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The effects of the magnetic Reynolds number, Ren decaying two-dimensional compressible
magnetohydrodynami@VIHD) turbulence are investigated through direct numerical simulations.
The initial relative intensities of, and the correlation between, the fluctuating velagjitgnd
magnetic inductiorib) fields are also varied, as measured with the respective pararhatetsingle

0. The investigations cover the parameter rangesRe, <250, 0%<6<90°, and =f=<3. The
results suggest that, at the lowest, Revestigated, the magnetic field has a negligible impact on the
evolution of the turbulence kinetic enerd@y,. At higher Re values, when magnetic effects are
important, the magnetic field tends to accelerate the decay of the turbulence energy relative to
non-MHD flows. On the other hand, the magnetic endtgghows the opposite trend, being rapidly
driven from its initial values to essentially zero very early in the transient at lowgrv&aes, while

higher Re values significantly retard this decay. An enhancement of density fluctuations is noted in
the intermediate Rgrange. An interesting observation pertaining to the normalized cross helicity is
the fast decay to zero of this quantity when,Ré4, independent of the values éfandf. That is,

the fluctuatingu andb fields tend to be uncorrelated when the magnetic Reynolds number is low.
In this case, the role of the magnetic field is passive, and it is merely convected by the velocity field.
The conditions required to maintain a high correlation during the evolution are discussed. We have
also seen that the,, decay mode is less sensitive to the valueddhan that ofE, . The relative
contribution ofE,, E,, and the internal enerdy; to the total energ¥; is discussed in relation to

the values of, §, and Re. © 2004 American Institute of Physic§DOI: 10.1063/1.1736674

I. INTRODUCTION the magnetic potentiab=VXa. Previous work has also re-
ported on spectral anisotropy that is dynamically generated
The dynamics of electrically conducting fluid flows in in MHD turbulence when a strong mean magnetic fgyds
the presence of magnetic forces have been studied extepresent. For example, correlation lengths parall@gavere
sively in fields as diverse as fusion physics, reported to be up to ten times the perpendicular scale in
astrophysics;” solar physic$*° and material processing.  fusion-related machiné§:” Also, Moffat!® Sommeria and
The present paper, however, is concerned with aerospace aporcau®® Davidsorf®?! reported on the suppression of ho-
plications of the subject**which is increasingly viewed as mogeneous turbulence at moderate to large values of the in-
a pacing item for hypersonic flight. Although the knowledgeteraction parameteN=Re, R,, where Rg is the magnetic
that electrical and magnetic forces can have a profound inReynolds number an®, is the magnetic pressure number.
fluence on aerospace-related flows is not figtdthe funda-  Anisotropy, which is caused by the Lorentz force, has been
mental study of magnetohydrodynami@dHD) turbulence reported for both decaying and forced MHD turbulence, and
in related canonical systems has not received enough attefrom theory, experiments, and numerical simulations. Zi-
tion. The parameters encountered in high-speed naturally danov and Thess used direct numerical simulatiofDNS)
artificially ionized flows give rise to dynamics which are to study the transformation of initially isotropic turbulent
expected to be considerably different from those that havélow of electrically conducting incompressible viscous fluid
received attention in other fields. The behavior of the ruggedinder the influence of an imposed homogeneous magnetic
invariants that come into play in turbulent MHD flows, no- field. They considered magnetic Prandtl numbgf<ft and
tably the mean cross helicityd (k)= 3(u-b), the mean assumed small values for the magnetic Reynolds,, Re
magnetic helicityH (k)= 3(a-b), and mean electric current condition they used to justify the quasistatic approximéation
helicity, H,—(K)E%(j-b>, has been investigated in such non-and avoid the solution of the evolution equations for the
aerospace fields as astrophysics. Here, angular brackets deagnetic induction field. Large scale forcing was applied on
note spatial averagings is the magnitude of the wave num- «<2.5, wherex is the wave number, in order to maintain a
ber vector,u, b, andj are the fluctuating components of the statistical steady state. The path of transformation, i.e., from
velocity, magnetic, and current fields, respectively, and  isotropic to nonisotropic flow, depends dh For small val-
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FIG. 1. (Color Pressure and magnetic induction fields for selected cases in Tala)ef1-0-250 att=0, (b) f1-0-250 att= 15, (c) f1-45-250 att=0, (d)
f1-45-250 att = 15, (e) f3-0-250 att =0, (f) f3-0-250 att =15, (g) f3-45-250 at =0, (h) f3-45-250 at = 15. Note that the timeis in units of the eddy turnover
time.

ues ofN, the flow remains essentially isotropic. Intermediateelongated in this direction. The present effort builds on this
N values lead to organized quasi-two-dimensional evolutioranalysis by considering compressibility and lifting the dual
lasting several eddy turnover times, which is interrupted byconstraints of quasistatic simplification and the use of forc-
strong 3D turbulent bursts. For large valuesNyfthere is  ing to maintain statistical steady state.

strong anisotropy and significant suppression of turbulence, The inverse cascade of magnetic helicity has also re-
with the flow restricted to the perpendicular directiorBg. ceived some attentioff. The significance of this phenom-
That is, only velocity modes with nonzero gradients in theenon lies in the provision of a mechanism for generating
direction ofB is (Joulg dissipated; the velocity gradients in large-scale fluctuating magnetic energy. The phenomenon
the direction ofB, are damped and vortical structures arehas been reported for the case whBge-0 atee (nonhomo-
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FIG. 2. Evolution of the kinetic energlf, . Refer to the text and Table | for the various cases defined by the legend.

TABLE |. Case studies for the MHD turbulence DNS calculations.

Case No. Case Reference f,, f, [ Re, Remarks
| f1-45-250 2,2 45 250
Il f1-45-1 2,2 45 1
1l f1-45-100 2,2 45 100
v f1-0-1 2,2 0 1
\% f1-0-100 2,2 0 100
\ f1-0-250 2,2 0 250
Vil 3-45-1 3,1 45 1
Vil 3-45-100 3,1 45 100
IX 3-45-250 3,1 45 250
X f3-0-1 3,1 0 1
Xl f3-0-100 3,1 0 100
Xl f3-0-250 3,1 0 250
Xina f1-45 2,2 45 N/A No MHD
Xiv? f1-0 2,2 0 N/A No MHD
Xva f3-45 3,1 45 N/A No MHD
Xvi2 f3-0 3,1 0 N/A No MHD

aCases XI-XIV do not involve MHD, although the initial conditions were d
calculated to match those for the corresponding MHD cases. Note that R

geneousor Bo=0 (homogeneoysA proposed mechanisth
starts out with the transfer of large scale momentum energy
to the small scale momentum field. This is followed by a
transfer of the energy to the small-scale magnetic field via
the equipartition action of the Alfrewaves at the high wave
numbers. The final step in the process is the back transfer of
the small-scale magnetic energy to the large-scale magnetic
energy field.

The three scaling laws of Kolmogorov for non-MHD
turbulence have also been investigated for MHD turbulence.
An energy spectrum with an exponent ef2/3 has been
reported?® in contrast to the—5/3 law. This result is in
agreement with those of Kraichrf&rand Iroshniko%’ MHD
results for the second law of Kolmogor@emporal decay of
energy have been obtained using the idea of the persistence
of large scales together with results from Kraichnan and
Ironshnikov. Compared to the non-MHD case, this leads to a

eifferent expression for the temporal decay. Gomez,

is not used in the calculation of the initial conditions and that the param-F0litano, and Pouquétvalidated the foregoing results, as
etersf,, fy,, 6, and Reg have been introduced earlier in this paper.

well as the MHD results for the structure functiofthird

Downloaded 03 Dec 2005 to 128.112.87.66. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



2100 Phys. Fluids, Vol. 16, No. 6, June 2004 F. Ladeinde and D. V. Gaitonde

01 G1p
0.09F 0.09F

[ 1-45 E 1-0
008F  eeememees 1-45-1 sosF 0 eeeeeeees 1-0-1

E —imeme= 1-45-100 F —em=e- 1-0-100
0.07F - - = - §1-45-250 0.07F - = = = 11-0-250

03 03
13-45 f3-0
--------- 13-45-1 s ceeeeeens £3-0-1
------- £3-45-100 | === f3-0-100
- = = - 3-45-250 - = = = 13-0-250
0.2} 02}

) t d) t

FIG. 3. Evolution of the square of the sonic Mach numiéf, Refer to the text and Table | for the various cases defined by the legend.

law) in terms of the Elssser variableg"=u=b. However, implication that turbulence-Alfue wave interaction does not
more recent results by Muller and Biskaffigeem to sug- control the turbulence dynamics, contrary to earlier sugges-
gest that MHD turbulence with finite magnetic helicity doestions.

not follow the phenomenology of Ironshnikov or Kraichnan, Concerning intermittency, both temporal and spatial in-
but agrees more with the Kolmogorov scaling. There is theermittency have been reported for turbulent MHD fldis,

TABLE II. Global statistics of the initial conditions. The initial conditions for cases XI-XIV match those for
the corresponding MHD cases and are not repeated here.

Case No. Mg (u-by=2H, {pu-uy2 (u?) (b-b)/2 E; Rup

| 0.233 0.25 0.1551 0.25 0.125 0.030618 1.00

1] 0.233 0.25 0.1551 0.25 0.125 0.030618 1.00

] 0.233 0.25 0.1551 0.25 0.125 0.030618 1.00

v 0.224 2.97% 1074 0.1762 0.25 0.125 0.078395 1.1930°°
\Y 0.224 2.97%10™* 0.1762 0.25 0.125 0.078395 1.12930°°
VI 0.224 2.97%10°4 0.1762 0.25 0.125 0.078395 1.1930 3
Vi 0.433 0.333 0.7782 1.00 0.05556 0.06209 1.00
VIl 0.433 0.333 0.7782 1.00 0.05556 0.06209 1.00

IX 0.433 0.333 0.7782 1.00 0.05556 0.06209 1.00

X 0.408 3.97x10* 0.9283 1.00 0.05556 0.08563 922704
Xl 0.408 3.97%x10°4 0.9283 1.00 0.05556 0.08563 9210 4
XI 0.408 3.97x1074 0.9283 1.00 0.05556 0.08563 927074
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FIG. 4. Evolution of the turbulence Reynolds number normalized by the initial values of the root mean-squared velocity. Refer to the text and ffable | fo
various cases defined by the legend.

with 3D flows less intermittent than 2D, but more intermit- jets and the bifurcation of eddies in the compressible flow
tent than 3D non-MHD turbulence. The physical variablesfield. The studies were extended to the supersonic regime in
(u,b,z") tend to be more intermittent in the MHD case thana follow-up papef!
in non-MHD and magnetic field could be as intermittent as  Scaled and spectrally-filtered random initial conditions
the vorticity field. for the velocity and magnetic fields appear to be more suit-
The foregoing results pertain mostly to incompressibleable for aerospace applicatidisthan the nonrandom
flows and therefore are not directly useful for aerospace apdrszag—Tang vorte¥X The systematic compressibility stud-
plications, where the flow is compressible. Dahlburg andes by Ghosh and Matthaelishereafter referred to as GM1
Picone®® Picone and Dahlburfi and Ghosh and used the former type of initial conditions and considered the
Matthaeu® have investigated compressible MHD flows, but characterization of three distinct time asymptotic types of
they focused on nonaerospace applications. Dahlburg arfiehavior. Results for initial Mach numbers of 0.1 and 0.5
Piconé® examined the evolution of the Orszag—Tangwere compared to the incompressible results for a fixed value
vortex® in a 2D compressible medium. The initial conditions of the Alfvéenic Mach numberM,=1.0 and magnetic
for the system consist of a nonrandom periodic field in whichReynolds number Re=250. Three regions in thé/A
the magnetic and velocity fields contain X points but differ in — E/2H, diagram of Tinget al* were examined(E is the
modal structure along one spatial direction. Calculationgotal energyA is the mean squared magnetic potential, and
were done for viscous and resistive Lundquist numbers o, is cross helicity. The study reported selective decay of
50, 100, and 200, with Mach numbers in the range 0.kinetic energy when kinetic and magnetic energies were ini-
<M _,=<0.6. Compressible effects, which develop within onetially approximately equipartitioned. When the intensity of
or two Alfven transit times in this system, include the retar-the magnetic fluctuationsb(,) was significantly smaller
dation of the growth of the correlation betweerandb, the  than that of the velocity fluctuationsi(,), a fast temporal
emergence of compressible small-scale structure as massidessipation of the magnetic energy was observed. The third
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FIG. 5. Evolution of the longitudinal component of the veloclty;. Refer to the text and Table | for the various cases defined by the legend.

region examined in GM1 is characterized by highly corre-current limitations in computer speed. Despite access to the
latedu andb fields in the initial flow. In time, the two fields most powerful supercomputers and a high-order accurate
tend to reach a constant energy raidfvén ratio) of order  fully 3D simulation tool?® it was found unfeasible to explore
unity. The spectra of the kinetic, magnetic, and internal enthe range of parameters of interest. Recent efforts using mul-
ergies were reported for the three regions and were used tiprocessing strategi&show promise of liting these con-
demonstrate the appearance of acoustic turbulence in the firstraints and we expect to obtain selective 3D results in the
and second regions discussed above. future. Note that studies based on the quasistatic approxima-
The present paper differs from foregoing literature intions, such as in Kassinos, Knaepen, and Cafatan afford
several aspects. First, the emphasis on aerospace applicatidosalculate full 3D models because the MHD transport equa-
is new and implies small relative values of the electricaltions are not solved. Note that the simulations in GM1 as
conductivity o, as measured with the magnetic Reynoldswell as those in the papers by Dhalburg and Picone, included
number. For example, it is six to seven orders of magnitudé¢he MHD equations and were also based on a 2D model.
smaller than in the astrophysical applications examined iNevertheless, they reported reasonable results that agree well
GM1. It is also of interest to investigate the sensitivity of thewith the expected physics, with the suggestion that a care-
results to a range of Revalues within 1.6sRe,<250.0.(In-  fully studied 2D model could provide useful information on
clusion of Re values in the high end of this range allows the real system. In order to reduce spectral energy back
comparison with the results in GM1. transfer resulting from the use of 2D calculations, we remove
An obvious limitation of the present work is the use of athe first spectral mode when calculating some of the turbu-
2D model, which requires that care be exercised in interpretience quantities.
ing the results. This is a compromise, however. The number The governing equations are presented in Sec. Il, fol-
of parameters of dynamic significance is numerous, whichlowed by a detailed description of the initial condition speci-
together with the inclusion of the MHD transport equations,fication and generation in Sec. Ill. Section IV summarizes
prevents any extensive parametric 3D studies because of tllee numerical procedure for calculating the various equa-
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FIG. 6. Evolution of the transverse component of the velotity, Refer to the text and Table | for the various cases defined by the legend.

tions, while Sec. V discusses the various case studies. RepE 1 1
sults are presented in Sec. VI, followed by concluding re-——+V-(pE+P)Ju=R,V-B| u: ”—B) “ReY (U7
marks in Sec. VII. m

1
-5 V-kVT
(y—1)PrM{Re
Il. GOVERNING EQUATIONS

1 1
B-V—B-V—B-:
MmO Mm Mm MmO

B

The MHD equations are solved in dimensionless form,  + :b V«[
W|th the Scaleg_o, Uo, Lo/Uo, Po> Po, To, Bo, ko, Mo e(r
Homg» and o for length, velocity, time, density, pressure,

temperature, magnetic induction field, thermal conductivity,
dynamic viscosity, magnetic permeability, and electric con
ductivity, respectively. The equations take the following

The governing equations for the magnetic field induction
ave been obtained by combining the AmgeMaxwell
Law, Faraday’s Law, and Ohm’s Law. Although the total

form: energy equation is solved in the form of E¢) above in our
ap code, the nondimensional equation of state used in the
EJFV'(PU):O’ @ present paper ip=p?, meaning that Eq(4) is internally

transformed in our code to be consistent with the equation of

J Rp 1 state.y, the ratio of specific heats, is kept constant at 5/3 for
GPWFYV: (puu— ﬁBB_HDl “Re' 7O @ all the results in this paper. The length scale is the integral
scale of the initial field, orm/2u? 5« ‘E(x)dx, where
ﬁ+V-(uB—Bu)+ iVx - VXE =0, 3) Urms and E(«) are the re_spective values of the root mean-
ot Re, o Hm squared velocity fluctuation and energy spectrum of the ini-
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FIG. 7. Evolution of the internal enerdy; . Refer to the text and Table | for the various cases defined by the legend.

tial field. Note that the length scale has a nondimensional 7= 4 (Vu+Vu*)—2uV-u,
value of unity at all times, even though the integral length is

time-dependent. where an asterisk on a quantity denotes a transpose operation
The independent variables of the problem are tite, on the quantity. Other parameters can be defined, such as the
and the spatial coordinate directions=(x,y,z). The pri-  characteristic Alfveic Mach number M, (Ghosh and
mary dependent variables are dengifythe velocity compo-  Matthaeu#?), which can written adl,=(Ry/u) Y2 Also,
r?ents.uz(u,v,w), the components of the magnetic induc- the use of the Alfva’s velocity U= BO/(POMmO)lIZ in the
tion field, B=(By,By,B;), and the total energpE. The  gefinitions of the hydrodynami¢Re) and magnetic (R@
temperature,'l'z, also appears, as does the reduced pressuigeynolds numbers, respectively, gives the viscous and resis-
PT p+§b(|B| /2:‘2Lm) and total energypE=[p/(y=1)]  {ive Lundquist numbers, and S, used by Dahlburg and
+2p|u|*+ Rp(|B|*/24m) . The parameters of the problem in- pjcone3 This equivalence occurs whevi,=1. It is easily

clude the nondimensional thermal conductivity,dynamic  ghown that the instantaneous value of the interaction param-
viscosity, u, magnetic permeabilityy,,, electric conductiv- eter,N, is Noo/ (Uyme), WhereN, is the product of the mag-

ity, o, the Prandtl number, PrCpuo/ko, whereCy is the  netic Reynolds number and the magnetic pressure number in
specific heat at constant pressure, the characteristic sonige initial field. Thus, withR,=1 in the initial field, 1N,
Mach number,M,=U,/Cs, whereCs is a characteristic <550 The nondimensional eddy turnover tiriig,, is equal
Sougd szpeed, the  magnetic pressure  numbB%, 5 14y Y, where U, is the nondimensional root-mean
=By/poUokm, the hydrodynamic Reynolds number, Re squared turbulence velocity. The nondimensional calculation
=poUoLo/mo, and the magnetic Reynolds number, ,Re time, that is, the time that appears in the governing Egs.
=UoLo/(ttm,00) ~*=UgLo/70. The viscous stress tensehas  (1)—(4), is denoted byt. The number of eddy turnover time

its usual definition: units is therefore equal tqu,,s, where
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FIG. 8. Evolution ofE,=R,(b-b)/2u,.

1 [t energy in each mode. This “tophat” spectra initial energy

(Umg (1) = TJ Umd ) dt. distribution has been widely used in compressible turbulence

0 literature®>*>4® as well as in DNS of chemically reacting
Note that this integral gives th@éondimensionaldistance flows. The spectrum, which is basically a filter for the “en-
travelled by an eddy over @ondimensionaltime periodt.  ergy” from the random fields, allows only a few modes in
Standard averaging over the grid points is used to computghe initial field (approximately 10 in 2D or 3 in each of the
Ums at each time step anal,q is used to represent the ve- two coordinate directionsA detailed description of the gen-
locity of an eddy at each instant of time. Henga,n¢(t) eration of this aspect of the initial conditions is available.
represents a pseudoconvective velocity at timieformation The correlation between the otherwise random velocity
on the variation ofi,,s with time can be gleaned from the Re and magnetic induction fields has been obtained using two
plot since Ref)=Rey* Ums) /Umsi=0), Where Rg denotes different methods. The first consists of generating the ran-
the value of the specifi¢initial) hydrodynamic Reynolds dom fields in Fourier space and introducing a phase angle
number. between the two fieldsGM1). Random numbers for vortic-
ity w(k) and the magnetic potentialk) are generated:

IIl. INITIAL CONDITIONS

w(k)zcl 2 |k|ei[2‘rrR(k)]i(97

The calculation of the initial fieldsl and b starts with 1<[kP<12

the generation of random numbers(inl,1) for the fields.
The corresponding spectral fieldsandb are generated and 1 .

- : A 0 (k-G K. B = a(k)=C, 2 - el2mkI
the incompressible components =0— (k-0/k?)k, b'=b 2l < '
—(k-b/k?)k are determined, wherk is the wave number <%=
vector, with magnitud&. These fields are then filtered with whereR(k) is a unique random number for each wave num-
the energyE=1 for 1<k=<\/12 and then scaled with the ber vectork, and 6 is the phase angle between the initial
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FIG. 9. Fractional contribution of the turbulence kinetic energy to the total energy. Refer to the text and Table | for the various cases definggihg. the le

vector potential and vorticity. The corresponding velocityaware of these correlations in the literature. Note that the
and magnetic induction fields are obtained as conditions(u-uy=(b-b)=1 can be obtained with2=fZ=r ,
- =1. The case®9=0° and #=45° are studied in this paper. It
=kx 2 T . N :
u(k) =kx 2w (K)/|K[*, is pointed out that=0° results in an identity transformation
b(k)=kxza(k)/|k|?. in Eq. (5), meaning that the original randomly generated
. . . . andb fields are used in this particular case.
An alternative approach involves taking the physical space . o . , .
, . . . The velocity and magnetic induction fields obtained
random resultal’ andb’ and correlating them: ' . .
from the foregoing procedure are used in the calculation of
the initial fluctuating pressure fielo(x) via the incompress-
: (5 ible flow relation

cosf siné|[y’

b/

u
b

sind cosé

The results reported in this paper were obtained with this 5 Ry b o o

approach. The correlated fields are subsequently scaled: V- (V-puu)+V p—mV(bemV b*=0.  (6)
u—u/(fyUme and  b—b/(fybme, where Uy

=[{|u(x)|?)1¥2 and byms=[(|b(x)|?)]¥2 For the procedure The pseudosound density correction is obtained using the
outlined above, we have found that the quantitiesf,f,, procedure for the non-MHD SVPS case in Ladeirdel >°

and @ are very important to the statistics of the initial field, For decaying turbulence simulation such as the present
such as the Alfve ratior ,=(u-u)/(b-b), cross helicityH.  one, the state of the initial flow determines the evolution
=(u-b)/2, the rms values of the flow and magnetic inductionpattern for prescribed parameter values. In the present study,
fields, and the initial eddy turnover time scalg;. Specifi- a wide range of statistics has been investigated. The total
cally, the simple relation{u-b)=1/f results for =45°, energy E; is defined asE,=E,+E,+E;, where E,
while (u-b)zge=(u-b)go-=y3/2f andr,=(f,/f )% (Here, =(Ry/um)(b-b)/2 is the magnetic energy arig is the in-
(u-b), denotes the value dii-b) when 6=¢°.) We are not ternal energy associated with the polytropic equation of state:
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FIG. 10. Fractional contribution of the fluctuating magnetic energy to the total energy. Refer to the text and Table | for the various cases defiegerul the

y 2
FETl \/———— || ,
Miy(y—1)

(P =(p)?)

1
Miy(y—1) ' Pih=3

Ni—1/2<k=<i+1/2

Ei= (7)

number

wheren refers to the number of modes in an annulus for the

is defined aM(t)

=Umd1)/{Cs(X,1)), with cg(x)=p(x)*"V2IM, . Note that
in simulations whergu-u)=1 for the initial field andMg
=(M2(x))*2, M,;#Mg because the pseudosound density
correction is nonzero. Therefore, the deviationMf from
M, is a statement of the integral deviation of the local den-
sity from p=1, or the pseudosound density correction from
zero. On the other hand, the conditid,=M, will be
satisfied for the simulations in whickb-b)=1 in the

initial  field,
=M p™2(x)[u(x)|/[b(x)].

where  M,=(M2(x))*2

and  Mg,(x)

1
Pu(i)=~

1
Pu(i)= 1

>

|FFT(\pu)/?,

i—1/2<k<i+1/2

|FFT(b)|2.

Nij—1/2<k<i+1/2

. - . . bin in spectral space. The kinetic and magnetic energy spec-
wherey, the ratio of specific heats, is specified as 5/3 every- P b . g gy sp

; . . . traPy(i) andP,(i) were also calculated:
where in the calculation domain. The instantaneous sonic

of the turbulent flow

Other quantities that have been studied in this paper as a

function of Re, include the longitudinalU' and transverse

The spectral internal energy distributions have been obuUT velocity components.
tained in this work as a way of assessing the level of acoustic
turbulence. This quantity is obtained as

An attempt was made to locate the parameter space for
our calculations inside Fig. 1 of GM1, which was originally
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FIG. 11. Fractional contribution of the internal energy to the total energy. Refer to the text and Table | for the various cases defined by the legend.

developed for incompressible MHD flows. Becalsandu hand. This choice has been motivated by the need to extend

in the initial fields are incompressible in the present work, itour analysis to engineering problems with more complex

is the initial fields forp andp that determine whether we stay geometrics and boundary conditions and for which the spec-

within the diagram. We have found that mapyields satis- tral method does not perform efficiently. The implementation

fying the pseudosound initial conditions used in this papeof the high-order Padschemes in Gaitonde and VisBais

give values ofE/A andE/2H ., for the resulting compressible used, whereby Eqs(1)—(4) are written in the following

field (i.e., in terms of the compressible analogs of these twetrong conservation form in generalized curvilinear coordi-

variables that are located outside of the diagram. No attemphnates(&,7,{):

was made in this paper to force the compressible data to fit

into the chart. The initial fields for pressure and the magnetic

induction are shown in Fig. 1, along with the distribution of ox' 9gF' 9G' gH' IF, IG, dH;

the _figlds whent_:__15. _Tables I and Il show some global E“L 7§+ W“L ng IE + an + al +5,

statistics of the initial fields. (8)
Finally, removing the nonsolenoidal component lof

produces a field with - b~ 10~ ® compared to unity, whereas where 7 is the time domain(¢,#,{) are the transformed co-

V-b~0O(1), otherwise. ordinates that respectively correspond to the physical coordi-

nates k,y,z). F', G', andH' are vectors of the inviscid

fluxes whileF, , G, , andH, are the fluxes associated with

the stresses, an® represents the source terms in the equa-
The majority of fundamental simulation of MHD tions. Our code also allows the use of the weighted essen-

turbulencé®3%32 have been based on the spectral methodtially nonoscillatory (WENO) finite difference schem@s

The present investigation, however, is based on the finitewhen the Mach number is high enough to introduce shock

difference method, which is less efficient for the problem atwaves into the calculations. Although the results in the

IV. NUMERICAL SOLUTION
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FIG. 12. Evolution of the total energy. Refer to the text and Table | for the various cases defined by the legend.

present paper are for regular geometries and moderate Mach With the compact schemes, the derivative for a ge-
numbers, the same formulations have been used for DNS ineric variableu is obtained from the representation

non-Cartesian geometri@sand flow fields with shock

waves3-41

U+1— U1
206

U2~ Ui-2
4A¢

au|’71+ UI’ +aU|,+1:b

©)

TABLE IIl. Partition of the total energy into its components at the end of

simulation. Note thak; is oscillatory, so that the data in this table cannot be where o, a, and b are constants that determine the spatial
used to predict a trend involving; . The figures for the evolution of this

quantity should be used in conjunction with this table.

properties of the algorithm. The base compact differencing
schemes used in this paper are the three-point, fourth-order

Case reference Ev(%) Ey(%) Ei(%) E, scheme, C4, with 4,a,b)=(%,2,0), and the five-point,

f1-45-1 96.59 0.862 3.323 0.0859  Sixth-order scheme, C6, witha(a,b)=(3,%,3). Note that

f1-45-100 56.65 25.854 17.50 0.0606  the symbolu above also represents components of vector

11-45-250 51.814 44.44 3.75 0.0777 quantities, such as tHe’ vector.

1-0-1 79.88 0.601 20.00 0.12835 The formula in Eq.(9) is used to calculate the various

£1-0-100 28.54 45.69 25.77 0.03398 L . .

£1-0-250 25.90 58.15 15.94 005259 derivatives in theé,7,0) plane, as well as the metrics of the

13-45-1 97.39 .0755 2.60 0.4617 coordinate transformation. The derivatives of the inviscid

f3-45-100 82.475 0.9 16.62 0.2406 fluxes are obtained by first forming these fluxes at the nodes

]‘:3'351'250 gf-gf 1(?3?47 181-;98 g-gllgg and subsequently differentiating each component with the
e : ' ‘ ' above formulas. In order to reduce error on stretched meshes,

£3-0-100 87.03 2.675 10.29 0.2505 : . .

£3-0-250 75.30 13.703 10.99 0.0896 the required metrics are computed with the same scheme that

is employed for the fluxes. To form the second derivative
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FIG. 13. Comparison of the fractional contribution of the three energy components for each MHD case study. Refer to the text and Table | for thesesirious ¢
defined by the legend.

terms, the primitive variables are first differentiated andployed to numerically stabilize the compact differencing cal-
properly combined with the transport coefficients to form theculations, as discussed in detail by Gaitonde and Vigbal.
requisite combinations of first derivative terms. These gradiTime advancement is based on the fourth-order, four-stage,
ents are then differentiated again with the same differencRunge—Kutta method.

scheme. The physical boundary conditions are applied after The WENO schemé$ pertain to the differencing of the
each update of the interior solution vector. Filters are emconvective terms of the equations in a way that avoids dis-
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FIG. 13. (Continued

cretization across strong gradient$he viscous terms are scales which, for the present work, could allow up to four
discretized with fourth order central schema&fe can write  energetic eddies in a direction of the computational box. The
the WENO problem for Eq91)—(4) as largest grid size that can be used to resolve the smallest scale
of flow was calculated using standard procedures, such as on
W& O+ TLU(E . L)+ 8, (U6 7. L0) page 347 of the text by PofféAccording to this calculation,
+h(u(é, 7,¢,1))=0, 128 spectral modes are sufficient in each direction. Prelimi-
whereu, f, g, and h are vector functions. The convective Nay calculations with resolutions of 52567 and 128
terms are reconstructed to accurdgcyvhich is taken as 6 in finite difference cells show that the scales of flow were re-

the present work. The basic WENO differencing problem isSolved down to the Kolmogorov scale by all resolutions.
d 1 1 Most of the calculations reported in this paper were carried
Ujk

ik _(§,+ o k_f,_ i) — — (84 out using 256. However, postprocessing the data for the
dt AgH AT TERLKT N gy PELT 2, plots was based on a 84rid in order to reduce the compu-
tational cost which otherwise tends to be greater than that for
the basic calculations. Using the reduced data sets in this
manner did not introduce significant errors. Figuréa)4
=f'+9' +h'+O(AE AP} ALY, 1(h) show the initial magnetic field arrow plots and the pres-
B sure contour maps for the cases f1-0-250, f1-45-250, f3-0-
=L(u), 250, and f3-45-250 att=0 and midway through the
Wheref, g, andﬁ are high-order representations of the in- calculations, at=15. Note that the magnetic field, as well as
viscid fluxes that are generated by the use of Lagrange intethe velocity field(not shown show approximately between 2
polation. The reader is referred to Ref. 39 for the details ofand 4 eddies in each direction of the box. The pressure con-
our implementation. The computational domain is@2=  tours show a much larger dimension for the structure because
periodic square. The reference length scale is the integrahe total field (p)+p’) is shown. The displayed pressure

. 1. .
—0ij-(12.0) A_g(hi,j,k+(1/2)_ hijk—c12)
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FIG. 14. Energy spectra &t5, 15, and 30 for f3-45-1.

field is dominated by the underlyimgeancomponent which, studies is bigger or at least comparable to those that have
depending on the particular initial conditipguch as that in  been used in many of the MHD studies we review&d?3*

Fig. 1(c)], lacks a spectral distribution. More importantly, for the target applicatiothypersonic
flight), it is generally supposed that the turbulence intensity
V. CASE STUDIES is low, so that the value of the turbulence Reynolds number

The large number of parameters controlling the dynam-used in the present study might be relevant to the real sys-

ics of the problem under investigation is evident. The calcutem-

lations are limited tdVl,=0.5. This choice is guided by the Sixteen cases were investigated, as summarized in
results in GM1 and from our own woi®4%in which the rablesland Il. They are referenced with two or three codes

lower M, calculations (0.£M,<0.3) gave results that thatare separated by hyphens; for example, f3-45-250. The
were similar to those of the corresponding incompressibldiSt code roughly describes the relative intensity of the fluc-
cases, and higheW, runs produced shocklets and other po-tuating velocity and magnetic induction fields, where f1 im-
tentially discontinuous fields that require a different kind of Plies fy/f,=1 and 3 impliesf,,/f,= 3. Note thaif,, andf,
analysis from the one presented in this paper. The effects gontrol the intensity of turbulence in the initial fields far

the initial hydrodynamidurbulent Reynolds number is also and b. The second code in this example, 45, denotes the
well known from previous work. This parameter is also keptvalue of the angled used in the correlation of the initial
fixed at a value of 250. The paramet&rsu, u,,, ando are andb fields, while the third code, for example 250, denotes
set to unity, implying constant properties. The parameterghe value of the magnetic Reynolds number,, R€ases
varied in this study are, thereforg,, f,, 6, and Rg. Itis  XIlI=XVII are non-MHD that have been included to assess
pointed out that the initial hydrodynamic Reynolds numberthe effects of MHD on the various results. These cases do not
Re, is based on the root-mean squared turbulence velocitipvolve Re,. We investigated two values @ 0° and 45°.
Ums, and a length scale of unity relative to the integral These lead to interesting initial correlations. Note thatl-
length scale. The value of 250 that is used in the presenties of 30°, 60°, 120°, etc., give initial fields that are not
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FIG. 15. Energy spectra &&5, 15, and 30 for f3-45-100.

dynamically different. The choice of the values fgrandf,, Figures 2a)—2(d) show the temporal evolution of the
was based on a preliminary work that we carried out whichkinetic energy,E,(t)=(pu-u)/2 from the respective values
showed that a field is complicated to calculate whepy is of E,(0)=0.155, 0.176, 0.778, and 0.928. The f1 céfoe
large. We also benefitted from discussions with Dr. S. Ghoslyoth g=0° and 6=45° show identical evolution for Re=1
on this matter. Concerning the Revalues, we wanted a 4ng non-MHD flows, Figs. @) and 2b), whereas, for 3, the

range that included low values, which are more relevant tQ,,0 MHD runs have a visibly faster decay rate. Note the
aerospace applications, and values that are comparable (Sﬂ'ference in the scales of the graphs on thaxis. This

those that have been studied in previous work, to provide . . ; L
. ] : implies that the above difference in decay rates is significant
some basis for evaluating our calculations.

and suggests that the effects of magnetic field on the evolu-
tion of the turbulence energy is negligible at the lowest mag-
netic Reynolds number investigated. The results also suggest
The computer program used for the present investigagat at the higher Revalues, when magnetic effects are im-

tions has been thoroughly validated in order to engender Corg 1ot the magnetic field tends to accelerate the decay of
fidence in the results it produces™The basic compressible the turbulence energy relative to non-MHD flows. The nature

turbulence procedure, as well as the procedure to extract tur- ,, . : :
- . . of this enhancement in decay rate depends on the particular
bulence statistics have been validated by comparison of th

results for various methodSENO, WENO, compact se(, values, the _relative initial interlsity of theandb fields,
schemesto the pseudospectral calculations in GRAES45 and the correlation between the fields. For {3, the decay rate
For the MHD simulation, we have compared predicted reincréases very rapidly with increasing Realue, whereas
sults using the program with analytical solutions for un-the f1 cases show a nonmonotonic trend, withR00 de-
steady Alfven waves with Ohmic dampint}. A few of the  caying faster than Re-250. The reason for this peculiar
results in this papefe.g., the kinetic energy spectralso  behavior is not apparent, but we will return to this point later
agrees with those that use similar conditions in GM1. in the paper.

VI. RESULTS AND DISCUSSIONS
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The foregoing trends foE,(t) are mirrored in the evo-

=0.05. The internal energy directly measures compressibility

lution of M2 (Fig. 3), the instantaneous turbulence Reynoldseffects. Hence, the striking similarity in the evolution pattern

number normalized by the initial,, value, ReFig. 4), as
well as the transverse component of the velocity fi&ld,
which is calculated as

UT=({[FFT (0|21
L

The evolution of the longitudinal componend,-, obtained
by substitutingi® for ' in this equation, is completely dif-
ferent from that forE,(t). Note thati® and(' are the spec-
tral compressible and incompressible components of the v
locity field, respectively.U" shows an oscillatory pattern
(Fig. 5, with magnitudes which are two to four times
smaller than those fotT (Fig. 6). This oscillation is ex-

pected if one considers that the compressible componelth'

usually propagates in wavésThe results for non-MHD and

for U and E;(t) (Fig. 7). Because of the relatively low
Mach number, density fluctuations are small compared to the
velocity fluctuations. ThereforeM2~uZ . Also, E(t)
~u,2ms and Re-u,,s by their definitions. These scalings ex-
plain the similar trends observed fMi, Ex(t), and Re. The
evolution of UT (Fig. 6) is more difficult to explain. How-
ever, because the Mach number is not large, the incompress-
ible component dominates the large scale velocity field;

FenceUT scales withu,s and the evolutionary trend fag "

should be similar to that for the other variables just dis-
cussed. On the other hartg(t) scales with the density fluc-
ation, and is therefore a direct measure of the extent of
compressibility in the flow. Thus, the similar evolutionary

for Re,=1 are relatively close, as has been observed abov§ends forU" and this quantity. Concerning Re evolution, the
for other variables. With the exception of the f1-45 casesfl cases appear to start from a value of 125 in the pleig.

which show continuous decay, the avergige, smoothened
profile (not explicitly shown is characterized by an initial

4), as opposed to the value of 250 that was imposed. For
these cases, the specified Reynolds number, Re, is in fact

elevation with time, followed by a continuous decay. Theequal to 250. However, the short time valuewpf,s is ap-

profiles in Figs. B)—5(d) appear to approach an equilibrium
value of U-=0.1, whereas the f1-45 cases approath

proximately equal to 0.5, so that the effectii&ort time
Reynolds number is 125.0, which is what shows up in the
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FIG. 17. Energy spectra &=5 and 30 for f1-0-100 and f1-45-100.

plots. Because of this, some care is required when interprefrhe initial jump occurs earlier than=1. The f3 calculations

ing the results, although the general conclusions from théor both ¢ values also show a similar trend, with the jump
present studies remain unchanged. To have an effectiveccurring at a slightly later timet& 4 for 3-45-250 and
Reynolds number of 250 at short time, the imposed value=2 for f1-0-250. An important conclusion from Fig. 8 is
will have to be 500, which would still conflict with the value that h|gher Rg values Significant'y slow down the magnetic
for the f3 cases, which is 250Note that (imdi.o=1.0 for  energy decay rates, thereby prolonging the time it takes for
the f3 caseg.Thus, the instant dip in the _eﬁective Re value e magnetic energy to die off completely. At the lowes}, Re
for the f1 cases seems to be an unavoidable feature of ”\f’alue investigated, the magnetic energy decays to zero al-
parameter space investigated. most instantly. Note also that thE, decay mode is less

The evolution pattern for the magnetic field energy, " P~ . : .
o . . . .27 sensitive to the initial correlation angl® in comparison to
Ep(t)=Ry(b-b)/2u,, is quite different from that for the ki- the decay rate OF, .

netic energyE,(t), even in simulations where the initial Figures 9—12 and Table IIl show the decomposition of

fluctuatingu and b fields are similar(Fig. 8). In all cases - . . .
investigated, when Re=1, this quantity is rapidly driven the tOt"’H en?‘rgyEtzlikJr Ep+E Into its normalized compo-
nentsg, , E,;, andE;". Note that Figs. 9-12 are grouped in

from its initial values(0.125 and 0.05556t0 essentially )
zero. This result has not been reported in the literature, pef WaY that allows easy assessment of the effects of magnetic

haps because most fundamental studies have focused on 4pgynolds number. Figure 13 contains the same information,
plications where Reis two orders of magnitude larger but the plots are organized to allow easy comparison of the
(Re,=250). In general, the cases with Re250 show evolution pattern of the energy components for each case.
weaker decay rates than do the cases with=R€0. For fL ~ We see in Fig. 9 that with normalization, a monotonic effect
and #=45°, the magnetic energy decays continuously withof Re, on the kinetic energy can be observed, thereby show-
time from its initial value of 0.125. Whe#i=0°, the f1 cases ing a consistent Reeffect on the kinetic energy across the
show a rapid jump of the magnetic energy from 0.125 to 0.14arious cases investigated. It can also be observed that dur-
before beginning a continuous, nonlinear decay with timeing most of the transient, the percent contributiEr{i‘I of E,
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FIG. 18. Energy spectra &=0.001, 1.0, and 2.0 for f1-45-1.

to E, decreases with increasing R&ig. 9) while that ofE,,  the energy decreases continuously downscale, in an approxi-
shows the opposite trer(&ig. 10. Hence, and as Fig. 11 and Mately monotonic fashion, although with some exceptions in
Table IIl show, the intermediate Realculations(i.e., Re,  thePr profile when Rg=1. The observations for higher Re
:100) appear to give the |argest contribution of the internapases are similar to those in GM1. At low wave numberS, the
energyE; to the total energy. This suggests an interactionfendency is for larger spectral energy with decreasing.Re
between Re and the level of density fluctuatiofor com-  However, the spectral decay rate with,Rends to go in the
pressibility) in the flow. The data also show that, for the Opposite direction, at the large to intermediate scétes to
samed and Re, the f3 cases lead to a relatively high con- intermediatex values: the higher Rg cases tend to contain
tribution of E, compared to the f1 cases, whereas f3 leads ténore energy. The results show that the {3 cases contain more
a weaker contribution of,. Note thatE, decreases with energy at the large scales compared to the f1 cases. Thus, the
increasing Rg (Fig. 12), except for the f1-45 cases, where initial relative intensity of theu andb fluctuations affect the
the E, for the three Rgcalculations are of comparable order partitioning of the energy into the spectral modes. The rela-
but do not show a definite trend. THg enhancement at tive contribution of the three energy modes can also be ob-
Re, =100 (see comments belgvseems to be responsible for served in the spectr@The kink in theP, profile aroundt
this observation. For f1-(E, decreases with Reby a factor =10 when Rg=1 is discussed belowThat is, at the low
of over 2, whereas for f3-45 and f3-0 the ratio is over 3 andand intermediate wave numberB,,(k) has significantly
7, respectively. Hence, the relative initial intensity of the smaller amplitudes compared ®(k) or P;(k) (Fig. 14,
flow and magnetic fields determines the dependence gn Rewhereas it has a significant contribution at the largef, Re
The spectra of the kinetic enerd3(«), internal energy, values(Figs. 15 and 16 ConcerningP,(k) and P;(k), the
Pi(«), and magnetic energ?,(x), are shown in Figs. 14— internal energy becomes increasingly significant relative to
19. Some general observations can made, such as the ahe kinetic energy, as the high wave number end of the spec-
sence of a large scale region where the energy increases wittum is approached, such that the two are approximately
the wave number, as in the familiarc ™2 profile*? Thus,  equipartitioned. This is consistent with the results in GM1.
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FIG. 19. Energy spectra &=0.001, 1.0, and 2.0 for f1-45-250.

Re, does not affect the initial conditions. However, as timeaveraged values, those in Figs. 15 and 17 are for the spectra
advances, and at the low wave number end of the spectra, ti@ the specified time steps.

intermediate Re calculations show significant levels of in- Figures 18 and 19 have been provided to explain the
ternal energy relative to the kinetic ener@jig. 15. Thatis, nonmonotonic(kink) behavior in theP.(k) profile when

the difference betwee®, (k) and P;(k) at the low wave Re,=1. The figures show the short time behavior (
numbers, where the amplitudes are significant, is smallest 0.001, 1, and R The spectra at=0.001 are clearly those
when Re=100, and decreases even further with time. Noteof the initial tophat profile in £k<=/12. Note that the in-
that this effect is more pronounced for the f3-45 céSig.  ternal energy spectra do not have the tophat shape because
15) compared to the f1-45 casEig. 17). The slow relaxation the initial density field was not filtered with this distribution.
(or the persistengeof the imposed kinetic energy in the Inany case, the kinetic energy spectra relax into fairly mono-
f1-45 case seems to be responsible for the difference. Whilenic distributions early in the transient=1). The same is

the real reason for this relaxation behavior is not entirelytrue for the magnetic energy spectra whern,R&00 or 250
clear, it may be due to lower amplificatiddecay rates that  (Fig. 19. For the Rg=1 case, it appears that a remnant of
are usually associated with small amplitudes, from the viewthe tophat profile irP,,(k) is transported downscalge., to
point of hydrodynamic stabilit§® (See Table II, cases lll and the high wave number end of the spectjumas time

VIII for the initial kinetic energy levelg.Note that, whereas progresses, rather than being “smeared,” leading to the kink
Fig. 11 (or Table Ill) shows the most enhancement of thein the P,(k) profile at this Re value.

internal energy mode by f1-0-100, followed by f1-45-100,  Figures 20a)—20(d) are typical spectra df " andU" for

the spectra plots in Figs. 15 and 17 show that the case f3-451-45-1[(a) and(b)] and f3-45-1[(c) and(d)] at two instants
100 has higher levels of internal energy. These two sets dft=>5,30) during the relaxation process. The effects of Re
data cannot really be compared because, whereas the dataon these quantitiehot shown are not as strong as on the
Fig. 11 are one-point, having been obtained as spatiallyespective energies, again suggesting significant interaction
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FIG. 20. Spectra ol (Pj,o(k)) andU" (P¢on(k)) att=5 and 30 for f1-45-1(a,b) and {3-45-1(c,0).

between density and the magnetic Reynolds number,Re with time, monotonically for Re=250 but in an oscillatory

Finally, as mentioned in GML1, it is difficult, and probably fashion for Rg=1 [Fig. 21(b)]. The tendency toward nega-
inappropriate, to assign a steady inertial spectral index to théve correlation(with time evolution as observed for f1-0-

computed spectra because of ongoing nonlinear developme®s0 is not present for f3-0-250.

and limited bandwidth. The Ry, results for 6=45° are significantly different
Figures 21a)—21(d) describe the evolution of the cross from those foré=0°, the most pronounced being in the re-
correlation,Ry,: sults for Re=1, for both f1 and f3. For this casé.e.,
(u-b) 0#=45°), when Re=1, R, drops off rapidly from its initial
N ryTTTRTIET value of around 1.0, to zero at approximatety0.5 (f1) and
{(Jul*){|b%)} t=0.4 (f3). At the higher Re values (Re=100,250), the

for cases I-XIl in Tables | and IR, represents the normal- unity value ofR, is maintained for f1-45. For {3-45, it drops
ized cross correlatioficross helicity between theu andb  to between 0.4 and 0.75.

fields. That is, an indicator of whether these fields increase or  In summary, the most dramatic results Ry, pertain to
decrease together, or a decrease in one field is accompanith fast decay to zero of the correlation when, R, inde-

by an increase in the other. In the initial field determines pendent of the initial correlations and the initial relative in-
this correlation, as discussed earlier in this paper. Whether aensities of the flow and magnetic fields. That is, the two
initially high correlation remains high depends on the initial fields tend to be uncorrelated when the magnetic Reynolds
relative intensities of the two fields. What we see in Fig. 21number is low. By virtue of the homogeneous nature of the
is that #=0° not only gives a low correlation at the initial flow and magnetic fields, we can conclude that the fields are
time but that the correlation remains weak during the evolualso statistically independent at the lowest,Ralue inves-
tion of the flow. Wheng=0° and the initial intensities of the tigated, sinc€u-b)~(u){(b)~0.0. In this case, the role of the
fields are comparablé.e., f1-0-1, f1-0-100, and f1-0-250 magnetic field is passive, and it is merely convected by the
the small correlation there is at the initial instant goes to zeraelocity field. In nhonhomogeneous velocity and magnetic
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FIG. 21. Evolution of the normalized cross heliciB,,. Refer to the text and Table | for the various cases defined by the legend.

fields, the two fields are more likely to be statistically depen-another demonstration that our calculations are probably
dent, even if they are uncorrelated and,Ré&. Note that to  very accurate. Note that the existence or otherwise of a mean
maintain a high correlation of the fields during evolution, wefield B, does not affect this conclusion.

need to have a high correlation in the initial field and the  The rapid decay oR,, when Re—0 can also be ex-
initial rela_tive intensity of the fluctuations must be compa- plained, as follows. As the figures show, theield decays
rable, as in the f1 cases. The Realues must also be large 55idly to attain essentially constant values after the initial
within the range used in this paper. transient. On the other hand, thdield continues to decrease

The fast temporal decay of the magnetic eneffgyfor with time. Hence, the two fields are uncorrelated, so that

Re,—0 can be explained if we consider the linearized sys—<u.b>:0’ as in the DNS results.

tem It is pointed out that the present DNS results for,Re
ab; 1 =1 can be used to assess the accuracy of both the
—r ~Bojuijt gg Abi- quasistati®” and the quasilinedt approximations. These
7 simplifications have been studied for incompressible flows;
In Fourier space, this equation has the solution the present results can be used to investigate their validity for
. compressible flow$® Note that the quasistatic model may
bi(k,t):bi(k’o)e—(kZ/Rea)t+if drk;Bo;u;(k,7) not be appropriate for investigating decaying turbulence be-
0 cause of the crucial dependence of the evolution on the ini-
><e‘<k2’Reo)“‘T), tial conditions. A modally forced calculation might be more

acceptable in a DNS work that uses the quasistatic approxi-

which shows a rapid decay bf(andEy) with time for small ~ mation, as in Zikanov and The$sThe quasilinear model is
values of Re, as predicted by the DNS calculations. This is more acceptable is this regard, as long ag Revery small.
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VIl. CONCLUDING REMARKS the majority of cases investigated. A spectral plot also sup-
ports the unexpected behavior, and calculations were re-

We have carried out direct simulation of MHD turbu- peated to confirm the observations. A precise explanation is
lence in this paper for the purpose of investigating the effectgiot available at the moment, although we are currently
of the magnetic Reynolds number. Most previous fundamenstudying the energy exchange dynamics between kinetic,
tal works on the subject have used conditions or assumpmagnetic, and internal components. The procedure followed
tions, such as the quasistatic approximations, incompressibils conceptually similar to that in Tennekes and Lurfifdpr
ity, large values of the magnetic Reynolds number, thehe role of pressure strain in energy exchange. The details are
Orszag—Tang initial conditions, and spectral forcing, thatdifferent, however. Because the exercise is a major one, in-
make them inappropriate for our interest. We study the efvolving both theoretical and parametric studies with different
fects of magnetic Reynolds number in compressible simulavalues of Rg, f,, f,, etc., the results from it are not avail-
tions that use the full MHD formulation. The initial fields are able for the present paper.
carefully determined, with particular emphasis on the rela-  An interesting result foR, pertains to the fast decay to
tive intensities of the fluctuating velocity and magnetic fieldszero of this quantity when Re=1, independent of the initial
and the initial cross helicity. The study that most closelycorrelations and the initial relative intensities of the flow and
relates to the present one is GM1. We used the results imagnetic fields. That is, the two fields tend to be uncorre-
GM1 to validate our procedure, which differs significantly lated when the magnetic Reynolds number is low so that
from that in GM1. However, the details of the initial condi- they are statistically independent at this Ralue. In this
tions and the parameter ranges investigated in the preseaase, the role of the magnetic field is passive, and is merely
paper are completely different from those in GM1. There-convected by the velocity field. Note that, to maintain a high
fore, the details of the results we present in this paper cannet correlation between the fields during evolution, the corre-
be compared directly to those in GM1. There are some qualilation must be high in the initial field and the initial relative
tative agreements in the few cases where the parameters dngensity of the fluctuations must be comparable. The Re
of comparableorder of magnitude. values must also be largevithin the range used in this pa-

To our knowledge, some of the results reported in thispen for the fields to be correlated.
paper are new. The studies suggest that the effects of mag-
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