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Variable-Conductance Behavior in Two-Phase
Binary Thermosyphons
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and
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Two-phase closed thermosyphons using binary mixtures of working fluids can provide equal or superior
variable-conductance performance compared to gas-loaded heat pipes. This analysis of binary reflux ther-
mosyphons examines both ideal devices, where no mixing or diffusion occurs in the liquid film and the vapor
flow is laminar, and real devices, where some mixing occurs. The total pressure and evaporator temperature
change only slightly over wide ranges of power input, reaching equilibrinm at values that just allow complete
condensation. By introducing two empirical mixing parameters, mixing in the vapor and film can be accounted
for, providing good agreement with experimental measurements.

Nomenclature

constant, Eq. (9), J/mol
specific heat, J/kg

constant, Eq. (11)

mass diffusivity, m?/s
diffusion parameter, o, Dh,/k(T, — T)
= fugacity, Pa

film parameter, 2p,gr> /3D
gravitational acceleration, m/s?
= latent heat, J/kg

thermal conductivity, W/mK
Lewis number, &,/p,Dc,

film mixing parameter, Eq. (4)
absolute pressure, Pa

power input, W

radial coordinate, m

gas constant, J/mol K

= Reynolds number, Eq. (18)
Schmidt number, u,/p,D
absolute temperature, K

axial velocity, m/s

radial velocity, m/s

liquid mole fraction

vapor mole fraction

axial coordinate, m

film thickness, m

vapor mixing parameter
activity coefficient

dynamic viscosity, kg/ms
vapor

mass fraction of more volatile component (R11)
density, kg/m’

nondimensional temperature (T — T,,)/(T, — T,,)
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Subscripts and Superscripts

a average

condenser

evaporator

experimental

interface

liquid

value from previous iteration
component
reference/residual value
saturation value

total

wall

well-mixed film
unmixed film

centerline
nondimensional quantity
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Introduction

ATZOFF?! first noted that small amounts of noncondens-

able gas can provide simple thermostatic control for heat
pipes. Since then, extensive efforts have improved the under-
standing and prediction of the mechanisms controlling gas-
loaded device performance and creating their useful constant-
temperature behavior.>*> With gas loading, increasing the
power input raises the system pressure, which compresses the
noncondensable gas accumulated at the need of the condenser,
exposing more condenser surface area and controlling the
evaporator temperature increase. Recently Hijikata et al.’
found that similar variable-conductance behavior can occur in
reflux thermosyphons, even without noncondensable gases,
when the thermosyphon evaporator is charged with a liquid
pool of R113 and R11. With this binary mixture, a shut-off
zone was observed at the end of the condenser, as illustrated
schematically by Fig. 1. As the power input was changed, the
length of the shut-off zone also changed, such that the system
pressure and evaporator temperature remained virtually con-
stant. This constant-temperature behavior occurred even
though no gas reservoir or active control was provided as is
commonly required in gas-loaded devices.

Binary film condensation on flat plates has received consid-
erable attention,’” and convective filmwise binary condensa-
tion has also been investigated.!® In one of the earliest studies
of binary heat pipes, Tien and Rohani'! provided analysis and
experimental results for a wicked heat pipe using a water/
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Fig. 1 Schematic of binary thermosyphon.

ethanol mixture. They did not observe constant pressure be-
havior, due to the evaporator geometry and nonideal fluid
combination, and thus their model did not account for the
potential shut off of the condenser. With a wicked evaporator,
the vapor concentration exiting the evaporator is a function of
the geometry and power level, whereas, for pool boiling in a
- thermosyphon, the vapor concentration remains relatively
constant. Hijikata et al.® used an integral technique to analyze
the binary thermospyhon. For binary condensation, the con-
centration boundary-layer thickness varies strongly with the
condensation rate, so their assumption of a parabolic concen-
tration required the introduction of an empirical correction
factor to match the experimental data.

This work solves directly the parabolic forms of the species
and energy equations for the concentration and temperature
boundary layers. This permits exact satisfaction of the com-
plex boundary conditions and inclusion of empirical correc-
tions for mixing in the liquid film and the vapor. These solu-
tions identify the primary control mechanism in binary
devices. Suction from condensation thins the concentration
boundary layer and decreases the mass transfer resistance,
giving a nonlinear response to changes in total pressure. Only
one pressure permits complete condensation, with physically
unreasonable behavior occurring at other pressures.

This work improves the understanding of binary ther-
mosyphons by introducing an improved phase equilibrium re-
lationship for binary refrigerant mixtures, better models for
the liquid film and the vapor, and nondimensionalization and
numerical solution of the film and vapor governing equations.
The special considerations required for the adiabatic and con-
densing sections are discussed. From the results of the model,
a detailed explanation of the device behavior is provided. The
primary assumptions used concern mixing in the film and va-
por. Because these assumptions require introduction of empir-
ical film and vapor mixing parameters, further experimental
results are required before the model can be applied for binary
thermosyphon design.

Liquid Film Modeling

It is difficult to determine the concentration distribution in
a binary liquid film, due to the complex mass transfer in the
liquid. However, there are two limiting behaviors that can be
expected in falling films of binary liquid mixtures, which pro-
vide boundary conditions for the vapor space conservation
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equations. In one limit, the film is well mixed by convection
and diffusion, and in the other limit, no convective mixing
occurs and diffusion is negligible. Both limits are examined
here, and the behavior of real devices is shown to lie between
the two limiting cases.

Well-Mixed Film

If the falling film is well mixed, then the concentration
across the film is uniform. Since, under steady conditions,
mass conservation at any point requires that the flow rate of
each species in the liquid film must equal that in the vapor, the
concentration in the film is equal to the average concentration
in the adjoining vapor

rw rw
Wya = Wq =W = S w,ur d’/§ ur dr ®
0 0

where w,,, and w;, are the average vapor and liquid mass con-
centrations of the more volatile component (R11), « is the axial
velocity, r the radial coordinate, and z the axial coordinate.
Axial diffusion is neglected, and the liquid film is assumed
sufficiently thin, so that the liquid interface radius r; approx-
imately equals the inner wall radius r,. This liquid interface
concentration w;, combined with a phase equilibrium relation-
ship and energy conservation, defines the gas mass concentra-
tion at the liquid/vapor interface, and thus provides the neces-
sary boundary condition for the species equation.

Unmixed Film

When no convective mixing or diffusion occurs in the liquid
film, or when a capillary wicking structure is provided and
liquid diffusion is small, the liquid interface concentration is
independent of the concentration distribution inside the film.
Then, species conservation at the interface requires that

WPV = WPV, — p,D[0w,/dr); )

where diffusion in the liquid film is neglected. Noting that
total mass conservation at the interface requires that
PVi = pyV,i, @ simpler form emerges

D[dw,/dr]; = v,i(w, ~ wy) ©))

Adiabatic Section

Since in the adiabatic section, no heat transfer occurs across
the film, the wall temperature T, is virtually equal to the
vapor/liquid interface temperature 7;. Because no condensa-
tion or evaporation occurs at the interface, convection is neg-
ligible (v,; = 0) and any effects of diffusion and mixing in the
film are magnified. When the unmixed model is applied, then
Eq. (3) gives [0w,/dr]; = 0. Thus, for the unmixed case, no
mass transfer occurs and the interface concentration must re-
main equal to the concentration leaving the evaporator, so the
interface temperature 7; must equal the evaporator tempera-
ture. Experiments® show that the interface temperature actu-
ally drops through the adiabatic section, demonstrating that
some mixing and diffusion does occur in the liquid film. How-
ever, the well-mixed model greatly overpredicts the mixing
effects.

For the adiabatic section, a simple combined film-mixing
model can be developed. Mass conservation requires that the
average liquid concentration equal the average vapor concen-
tration any any cross section, as given by Eq. (1). For uni-
formly well-mixed liquid film, the liquid concentration at the
interface equals this average value, w; = w,,, and the vapor
interface concentration is the equilibrium value w,; = Wym
= w,(w; = w,). Conversely, for an unmixed film, the slope of
the concentration at the interface is zero, and the interface
concentration equals the average vapor concentration
w,i = Wym = w,,. In the adiabatic section, the actual vapor in-
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terface concentration lies somewhere between the well-mixed
and unmixed values:

Wi = MWy + (1 ~ My @

By iterative selection of the film mixing parameter m, it is
possible to match the experimentally observed adiabatic wall
temperatures.

Condenser Section

It can be shown that for uniform concentration profiles
entering the condenser and for relatively high condensation
rates, the unmixed and well-mixed models provide identical
results, a conclusion observed and applied in other multicom-
ponent condenser problems.!? But if the radial concentration
profile entering the condenser is nonuniform, as when mass
transfer occurs in the adiabatic section, or when the condensa-
tion rate is relatively low, then the well-mixed and unmixed
film models predict different condensation rates.

No simple combined mixing model is available for the con-
densing section. This presents no significant difficulty, since
the experimental results show that the interfacial mass flux,

.due to mixing and diffusion in the adiabatic section liquid
film, is two orders of magnitude less than the interfacial flux
due to condensation in the condenser section. Phase change in
the condenser is primarily thermally driven; in the adiabatic
section it is concentration induced. With condensation, the
interfacial convection in the liquid film dominates diffusion,
and the unmixed model can be applied with good accuracy.

Film Energy Balance

The film energy balance provides additional boundary con-
ditions for the vapor space conservation equations. The bal-
ance neglects axial conduction in the pipe wall and convection
in the liquid film. The contribution of latent heat is assumed
to be much greater than convection of sensible heat and con-
duction in the vapor phase. In addition, the heat of mixing is
neglected. Since the vapor conduction, transport of sensible
heat, and heat of mixing are also neglected, the assumption of
constant latent heat 4, automatically satisfies the overall en-
ergy balance. Then the energy balance for the film can be
written

Bl i, )
where T;is the vapor/liquid interface temperature, 7, the wall
temperature, k; the liquid thermal conductivity, and A, the
latent heat. When a capillary wicking structure is provided, 6
is a constant, and an effective matrix/liquid thermal conduc-
tivity must be used. For a falling film, assuming that Nusselt’s
solution for the film thickness can be applied and 6 < r,,, ne-
glecting vapor shear, and noting that an overall mass balance
at any axial location requires that the vapor flow rate equal the
liquid flow rate, the film thickness & at any point can be related
to the vapor flux

™w ’
ZWpyj ur dr = 2mpi(p; — p,)grW8%/3p (6)
0

where g is the gravitational constant and g, the liquid dynamic
viscosity.

Vapor Modeling

The two primary phenomena of interest in the binary con-
denser are the vapor diffusion and the nonlinear effect of
phase equilibrium on the boundary conditions. To simplify the
computation while focusing on these most important features,
the momentum equations were eliminated by assuming reason-
able axial velocity profiles. The requirements of mass conser-
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vation were then satisfied by assuming constant mass density
and selecting appropriate values for the radial velocity. Both
parabolic and uniform axial velocity profiles were investi-
gated, with the type of profile selected having only a small
effect on the results.

Though the vapor flows studied here were in the laminar or
transition regions, the experimentally measured centerline
temperature drops significantly. This drop suggests that un-
steady pool boiling causes significant mixing in the vapor,
since with purely laminar flow the boundary layers do not
reach the centerline and no temperature drop would be ex-
pected. To account for this vapor mixing, the species and
energy equations were modified so that the effective diffusivi-
ties increased linearly from the molecular values at the vapor/
liquid interface to maximum values of (1 + #)D and (1 + 3)k,/
p,Cp at the pipe centerline. Here % is an adjustable mixing
parameter, determined iteratively and assumed to remain con-
stant throughout the condenser. This rather ad hoc assump-
tion provided good agreement with the experimental data of
Hijikata et al.®

The parabolic forms of the conservation equations allow use
of a marching technique from the evaporator exit. Use of the
parabolic forms is justified, except at axial velocities ur,/
D < 10, since the ratio of axial diffusion to convection is never
more than 0.2%, and commonly much less. Runs where an
iterative technique, with the full elliptic equations, was em-
ployed in the low-velocity region showed only a small change
from the parabolic solution, since condensation in the higher
velocity region controls device performance. Thus, the species
conservation equation becomes

ow Jw 10 ow
? v o D22 (= /)y & 7
ar ¥ rargr[ (A =r/rm ar} ™

\4

and the energy conservation equation becomes

T oT &k, 139

oT
— + == 1- —
v e u 32 poc, O {r[l + ( r/r,nl ar} 8)

where k, is the vapor thermal conductivity.

Phase Equilibrium

Phase equilibrium requirements provide the final boundary
condition required for the vapor space conservation equations.
In general, calculation of equilibrium liquid and vapor phase
concentrations for binary mixtures requires experimental data
for the mixture, in addition to pure-component property data.
In particular, the liquid fugacities can deviate greatly from
those of an ideal liquid. The experimental work used to vali-
date the model developed here also provides information on
the mixture behavior. During operation of the experiment,
both the total pressure P,, and the evaporator saturation tem- -
perature at the top of the liquid pool 7,, were measured. Thus,
combined with the known molar concentration in the liquid
pool, the set y, P, and T are known for a point on the mixture
equilibrium curve.

Sophisticated model for refrigerant mixture equilibrium are
available.!> However, since the operating pressures were rela-
tively low here, a simpler equilibrium relationship is used. The
equilibrium relationship is designed to provide the best fit over
the range of conditions found in the thermosyphon. Thus, the
constants in the relationship are chosen, based on tabular data
for a reference pressure P, very near the given operating pres-
sure, and also for the limiting temperatures 73, and T3, the
pure component saturation temperatures at P,.

For an equilibrium mixture,'* the vapor and liquid-phase
fugacities for each component # must be equal, f2 = f!. The
liquid phase fugacity can be expressed as f% = y,x,Ps,, where
v is the activity coefficient. The simplest expression for the
activity coefficient, besides setting it equal to unity, is the
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two-suffix Margules equation,

A
bwyz = == xf ®

A 2
e"'Yl:_xZ’ RT

RT

where R is the gas constant and T the absolute temperature.
The constant A is determined from experimental data for the
mixture and is a weak function of temperature. Here A4 is
assumed to remain constant over the range between the two
limiting temperatures 7}, and 7},. The assumption of ideal-gas
behavior in the vapor phase allows the use of the Clausius-
Clapeyron relation for the saturation pressure and tempera-
ture of each component. To provide the best fit over the range
of temperatures encountered in the thermosyphon, and to
avoid the difficulty of selecting an averaged value for the latent

" heat, the relationship is written so that it can be fit to the exact
saturation pressures near the two limiting temperatures. This
provides a more realistic approximation for the range of pres-
sure and temperature encountered in the specific device.
Hence, it follows

P:; =P, CXP[Cn(l - Tfn/T)] (10)

The constants C,, instead of being related to an average value
of the latent heat, are found more accurately by fitting satura-
tion pressure data

n(P{/P,)
= 11
C=0-T/TH ()
c, = PP (11b)

T -TYTY)

where P; is the saturation pressure of component 1 at temper-
ature 7, and P; at T;,.

The ideal-gas assumption also allows the use of a simplified
relationship for the vapor-phase fugacity, f, = y,P,, where y,
is the vapor mole fraction and P, is the total pressure. Then,
simple expressions for the liquid- and vapor-phase equilibrium
mole concentrations, respectively, result in

_(P/P,) expl -~ GT)] - 1

M expIGHT) — GAT)] — 1 (12)
_(P,/P,) exp[Gy(T)] — 1 3
' explGAT) — G — 1
where
T, Ax?
Gy(T) = c,<1 —7‘> +R—XT2 (14a)
_ T\ Ax}
Gy(T) = C2<1 T) + RT (14b)

The constant A can be set equal to zero or it can be found by
fitting a set of experimentally measured P, T, and y,. Neither
Eq. (12) nor (13) is explicit in 7', but if x; or y, is specified, a
Newton-Raphson iterative scheme converges rapidly to the
desired value of 7. Furthermore, Eq. (13) can be differentiated
in a straightforward manner to obtain an explicit expression
for dy,/dT, which proves to be useful in the numerical analy-
sis. Figure 2 shows the resulting phase diagram for A = 0 with
P, = 107. Experimental data for several runs with the R11/
R113 mixture gave some scatter in the value of A, primarily
due to uncertainty in defining the top point of the pool. How-
ever, the resulting phase equilibrium diagrams agreed with the
ideal solution (A = 0) within 1°C, and, thus, the ideal solution
used for the thermosyphon analysis.
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Fig. 2 Binary phase equilibrium for R11/R113.

Nondimensional Equations

To simplify and help generalize the results, the equations are
nondimensionalized with the following relationships:

o T-T,
Te - Tw
vr,, ur,, r 4
* — *® . W % — * — * o
v D u D r l‘w b4 . o iy (15)
__pDh, _ 2pgr; P _ kv
k/(Te - Tw) 3"'ID Y p»D p»Dcp

Then the nondimensional form of the energy balance, Eq. (5),
becomes

0=FEvs (16)

The numerical solution is more difficult for the unmixed
film model in the condenser. For higher condensation rates,
the solution requires a high initial guess for the interface tem-
perature and a sufficiently fine grid near the wall to insure
convergence on the correct interface concentration. This initial
temperature guess provides initial values of &, Wiios Wyie, and
v; for use in Eq. (21). Then the finite difference form of the
species equation, subject to this linearized mixed boundary
condition, can be solved directly with a tridiagonal-matrix
algorithm, and a new value of w,; obtained. From the new
concentration, w,; phase equilibrium gives a new interface tem-
perature @, and the other variables follow. The procedure can
be repeated until the values of the nondimensional tempera-
ture obtained from phase equilibrium agree with those from
the film energy balance within 10 ~4. Normally, about seven
iterations are required. For the calculations presented here, the
adiabatic section was subdivided axially into 30 segments, and
the condenser into 100. Doubling the number of segments
changed the calculated nondimensional interface and center-
line temperature by under 0.5%. For all calculations, property
values for pure R113 were used, evaluated at the average of the
R113 and R11 saturation temperatures.

Results
Figure 3 shows centerline and interface temperature profiles
for various total pressures for an ideal binary thermosyphon,
with no mixing or diffusion in the liquid film and laminar flow
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Fig. 3 Axial temperature profiles at different total pressures for an
ideal thermosyphon.

in the vapor (m = 5 = 0). The parameter values used are the
same as those investigated experimentally by Hijikata et al.b
The power input is 50 W, and a linear velocity profile is as-
sumed. An ideal device will equilibrate to P, = 91.07. The
condensation rate reacts very strongly to increasing system
pressure. Suction from this condensation thins the diffusion
boundary layer, decreasing the diffusion resistance and magni-
fying the effect on the condensation rate. At sufficiently high
condensation rates, the diffusional resistance vanishes, and the
mixture behaves like a pure vapor. Here in the small pressure
range from P = 89 to 93 kPa, corresponding to an evaporator
temperature increase of less than 1.5°C, the active condenser
area is more than halved.

Figure 4 shows the mechanism directing the ideal device
operating pressure to P, = 91.07. At lower pressures, the axial
mass flow rate is not zero at the end of the condenser; rather,
it reaches an asymptotic limit as z —oo. At these lower pres-
sures, the interface temperature drops to the cooling medium
value before complete condensation can occur, giving the
physically unreasonable result that mass flow exists at infinity.
The dotted line in Fig. 4 shows the relationship between this
asymptotic mass flow rate, denoted by the residual velocity
u*, and the guessed pressure, at a power input of 50 W. The
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Fig. 4 Residual velocity vs pressure for ¢ = 50 W (dotted line) and
power level vs pressure (dashed line).
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physically realistic situation occurs at the point where u¥ =0,
at a pressure of 91.07 kPa. This is the pressure an ideal ther-
mosyphon would naturally seek at a power level of 50 W, when
the condenser is sufficiently long. The residual velocity also
helps explain the abrupt drop in the centerline temperature
that occurs at higher pressures. These high-pressure solutions
are appropriate for shorter condensers. For instance, a 14 cm
long ideal condenser would operate at a pressure of 93 kPa.
Computations with a parabolic rather than linear velocity pro-
file caused the calculated equilibrium pressure to decrease by
0.9 kPa, a relatively small change, showing the insensitivity of
the model to the assumed velocity profile.

The film thickness, Eq. (6), is

1

F6*3=2§ u*rd¥ =u} an
0

where u¥ is the average vapor velocity. The vapor and liquid
Reynolds numbers are related to this quantity in a simple
manner:

Re, =2u¥/Sc, Re; = Re,u,/ (18)

For the well-mixed film model, the boundary condition for the
species equation, Eq. (1), becomes

1

Wyg =W =W =2 § wu*r*dr*/u} 19)
0

Likewise, for the unmixed model, Eq. (3) becomes

[0w,/3r*); = v (@, — @) = 75 (@, — @) 20

L
Eé*
In the adiabatic region, this reduces to [dw,/3*); = 0.

When the governing equations are solved numerically, Eq.

(20) can be linearized via a Taylor series expansion and solved
iteratively:

E %
% [aw"] = 0o + (wsi — Wyi0) [ﬂ] 21
i awv o

(wvi + wl)a at

where the subscript o indicates the value calculated from equi-
librium considerations using w,; from the previous iteration.
The derivative (36/9w,), comes from Eq. (13).

The nondimensional forms of the species and energy equa-
tions are

dw, dw, 1 9 dw,
L el AN — . lp% ok )
Y o az* r*or* [r [+ d=roml ar*] @)
and
a9 a0 1 9 a8
* o iRy B —_ r¥Yn) —
v 6r*+u P Ler*ar* {r n+qQ r)n]ar*} 23)

Numerical Procedure

The species and energy equations were converted to finite-
difference equations, using the control volume approach.!
Because the diffusion boundary layer can be extremely thin in
the active region, a highly nonuniform grid was used, with half
the nodes located very close to the liquid/vapor interface and
spaced in a nonuniform exponentially increasing pattern away
from the wall, while the other half of the nodes were spaced
uniformly in the center. The parabolic form of the governing
equations allowed an axial marching procedure, starting from
the top of the liquid pool.

The numerical solution is relatively easy in the adiabatic
section for all of the film models, since the slope or absolute
value of the concentration at the vapor/liquid interface is
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given directly. Only about four iterations with a tridiagonal-
matrix algorithm!® are required at each axial location to cor-
rect the film thickness & and suction velocity »*, so that the
calculated nondimensional interface temperature changes by
less than 10~¢.

At different power levels, the system seeks different equi-
librium pressures, as given by the dashed curve in Fig. 4. The
results are valid for power levels greater than 5 W, since, for
u*> 10, the ratio of axial diffusion to convection is less than
0.01, justifying the assumed parabolic forms of the conserva-
tion equations. For the higher power levels, the low velocity
region where axial diffusion is important is short and does not
significantly affect the predicted operating pressure. Though
the dashed line shows that the total pressure does increase with
increasing power input, the corresponding change in evapora-
tor temperature from 5 to 200 W is less than 1.1°C. This can
be considered excellent passive variable-conductance perfor-
mance.

The total pressures measured by Hijikata et al.,® though still
virtually constant with changes in power, are about 7% higher
than those predicted for an ideal binary thermosyphon. This
increased pressure can be attributed primarily to significant
mass transfer in the relatively long adiabatic section. However,
when the ideal model is modified to account for mixing and
diffusion in the adiabatic-section liquid film and for mixing in
the vapor, good agreement between the model and experi-
ments can be obtained. To do this, the measured liquid con-
centration and centerline temperature at the top of the liquid
pool (xg,; = 0.24, z = 0.45 m) were used as inlet conditions for
the model. For a guessed value of the vapor mixing parameter
7, the film mixing parameter m was then adjusted until the
residual velocity u#* equaled zero. Repeating this procedure
gave a set of equilibrium values for  and m. Because of the
vapor mixing and the suction in the condenser, a linear velocity
profile was used.

Figure 5 compares analytic centerline and interface tempera-
tures for two equilibrium sets of 4 and m with measured cen-
terline and wall temperatures from Hijikata et al.,® for a power
level of 70.7 W. These experiments used a 162-cm-long, 2.6-
cm-i.d. vertical thermosyphon, filled with a liquid pool of 24
mole percent R11 and 76 mole percent R113. The theory pre-
dicts the centerline and adiabatic section interface tempera-
tures well. The film is closer to being nonmixed, as shown by
the relatively small value of the film mixing parameter m.
However, the integrated effect of this mixing over the length of
the adiabatic section is rather large, since, with m =0, the
centerline and interface temperatures would remain constant
in the adiabatic section.
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Fig.5 Experimental® and analytic temperature profiles for binary
thermosyphon.
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Fig. 6 Mass concentration profiles entering condenser section for no
mixing and partial mixing in liquid film in adiabatic section.
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Fig. 7 Experimental® and analytic temperature profiles for binary
thermosyphon.

Figure 6 explains the large effect of the adiabatic section
observed in the previous figure, by comparing the concentra-
tion profiles at the exit of the condenser for the case with film
mixing (m = 0.09) and no mixing (m = 0). Mass transfer in the
adiabatic section significantly raises the concentration of the
more volatile component. When condensation occurs with this
higher concentration, the interface temperature must be lower,
and, thus, more condenser surface area is required to condense
the vapor.

Figure 7 provides a comparison of experimental and analytic
predictions at a significantly lower power input. Good agree-
ment for the adiabatic interface temperature is again obtained.
The centerline temperature deviates more. Here, the vapor
Reynolds number is well within the laminar region, so the
mixing due to the unsteady pool boiling can decrease axially
and the assumption that the vapor mixing parameter is con-
stant along the length of the adiabatic section may not be
valid. For these experiments,® the pressure was observed to
decrease slightly as power was increased, contrary to the be-
havior of an ideal device, as illustrated in Fig. 4. This suggests
that, with a carefully selected adiabatic length, the change of
pressure with power input can be virtually canceled.
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Conclusions

Using the parabolic forms of the species and energy equa-
tions subject to appropriate boundary conditions and film
models, solutions for the performance of binary ther-
mosyphons can be obtained. For an ideal boundary ther-
mosyphon, where no mixing or diffusion occurs in the liquid
film and the vapor flow is laminar, the equilibrium evaporator
temperature and total pressure can be determined directly.
When mixing occurs in the liquid film or the vapor, then two
empirical mixing parameters, m and 5, must be introduced.
By adjusting these parameters, it is possible to match closely
experimentally measured centerline and wall temperature
profiles.

The phase equilibrium relationships, film models, and vapor
governing equations presented here provide a basis, for under-
standing binary device behavior and the mechanisms responsi-
ble for binary variable-conductance behavior. In real devices,
film mixing and diffusion in the adiabatic section and mixing
in the vapor alter device behavior, as accounted for by mixing
parameters. Additional experimental data are needed to pro-
vide a basis for determining the value of these mixing parame-
ters before the model can be applied to design of binary vari-
able-conductance devices. Pool boiling of binary mixtures in a
thermosphyon evaporator can be easily modeled, but evapora-
tion in a wicked evaporator is considerably more complicated
and will require further attention. Wicking of the condenser
section could potentially suppress film mixing and insure ideal
behavior even a high power levels.
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