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Abstract

Convection in a van der Waals fluid, with no-stress and fixed flux boundary conditions is studied.
The problem is scaled with the infinite wavelength of the convection cell. A criterium is found
that predicts the onset of convection; it contains information from the Rayleigh and Scharzschild
criteria over the entire cell. The criterium is evaluated and compared with previous experiments
on a similar experiment. Governing equations, boundary conditions, constitutive equation and
convection mechanisms are explained.

1. Introduction

Past studies of convection have focused on incompressible or ideal gas fluids. The aim of this study is to
approach a theory of convection for a fluid containing both a liquid and a gas phase. This is done by focusing
on the conditions where the phase change originates, namely, the critical point of the substance.

Convection near the critical point is difficult both experimentally and theoretically because the fluctuation in
properties becomes very large and many thermodynamic properties (such as the heat capacities and thermal
conductivity) diverge. We model the fluid as an ideal van der Waals fluid, which a good qualitative (but not
quantitative) model because it captures two phases, the critical point, and the divergence of thermodynamic
properties. Because the thermal conductivity goes to infinity as the critical point is approached, we show
that a fixed flux, rather than a fixed temperature boundary is appropriate. By doing this we can find the
critical temperature difference by scaling the problem appropriately as done in [8].

This paper will first explain some of the previous research that has been done on convection near the critical
point of the fluid. Background information is given to explain the properties of the van der Waals fluid and
the onset of convection for both incompressible and compressible fluids. Finally, governing equations are
derived for the situation to be studied, these equations are scaled, and then the criterion for the onset of
convection is found.

2. Literature Review

The criterium for instability as well as the plan form function (the function which explains patterns and
evolution) for an ideal gas with fixed flux and no-stress boundary conditions are described in [8]. Analysis
of an incompressible fluid with no flux boundaries was done by Chapman and Proctor [7]. A derivation of
when to use the constant flux condition was Hurle [11], however, this paper has a number of errors in it, of
which the most crucial is that the thermal diffusivity and not thermal conductance was used to match the
fluxes in the solid and fluid. This error is corrected in the boundary condition derivation in this report.



Experimental studies have been done by Kogan [12] to determine the onset of convection for 3 He near the
critical point. These find that the onset can be understood using only the Rayleigh criteria and the adiabatic
temperature gradient (aka Schwarzschild criterion), the same result was found by Carles and Ugurtas [6]
using the full governing equations and real data to determine which terms can be ignored. Experimental
studies by Assenheimer [2] show that close to the critical point hexagons, lines, roll patches, and target or
spiral patterns can be seen. This motivates the current research because it may be possible that additional
patterns can be formed, and a plan form function of a van der Waals fluid would help to find the proper
parameter regime.

Previous studies of convection near the critical point have focused on the ”piston effect” which is the heating
up of fluid close to the boundary, then the boundary fluid expands and compresses the bulk fluid, and
the compression of the bulk fluid raises the bulk temperature. This was explained using thermodynamic
arguments by Onuki [13] and then later derived by Pierre Carles in a lengthy manner using all the governing
equations [9], [5]. Further studies continue to look at this piston effect [1], and in this authors opinion it
is really boring because all that is done is the temperature of the walls is increased and then the fluid
temperature increases; there is really nothing new here.

There have been some numerical simulations of van der Waals fluids close to the critical point [1], [15] but
as mentioned before, these focus on the piston effect and do little in the way of making new predictions.

Lastly, there is a very good review of hydrodynamics near the critical point by Gitterman [10], and the
thermodynamics for phase changes and close to the critical point are concisely explained in the second
edition of Callen’s book on thermodynamics [4].

3. Gas Properties

A typical phase diagram is shown in Figure 1. The liquid and gas are separated by a phase transition line.
When the phase transition line is crossed there is a discontinuous jump in the thermodynamic properties of
the fluid (such as conductivity, density, and heat capacity). This jump becomes smaller and smaller as one
moves to higher temperature and pressure, until the discontinuities disappear at the critical point, which is
where the line ends. Incidentally, no critical point has been found for the liquid-solid phase transition.
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Fig. 1. Typical Phase Diagram

3.1. Van der Waals Fluid

A van der Waals fluid is a bunch of particles that are attracted to each other by some potential effects
and repelled due to a hard spheres shell. We assume that the attraction force decays to the -6 power. The
constitutive equation

RpT' 9

P= - 1
by ™ (1)

can be derived from such a model. Here b contains the information of the finite size of the particles, and as
the density of the particles goes to 1/b the space is completely packed with particles so the pressure goes to
infinity. The ap? term represents the attraction of the particles, and this tends to decrease the pressure.
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In figure 2 are shown several isotherms of the van der Waals equation. The bottom (green) curve has an
isotherm temperature below the critical point, from the phase diagram this suggests that the fluid has two
phases. Where are the two phases? Imagine a fluid that lies on the green isotherm that has a density of
about one, so that the slope is positive. Imagine a fluid blob at this point in a bunch of surrounding fluid. If
the volume of this blob is made to be slightly bigger, then the pressure increases, so the volume continues to
increase until the slope of the curve is negative. Similarly, if the volume is perturbed to be slightly smaller,
the blob will continue to decrease in size until it reaches a point where the slope of the curve is negative. So
all of the liquid will break up into high density and low density blobs, and these are the two phases. Usually
a straight line is drawn across such there are no unstable slopes in the isotherm pressures, when this is done,
it is easy to see the discontinuity in density that occurs at the phase transition. When the temperature is well
beyond the critical value the top (red) curve shown in Figure 2 applies. This fluid has no phase transition
because there are no parts with positive slopes. The middle curve is the curve at the critical temperature,
the critical point is where the first and second derivatives of the pressure with respect to volume occur at
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Fig. 2. Pressure for various isotherms

3.2. Diverging Properties near the Critical Point

By definition of an ideal van der Waals fluid the constant volume heat capacity is only a function of volume
and does not diverge at the critical point. The constant pressure heat capacity can be found from the standard
thermodynamic relation

B T (0p oP
cr=cv =5 (57), (w),, )
_ T 1 p
dp P
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Where the last step was just inserting the critical values. The constant pressure heat capacity diverges the
the -1 power as the critical point is approached. The thermal conductivity diverges to the roughly -1/2 power
as shown in [14].



4. Convection Mechanisms

The criterium that determine the onset of convection can be derived from physical arguments. For an
incompressible fluid the usual Rayleigh criteria is found. For a compressible fluid the adiabatic temperature
gradient (or Schwarzschild criterium) is found.

4.1. Incompressible Convection

Consider a fluid blob of volume V = a® contained in the fluid. Perturb the blob upward slightly, now it has
a force directed upward due to the buoyancy and a force directed downward due to the viscous drag. Write
the buoyancy force as

Fp=gVip (5)
The change in density is assumed to be due only due to the gradient in temperature
dp = —padT (6)
1/ 0p
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¢ P <8T>P @

The change in temperature of the blob is due to the temperature of the surroundings changing at a rate
proportional to the temperature gradient times the rate at which this temperature diffuses into the blob.

AT 2

This makes the buoyancy force equal to
AT
Fg = —ngVQSCQ%'UZ 9)
The drag force is given by
Fp = Crauv, (10)

By Newton’s second law, the particle is stationary if the drag force is greater than the buoyancy force.

Fp > Fy (11)
Crapv, > gpaa®Ch %vz (12)
a=Csd (13)
020(1151 SO il O‘iAT (14)
Ra, M (15)
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This means that the fluid is stable if the Rayleigh number is below some critical Rayleigh number value.
4.2. Compressible Convection

Consider again a blob of fluid in its surrounding fluid. The blob has a density ppop and the bulk fluid has
an equal density p. Perturb the fluid upward slightly, now the blob has a density ppiop + dppiop and the fluid
has a density p(z + §z). The force on the particle at its new hight is given by the buoyancy force

Fp = gV(p(z + 62) — (pviob + 6pbion))- (16)



Expand the density of the fluid in terms of z

0
FB = gv(£6Z — 5[)1,101,). (17)

The fluid is neutrally stable if the force of buoyancy is zero.

0
£5Z = dpbiob (18)

The density is written as a function of T and P:

p=p(T,P) (19)
op ([ 0Op oT ap oP
9z~ <8T>P 9z + (ap 0z (20)
Inserting this into Eq. 18 gives
Opvion _ (Op\ OT Op\ or
9z <6T>P 9z <8P L0z (21)

Using the momentum and adiabatic energy balance (heat transfer term is neglected) we obtain
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Simplifying and using some thermodynamic relations,
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which is an expression for the adiabatic temperature gradient in terms of experimentally accessible quantities.
5. Governing Equations

The mass balance for an incompressible fluid is

dp
— . =0. 25
L4 (0) (25)
The Navier-Stokes equations contain the effects of viscosity due to compressibility.
ov 9 1 -
p(a+(v~V)v)+VP:,u[V v+§V(V-v)]+pgk (26)

The conservation of energy is a bit tricky, so I will derive it.

dU = TdS — PdV (27)
U=0U(T,V) (28)
.U ou .
AU = = dT+ = dV (29)
oU a8 )
wvr Lave T=Tar, T (30)
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Inserting the van der Waals equation of state and the diverging thermal conductivity gives

oT
Cop(gp +v-VT) = —(P+ ap )V v+ kV - [(1+ A(T/T, — 1)"V2)VT] + pd (34)
where @ is given by:
ov;  Ov; 2 v,
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Recall the van der Waals equation of state
_ ReT 9
=15, ¥ (36)
The parameters a and b are found from their values at the critical point, and A is given by [1]
9T.R
=-— 37
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5.1. Boundary Conditions

Unlike incompressible convection, the amount of particles put into the cell needs to be specified. In order to
avoid ever calculating an infinite pressure at p = 1/b set

maz(p) = Pmax (40)

as the boundary condition on the density.

The temperature is specified as a combination of temperature and flux. I follow [11] to match the flux and
temperature at the solid - fluid interface. Focus just the bottom solid, the only difference in the top is that
the z coordinate is flipped.

The energy balance in the solid is

8Tso 7
Csotiapsotid Btl 4 = keoriaV > Tootia- (41)

The boundary condition at the interface is:

Tsotia = T'fruid (42)
aT 3 or. ut
ksolid%hd = ktiuid glz iy (43)

Expand T4 as a static solution plus a deviation:

Tsotia = Tapriq + 0 (44)

S

Static solution for solid:
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Fig. 3. Conductivity of 3 He close to the critical point

ksolid
Tslolid = Thottom + % z (45)
fluid

Assume the solid plate is infinite and the disturbances decay at — inf, then

00
Csolidpsolida = ksolidvze (46)
o= gilwarpt (47)
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O=c"""{32"4)© 48
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Recall the boundary conditions

00 00 f1uid
ksoi — =k ui
i g, fluid =5, (50)

0 = 0f1uia (51)

This can solved for the fluid variables and rearranged to give
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If the thermal conductivity of the solid is much greater than that of the fluid, then using a constant temper-
ature is a reasonable approximation. If the reverse is true, then a constant flux should be imposed.

It was noted earlier that the conductivity of the fluid goes to infinity as the critical point is approached; this
initially lead to the conclusion that all past theoretical work was incorrect. This was checked by looking up
the conductivity of 3He in [14], and this is displayed in figure 3

The conductivities of some common materials are



kcopper = O(1 —100) oy (54)
Esteer = 0(0.01) — (55)

w
kKevlar - 0(10_6) cme i (56)

For experiments done by Kogan [12] copper was used, and for this the fixed temperature boundary (for which
the critical Rayleigh number was found) is appropriate. It is assumed that the boundaries satisfy no-shear,
whereas Kogan and others have used no-slip.

Boundary Conditions:

aT
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Oz (2=1) top ( )
Vz(z—0) = Vz(z=1) = 0 (59)

vy B O@vx (60)
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6. Dimensionless Equations

Because the Prandlt number goes to infinity, a thermal time scale is used. Let ¢ = #’“d% T = Tl7

p = pﬁ, a = % and b = 1 /3 where the tilde represents the dimensionless variables. Dropping the tilde we
obtain the following dimensionless equations:

I
l’—g,

Mass Balance:

dp
et . = 61
L4V (o) =0 (61)
Momentum Balance:
0 1 .
p(ait} + (v-V)v) + VP = o[V + §V(V -v)] + oApk (62)
Energy:
T
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where @ is given by:
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Equation of state:
_ _ pT 2
P=Am(y = )5 — o) (65)
Boundary Conditions:
maz(p) = Pmag (66)
oT
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Vz(zm0y = Vz(z=1) = 0 (69)
vy _ Ov, (70)
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where the dimensionless parameters are given by

_ ugu (71)

= gclip (72)

_ C;ng;“ (73)
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Notice that the right hand side of the equation of state could have used a much simpler expression, this one
was chosen so that when a perturbation method solution is done such that A was expanded then the first
order deviation of A would drop out of the first order equations.

7. Onset of Convection
7.1. Scaling

Hurle shows that as the thermal conductivity of the fluid over the conductivity of the solid goes to infinity,
the wavenumber of the least unstable mode is zero. Because the convection cell is much wider than it is high,
let

x=eY2%¢ (75)
t=¢2r (76)

where the time scaling is the standard one and I do not know what motivates it.

Because conservation of volume might dominate when convection starts, it is suggestive to scale the x and
z velocities as

u=e/2U (77)
w=€eW (78)

Expand the variables as follows:

p=ps+epi+ eyt ... (79)
T=T,+ el + Ty + ... (80)
P=P,+¢P + Py + ... (81)
U=Us+ €Uy + €Uz + ... (82)
W =W, + Wy + €Ws + ... (83)

7.2. Order 1 (Static Solution)
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5 =0 (84)
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0 —1/2 aTs
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Py= iy — (L1 a2 (87)
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Order one boundary conditions:

oT,
= Fo om 88
0z (2=0) bott ( )
oT,
: =F 89
0z (z=1) top ( )
maz(ps) = Pmaz (90)

The temperature profile has an analytic profile
T, =c1z+ co + 2A% — 2A(c1z + o + A% — 1)1/2 (91)

The density and pressure profiles are solved numerically

Ts stps dps (o 1 dTS
— 2aps = - . 92
(1bps+(1bps)2 “p) dz ((vl)m 1~ bp, dz)p #2)
_ psTs 2
s 1 _ bps a’ps (93)

The temperature profile is shown in Figure 4 for an artificial case. A = 0 is what is used for ideal gases and
far away from the critical point, and A = 10 is a fluid strongly effected by deviations close to the critical
point.

N=3/4
A=0
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0.6}

0.4}

0.2}

1 1.05 11 1.15 1.2
T

S

Fig. 4. Static Temperature Profile. The addition of the the Lambda effects cause the temperature profiles to be nonlinear

The pressure and the density profiles are shown in Figures 5 and 6 respectively. The effects of the van
der Waals gas can easily seen from the pressure profiles. Increasing the attraction parameter decreases the
pressure, whereas increasing the size of the hard spherical particles causes the pressure to increase. These
effects cause the differences in the density profiles.
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Fig. 5. Static Pressure Profile. The addition of the attractive force a, reduces the pressure, whereas the repulsive forces b cause
the pressure to increase. A combination of the two is the linear sum of the two effects.
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Fig. 6. Static Density Profile. The adverse temperature gradient causes the fluid at the bottom to be less dense than the fluid
above it. Clearly this is an unstable situation.

7.3. Order €

The governing equations at order € give:

oU, oWy

_ 9ps

O_pSTC+pS 0z e 0z (94)
op, 02U,
874_ =0 82;2 (95)
OP
6721 =0Ap1 (96)

0= 0+ AT -T2 oL

z

— ZA(T, —1)7%/%T
0z 2 ( ) !

plTs psTl
Pl :)‘m<7 - 1) <(1 — bps)2 + 1— bps - 2“[)301)

The order € boundary conditions are:

=] (97)
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<8U1> <8Ul>
— -0
9z ) (=) 0z ) (2
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(@A -y T - oam ) <o
oT. 1 oT;
L+ ATy — 1) YH 22— AT, — 1)73/2 =2 -
(a5 - Jam - ), ="

The solution to these equations is given by

P1= f(<77-)92

Pr=xm(y—1)f(¢.7)g3

yr _ Amly = 1) 05(G.7)
o ¢

PG,

where go through g5 are given by

(o= e (=~ 20e) )+ (=i 2

92T Psg1

= — 2ap,4
93 1—bps+1—bps apsge
d*g4 .
d22 - g3
dgs =~ 1dps
e ers s 9= "o

with boundary conditions

g5(2=0)=gs5(2=1)=0

(). (2),., 7
dz “\dz -
%/ (z=0) (2=1)

(99)
(100)

(101)

(102)

(108)
(109)

(110)

(111)

(112)

(113)

where the functions g through gs are found numerically. The boundary value problems are solved using the
shooting method. Integrating across the z domain, the x-component momentum equation gives the condition

that

1
/ggdz =0.
0

(114)

This trick makes the problem substantially easier, instead of shooting in two directions at the same time,
first an iterative method is used to find g2(z = 0) and once this solution is obtained an independent shooting

method is used to obtain the value of g4(z = 0) = 0 that matches g5(z = 1) = 0.

For % = 0.01 and p;naz = 0.99 the horizontal and vertical velocities are shown in Figures 7 and 8
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Fig. 7. Horizontal Perturbation Velocity
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Fig. 8. Vertical Perturbation Velocity
7.4. Order €2

Only the heat equation is necessary, this is

oT oU;y oWy
)\mpSVVlE = — (P + dm(y — L)ap?) < ac +

Inserting the order e solution and integrating from 0 to 1 eliminates the flux in the z-direction. It is seen

1)-1/2 T | dq

>+/\m [1+A(T37 5 T, (119)

that % is in front of all the terms so this cancels.

1

dm(y=1) 9T,  (y—1) ) 995

/[ 9P, (P Amly = Dapy) (94 + 5~ 2 (116)
0

The expression is then simplified using the order € governing equations.

1

(v =175 9ps,,
/95 8,2 bp. 02 —ldz=1 (117)

0
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The equivalent expression

0z 1 —bps 0z

M /gsps[aTs (v = DT aln(ﬂs)}dz 1 (118)
0

is sometimes preferred.

For an experimentalist the difference in top and bottom temperatures was calculated for a given temperature
of the bottom plate. For a fixed density of pyq = 0.99, with heat conductivity from [14], heat capacity from
[3], and viscosity from [16] this is shown in Figure 9
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Fig. 9.

Figure 9 can be compared with Figure 2 in Kogan et. al [12]. Kogan used He3 for constant temperature and
no slip walls. The magnitude of the AT close to the critical point for the simulation is about 20u K whereas
the experimental value is closer to 4K . The slope of the plot as curve further away from the critical point is
also much shallower than that shown in [12], but this depends highly on the value of viscosity, heat capacity,
and conductivity; none of which were divulged in the paper by Kogan.

8. Conclusion

A criterium for the onset of convection for a van der Waals fluid was found. It is an average over the cell of
the Rayleigh and Schwarzschild criteria. Numerical solutions have some similarities with experimental data,
but are far from quantitative. The boundary conditions used were constant flux, although most experiments
done so far have been justified in their use of constant temperature, so this work predicts the onset of
convection for a situation with walls made of a low conducting material, such as kevlar. Interesting aspects
of this problem that require further work involve finding the evolution equation for this situation, to see if
any patterns occur that are previously unknown. It would also be interesting to move away from the critical
point and try to model two different phases.
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