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ABSTRACT

A study was conducted to determine the relative importance of conduction heat transfer and
two-phase flow resulting from heating of partially saturated tuff. To achieve this, a conceptual model of
the heat transfer processes occurring near the boiling interface was developed and analyzed. In this model,
heat from the nuclear waste causes the tuff temperature to increase until the water in the porous tuff boils,
Hot vapor flows away from the boiling interface - some into the cooler tuff and some back toward the heat
source. The hot vapor will condense in the cooler regions of the tuff and condensate liquid will return to
the boiling region by capillary surface-tension forces. The processes of boiling, condensing and capillary
wicking in a porous media are similar to the processes occurring in a heat pipe. Analysis that has been
developed by the author for heat pipes was used in this study. The results of the analysis indicate that the
heat transfer rate by heat pipe vapor ﬂow is less than 0.1 percent of the total heat transfer rate for
pcrmeabllltlcs less than approximately 108 m?, Thus, it is apparent that the heat pipe hcat transfer effect
in the tuff only becomes significant for permeabilities that are equal to or greater than 10" m whlch was
found to occur in the highly fractured tuff in the J-13 well. For higher permeabilities approaching 10°° m2,
corresponding to sand, the heat pipe heat transfer effect dominates, approaching 100% of the total heat
transfer rate. The model of the heat pipe effect developed here is more detailed than the lumped parameter
models typically being used since the combined conduction and two-phase flow processes occurring in the
partially saturated tuff are modeled explicitly. Yet this heat pipe model is simple and does not require
much computer time. Thus, it provides an improved model which can be adapted into larger finite element

codes used to analyze repository problems.

INTRODUCTION

The site currently being considered for a high level
nuclear waste repository is located 300 meters below the
surface in volcanic tuff at Yucca Mountain, Nevada. The tuff
is porous and partially saturated with ground water. The
heat transfer process from the hot nuclear waste to the tuff
is complex because both conduction and boiling heat trans-
fer occur. In order to reduce this complexity, analyses of the
heat transfer processes typically use a simplified boiling
model. However, because heat transfer rates from boiling
and two-phase flow can be many times greater than that
from conduction, it is important to determine the conditions
under which boiling heat transfer and two-phase flow are
significant.

The objective of this study was to determine the relative
importance of conduction heat transfer and two-phase flow
resulting from heating of partially saturated tuff. To achieve
this, a conceptual model of the heat transfer processes
occurring near the boiling interface was developed and is
depicted in Fig. 1. In this model, heat from the nuclear waste
causes the tuff temperature to increase until the water in the
porous tuff boils. Hot vapor flows away from the boiling
interface - some into the cooler tuff and some back toward
the heat source. The hot vapor will condense in the cooler
regions of the tuff and condensate liquid will return to the
boiling region by capillary surface-tension forces. The pro-
cesses of boiling, condensing and capillary wicking in a

porous media are similar to the processes occurring in a
heat pipe. Analyses that were developed for heat pipes (1)
were used in this study of two-phase flow phenomena in
partially saturated tuff.

The properties used in this analysis were taken from the
Yucca Mountain Project Reference Information Base and
the Site Characterization Plan (2) and are summarized in
Table I.

DEVELOPMENT OF THE MODEL

A one-dimensional conceptual model of the two-phase
heat transfer problem was developed with the boiling inter-
face initially stationary. This model was assumed to encom-
passes a volume of porous tuff that extends from the dry
region near the heat source out into the partially saturated
tuff. Steady state heat transfer rates, and liquid and vapor
flow rates were assumed to occur in this region. Part of the
vapor was assumed to flow toward the heat source and be
lost, and the remainder to flow back into the cooler tuff to
condense and recirculate. Based on assumed temperature
gradients between the hot waste and the tuff, conduction
and boiling heat transfer rates were calculated along with
liquid and vapor flow rates.

The model was formulated by considering a heat bal-
ance at the boiling interface. By assuming steady state heat
transfer processes, there are no transient effects and heat
storage. Heat is transferred by conduction from the heat
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Fig. 1. Heat transfer and two-phase flow in porous media.

source through a layer of dry tuff to the boiling interface.
The heat conduction rate into the tuff was determined from
the assumed temperature gradient, based on earlier boiling
isotherm work (5), and then proportioned according to the
thermal resistances of the parallel conduction and boiling
heat flow paths. The mass flow rate of vapor was determined
from the heat flow rate of vapor by applying Darcy’s Law
(provides flow resistance) and the Clapeyron Equation (re-
lates temperature and pressure differences).

Steady State Heat Transfer Processes

Consider the conceptual model shown in Fig. 2 for this
analysis. In Fig. 2(a) a schematic drawing of the physical
system depicted in Fig. 1 is shown. In Fig. 2(b) the corre-
sponding schematic mass flow diagram is shown, with vapor
mass flow rate plotted as a function of length along the heat
pipe. In Fig. 2(c) the corresponding schematic graph of
temperature as a function of length is shown. In Fig. 2(d)
the corresponding vapor pressure as a function of length is

TABLE I

Thermophysical Properties of Tuff
Property Range of Values Rib Section
Porosity 0.121 +/- 0.036 1213
Density 2.550 +/-0.032 kg/cu m 1213
Thermal Conductivity 1.910 +/- 0.083 W/mK 1224
(in situ saturation) (dry) 1.839 +/- 0.064 W/mK 1224
Permeability 8x10"3 m? DOE, 1988 (2)
(fractured TSw) (matrix TSw) 1.93x108 m? DOE, 1988 (2)
Pore Radius 0.0030 to 0.35 m Klavetter, 1987 (3)
In Situ Saturation 65 +/-19% Montazer, 1984 (4)
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Physical System Schematic Drawing
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shown, and in Fig. 2(e) the corresponding thermal resis-
tance diagram for the heat transfer processes is shown.
Heat is transferred by conduction from the heat source
through a length of dry tuff, La. This conduction heat trans-
fer rate, Qqc, is given by,
Qqc = (Ts - Tey)/Ryc
where
Ts = heat source temperature, and Tey = temperature
at a distance Lg into the dry tuff where the boiling interface
occurs, Rqc is the conduction thermal resistance (°K/Watt),
given by,

(Eq.1)

L
Rac = kedry Aen (Ea-2)

where ke ary = thermal conductivity of the dry tuff, and
Auwff = cross sectional area of tuff normal to the heat flow
(a unit area is assumed, Atuff = 1 mz).

The conduction heat transferred rate, Qqc, is the heat
supply for the boiling process. Thus, the total combined heat
transfer rate by boiling and two-phase flow, Qt , cannot
exceed the conduction heat transfer rate, Qqc.

At the boiling interface, the incoming conduction heat
transfer rate Qqcis divided into two parts, part is transferred
through the tuff by conduction, Qcc, and part is transferred
by boiling and two phase flow (heat pipe action), Qnp. The
total heat transfer rate through the heat pipe region is Qi
and for this model Q; = Qdc.

Qi =Qpp + Qc (Eq.3)

The region where the boiling occurs is called the evap-
orator. The temperature and vapor pressure in this region
are given by Tev and pev respectively. The temperature and
pressure in the adjacent liquid phase are Tej and per. The
corresponding values in the condenser region are Tev, pov,
Te and pel.

Eq. (3) may be written,

Q = (Tey- To)/Ry + (Tc\r'Tdv)[Rdvt (Eq.4)

In the heat pipe portion of the model, Rt is the total
thermal resistance to heat flow from the evaporator to the
condenser.

1
1/Ryp+1/Ree (Eq. 5)
The heat pipe thermal resistance, Rpp, has three com-
ponents,
Rpp = R, + Re + R,,
where,
R, = the evaporator thermal resistance, ("K/Watt),

= 1/(hcA.), where h, is the evaporator heat transfer
cocﬁic:cnt (estimated from experimental data)

Rt=

(Eq.6)

and A, is the cross-sectional area normal to the
heat flow (taken to be 1 m?),

R, = the condenser thermal resistance,

= 1/(hcA), where h is the condenser heat
trans.fcr coefficient (estimated from experimental
data) and A, is the cross sectional area normal to
the heat flow (1 m?),

R, = the thermal resistance for the vapor flow to the
condenser (defined later),

R, = the thermal resistance for the conduction heat
transfer in the tuff along the length of the heat
pipe,

= ]'ﬁpkaAhlfﬂ

= the thermal resistance of the vapor flow through
the dry tuff back to the heat source,

Tgy = the vapor temperature corresponding to the vapor
pressure at the heat source.

In the dry tuff portion of the model, the total thermal
resistance of the vapor flow through the dry tuff toward the
heat source is Rgvt and is defined as,

Rat = Rav + Re
The second term, Re, is the resistance for evaporation,

as noted above. The general expression for thermal resis-
tance to vapor heat flow is

AT,
RV = Q (Eq° 7)

The temperature difference in the vapor flow, ATy, may
be expresed in terms of the pressure difference, Apy, by
using the Clapeyron equation.

T,
AT,=——AP, .8
v P\hfg (Eq )

Here Ty and py are the mean temperature and density
of the vapor, respectively, and hgg is the latent heat of
vaporization. Introducing the Clapeyron Eq. (8) into Eq.
(7) gives

Rgv

T Aoy
.9
V QP J'fg (Eq )
The pressure difference, Apv, can be related to the
vapor mass flow by Darcy’s law,
Ap, = mRys (Eq. 10)

where Ry, the vapor flow resistance in Darcy’s Law,
may be written (1),

(Eq.11)
Here Lip is the length of the heat pipe section, 4v and

pv are the vapor viscosity and density respectively, Ay is the
cross sectional area to the vapor flow and ky is the perme-
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ability of the porous media. For the evaporation process, Q
= my hgg, so the vapor flow thermal resistance Ry may now
be written,

TRyt
= (Eq.12
PJ'fg 2 )

Eqs. (11) and (12) give the thermal resistance to vapor
flow from the evaporator to the condenser. Similar equa-
tions may be used with the length term Lg to calculate the
thermal resistance from the evaporator to the heat source.
Using an assumed temperature gradient, based on earlier
boiling isotherm work (5), the heat transfer rate can be
calculated.

SUMMARY OF RESULTS

The performance of the heat pipe system described by
Egs. (1) through (12) was determined for the range of
permeabilities of interest. The heat transfer rate of the heat
pipe vapor flow, Qnp, was determined using the resistance
in Eq. (6) and the total heat transfer rate in the heat pipe
region, Q , (conduction plus heat pipe vapor flow) was
calculated from Eq. (4). The results are shown in Fig. 3 as
a ratio of Qnp/Qt (in peroent) The permeabilities of inter-
est range from 1.9 x 10"*® m? for unfractured matrix TSw
tuff, 3.2 x 10" for fractured TSw, 8.2 x 10"13 for fractured
TSw from the J-13 well (2), to as high as 10 m? for sand
(©)-

The data shown in Fig. 3 indicate that the heat transfer
rate by heat pipe vapor flow is less than 0.1 percent of the
total heat transfer rate for permeabilities less than approx-
imately 103 m?, Thus, itis apparent that the heat pipe heat
transfer effect in the tuff only becomes sngmﬁcant for per-
meabilities that are equal to or greater than 10" m2. This
permeabnl:ty was found to occur in the highly fractured tuff
in the J-13 well. For higher permcabthcs approaching 10”
m?, corresponding to sand, the heat pipe heat transfer effect
approaches 100% of the total heat transfer rate.

The mass flow rate of heat pipe liquid was also ana-
lyzed. No mass flow of vapor occurs when Ts < 100°C but
as Ts increases, the mass flow rate increases to a substantial
value of 1376 kg/yr at Ts = 200°C. A complete discussion
of these calculations is given by Feldman (7).

The maximum velocity of the boiling interface velocity
of heat pipe vapor was also analyzed. No mass flow of vapor
occurs when Ts <100°C, but as T; increases,the vapor ve-
locity increases to a substantial value of 20 m/yr at Tg =
200°C (7).

CONCLUSIONS AND RECOMMENDATIONS

The results indicate that the two-phase flow and recir-
culation of condensate liquid through the porous partially
saturated tuff, which is here called the heat pipe effect, is
significant for the cases where the tuff is highly fractured or
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Fig. 3. Qhp/Qt vs. permeability.

faulted. Here the heat pipe effect can be the dominate heat
transfer process. For cxample, in a region where the per-
meablhty is that of sand (10° m ), the heat pipe effect is
nearly nine times larger than the conduction heat transfer
rate. The permeability of the tuff is by far the dominate
variable in determining the magnitude of the heat pipe
effect. In the unfractured matrix tuff where the permeabil-
ity is very low (10"® m?) the heat pipe effect is insignificant.

The mass flow rate of vapor and liquid in the heat pipe
two-phase flow process is directly proportional to the boil-
ing heat transfer rate. Also, the velocity of the boiling
interface is proportional to the boiling heat transfer rate
For regions of tuff with permeabilities on the order of 10”
m? the boiling interface can have a velocity as high as 20
m/year.

The model of the heat pipe effect developed here is
more detailed than the lumped parameter models currently
being used since the combined conduction and two-phase
flow processes occuring in the partially saturated tuff are
modeled explicitly. This heat pipe model is simple, yet an
improvement over the simplified boiling models, and does
not require much computer time.

The logical next step for analysis is to review the size
and density of fractures and faults known to occur in the
repository tuff and determine the corresponding perme-
ability of these regions. Then using this permeability data,
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the relative significance of the heat pipe effect in the repos-
itory can be determined,

Because of the potential dominance of the heat pipe
effect in high permeability regions, this heat pipe model
should be considered for incorporation into the finite ele-
ment codes used to model the thermal response of the
repository. Then a reexamination of the overall heat trans-
fer process and transient temperature distribution in the
repository should be considered using the new model.
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