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pressure fluctuations because of the more corrugated interface
causing the entrainment to occur at a lower critical velocity
than a more flat-meshed interface. For a flat mesh with a
relatively small value of Ll/L2, the critical Weber number for
entrainment will be higher. The viscosity group, ^/VpgCrL^
accounts for the viscosity shearing action from the gas flow
over the holding action of the interface due to the surface
tension. Since for higher viscosity groups, the shearing action
overrides the holding action, and the critical Weber number
decreases with increasing magnitude of the viscosity group
and entrainment will readily occur.

Droplet SMD
For the case of water-air interfaces, the measured droplet

SMDs were regressed into Eq. (4) and a comprehensive cor-
relation between the dimensionless Sauter mean diameter,
SMD/L1? and the other dimensionless parameters was deter-
mined:

^ = 20.8283 (±
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(6) Implicit Heat Pipe Vapor Model

In this expression, the second and third terms on the right
side represent ReLl, and WeLv based on L^ Again, the last
two dimensionless parameters in Eq. (4) for liquid-to-gas den-
sity and viscosity ratios were excluded since the present study
did not consider variations of these parameters. The corre-
lation shows that SMD/Lt increases with decreasing LJL^
ReLl, and WeLr The ratio of the entrained droplet SMD to
a given L1? will be high for a rough mesh with a smaller value
of L,/L2, and will be low for a smoother mesh with a relatively
large Ll/L2. High ReLl and WeLl imply that the inertial impact
forces are dominant when compared to the viscous and the
surface tension forces, respectively, and result in entrainment
under stronger convective action. The entrained droplet SMD,
therefore, shows a decrease with increasing ReLl and WeLl.
All the measured SMDs are plotted against the predicted
values from the regression, Eq. (6), in Fig. 5. The data ex-
hibited a good agreement with the regressed correlation with
a maximum deviation of less than 10%.

Concluding Remarks
For the first time, two separate correlations for the en-

trainment onset velocity and the entrained droplet SMD were
obtained from experimental data analyzed with the Buck-
ingham-Pi theorem. Saturated (or primed) mesh-laid inter-
faces between a water pool and a convective air stream was
considered in an attempt to hydrodynamically simulate the
entrainment phenomena in a heat pipe system. All the fluid
properties were considered and/or evaluated at 1 atm and
20°C for the present case. If the results are applied to an
operating heat pipe system at different temperatures, the con-
stant A of both correlations must be modified in order to take
into account the fluid property variations at the operational
temperature of the individual heat pipes.
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Introduction

D IFFERENT approaches of numerically modeling tran-
sient heat pipe vapor phenomena have been developed

and are reviewed in Ref. 1. Earlier models typically treat the
vapor flow as one- or two-dimensional and compressible. This
level of complication results in models that require large
amounts of computer time to use. The vapor model studied
in this Note is an extension of the model presented by Bow-
man et al.1 Their one-dimensional model was different from
previous models in that the vapor flow was assumed to be
incompressible in space while still being compressible in time.
Also, the vapor was assumed to be a saturated vapor, not an
ideal gas. The assumption of spatially incompressible flow
greatly simplified the model, thus greatly reducing the amount
of computer resources needed to model a transient. The au-
thors believe the saturated vapor assumption improves model
accuracy. Vapor densities predicted from models that assume
ideal gas behavior can deviate greatly from saturated vapor
densities. Errors in predicting vapor density result in errors
in predicting vapor velocity and pressure variations.

This Note improves on the model described in Ref. 1. A
more accurate closure relationship relating vapor density to
vapor temperature is used, and an implicit solution method
is used to solve the governing equations. It is shown that the
implicit solution is a factor 100 times faster than the earlier
explicit solution method.

Governing Relationships
In order to model the vapor flow in a heat pipe, first an

equation or system of equations that describe the physical
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situation in the vapor space must be developed. In Ref. 1 it
is shown that conservation of mass for the vapor space is

where p is the local pressure and T is the shear stress between
the vapor and the wick. The shear stress can be modeled as

fpu2

(8)

where p is the vapor density, t is time, R is the radius of the
cylindrical vapor space, L is the length of the vapor space,
and pwV is the mass flux leaving or entering the vapor space
due to condensation or evaporation. The assumptions made
during the development of Eq. (1) were 1) spatially constant
vapor density, 2) cylindrical vapor space, and 3) azimuthal
uniform evaporation and condensation rates.

The mass flux into the vapor space was modeled by applying
conservation of energy to the interface between the vapor and
the wick.1 Conservation of energy can be written as:

hfg(pwV) = h(T - TV) (2)

where hfg is the latent heat of evaporation, h is an evaporation/
condensation coefficient, T is the temperature at the wick-
vapor interface, and Tv is the vapor temperature. Finally, if
Eq. (2) is substituted into Eq. (1), we obtain

dp 2 (L h_
hfg

(3)

In Eq. (3), two unknowns are present: 1) the vapor density
and 2) the vapor temperature. The wick-vapor interface tem-
perature T is a specified boundary condition for the vapor
modeling problem. The evaporation/condensation coefficient
h, and hfg, are assumed to be known. For this work, h was
assumed to be constant and have a value of 2500 W/m2-K. In
order to solve Eq. (3), a closure relationship is needed which
relates vapor density to vapor temperature.

Closure will be provided by assuming the vapor is a satu-
rated vapor. This is convenient because for a saturated vapor,
temperature and density are dependent properties. Equation
(4) is a general relationship between density and temperature
for a saturated vapor2

p = exp AKT$ (4)

where the series coefficients AK are constants for a specific
working fluid found by curve fitting saturated vapor data (from
Ref. 2, for Tv in K and density in kg/m3, and for water, A0
= -68.622, A, = 0.52894, A2 = -0.17525 x 10~2, A3 =
0.31666 x 10-5,>14 = -0.30147 x 10~8, and A, - 0.11981
x 10-11).

Substituting Eq. (4) into Eq. (3) results in

AKT* \] = -£-
/ J KL,

- (T - TV) dx (5)

Two other useful relationships were used in studying the
vapor flowfield. If conservation of mass is applied to a dif-
ferential element in the vapor space, and if the flow is assumed
to be instantaneously steady, the result is obtained

du
dx

2PwV
PR = 0 (6)

where u is the average local axial vapor velocity.
Similarly, if Newton's second law is applied to the same

differential element, the result is obtained

dp dpu2 2r
-— + -7— + — = 0dx djc R (7)

where / is a friction coefficient. A friction model which ac-
counted for mass injection into or extraction from the vapor
space was used.3

Solution Technique
We will now describe how these equations were numerically

solved. The right side of Eq. (5) was numerically integrated
using the trapezoidal rule:

Rh

= exp

Mh

\ t AK(T»V)
L*=°

RhfsL
HPn + 1 i 'T'n + 1 /max - 1
1 1 "r L /max , V^

. 2 y4
I^Tn , Tn ymax-1 \ ~| ^j

(1-0) l - Jmax + Z 77 -(1-0)7-
V 2 7 = 2 /J J

+ 1 -

(9)

Subscript / was used to represent different axial locations
along the vapor space. In Eq. (9), Tv represents the vapor
temperature (spatially constant), and T,, . . . , T}, . . . , TJmax
represent the temperature of the vapor/wall interface which
was not assumed to be spatially constant. In rewriting Eq. (5)
to get Eq. (9), the right side of the equation is evaluated at
an intermediate time through linear interpolation: the value
of 0 specifies the time, the superscripts n and n + \ refer to
present and future time levels, respectively. Setting 0 equal
to 0 results in the right side of Eq. (5) being evaluated at the
old time level (explicit formulation). Setting 0 equal to 1.0
results in the right side being evaluated at the future time
level (fully implicit formulation). Selecting a value of 0 some-
where between 0 and 1 results in evaluating the term at an
intermediate time level. For example, setting 0 equal to 0.5
results in evaluating the term at a time halfway between the
present and the future time steps (Crank-Nicolson method).4

At this value of 0, Eq. (9) is a second-order accurate ap-
proximation to Eq. (5), 0[Af2], while for all other values the
approximation is only first-order accurate, 0[Af].

The only unknown in Eq. (9) is the temperature of the
vapor at the future time level. All other variables are known
or specified by the problem geometry and choice of working
fluid. The values of the wick-vapor interface temperature T}
are specified for all locations along the vapor space and for
all times during the transient in the form of a boundary con-
dition. The temperature of the vapor at the new time step,
Ty+1 in Eq. (9), was computed using the bisection method.4

To arrive at a systematic means for choosing a time step
when 0 < 2, we performed a linearized stability analysis of
Eq. (9). In this analysis it was assumed that average wick-
vapor interface temperature is constant. We found that for
0 < 2 a necessary condition for stability is

2Rht
dp_
dT

A(l - 2©) (10)

The analysis also predicts unconditional stability for 0 > \.
For a heat pipe startup, Eq. (10) can be evaluated at the
initial state to yield the most restrictive time step (assuming
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A£ is held constant), since dp/dT is smallest at the minimum
operating temperature of the heat pipe.

Numerical Results
As a validation test, the model was used to simulate a heat-

pipe vapor startup. The vapor space studied was cylindrical
with a radius of 0.445 cm and a length of 0.691 m. One-fourth
of the length corresponded to the evaporator end of the heat
pipe, while the remainder was the condenser. Water was the
working fluid. The vapor was assumed to initially be at rest
in thermodynamic equilibrium with the walls of the heat pipe,
all at a temperature of 340 K. At time equal to zero, the
evaporator temperature began to rise until it reached 350 K.
The condenser was maintained at 340 K.

Figure 1 compares three solution methods. All gave essen-
tially the same results, although formal analysis predicts su-
perior accuracy when ® = i. Because of the small time step
size constraint when using the explicit method [0.0625 s for
this example from Eq. (10)], the explicit method required 100
times more computer time than the implicit methods, @ >
2, which were theoretically unconditionally stable and could
use larger time steps. All methods used the same amount of
computer time per time step.

Figure 2 illustrates the effect of axial grid spacing on so-
lution accuracy. For all of the grid sensitivity studies, the
Crank-Nicolson method was used with a time step of 2.5 s.
As more grid points were used, the solutions converged. Fig-
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Fig. 3 Temperature variation during the transient.

ure 2 shows the axial pressure distribution along the heat pipe
at time equal to 250 s into the transient. The figure is a graph
of pressure drop from the end of the evaporator to any axial
position, x. In Fig. 2, it can be seen that the pressure drops
quickly through the evaporator due to friction and the ac-
celeration of the vapor. An abrupt change in pressure is seen
as the wall boundary condition changes from one of mass
injection in the evaporator to one of mass extraction in the
condenser. In the condenser, for this example, the pressure
drop due to friction is almost entirely canceled by the pressure
rise due to the deceleration of the vapor. The difference be-
tween the four solutions from the four grids is believed to be
a result of different evaporator lengths for the different grids.
For the 11 axial grid points solution, only 2 of the 11 grid
points were in the evaporator (18% of the total length). For
the 81 grid points solution, 20 of the grid points were in the
evaporator (24.7% of the total length).

Figure 3 is a graph of temperature during the transient.
From the figure, it can be seen that vapor temperature rises
during the transient and stays between the evaporator and
condenser temperatures. The vapor temperature is closer to
the condenser temperature because the condenser area is three
times larger than the evaporator. Assuming the temperature
results are accurate, the transient density results shown in Fig.
1 are believed to be accurate because they are simply a cal-
culation based on the saturated vapor assumption [Eq. (4)].
The axial pressure data (Fig. 2) is not believed to be accurate.
The accuracy of velocity or pressure results depends on ac-
curate modeling of the evaporation and condensation pro-
cesses. This can only be done if h is accurately known. The
constant value for h for this work (2500 W/m2-K) though ball
park, is probably not accurate. More work is required in this
area.

Conclusions
Two implicit solution methods for modeling vapor flow in

a heat pipe were shown to be a factor of 100 times faster than
an explicit solution method. All methods studied solved an
identical set of governing equations and were shown to give
the same results. The saturated vapor assumption made dur-
ing the model development insured an accurate vapor density
corresponding to the vapor temperature. The model was able
to efficiently predict the transient behavior of the vapor den-
sity, temperature, velocity, and pressure, more information
than is currently available from experimental data.
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One way Eq. (1) can be "corrected" for compressibility effects
is by using
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Introduction

I NTEREST in the development of a single-stage-to-orbit
vehicle (SSTO) such as the National Aerospace Plane, and

other advanced hypersonic vehicles such as waveriders,1'2 has
lent impetus to the need for more accurate engineering pre-
dictions for skin friction and heat transfer on such vehicles.
These vehicles can be expected to operate in a flight regime
(Mach: 5—25, altitude: 15-75 km), wherein nonequilibrium
chemically reacting effects may be important. The reference
temperature method, commonly used to approximate the skin
friction coefficient, was developed for the flow of a calorically
perfect gas3"8 and later for equilibrium dissociated air.9"11

Reynolds analogy, used in conjunction with the skin friction
coefficient to approximate the Stanton number (Si), and hence
the heat transfer, shows a similar development for a calorically
perfect8 and an equilibrium gas.9"11 The purpose of the
present study is to assess the effectiveness of these two en-
gineering approximations for nonequilibrium flowfield con-
ditions.

Theory
A nonequilibrium chemically reacting flow is one in which

finite rate chemical reactions dictate the chemical composition
of the gas. For high-temperature air, dissociation and recom-
bination (and perhaps ionization) are important. In chemi-
cally reacting flows, heat transfer rates become a dominant
aspect, and in nonequilibrium flows various physical prop-
erties such as enthalpy, specific heats, and internal energy are
functions of not only the temperature and pressure, but also
of the "history" of the flowfield (via the nonequilibrium chem-
ical composition).

The reference temperature method allows for the compu-
tation of skin friction coefficients for compressible flow by
using classical results of incompressible flow. For example,
for incompressible flow over a flat plate

c = (0.664/V#O (1)
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(0.664VC*/V#O

where Sutherland's law was used for C*, given by
1/2

r* = I —
^ I mTJ T* 4- K

(2)

(3)

In Eq. (3), K is a constant that depends on the gas considered.
For this study, a value of K = 250°R is used for molecular
oxygen. Two equations used for T* were compared in the
present study

— = 1 + 0.032M' + 0.58 (-? - 1) (4)
i -* f>

derived by Rubesin and Johnson,3 and

- 1.28 + 0.023M2 + 0.58 - 1 (5)

from Young and Janssen,4 who found this form of the equa-
tion to be more accurate for a calorically perfect gas for M > 5.6.
As will be shown, Eq. (5) gave better results under the con-
ditions considered for this study.

Reynolds analogy is a proportionality between St and the
skin friction coefficient cy, and can be expressed in the fol-
lowing form for flow over a flat plate:

St = L
2cfPr-2/3 (6)

As the following explains, a range of different values for Prw
and cf were considered in this study.

Method of Analysis
It is unlikely that the reference temperature method would

be accurate for a multispecies air model with a complex ge-
ometry if it did not prove effective for a simple reacting gas
model/geometry configuration. For this reason, a flow of a
binary mixture of atomic and molecular oxygen over a 10-ft
flat plate was considered. (This work is now being extended
by Ott12 using a seven species air model over cone-derived
"waverider" configurations.)

The boundary-layer equations for a two-dimensional, lam-
inar, nonequilibrium chemically reacting binary mixture of
atoms and molecules were solved with an implicit finite-dif-
ference scheme. In the interest of space, the details of the
governing equations, chemistry, boundary-layer characteris-
tics, and numerical method can be found in Ref. 13. This
approach is patterned after that of Blottner.14-15 Therefore,
no further details will be given here.

Initial conditions for the nonequilibrium calculation in the
form of velocity and temperature profiles were obtained by
solving the boundary layer equations for the flow of a calor-
ically perfect gas. For the specific case of flow over a flat
plate, these equations are indeterminate at the sharp leading
edge (f, x = 0) so the solution was carried out at a distance
of 0.008 ft from the leading edge. Calorically perfect initial
profiles close to the leading edge were considered sufficient
since the flow is essentially frozen in that region. No difference
in the downstream results was observed when either calori-
cally perfect or nonequilibrium initial profiles were used.

The boundary condition at the outer edge of the boundary
layer was chosen to be freestream conditions taken from Ref.
16. A constant temperature wall boundary condition was used
as well as the assumption of an equilibrium fully catalytic wall.
(Note: these results are not necessarily applicable for a non-
catalytic or a partially catalytic wall.) The wall temperature


