play a dominant role in determining the transport scaling,

then FLR terms are irrelevant. Indeed, a shift of the peak ofj|. NUMERICAL METHOD

the spectrum fronpgk,~1 to larger scales is expectéand

indeed observedn the saturated nonlinear state. The system of equatiori&gs. (1)—(3)] is integrated nu-
The main damping mechanism is provided by parallelmerically by means of a hybrid finite-difference-spectral

Landau damping, modeled by th@m term in Eq.(3), which  method. The poloidal and toroidal angles are represented by

stands for the operator whose representation in Fourier spatieeir Fourier components, while finite differences are used

is given byl|k|. This is the standard model of Landau damp-for the radial variable. The nonlinear terms are computed in

ing employed in gyro-fluid code’$.With our normalization, real space using a de-aliased fast fourier transfORmT)

the coefficient in front of this term must be of order unity, algorithm, and then transforming back to Fourier space with

and in practice it is taken to be exactly one. Similaflyjs  an inverse FFT. Radial derivatives are computed using cen-

also set to unity, and the average ion temperature is taken tered differences, thus the resulting code is second order ac-

be equal to the electron temperatgfie)=T,= const. Thus curate in space.

Egs. (1)—(3) must be reinterpreted as the equations of the The time integration is more delicate, since different

evolution of difference between the ion temperature differ-physical time scales are present in the model equations. In

ence at a given point and the edge temperature, normalizgghrticular, the parallel and perpendicular time scales differ

to T./a. considerably in the interesting regime of sma]l. The per-
Unlike the 3+1 gyro-fluid model, enforcing the isotropy pendicular frequency is given essentially hy, = wr,

of the pressure tensor prevents the model from effectively= pSkL(pS/LT)QizaklpiQi, assuming that t=a (Q; is

damping the self-generated poloidal flow. Therefore, the pothe ion cyclotron frequengyThe parallel time scale is given

loidal flow damping must be introduced artificially by setting by ion sound waves wit = c.kj=akp, ;. Their ratio is
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o, k. (i) Fr.,=F* +2AtCF,;
=P 4 ; **% _ DAtpx .
| kH ('V) n+1=€ Fn+ 1

. . (V) Fpip=ePAtEx* |
For kj=k, and smallp, , the parallel time scale is much " n+l

faster than the perpendicular one. These short parallel wave The convective operatd}, contains the nonlinear terms,
lengths are not of physical interest, since they are rapidiyand is thus treated explicitly with a leap-frog meth@i).
removed by Landau damping. However, they impose a sefhe dissipation and parallel operators are linear, and the cor-
vere upper bound on the numerical time stéyidy<1), if  responding steps can be performed implicitly in order to
we work with an explicit time-advancing algorithm. It is guarantee numerical stability. For example, the dissipative
therefore essential to employ an implicit scheme for the pardynamics [steps (ii) and (iv)] is solved with a Crank—
allel dynamics, which lifts the above restriction and allowsNicolson method, by approximating the exponential to sec-
us to takeAtw>1. Although we do lose in accuracy when ond order

taking such large time steps, this is not dangerous insofar as .

small parallel wave lengths are strongly damped. The nu- exp(DA) = 1+DAU2+O At?) @
merical scheme must, therefore, ensure that waves with large 1—-DAt/2 '

k, are indeed damped for any value of the time-step. When L . -

this requirement is satisfied, there is no need to demand greg{"e parallel dynamics is treated in a similar way.

numerical accuracy, since the physical model adopted to de- | € code has been extensively tested in the linear regime
scribe Landau damping is rather crude in the first place.  K€€PIng the equilibrium profiles fixedwhere direct com-

The interesting wave lengths are those for whigh parison with theoretical results is possible for some simpli-
<p,k, . In this case the parallel and perpendicular timeﬁed cases. Nonlinearly, the results have been qualitatively
scales are of the same order, and choosig, <1 gives checked against results from gyro-kinetic codes, which de-

’ 1

sufficiently accurate results. For the perpendicular dynamics.Scribe a similar, albeit not identical, physics. Convergence of

we adopt an explicit schem@econd order leap-frogfor e Iref)ult_s with _respefcthto theb rlesolutlon was Verk']f'edk rﬁu-
which the relatiomtw, <1 is sufficient to ensure stability. tinely by inspection of the turbulent spectra, to check that

A small amount of collisional dissipation is also intro- negligible amour|1t Otf 3nergy resides at_tr:je gr;d kt)qundary. Itn q
duced in our model, mainly for numerical reasons. This in-SOM€ Cases, Selected runs were carred out at incremente

troduces a third time scale in our systemy...=Dp2Q; resolution for times comparable to the longest fluctuation
where D is the normalized viscosityin BOH?’; unit*s cIJf time, for comparison._ln practice, the resolution gmployed is
pﬁﬂi). In order to avoid the possibility of numerical insta- comparable to the highest resolution reported in the gyro-

bilities arising when the viscosity is large, we also use aH(inetic literature®® In its present version, the code constitutes
implicit scheme for the collisional dissipatié)n a reliable tool for the simulation of a nontrivial model of

We have thus identified at least three different timetormdal ITG turbulence.
scales in our system, corresponding to the parallel motion,
perpendicular convection and collisional dissipation. OurlV. SCALING STUDIES IN THE NONLINEAR REGIME
strategy is to separate these three terms by means of a split-
ting technique, and then use different numerical schemes f%r
each of them(explicit for the perpendicular dynamics, im- a
plicit for the other two terms The splitting technique can be

In order to investigate thg, -scaling problem, the code
s been run with a nonzero energy flBy, at the inner
radius, until the system is in steady state. In principle this

devised so as to guarantee second order accurady for means that each simulation should be carried out for at least

the resulting scheme. Our code is thus exact to second ord8f'€ Energy confinement time. The actual duration of the
both in space and in time. simulation depends on the actual strength of the turbulence,

The technique for time integration can be illustrated on aWh'Ch In trns 1s a function of t_he forcing parametgy,. _In
sample equation some cases, at higher res_olutlon and when the cgnfmement
time is long, it was not feasible to go beyond one third or one
df . . . half of a confinement time. We stress however that, because
gt~ (C+P+D)F. (5 of the natural separation between the time and length scales

of the turbulence and those of confinement, the duration of
The three operator€,P, and D denote, respectively, the all the simulations is more than adequate, since the turbu-
nonlinear convective terméincluding the curvature term lence reaches a locally steady state in much shorter times.
d5), the parallel dynamics, and the dissipative terms. To sec- In order to assess whether the transport exhibits a gyro-
ond order inAt, a formal solution of Eq(5) from t,,_; to Bohm scaling, we proceed as it is usually done in similarity

t,. 1 is the following: experiments. We start by carrying out a simulationpgt
. o o =g for a given input thermal fluxF,,, until the system
Fo.=ePAle?PatgPatp 4 oAte(PHDIAGE (6)  reaches steady state. We then halyeto p, = 13 and at the
. ) o same time we halvE,,. If transport scales exactly like gyro-
Fn+1 can thus be obtained in the following five steps: Bohm, that is, if the effective conductivitys iS propor-
(i) F:_l:eﬁﬁ’AtFnil; tional to p, across the whole system
(ii) o =ePAEE Xefi= P« f[ 1, other parameters], (8)
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FIG. 2. Normalized radial correlation function fer, = %, Fin=3x10?,

solid line, andp, =l—éo Fi,=1.5x 102, dashed line(The abscissa of the
latter case is magnified by a factor of 2

on a given poloidal plane, we adopt the definition
C(or)=(F(r,0)F(r+or,0)), (9)

where the average is performed overd, and a humber of
time slices(in statistically steady conditionsWe can then
proceed with the evaluation of the radial correlation length
\¢, defined as the width at half height of the correlation
function—i.e., such thaC(\)/C(0)=3. The result is\,
=0.050 and\ .= 0.026 forp, =z andp, = 155 respectively,
consistent with a gyro-Bohm scaling of ITG turbulence. The
normalized radial correlation functions for these two cases
FIG. 1. Isolines of the electric potential for the casas p*=5%, Fin=3 are compared in Fig. 2, where the absc!ss'a qut’he 1%.0 !S
%1072 and(b), p, = a5 Fin=1.5%10"2, stretched by a factt_)r of 2 to make the S|m|lar|_ty_ explicit.
The p, proportionality is also clearly exhibited by the
correlation times. This is shown in Fig. 3 where the normal-
then the two simulations should show the same profile. Aized time autocorrelation functidmefined in the manner of
the same time we can study how the turbulence changes withd- (9)] is plotted against the normalized time difference
ps , in particular by measuring the radial correlation lengthot/py .
\¢, the correlation timer, and the level of the fluctuations.
A result of the form\.~p, would be consistent with the i
gyro-Bohm ideas. Average time autocorr. funct.

With p, =& we use a resolution of 84128x 32 (radial ) ) ) )
X poloidal X toroida) points. Other parameters are
=0.5, y,=0.25,D,,=D,=D;=1x10"3. With p, = 15 the
resolution is increased to 121192x48 andD,,=D,=D+
=5x10"4.

In our series of studies at, =z F;, ranges fromF,
=1x10"3, which leaves the system very close to threshold,
up to F;,=3%10 2, which brings the turbulence to a strong
level.

The contour plofisolines of the fluctuating electric po-
tential in a given poloidal plan@t a given toroidal location
are shown in Figs. (8 and 1b), for the simulations ap,
=2 F,=3%X10"?, and p, =15, Fi,=1.5x10"2, respec- _0.4k ) ) ) ) )
tively. This is the pair of cases farthest from threshold. 0 10 20 30 40 50

It is apparent that the size of the vortices depends tau /rho_star
strongly onpy - _In Order_ to be mo_re quantl_tatlve’ we Comf FIG. 3. Normalized time autocorrelation function f(pr*:%,, Fin=3
pute the normalized radial correlation function of the electric,, 1072, solid line, andp, = 13, Fin=1.5% 10-, dashed line(The abscissa

potential. For any given fluctuating quantityr, 6), defined s normalized top, ).
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=1_(l)o F,=1.5x10 2, dashed line. line, andp, = 106 Fin=1.5X10" %, dashed line.

boundary. In order to show this, we plot the corresponding

Semperature gradient&ig. 5. One can see that in the turbu-
profiles is shown in Fig. 4. One can see that the two prome?entpregion—?a g be(twgersm)zo 6 andr=0.9, the gradients
_do not ngli.p E}S (i;](pe;ted from an exact gyrg-gortl;n Scflére essentially the same for the two cases, consistently with a
Y. Quantitatively, the liscrepancy 1S zneasure y there ag'jyro—Bohm scaling of the turbulent conductivity.
tive thermal energy, which is about 15%. Thus the effective Further evidence supporting the gyro-Bohm scaling is
co?dgctl\lnty n thet_whollei domain of the numerical model, is provided by the temperature and potential fluctuations, aver-
no Zlmlpy propor 'Ot.na Py - s that th iin of the diff aged over the poloidal and toroidal angles and time. The

I'C oser |_nfp§c tlﬁn Levhea_s a} the Or'%mlc.) the bl ;r— profile of the temperature fluctuations is shown in Fig. 6. For
ence fies mainly in e behavior ot the mode’ In the BUTleTy girict gyro-Bohm scaling, the fluctuations should scale as
regions close to the boundaries. Here the turbulence decays . In the present case, a small correction to the exact gyro-
from its nominal value far from the boundaries to zero at th f)hm scaling is observz;lble also in the region where the tur-
boundaries. It turns out that this occurs over a length of th ulence is well developed—i.e., betwees 0.6 andr ~0.9
order of the turbulence correlation length, which itself scale e ' .

ik Thus the effective turbulent S h ﬁbesides the breakdown of strict similarity caused by the
ike p, . Thus the effective turbulent region is somewha boundary regions as described above

wider at smallep, , gradients are shallower in a wider re- Finally, we define the effective turbulent thermal con-
gion and, correspondingly, the overall transport SomeWha&uctivity aé

larger. Strict similarity is broken since, does not only
appear in the coefficient of E8), but also in its functional Xet=FIVTi=(vg,/ T)/VT;, (10
form, for values of the radial coordinate approaching the
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r

FIG. 7. Effective thermal conductivity fqs, = é,, Fin=3X10"2, solid line,
FIG. 5. Temperature gradients fm:5—10, Fin=3X%10"2, solid line, and and p*zl—(l)o Fi,=1.5x10"2, dashed line(The conductivity of thep,
Py = 1—30 Fin=1.5X 10?2, dashed line. = 100 case is multiplied by a factor of 2.
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TABLE |. Correlation lengths.

0.0030 [T T T
Fin Px A 0.0025F ]
1.0x1073 0.02 0.035
—4
5.0x 10 0.01 0.017 o.0020f [\ ~ ]
1.0x10°2 0.02 0.047 AN
5.0x10°3 0.01 0.023 £ ; NG
3.0x10°2 0.02 0.050 2 0.0015F ¢ v
1.5x 1073 0.01 0.026 G ;
0.0010} | .
. . . . 0.0005F; +
where the average is again over both angles and time. Figure : \
7 shows thaty.s also scales almost gs, in the turbulent 0.0000 / . . . . i
region 0.6<r<0.9. A possible reason for the observed cor- 050 0.60 0.70 0.80 0.90 1.00
rection to the exact gyro-Bohm scaling is discussed in the
conclusions.

r

. .. _ 1 _ 3 . .
L . . FIG. 9. Effective thermal conductivity fgs, = 5, Fi,=1X 10" *, solid line,
Similarity studies carried out at other values of the forc- Y%= 50 Fin

1 , ;
. o . . andp, = 156 Fi,=5X%X10*, dashed line.
ing gave similar results. The measured radial correlation '* % "
lengths are summarized in Table I.

It is noteworthy that the gyro-Bohm scaling seems to

the : Note that the results seem to validate the conjecture,
hold even when the forcing is very weak and the system isidvanced in the Introduction, that close to threshold the

very close to the ITG threshold. The contour plots for thisshape of the turbulent structures should resemble those given
case are shown in Fig. 8, and the corresponding profiles dy linear theory. This is apparent from Fig. 8, where the field
the effective thermal COﬂdUCtiVity in Flg 9. is predominanﬂy Composed by few high-ek)ngated ob-
jects. This should be confronted with the strong forcing case
of Fig. 1, where the isotropic nonlinear interactions produce
roundish vortices.

However, differently from what is usually found in lin-
ear theory, even close to threshold the size of the turbulent
structures scales likp, (Table ) and not Iikepi/z. As a

result, the ensuing transport still scales according to the
gyro-Bohm law.

Finally, as a control case, we have performed a similar-
ity experiment assuming that the scaling of thermal transport
is purely Bohm. This can be done by keeping the incoming
flux constant, while halving the value pf, : If the transport
were truly Bohm, then the effective thermal conductivity and
the temperature gradient would remain the same. Therefore,

0.050
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chi_eff

0.020
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0.000

0.50 0.60 0.70 0.80 0.90
r

FIG. 10. Effective thermal conductivity for the control stugy; = 5—10, Fin

=3x102, solid line, p, = 165, Fin=1.5x10 2, dashed line, ang, = =,

Fi,=1.5x 102, dotted line.(The conductivity of the last two cases is mul-
tiplied by a factor of 2.
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=o0.o[m T T T T Note also that our result seem to support the procedure,
normally used in local codes in flux-tube geometry, of sim-
-0.2¢ ] plifying the equations by neglecting higher order terms in

asymptotically small values gf, .

A sizeable deviation from a pure gyro-Bohm scaling can
also be produced by a strong poloidal rotatf8fhe contri-
bution from the rotation is second order @ , xei~p4 (1
—ap, ), with «~1 for moderate rotatioflike in the present
simulations. It is interesting to note that this correction to a
pure gyro-Bohm scaling would go in the direction shown in
our simulations, that is it would cause a small incremefit
a few percentin the effective conductivity of the case,
= 15 With respect to what one would expect on the basis of a

=12k Lty Lobiasions T Lovisiin pure gyro-Bohm extrapolation from the corresponding
0.50 0.60 0.70 0.80 0.90 1.00 =1 case
r 50 .

Average temperature gradient

However, we have also noticed that a deviation from
FIG. 11. Temperature gradients for the control stugy:=g5 Fi,=3 exact gyro-Bohm similarity of the numerically simulated
%1072, solid line, p, = 165 Fin=1.5x 102, dashed line, ang, =55, F,,  profiles can be due to the boundary effect, since the bound-
=1.5x10 2, dotted line. ary layer itself shrinks wittp, and the functional form of the
total conductivity turns out to be, -dependent. This effect is
the dominant one in our simulations which were carried out
we compare the two casgs,=1.5x 102, P, = o Which is at m_oderate p_oloidal rotation. Speqific studies With reduced
already available, an&,,=1.5x 102, p, =& The results p_oI0|dal damping, t_o make the rotation stronger, will be car-
are presented in Figs. 10 and 11, together with the referend#d out to assess its effect on the turbulent transport.
case atF,,=3x10"2 and p, =&, and show that both the Prel|m|nary.results V\{Ith an eqwh_bnum density gradlent_
temperature gradient and the effective conductivity differ<n~1 Show anincrease in the radial jump of the electrostatic
significantly in the two cases. From this control study, wePotential, so that the poloidal flow,=—d,® and parallel

can deduce that, for this model and in the present regime, tHfiPW also increase. A relatively steep density profile could
thermal transport is definitely closer to gyro-Bohm than totherefore lead to a regime dominated by large bulk plasma
Bohm scaling. flows and small transport coefficients. The presence of a su-

perimposed radial electric fieldalso disregarded in the
present simulationscould have a similar effect. The scaling
of thermal transport in such regimes is still an open question
which can be addressed in the future with the existing nu-
In summary, we have found substantial numerical evi-merical code.
dence that the paradigm fluid model for ITG turbulence in
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