PHYSICAL REVIEW E 68, 042201 (2003
Adiabatic heating and convection caused by a fixed-heat-flux source in a near-critical fluid
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Dynamics and heat transfer in a near-critical fluid in a square cavity with a finite heat source located at the
bottom are studied numerically. A thermally insulated enclosure and a fixed-heat-flux source are considered.
The two-dimensional simulation is based on the full Navier-Stokes equations with two-scale splitting of the
pressure and the van der Waals equation of state. It is shown that the piston effect is independent of convection.
Near the critical point, this effect becomes independent of criticality and convective motions are damped.
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Media with parameters close to the thermodynamic criti-two components: a volume-average part and a dynamic part
cal point display specific physical propertigk]. They are [13]. To close the set of equations, the integral balance of the
characterized by some coefficients which, with approach télynamic pressure component is added. The governing equa-
the critical point, grow unboundedlfspecific heat at con- tions may be written in dimensionless form as follows:
stant pressure and compressibjlir vanish(thermal con-
ductivity). More than 10 years ago, it was revealed that a ‘9_p 7. (o) =

e - : . +V-(pU)=0, ey
heat source inside a near-critical fluid can cause rapid ther- at
malization of a bulk fluid. This effect, called the “piston R
effect” (PE) was observed experimentallj2,3] and ex- U I - 1
plained theoreticallf4—6]. The PE is associated with an P TP(U-VI)U==Vp+ oo
expansion-compression mechanism. When a source emits

heat, the thermal boundary layer formed nearby expands _[2 - - 1
strongly and pushes the bulk fluid as a piston. This leads to _V(§’7_9)(V U)|+ BP9 )
compression and adiabatic thermalization of the bulk fluid.

This heating mechanism was studied for one-dimensional 4T L P\ . .

(1D) geometry and temperature-step sorte 6] and other ptp(U-V)T= —(70—1)T(ﬁ) (V-U)

sources in thermostated containfss]. The role of bound- P

ary effects was discussed in RET). In real configurations, Yo _ Yol Yo—1)M?2
an interplay between the PE and thermal gravity—driven con- + Rep V-(A\VT)+ Re

vection may occur. The 2D simulations were performed to

study the hydrodynamic stability in the Rayleighsed

configuration[8,9], transport phenomena in a side-heated X

cavity [10], convective jet motions under terrestrjall] and

nonuniform microgravity[12] conditions. It was revealed

[10,17] that convection can enhance the PE thermalization

induced by a constant-temperature source. However, it was

not discussed whether this effect is universal or it occurs P=(P)+ y,M?p, j pdv=0. 5

only in some conditions. Internal sources of constant power v

contained in thermostated or partially thermostated enclo- - ] . )

sures were investigated in Refd1,17. In those cases, heat Herep, U, D, T are the density, velocity, strain rate tensor,

fluxes from the boundaries disturbed the thermal field insideand temperaturef, (P), andp are the total pressure, the

In this paper, a fixed-heat-flux source in a container withvolume-average, and dynamic pressure compongritsthe

adiabatic walls is considered to realize the fluid response to &1ass force acceleration;, s, A are the dynamic viscosity,

localized steady heat supply. We present the results of nipulk viscosity, and heat conductivitglv is an elementary

merical simulations both in terrestrial and in zero-gravityVvolume; andV is the overall volume. The characteristic

conditions and discuss the distinctions from the results obscales are the following: length, velocity u’, timel’/u’,

tained earlier for a step-temperature source. strain rateu’/l’, Earth’s gravity force acceleratiog’, the
The hydrodynamic model applied here consists of the fullcritical values(denoted by the subscriptc™) p;, T, and

Navier-Stokes equations and the energy equation for a northe values\y, 7, C,, corresponding to a perfect géde-

perfect compressible medium with an arbitrary two-noted by the subscript “0). The dimensional values are in-

parameter equation of state. The pressure is decomposed irdizated by a prime while the nondimensional values have no

prime.
The set of equations includes the Reynolds, Froude,
*Email address: soboleva@ipmnet.ru; Prandtl, Mach numbers, and the ratio of specific heats for a
URL: http://ww.ipmnet.ru~soboleva perfect gas, which are defined as
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FIG. 1. Isotherms and dynamic fields at the instahts5.0 (a)

and 7.6 s(b). FIG. 2. Time dependencies afT, (a) andAT), (b) ate=1.64
X102 (1), 6.58< 1072 (2), 1.64x 102 (3) in the terrestrial envi-
peu'l’ u’? (c,otB") g ronment(continuous curves Broken curvesgb) correspond to zero
= 7 Fr= W: = 7\—6’ gravity. Dot-and-dash vertical line indicates the instant when the
source is switched off.
u’ B’
M= \/ﬁ Yo=1+ o (6)  the equation of state and E). Then, Eqgs(1) and(2) are
Yob Te v0 integrated by thesiMmpLE-type algorithm[16], and the den-
Here,B'=R'/u, R’ is the perfect gas constant, apg is s!ty, velocity,.and dynamic pressure are cor(ected succes-
the molar massg. sively accprdmg to requwements on conservat|on. After that,
For modeling near-critical fluids, we will use the van derthe_ magnitudes (_)p are shifted _an_c{P) IS reca!culgted to
Waals equation of state sat|sf¥ Eqg.(5). Finally, Eq. (3).|s mtegratgd yielding the
magnitude ofT. To ensure a high calculation accuracy, the
P=pT/(1—bp)—ap? a=9/8, b=1/3. 7) governing equations were rewritten in reduced varialdies

=f—f., wheref=(p,(P),p,T) and Eqgs.(2) and (3) were
The coefficienfn increases on approaching the critical pointtransformed into conservative form.
as\=1+A[(T'—=T.)/T.]1" ¥ [1], »is assumed to be con- The present numerical code was applied to simulations of
stant, ands is equal to zero. The fluid is stratified. The den- heat transfer in enclosures with side heating and cooling
sity and pressure variations along the body force vector argl7]. This code was modified as compared to the earlier ver-
described at the initial instant by the linear relatiptg]. sion based on the acoustic-filtering model. Using the previ-

The total pressur® in the governing equations is decom- ous version of the code, we studied the problems of convec-
posed into two part§the volume-average pressuf@) and tive motions in near-critical fluids in microgravify18] and
the dynamic pressurp). These parts are normalized using terrestrial condition$14] and examined the role of the equa-
the different scalesB’'p.T. for (P) andp.U'? for p). In  tion of state[19].
the limit of small Mach numbers this model approaches the The thermally insulated square cavity filled with a near-
acoustic-filtering mode[15] and may be successfully ap- critical CO, under terrestrial conditions is considered. A
plied for simulating a low-speed dynamics with a large timesource of energy is located very close to the center of the
step. However, the present model describes acoustic préower surface and one can assume that it stands at the bot-
cesses as well since we do not remqvérom P in the  tom. The side of the cavity i =1 cm and the length of the
equation of state. heater ish’ =0.06 cm. Initially, the velocity is zero, the tem-

A 2D numerical solver based on a finite-difference formu-perature is constant, and the density at the top boundary is
lation has been designed. The space discretization on ¢itical. At the initial instant, the fixed-power source with the
straggled grid using second-order implicit schemes is embeat fluxg’=0.582 mW/cm is switched on and it operates
ployed. Nonuniform rectangular grids are used. The proceduring a time internat;=7.6 s. The dimensionless param-
dure is split into several steps. The volume-average pressuggers are Re3.85x10%, Pr=1.0, M=10"3, y,=1.4, Fr
(P) and density are calculated by an iterative method from =0.820, andg=(0,—1) for the velocity scale to be’
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FIG. 3. The valueAT}, and AT} vs ¢ for a near-critical fluid
(NCP and a perfect gasPQ in the terrestrial §=(0,—1)] and
zero-gravity §=0) environments at the instant=7.0. Line 1:
AT/, NCF, g=0; 2: AT,, NCF, §=0; 3: AT}, NCF, §g=(0,
—1); 4:AT,, NCF,g=(0,—1); 5:AT},, PG,§=0; 6: AT}, PG,
g=0. Marks denote the calculated points.
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=28.5 cm/s. The coefficient is determined from the ex- t'(s)
perimental datd20] yielding the constantd =0.028 andy
=0.74. The reduced temperatu]‘@(TiI—Té)/Té (WhereTi’ FIG. 4. Time dependence df for the cases of the fixed-
is the initial temperatunevaried in the calculations. temperature source at the initial temperature step of 20(akind

The calculation accuracy was controlled by checking thefixed-heat-flux sourcéb) at e=1.64x10"2 (1), 6.58<10°° (2),
overall balances of internal energy and kinetic energy. Thé-29<10* (3), and 1.6410°* (4).
deviations in the first balance were less than 0.5% and in the
second one less than 1-2%. The typical integration was pethe PE stops. The valua T}, [Fig. 2(b)] characterizing the
formed on a 8k 101 grid with the grid-point clustering near thermal inhomogeneity near the source rises with time for
the sogrge{the clustgr coefficients were equal go 5.0 ar_1d.6.7 t'<t/. However, whens—0, AT}, increases much slower,
The minimum spatla_l step way,=1.83<10 o The time i.e., the thermal energy is removed from the boundary layer
?thperAet KV\(J aiss ?f;eém:zﬂtf;ﬂ%gzrfﬁL”luéAé{x?f)zh”“”M and transformed into the bulk heat more intensively.

: y Under terrestrial conditions, thAT; functions at alle

As is known, a source of energy induces global heating by . . : .
the PE mechanism and convectigid—12,14,17, The typi- considered remain the same as for zero gravity, accordingly,

cal pattern in the present configuration obtained at.58  We did not plot them in Fig. @). Convection does not

% 10~3 (initial temperature w2 K above the critical poiit change the intensity of the PE that is opp'osne to the case of

is shown in Fig. 1. It is clear that the upward convective jet® Step-temperature source when convection can enhance the

rises from the source. A maximum velocity modulus has &’E [10,11. However, the temperature of the sourdely,,

magnitude|lj’| —0.154 cm/s at the instarit=5.0s and decreasesin Fig.(B) since cold streams flow past the source
max . .

-, _ , and cool it.
|U_|I_ng:/gi£52 f)Tif]eatrelaZi;/Gest.emperat W —T'_T/ at The variations ofs in a wide range demonstrate8iig. 3
I

the source center and at the center of the top boundary aFEat’ far from the critical point, a substantial portion of en-

denoted as\T] and AT,. In some simulations, the body ergy is accumulated in the boundary layer. This results in

. , . , .
force is “switched off,” hence, convection is canceled. Un- large magnitudes oA Ty, and magnitudes oA T, which are

der weightlessness conditions, thel; functions increase smaller than limiting value. As—0, the difference between
1 ’ ! . . . g
linearly if the source is active and are constant if it is AT, and ATy vanishes. Convection results in additional re-

switched off[Fig. 2(a)]. Since the increment iA T}, charac- duction of AT;,. A medium at near-critical parameters does
terizes the intensity of the PE, one can see that the PE chaot allow the source temperature to rise significantly, there-
acteristic time is equal t§), ande has only slight influence fore it can be considered as an effective cooler.

on the thermalization rate. This situation is different from To analyze the effect of the PE on convection, we will
that governed by a step-temperature source which leads to&gtimate the dimensionless kinetic energy of the whole fluid,
shorter PE time scale and stronger thermalization with apK=0.5f,p(t)U?(t)dv, associated with convective motions.
proach to the critical poinft4—6]. In that consideration, the The present problem is compared with the problem for the
amount of heat entering the fluid is not limited and deter-fixed-temperature source, other things being identical. In the
mined by the fluid compressibility enhancedsas:0. How-  second case, as shown in Figay the convective flow be-
ever, if the heat flux is fixed, as here, the fluid cannot absorltomes more intense as—0. On the contrary, in the first
more energy than it is supplied and the rate of the PE temease, the intensity of convection decreasessas0 [Fig.
perature increase is limited. When the source is switched of(b)]. As discussed above, thermalization in this case tends
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to the spatially uniform distribution of temperature with a geometry. Nevertheless, the present consideration shows that
small thermal inhomogeneity near the source and, hencdéimited heat fluxes from the source lead to some universal
convective jets are weaker. We may assume that with théeatures in near-critical dynamics and heat transfer. Global
further decrease is, convection will be completely damped. thermalization in this case is independent of convective mo-

This will make it possible to distinguish the PE mechanismtions- With approach to the critical point, it becomes inde-
even in the presence of gravity. pendent of criticality and convection becomes weaker.

In summary, it should be noted that the present numerical The author is indebted to Professor V. I. Polezhaev for his
study can match experimental results with some precautionsdea to investigate effects of heaters and boundary conditions
The van der Waals equation of state does not ensure a higih near-critical heat transfer and for helpful discussions, and
accuracy in description of real near-critical fluids, especiallyDr. M. K. Ermakov for the interest in this study. The work
in a close vicinity of the critical point. We do not take 3D received financial support from the Russian Foundation for
effects into account and do not investigate the effects of reaBasic ResearchiGrant Nos. 00-01-00401 and 03-01-00582
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