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ABSTRACT

Cave micrometeorology is important to cave atmosphere composition,

speleogenesis, growth of cave decorations, speleothem-based paleoclimate, and

cave biology studies. This research project was undertaken to better define

micrometeorological patterns and their interactions in subterranean cavities

using the latest air temperature sensing instruments and by applying mathe-

matical computer modeling of convective heat transport in a cave environment.

Micrometeorology field experiments were conducted in the Left hand Tunnel

(LHT) in Carlsbad Caverns National Park. In this field experiment, cave air

temperature and its fluctuation intensity were recorded. Measurements of cave

air temperature provide a better understanding of how the geothermal forcing

affects heat and air-flow due to the existence of positive feedback between cave

weather properties such as cave air temperature, relative humidity, wind ve-

locity, and CO2. Three major determining factors, or forcings, influence cave

meteorology: 1) geothermal heat flux, 2) surface weather, and 3) water inflow

into a cave system. In the numerical simulations only the geothermal forcing

was changed while the other forcings were set as quiescent surface conditions

in a dry cave (no latent-heat effects).

Field experiments done at the LHT tested the applicability of the



latest air temperature measurement instruments. An innovative “turbulence

tower” was designed and tested during this project and judged suitable for

micrometeorological applications, as was a Distributed Temperature Sensing

(DTS) unit. These two sensors record cave air temperature fluctuation and

evolution profiles, respectively. These sensitive instruments record very minute

temperature variations and were used to record high-resolution cave air tem-

perature data at both small and large spatial and temporal scales.

In addition to the field tests, the COMSOL R© Multiphysics software

package was used to model laminar and turbulent natural convection in sim-

plified cavities with various aspect ratios, slopes, shapes, surface connections,

and slopes. The turbulent convection results are emphasized because that is

the most common heat transport process in cavities of any significant size. Nu-

merical modeling results have shown that heat flux passing through a cavity is

low, as compared to the surrounding rock mass, when air is stagnant, even in

cavities with an entrance system. On the contrary, turbulent airflow in a cavity

causes more through-flowing heat flux. The total heat flux passing through a

cavity depends on the cavity aspect ratio, the slope, shape, size, and width

of any entrances, along with the buoyancy forcing. Modeling showed that the

total heat flux passing through a cavity increases as these factors are increased.

Modeling also showed the number and pattern of convection cells within a cav-

ity are sensitive to the same factors. For a cavity with two surface connections



at different elevations, the pattern of convection cells is mostly insensitive to

buoyancy forcing. The modeling results confirmed that air always enters a

cavity from the lower entrance even if that is the smaller entrance.

The use of both field experiments and modeling give the conclusions

from this project more significance. The turbulence tower allowed accurate

determination of air temperature fluctuation intensities and yielded very fine-

resolution data. The Distributed Temperature Sensing units produced very

fine-scale air temperature patterns. The Computational Fluid Dynamics soft-

ware COMSOL R© Multiphysics explains and predicts patterns of major cave

weather properties very well if the numerical models are first calibrated.
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CHAPTER 1

INTRODUCTION

Cave micrometeorology is defined as the study of transport and stor-

age of various gases (e.g., CO2, NOx, SOx, etc.) and the temperature, relative

humidity, and airflow patterns in a cave environment. Forcings that affect cave

meteorology are as follows: surface climate, presence of a water body within a

cave system, geothermal heat flux; and factors: cave morphology and its slope,

numbers, size, and orientation of cave entrance (s), secondary decorations in a

cave.

Previous work to understand cave micrometeorology, although useful

and impressive, is unable to fully explain the processes happening in a natural

cave environment due to lack of observation synthesis. Past research work [for

example, McLean (1971) and Forbes (1998)] has been unable to completely

answer some basic but important questions related to cave micrometeorology.

For example:

1. How does turbulent air-flow affect the pattern of temperature and relative

humidity in a natural cave environment?

2. How do surface forcings affect major cave weather properties (e.g., cave

air temperature, relative humidity, air velocity, etc.)?
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3. How does a wet rock surface or the presence of a water body within a cave

system affect cave air temperature and the relative humidity pattern?

One of the purposes of this research is to test the applicability of

the latest in air temperature measurement instruments. The instruments that

were used in this work include a Distributed Temperature Sensing (DTS) unit,

and a turbulence tower for cave micrometeorology study. These instruments

provide cave air temperature and its fluctuation intensity across spatial and

temporal scales. Such measurements are essential for deeper understanding

of cave micrometeorology, as various processes in a natural cave environment

happen at variable spatial and temporal scales (Veni, 1997). The results of this

work will aid in understanding non-linear laminar and turbulent heat transport

processes in a cave environment. A better understanding of these processes is

important as they affect not only the cave weather system, but also formation

and subsequent structural modification of cave speleothems (Hill and Forti,

1997).

In this research work, a commercial Computational Fluid Dynamics

package, COMSOL R© Multiphysics, was used to numerically simulate the influ-

ence of geothermal forcing, cave size, slope, shape, surface connection(s), and

presence of a hill slope on cave micrometeorology.

The purpose of this thesis is: (a) to test the applicability of the latest

air temperature and air-temperature fluctuation intensity instrumentation; and

(b) to broaden our understanding of non-linear heat transport and fluid flow

processes in caves surrounded by a more (in comparison to air) conductive
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rock mass (assumed to be an impermeable surrounding limestone rock in this

research), through a mathematical modeling.

The organization of this thesis is as follows:

1. Chapter 2 reviews cave weather properties, major forcings, mechanisms,

and factors affecting cave weather properties. It also describes some lim-

itations of previous field and numerical modeling studies.

2. Chapter 3 describes field work done at the Left Hand Tunnel in the Carls-

bad Caverns, Carlsbad Caverns National Park, Carlsbad, New Mexico, to

test the suitability of the latest air temperature measurement instruments

for cave micrometeorology study.

3. Chapter 4 presents modeling results, which considers only geothermal

forcing and cave size, shape, slope, and surface connections.

4. Chapter 5 presents conclusions based on field and modeling work, along

with suggestions for future work to augment our present research goals.



CHAPTER 2

CAVE MICROMETEOROLOGY: A REVIEW OF
PRESENT KNOWLEDGE -

WHAT WE KNOW NOW AND
GOALS FOR THE FUTURE

“I have yet to see any problem, however complicated, which when

you looked at it in the right way did not become more complicated.”

-Poul Anderson

Abstract

The majority of previous research conducted on cave micrometeorol-

ogy, although useful, is limited in describing or explaining: a) the physical

processes occurring in the cave environment, b) the influence cave weather

properties can have on cave evolution, c) the growth and maintenance of cave

speleothems, and finally, d) why the unique cave fauna and flora found in

cave systems throughout the world exist in this particular environment. Most

research lacks synthesis of observations from different cave environments and

systems, and the testing of understanding through the application of numerical

models to field observations. Major findings in this field lack both coherent re-

search techniques and the uniform terminology required to describe processes

and systems.
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The conducted study provides a coherent foundation that would aid in

explaining the physical processes related to cave micrometeorology. One of my

research group’s goals is to encourage cave researchers to study cave weather,

and to publish their field observations for future mathematical modelers to use

in their models.
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Nomenclature

Table 2.1: Nomenclature

Symbol Units Interpretation
β 1

K Volumetric thermal expansion coefficient
C [-] Fractional concentration of a trace gas
CP

J
KgK Specific heat capacity of air at constant pressure

D m2

s Mass diffusivity
δ [-] An operator for change in a parameter value
g m

s2 Acceleration due to gravity
h W

m2K Convective heat transfer coefficient
L m Characteristic length scale
L Latent heat of vaporization or sublimation of water
λ m2

s Thermal diffusivity of air
ν m2

s Kinematic viscosity
P Pascal Atmospheric pressure
Q m3

s Volumetric flow rate of air in a region
q W

m2 Geothermal heat flux
q [-] specific humidity within a cave system at a fixed location
q0 [-] specific humidity of external air
qa [-] specific humidity of air at temperature Tda
Rair

J
kgK Gas constant for dry air

RH [-] Relative humidity
ρ kg

m3 Density
Rvapor

J
kgK Gas constant for water vapor

T K Temperature
Ta K cave wall temperature
T0 K Temperature of air entering a cave
T1 K Temperature at X = Xs

Td0 K Dew point temperature of surface air mass
Tda K Dew point temperature of air mass

in very deep part of a cave system
U m

s Air speed
υ m3

s Rate of (trace) gas flow into a region
ϕ m diameter of a cave passage
vp Pascal Vapor pressure
X kg of moist air /kg of dry air Moisture content
x m Distance from the cave entrance
x0 m Relaxation length
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2.1 Introduction

Cave micrometeorology differs from surface meteorology due to the

scale of forces that govern the weather of these systems. Whereas surface

meteorology is governed by large-scale (planet-wide) dynamic forces, the mete-

orology of a cave system is governed by relatively small- scale forces. Moreover,

the cave weather is relatively less dynamic in very deep parts of a cave system

in comparison to the near-entrance zone.

Hill and Forti (1997) have defined cave micrometeorology as the study

of local cave climate, which may be different from the general meteorology

of the whole cave. Shindo (2005), Dwivedi and Wilson (2008), and Wilson

et al. (2008) have defined cave micrometeorology as the study of movement and

storage of air, heat, and gases, such as radon and carbon dioxide, in the cave

environment. Here I propose that cave micrometeorology is the study of the

patterns of important cave weather properties and the movement and storage

of various gases within a cave. Important cave weather properties include cave

air temperature, relative humidity, and wind velocity. The common gases in

caves include carbon dioxide, oxygen, and nitrogen. It is important to note that

the external atmosphere also has all these gases, but in caves the concentration

of carbon dioxide and nitrogen is higher and concentration of oxygen is lower

due to local sources/sinks and/or sluggish ventilation.

Most researchers use cave micrometeorology synonymously with cave

climatology, however, Wigley and Brown (1976) urge that they should be dis-

tinguished. They quote that cave meteorology refers to the study of dynamic

fluctuations of cave weather properties, whereas cave climatology refers to the
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average value of these properties and their long-term patterns. During this

research, I found that defining cave micrometeorology in terms of meteorology

is most applicable. Cave climate is then defined by the long-term pattern of its

constituent properties, such as cave air temperature, barometric pressure, and

relative humidity. Cave weather refers to the pattern of these same constituent

properties but at a relatively shorter time scale. In this study, I focus on cave

weather rather than on cave climate.

Understanding how the weather properties in a cave system [e.g., cave

air temperature, relative humidity, airflow (speed, direction, and pattern), con-

centration of trace gases] vary and fluctuate along the lateral and longitudinal

directions within the cave system and what mechanism(s) and forcings are re-

sponsible for fluctuating these properties, is both useful and essential for the

following six reasons:

• To better understand origin and further development of a cave system as

in speleogenesis (Palmer, 2007)

• To understand and explain the basic physical processes that occur in the

cave environment

• To protect cave systems, their unique fauna, flora, and their very in-

triguing and delicate formations, such as helectite and selenite needles

[Palmer (2007); Forbes (1998); Doran and Hill (1998); McLean (1971);

Shindo (2005); and Jernigan (1997)]

• To better understand past climate patterns as in paleoclimate studies

[Ford and Hill (1999), Baldini et al. (2008), Spotl et al. (2005), Beynen
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et al. (2004), Onac et al. (2008), Van Beynen et al. (2008), and Polyak

et al. (2001)]

• To better understand the role of cave weather conditions in the recent

outbreaks of the “white-nose syndrome” bat disease and the growth of

the “Geomyces” fungus that causes the syndrome [Greenemeier (2009)

and Blehert et al. (2009)]

• To better understand cave meteorology, which will provide plausible causes

for the highly diversified biology found in caves [Cokendolpher and Polyak

(1996); Christiansen (2005); Espinasa and Vuong (2008); and Stone et al.

(2005)]

• To better understand the causes of natural ventilation in a cave will help

evaluate the potential of maintaining natural ventilation as compared to

the mechanical ventilation used in deeper mines (greater than 1.6 km

deep)

Earlier studies done to understand cave micrometeorology in the con-

text of one or more of these individual motivations need further improvement.

Some reasons for limitations in past research work on the subject are: (a) the

inconsistencies in measurement technology, (b) a lack of synthesis of field ob-

servations in various cave environments, (c) the employment of overly simple

mathematical models as a predictive tool, without their rigorous calibration

and testing with field observation data, and (d) the inconsistency in the termi-

nology used to report and explain cave systems and the processes happening

in natural cave systems. Thus, I apply a unifying approach to try to bring
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coherency to field observations and to help explain the intrinsic cave processes

using a numerical model as a tool to understand natural processes.

Included in this chapter is a description of major cave weather proper-

ties and the factors, mechanisms, and forcings causing their time-space pattern.

Also included is a review of previous research in the field and a description

of the inadequacies of previous field observations and mathematical modeling

studies. I finish with my conclusions and suggestions for future endeavors for

broadening understanding of cave micrometeorology.

2.2 What we already know about cave micrometeorology

This section first describes the important cave weather properties,

then the mechanism(s), factors, and forcings responsible for the spatio-temporal

patterns of these cave weather properties. I then review previous observational

and numerical modeling studies and their shortcomings.

2.2.1 Major cave weather properties

Most of the existing research work on the meteorology of cave systems

is focused on the following cave weather properties and their patterns:

1. Air temperature

2. Relative humidity

3. Air velocity

4. CO2 concentration

5. Radon-222 concentration
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Cave air temperature

Air temperature in a cave is perhaps the most important cave weather

property [Palmer (2007); Jernigan and Swift (2001); McLean (1971); Shindo

(2005); and Wigley and Brown (1971)]. The pattern of air temperature af-

fects cave weather and speleothems by altering airflow patterns and other cave

weather properties, especially relative humidity and CO2. The difference be-

tween cave and surface weather can induce air exchange between the cave

system and the surface, whereas a variation of air temperature within the cave

system may induce air exchange between various internal sections of the cave

system. This may result in a subdued temperature gradient within the cave

system. Because air behaves as an ideal gas under the pressure and tem-

perature conditions found on Earth (McPherson, 1993), using equation (2.1)

from McPherson (1993) a 10o C change in the dry air temperature results in

a 3% change in dry air density (note: moisture content, X, of a dry air mass

=0). Even a few degrees difference can induce buoyancy effects and percep-

tible airflow in a cave. Later it will be shown that this airflow can affect the

concentration of trace gases and relative humidity.

ρair =
P (1− 0.608X)

RairT
(2.1)

where ρair is the density of moist air mass (Kg
m3 ), P is the barometric pressure

(Pa), X is the air moisture content ( Kg
Kgdry air

), Rair is the universal gas constant

for a dry air mass (287.04 J
KgK

), and T is the air temperature (K).

Please refer to Table 2.1 interpretation of various symbols and their correspond-

ing units
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According to Moore and Sullivan (1978), the temperature of cave air

is typically the same as the mean annual surface air temperature at the same

elevation. Palmer (2007) provides a broader view in which cave air temperature

is a function of several factors:

1. The elevation above mean sea level

2. The difference of the air density within the cave system compared to the

external air mass

3. The geothermal heat flux

4. Any chemical reaction within a cave

5. The presence of water bodies in a cave

In his study in Kartchner Cavern in Arizona, Buecher (1999) deter-

mined that the geothermal heat flux is the cause of elevated cave air tem-

perature. Luetscher and Jeannin (2004) state that airflow may alter cave air

temperature, but this effect will only be noticeable in shallow caves (less than

500 m depth). However, in deeper caves auto-compression and decompression

effects can alter cave air temperature. Auto-compression effects are character-

ized by the gravitational compression of an air mass as it moves down a cave

entrance. This compression results in an increase in enthalpy of the descend-

ing air mass, thus causing an increase in air temperature. This mechanism is

the main mechanism of natural ventilation in deep mines (McPherson, 1993).

Auto-decompression is the opposite of auto-compression and results in cooling

of the air mass. In very deep and isolated parts of a cave system, local variation

in cave air temperature is very small.
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Relative humidity

A second cave weather property, relative humidity, affects various

physical processes in the cave environment, including the formation and mor-

phology of speleothems, [Palmer (1991), Frank et al. (1998), Pflitsch and Pi-

asecki (2003), McLean (1971), De Freitas and Littlejohn (1987)]. Relative

humidity (RH) is defined as the ratio of vapor pressure of a given volume of

air (vp) at a given temperature to the vapor pressure of the same volume of

air that is saturated (vpsaturation) and at the same temperature. This is shown

below in equation (2.2) from McPherson (1993).

RH = 100
vp

vpsaturation
(2.2)

ρair =
P − vp
RairT

(2.3)

where vp is the vapor pressure (in Pa) of an air mass at a fixed temperature

and vpsaturation is the saturation vapor pressure (in Pa) of the same air mass

at the same temperature.

The value of relative humidity is generally very high (close to 100%) in

deeper parts of a cave system. Using equations (2.2) and (2.3) from McPherson

(1993), a change in relative humidity of 90% to 100% causes only a 0.24% change

in apparent air density (based on dry air mass). Thus, induced air currents due

to humidity variation are very weak and are caused by the air density difference

between various locations within the cave and between surface weather and cave

weather.
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Air velocity

Air velocity refers to the pattern of airflow speed and direction and

is the third very important cave weather-determining property [Palmer (1991);

Buecher (1999); Wilkening and Watkins (1976); Christoforou et al. (1999);

Luetscher and Jeannin (2004); Shindo (2005)]. However, the pattern of this

weather property is affected by the pattern of cave air temperature and relative

humidity. This is because the buoyancy force, one of the main forcings causing

air movement in a shallow cave environment, is proportional to the difference

of air density between various locations within a cave system when the heavier

fluid overlies a lighter fluid. As shown in equation (2.1), air density is a function

of cave air temperature, pressure and relative humidity. The influence of cave

air temperature on air density is the greatest.

As a feedback process, airflow mixes air at different temperatures and

humidity, subduing their gradients. Air flow increases evaporation rate and

causes more mixing of water vapor with other gases. In regions near the solid

walls, the airflow pattern becomes profoundly important due to the fact that

the air flow velocity approaches zero at the fixed wall (no-slip condition). This

condition causes the formation and existence of a laminar boundary sublayer.

The heat flow within a cave system is through a conduction mechanism in this

sublayer. On the other hand, heat flow in the turbulent core (away from the

laminar sublayer and into the cave passage) is due to turbulent eddies mixing

and colliding (McPherson, 1993).

There have been a few pioneer efforts in qualitatively and quantita-

tively determining the airflow pattern in cave systems. For example, De Freitas
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et al. (1982) used trace gases such as dichlorofloromethane (CCl2F2), sulphur

hexafluoride (SF6), and lighter-than-air gas-filled balloons in the Glowworm

cave in New Zealand. Wilson et al. (2008) used helium-filled balloons to con-

duct a qualitative assessment of airflow patterns in the Left Hand Tunnel at

Carlsbad Caverns National Park in Carlsbad, New Mexico.

CO2 Concentration

An understanding of spatio-temporal patterns of CO2 concentration

is useful in order to better understand cave weather and its influence on cave

speleothems [James (2004a); Palmer (1991); Spotl et al. (2005); Buecher (1999);

Forbes (2000); Pflitsch et al. (2001); and McLean (1971)]. Sources of CO2 in

the cave environment include:

1. soil CO2 which enters into the cave environment from a fabric of discon-

tinuities in the overlying rock mass,

2. CO2 carried along with the external air mass into the cave environment

due to the exchange of air mass between cave and surface,

3. decay of organic matter (this includes decaying animals in the cave envi-

ronment), and

4. and anthropogenic sources (e.g. decay of food, human waste and exha-

lation, and machinery installed in the cave environment for commercial-

ization purposes)

Palmer (2007) states that the concentration of CO2 in the cave en-

vironments is almost tenfold more than its concentration in the surface envi-
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ronments and tenfold less than its concentration in soil air. This is because

airflow on the surface hinders CO2 accumulation, while suppressed ventilation

in the cave environment is not capable of dispersing its concentration. CO2 is

generated in the soil zones, thus its concentration is very high in soils.

In mine ventilation research, equation (2.4) from McPherson (1993)

is often used to estimate the quantity of airflow required to dilute the con-

centrations of harmful and toxic gases in a working area. Such an equation

can be used to determine causes for the CO2 build up in any location within

a cave system, because it relates the concentration of trace gases (C), inert

gases with respect to the surrounding rock mass, and its volume flow rate (υ)

to the quantity of air flow (Q) in the cave. However, this will only provide a

rough estimate as the equation does not include the type of flow behavior (i.e.

laminar or turbulent flow) and only applicable in steady state condition.

C =
υ

Q
(2.4)

where C is the trace gas concentration (fraction by volume), υ is the volume

flow rate of the trace gas (in m3

s
), and Q is airflow rate (in m3

s
). In equation 2.4,

υ is generally known and C can be measured through portable instruments,

thus computation for Q is straightforward.

Rn-222 concentration

Radon concentration (Rn-222) in cave weather strongly depends on

other weather properties [Gillmore et al. (2002); Espinosa et al. (2008); Buecher

(1999); Wilkening and Watkins (1976); Gunn (2004); and Veni (1997)]. The
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sources of radon in caves include [Gillmore et al. (2002)]:

1. uranium deposits transported to the cave environment by surface water

flow into a cave

2. and the presence of uranium and other radioactive element-bearing sedi-

ments in a cave system

While the above reasons provide clues about the presence of Rn-222 in a cave

environment, limited cave ventilation is the main mechanism responsible for

its higher concentration in the cave environment [Gillmore et al. (2002) and

Espinosa et al. (2008)].

Equation (2.4) can be used to calculate a rough estimation of Rn-222

concentration based on airflow rate in various regions within a cave system.

However, it needs to be pointed out that higher flow rate and turbulent airflow

will enhance its dissipation by advection and turbulent diffusion mechanisms,

thus lowering concentration. Very deep parts of a cave system which experience

very little weather change have no mechanism to dissipate radon concentration

except by diffusion, a very slow mechanism.

Most of the research work on cave weather has focused on these inter-

dependent cave weather properties. A feedback exists between them as shown

in Figure 2.1. Some additional minor cave weather properties exist, such as

H2S concentration in hypogenic caves and concentrations of nitrogen oxides.

But, based on the present state of research on this subject, these are consid-

ered secondary properties as compared to the properties described earlier in

this section.
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Figure 2.1: Major cave weather properties, note: double-headed arrows show
feedback between various weather properties

2.2.2 Factors and forcings that affect cave weather

This section reviews the following cave meteorology determining forc-

ings:

1. geothermal heat flux,

2. surface climate,

3. presence of a water body within a cave system, and

4. water inflow into a cave system

and factors such as:

1. cave morphology and slope,
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2. numbers, size, and orientation of cave entrance(s),

3. sudden change of air volume fraction,

4. anthropogenic sources,

5. secondary decorations in caves.

Figure 2.2 shows a summary of various factors and forcings responsible

for the pattern of cave weather properties.
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Forcings Factors

Figure 2.2: Factors and forcings responsible for influencing cave weather

Geothermal heat flux

Moore and Sullivan (1978) urged that temperature within a cave sys-

tem should be the same as the mean annual surface air temperature. However,

research work done in some of caves has reported slightly elevated tempera-
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tures compared to the surface [Baldini et al. (2008); Buecher (1999); Shindo

(2005); Luetscher and Jeannin (2004); Ford (2005); Palmer (2007)]. From my

own experience, gained in deep mines in India, such an elevated temperature

pattern is quite common in very deep mines. The major forcing responsible for

this elevated temperature is the geothermal heat flux, one of the main prob-

lems in very deep mines [Duganov et al. (1966); (Brake, 2001)]. It is also a

major factor in mine ventilation analyses. Using numerical simulations, Shindo

(2005), Dwivedi and Wilson (2008), and Wilson et al. (2008) have illustrated

how geothermal loading affects natural air circulation behavior (e.g., changing

it from laminar flow to turbulent flow) and thus altering the pattern of cave

air temperature. The effect of geothermal forcing will be more pronounced

in “geothermal resource areas”, with higher heat flux [a map of geothermal

resources areas in the U.S.A. can be found in (Tester et al., 2007)].

Surface climate

Surface weather is a major forcing in determining cave weather and is

a prime cause of the time-space pattern of major cave weather properties [Frank

et al. (1998); Pflitsch and Piasecki (2003); Spotl et al. (2005); Baldini et al.

(2008); Korshunov and Shavrina (1998); Forbes (1998); Buecher (1999); and

Wilkening and Watkins (1976)]. Many researchers, however, have noted that

the weather in very deep parts of a cave system is very stable and has very little

influence from the surface weather [Wefer (1992); Gamble et al. (2000); McLean

(1971); Palmer (2007); De Freitas and Littlejohn (1987); Wigley and Brown

(1971)]. Bogli (1978) urged that local conditions within a cave system are more

important in governing its meteorology. The important surface forcings that
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affect the meteorology of a cave system are air temperature, relative humidity,

barometric pressure, and precipitation events. Of all these forcings, surface air

temperature is the most influential and its temporal pattern is the main cause

for the time-space variations of internal cave weather properties.

In two-entrance cave systems (entrances at different elevations), in

winter, cold and dry air mass flows down from a cave entrance as shown in

Figure 2.3a. Due to friction between the descending air mass and the cave

rock surfaces, and sensible heat transfer from the cave rock surfaces to the

descending air mass, the temperature of the descending air mass increases. As

the temperature of the air mass increases, it starts rising due to a decrease in

its density. It will be shown later that the presence of a water body or wet

rock surfaces depresses the increase in temperature gradient in the descending

air mass due to evaporative cooling (latent heat effect). The warmer air mass,

which is less dense and contains relatively more moisture than the air mass

entering from the cave entrance, travels to a higher elevation. This process is

responsible for the drying of a cave system in winter seasons (McLean, 1971). In

summer, the external warm and dry air enters into the cave system only when

cold and dense air mass leaves the cave system from lower entrances in order to

conserve air mass, as shown in Figure 2.3b. This warmer and lighter air mass

transfers sensible energy to the relatively colder rock surfaces and evaporation

of the thin water layer at the rock surfaces, which causes evaporative cooling

of the wet rock surfaces. Because of this evaporative cooling in summer, cave

air temperature is lower than the external air temperature. In other seasons

(fall and spring), patterns of cave weather properties are less dynamic due to

subdued temperature difference between the surface and the cave. However,
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diurnal fluctuations in the cave weather properties in the near-entrance zones

can be observed during these seasons.
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Figure 2.3: Effect of surface climate, wind, and water flow on a cave’ weather
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In single-entrance cave systems, if the main body of a cave system is

at a lower elevation than the cave’s entrance, the cool air will flow down the

entrance and result in the formation of a cold trap zone. On the other hand, if

the main body of a cave system is at a higher elevation than the cave entrance,

the cool air will gravitate towards the cave entrance and warm air will rise.

Thus resulting in the formation of a warm pocket. Higher relative humidity in

the surface air mass, which is tied to surface precipitation events, can cause air

exchange between the surface and the cave at a constant temperature due to

the resulting vapor-pressure gradient across the cave entrance. However, caves

are generally known to have higher relative humidity with respect to surface

air mass. Thus caves are prone to lose moisture due to their positive vapor

gradient with respect to external climate. Moisture loss from a cave system

can result in the drying out of its cave pools and speleothems as noted by Hill

and Forti (1997), Palmer (2007), and McLean (1971).

Fluctuations of barometric pressure at the surface only modestly af-

fect patterns of internal cave weather properties as illustrated in Figure 2.3c

and d. This is because the density of an air mass depends on this property

along with its temperature and its moisture content, as shown in equation

(2.1). However, due to relatively less variation in the barometric pressure at

the surface compared to the variation in surface air temperature and relative

humidity, pressure fluctuations that effect air mass density are secondary.

In this way, surface weather is an important forcing in determining

cave weather in near-entrance zones. The effect of surface weather is damped

in very deep parts of a cave system or parts that are very much isolated from
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the dynamic zones of a cave system.

Presence of a water body within a cave system

The presence of a water body and/or wet rock surfaces within a cave

system effects the patterns of relative humidity and cave air temperature, and

other cave weather properties, due to latent-heat effects [Gamble et al. (2000);

McLean (1976); Palmer (2007); Wigley and Brown (1971); De Freitas and

Littlejohn (1987)]. In winter, cool, dense, and less humid air enters a cave

system from lower entrances. It absorbs heat and moisture from wet cave rock

surfaces and moves to higher elevations in the cave, because a warm and moist

air mass is lighter than a cold and dry air mass. Energy spent by cave air

and rock surfaces in the vaporization of water (latent heat of vaporization)

from wet rock surfaces decreases the cave air and rock surface temperatures.

The energy transferred by warmer rock surfaces to the cool air mass (sensible

heat exchange) causes increases in the air temperature. The result of this is

increased cave air temperature, but subdued due to latent heat effect, and air

moisture content. However, there is very little change in the vapor pressure

gradient or relative humidity. At higher air temperatures, the saturation vapor

pressure of air rises and, from equation (2.2), the relative humidity, which is the

ration of vapor pressure at a fixed temperature to the saturation vapor pressure

at the same temperature, of the cave air mass is very little affected. This is

the principal mechanism responsible for drying out of many cave systems and

their secondary decorations.

In summer, when warm and humid air enters a cave system, it trans-

fers sensible energy to relatively cooler cave rock surfaces. This cools the in-



27

coming air mass. Due to the fact that cool air can hold less moisture, the

condensation of water vapor takes place in the incoming air mass. This results

in deposition of water droplets on cave rock surfaces. The condensation energy

released in this process increases the temperature of the air mass and cave rock

surfaces, which retards the condensation rate of the cave air.

In other seasons, when the difference in temperature between the

surface and cave interior is very small, there is negligible air mass exchange

between a cave and the exterior. This results in a stable cave air moisture

patterns.

The influence of the latent heat effects on cave weather is discussed

in the scientific literature. In his study at Carlsbad Caverns National Park,

McLean (1971) noticed the reduction in water depth in the cave pools due to

evaporation from free water surfaces. Wilson et al. (2008) noticed a reduced

cave air temperature gradient when observing patterns of cave air temperature

near a cave pool in the Left Hand Tunnel in Carlsbad Caverns, New Mexico.

Waterflow in a cave

Water flow in a cave system can induce airflow by transmitting shear

stress to the overlying air body [De Freitas et al. (1982); Palmer (2007); Wigley

and Brown (1976)], as shown in Figure 2.3f and g. This mechanism, also known

as “air entrainment,” is especially applicable for caves which are either located

in tropical zones or which are partially water-filled.
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Cave morphology and slope

Cave morphology (or shape) and slope have a pronounced effect on the

pattern of cave weather properties [Shindo (2005); Wigley and Brown (1976)].

A complex cave morphology causes loss of air pressure due to frictional effects

(proportional to the square of the air-flow rate) and thus reduces the influence

of surface weather on very deep parts of a cave system. Shindo (2005) has

shown that air-flow behavior (laminar or turbulent) due to thermal convection

is very sensitive to cave passage height (to the fourth power) and mean airflow

speed due to thermal-convection is relatively higher in rectangular shaped caves

as compared to spherical or elliptical caves (based on two-dimension cave geom-

etry). In the mathematical model developed by Wigley and Brown (1971), the

variation of cave air temperature within a cave system depends on the cave pas-

sage diameter. Thus, cave morphology not only affects the air flow pattern, but

also cave air temperature damping within a cave system. Hill and Forti (1997)

noted that in a complex cave system where a larger cave passage is connected

to a smaller cave passage, the warm, humid air cools down as it moves into

a large passage from a smaller passage. When this happens, the water vapor

within the warm and humid air mass condenses. This phenomenon gives rise to

many interesting formations in a complex cave system, and is also responsible

for corrosion and etching of cave speleothems [Hill and Forti (1997)].

The slope of a cave system effects its pattern of convective air move-

ment. Dwivedi and Wilson (2008) and Shindo (2005), based on numerical

simulations of convective heat transfer in simplified air-filled caves, have shown

that the pattern of convection cells changes from multiple cells to a single
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through-going cell as the inclination angle of a cave system increases from zero

up to 90o (vertical caves are exceptions to this finding). This phenomenon

makes heat redistribution due to the convective air pattern in an inclined cave

system much more efficient as compared to horizontal cave systems.

Thus, cave morphology and slope are dictating factors for cave weather.

This is especially true for very complex cave systems and systems which have

high inclination from the horizontal.

Numbers, size and orientation of cave entrances

Previous researchers have commonly reported that the number, size,

and orientation of cave entrances affect cave meteorology [Citterio et al. (2004);

De Freitas et al. (1982); Shindo (2005); Murray and Kunz (2005)]. Whereas a

single-entrance cave can have a very sluggish air flow, multi-entrance systems

can have dynamic and sometimes very vigorous cave ventilation (e.g., Wind

Cave, South Dakota, USA). This can be caused either by the barometric pres-

sure difference between the entrances or by the difference between the external

and internal weather of a cave system. Very large entrances to a cave system

are known to sometimes have bi-directional stratified flow. However, based on

numerical modeling results, Shindo (2005) noted that in small cave entrances

flow is unidirectional. She also noted that the threshold value for this shift

(uni- to bi-directional flow) depends on the wavelength of the convective flow

pattern in the cave. If the entrance size is less than the wavelength of the con-

vective flow pattern, flow at the entrance will be uni-direction, and vice versa.

The elevation and orientation of cave entrances with respect to near surface

topography can cause cave ventilation due to wind effects, as shown in Figure
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2.3c.

Sudden change of Air Volume Fraction in a Cave

A sudden change in the cave air volume or sudden displacement of it,

which may be caused by flooding or roof collapse, can alter airflow direction or

its pattern (De Freitas et al., 1982). Incidents such as roof collapses are quite

common in mines all over the world and can happen in virgin parts of a cave

system. The sudden change in the air volume fraction due to flooding is a more

frequent phenomenon. These events can happen due to thunderstorms on the

surface or due to the alteration of surface drainage systems very close to a cave

system.

Anthropogenic sources

Mankind affects cave weather both directly and indirectly [Pflitsch

et al. (2001); McLean (1971); McLean (1976); James (2004b), James (2004c),

and Gillieson (1996)]. For example:

1. Greater tourist influx and commercialization of either a part of or entire

cave systems has contributed additional heat flux to natural cave systems.

This has also enhanced evaporation rates from wet rock surfaces and

caused drying out of cave systems. In very dry caves, it can also lead to

the addition of moisture.

2. Artificial enlargement of cave entrances and/or creating new entrances

has affected stable cave weather and has caused greater surface influence

on internal cave dynamics.
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3. Using a part or the whole cave system as a waste disposal site, which

can cause substantial imbalance of the cave micrometeorology and its

ecosystem.

Mankind can also have a huge impact on cave weather and speleothems

by industrializing zones near a cave system. This can introduce various sulfur

and nitrogen oxides to the cave environment, leading to etching and destruction

of cave speleothems by caustic acids. A lack of knowledge of cave weather and

the factors affecting it can influence decisions or actions intended to restore

natural cave weather [Veni (1997); McLean (1976)]. For example, enlargement

of a cave entrance for enhancing cave ventilation can result in drying out of a

cave and its speleothems.

Secondary decorations in caves

A feedback exists between secondary decorations or speleothems (sta-

lactites, stalagmites, helectites, etc.) and cave weather. Note: Every secondary

decoration in a natural cave environment is not a cave speleothem (Hill and

Forti, 1997). As secondary decorations, which can be speleothems, are affected

by the pattern of cave weather, these formations in turn affect the patterns of

the same cave weather properties. The modeling study done by Shindo (2005)

showed that in the presence of a significant geothermal influence, stalagmites

may cause slightly elevated mean cave air temperatures and stalactites may

cause slightly lower mean cave air temperatures, partly due to conduct of heat

through the speleothem. These formations also affect air circulation patterns

by providing resistance to airflow, causing a variable pressure gradient and
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thus introducing eddies in the flow domain, as illustrated in Figure 2.4. Flow

behavior is generally turbulent in cave systems [Wigley and Brown (1971);

Wigley and Brown (1976); Shindo (2005)] and is very sensitive to cave height

(to the fourth power) (Shindo, 2005). Turbulent flow causes the formation of

a laminar sub-layer near the rock surface due to the no-slip (tangential air ve-

locity approaches zero) condition and a turbulent core in the core where eddies

dominate. These eddies influence cave air temperature and relative humidity

through frictional effects (between the turbulent core and laminar sub-layer

and also between eddies themselves).

Eddy
Stalagmite

air flow direction

Figure 2.4: Effect of stalagmites on flow behavior

A thorough study of how turbulent eddies interact with the laminar

sub-layer and with cave weather on a large scale will be helpful in understanding

the diffusion mechanism of CO2 from speleothems and from the fractured rock

surface or from its pores.
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2.2.3 Review of previous studies aimed to identify patterns
in major cave weather properties and their shortcomings

This section reviews and describes limitations of previous studies in-

cluding field observations and mathematical modeling studies aimed to under-

stand cave weather.

Field observations

The previous field studies conducted to understand cave weather, par-

ticularly the pattern of major weather properties, are based on discrete (and

low resolution) measurements over space and time. These typical measurements

are relatively weak because the selection of a particular time period or spatial

gap between two consecutive measurements was chosen with little scientific ra-

tionale or with a focus on some other scientific issue, not meteorology. When

physical processes in the natural cave environment vary on both spatial and

temporal scales (Veni, 1997), the value of a few discrete measurements of cave

weather properties is questionable. Continuous and long-term measurement is

necessary to understand the long-term pattern and frequency of major weather

properties. Further discussion is included below through two examples:

1. Figure (2.5) shows vertical stratification of relative humidity in the “Tray

room” in Torgac cave, New Mexico, USA (Forbes, 1998). The Torgac cave

is a two-entrance cave; the Tray room is located approximately 75 m from

the main entrance of the cave. The data for this figure was collected

at 30 cm intervals in winter season for a 5-week study period along a

vertical cross section using clay (kaolinite) samples. While this figure
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shows evidence of vertical relative humidity stratification, it does not

show how the stratification of relative humidity varies in the longitudinal

and lateral directions within a cave system or how it may change over

time. A long-term and continuous measurement of the cave weather

properties would have not only revealed height dependent patterns of

these properties, but also how this pattern varies in space and time.

Figure 2.5: Stratification of relative humidity (RH) at Tray room in the winter
season in Torgac Cave, New Mexico, USA [Source: Forbes (1998)]

2. Figure (2.6) shows a vertical profile of air velocity at the natural entrance

of the Carlsbad Caverns, New Mexico, USA (McLean, 1971). This figure

includes only night-time data of air velocity during winter. While the

figure clearly shows a bi-directional air velocity pattern at the natural

entrance, it does not reveal how the airflow pattern or air velocity strati-
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fication behaves longitudinally or laterally within the cave system, or how

it changes with time. A continuous and long term measurement of air

flow, both in the longitudinal and lateral directions, would have provided

with more detailed information on the behavior and patterns of air flow

and its stratification within the cave systems.

Figure 2.6: Bi-directional air velocity profile in the night in the winter season at
the natural entrance of Carlsbad Caverns, New Mexico, USA [Source: McLean
(1971)]

Previous studies, although involving many innovative methods, need

further improvement and consistent technology and terminology to report pat-
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tern of cave weather properties.

To substantiate the claim made above, the following example is self-

illustrative. Higher radon concentration in the deeper parts of a cave system

is a matter of concern for cave authorities throughout the world [Wilkening

and Watkins (1976); Gillmore et al. (2002); Espinosa et al. (2008)]. Previous

studies utilizing radon concentration measurements show inconsistency in the

technology used to measure its concentration. (Gillmore et al., 2002) employed

“Track-etch detectors” to measure radon concentration in Creswell Crags cave,

Derbyshire, UK, while Espinosa et al. (2008) employed “Nuclear Track Method-

ology” (NTM) in Gabriel Cave, Mexico. However, (Wilkening and Watkins,

1976) have used the “charcoal-trap method” to measure radon concentration

in Carlsbad Caverns, New Mexico, USA. Yet all these radon concentration

measurements were made at the same height but at various distances from

the cave entrance. The variety of measurement technologies used and the dis-

crete measurements make it difficult to synthesize the observational studies on

a common ground. Additionally, most of the studies that measured weather

properties were aimed at different specific objectives and were not equipped to

take precise measurements of multiple cave weather properties. Some examples

include: utilization of a mercury thermometer to measure air temperature in a

Rn-222 concentration pattern study (Wilkening and Watkins, 1976), and the

measurement of cave weather properties in paleoclimate studies. Paleoclimate

studies that were mainly aimed to understand past climate records are in con-

flict with cave micrometeorological studies. Whereas, the former is focused on

very long-term patterns of cave climate, the latter is focused on the relatively

short-term behavior of major weather properties. Thus, observations made for
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the former cannot also be utilized for the latter study. Additionally, the sec-

ondary nature of observations of cave weather properties, relative to the main

purpose of the study sponsoring the measurements, leads to inconsistencies in

terminology used to describe the pattern of weather properties and physical

processes in the cave environment.

Thus, it is clear from this review of previous field observational studies

and their shortcomings that future research studies need a more consistent

approach and terminology, along with continuous and long-term measurements

of major cave weather properties.

Mathematical modeling studies

Convective airflow parameters For the analysis of heat- and vapor-transport

in a convective flow scenario, which is most often the case for cave systems, the

following dimensionless parameters characterize the forcings and mechanisms:

Lewis number (Le), Schmidt Number (Sc), Stantion Number (St), Prandtl

number (Pr), Rayleigh number (Ra), Reynolds number (Re), and Nusselt num-

ber (Nu). A brief description of these numbers and the physics they describe

follows.

Lewis number (Le) The Lewis number, Le, is the ratio of thermal

diffusivity to mass diffusivity (Bejan, 2004), as shown in equation (2.5). The

value of this number is generally assumed to be 1 and is fluid dependent.

However, for heat and moisture transport scenarios Le is assumed 1.2 (Wigley

and Brown, 1971).
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Le =
λ

D
(2.5)

where λ is the thermal diffusivity (in m2

s
) and D is the mass diffusivity (in m2

s
)

of a fluid.

Schmidt number (Sc) The Schmidt number, Sc, is defined as the

ratio of momentum diffusivity to mass diffusivity (Bejan, 2004), as shown in

equation (2.6). This number is generally used to get an idea of the relative

thickness of the viscous boundary layer to the mass transfer boundary layer

and is fluid dependent.

Sc =
ν

D
(2.6)

where ν is the kinematic viscosity (in m2

s
) and D is the mass diffusivity of a

fluid (in m2

s
) .

Stantion number (St) The Stantion number, St, is defined as the

ratio of the convective heat transfer coefficient (h) to the thermal capacity of

fluid in convective flow scenario (Bejan, 2004), as shown in equation (2.7).

St =
h

ρCpU
(2.7)
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where h is the heat transfer coefficient (in W
Km2 ), ρ the fluid density (in Kg

m3 ),

CP specific heat capacity (in J
KgK

)of the fluid at a constant pressure, and U is

the characteristic speed of the fluid (in m
s

).

This number is generally used to characterize shear forces at the solid walls,

which govern total heat transfer from the cave wall surface.

Prandtl number (Pr) The Prandtl number, Pr, is defined as the

ratio of momentum diffusivity to thermal diffusivity [Furbish (1997) and Bejan

(2004)], as shown in equation (2.8). The value of this parameter depends on

the fluid and its state, i.e., its temperature and pressure. The value of this

parameter for air ranges from 0.7 to 0.8.

Pr =
ν

λ
(2.8)

Rayleigh number (Ra) The Rayleigh number, Ra, is defined as

the ratio of the buoyancy force which destabilizes the flow behavior of a fluid

to kinematic and thermal forces that attempt to stabilize the flow behavior

[Furbish (1997) and Bejan (2004)] as shown in equation (2.9) for buoyancy-

driven flows.

Ra =
gβδTL3

νλ
(2.9)
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where g is acceleration due to gravity (in m
s2

), β is volumetric thermal expansion

coefficient of air (in 1
K

), δT is the temperature difference in the domain ( in

K), L is the characteristic length scale (in m) for the domain), ν is the air

kinematic viscosity (in m2

s
), and λ is the air thermal diffusivity (in m2

s
).

In convective flow scenarios where geothermal heat flux is one of the forcings,

equation (2.9) needs to be modified (Shindo, 2005). The reason for this mod-

ification is the unknown temperature difference between the top and bottom

boundaries of a cave system. Shindo (2005) proposed a modified version of Ra

as shown in equation (2.10).

Ra =
gβqL4

νλKrock

(2.10)

where q is the basal heat flux and Krock is the rock thermal conductivity (in

W
mK

).

Figure 2.7 shows the dependence of flow behavior on Ra and Pr num-

bers for various fluids bounded in an infinitely wide layer. From this figure, it

can be inferred that nature of a flow is very sensitive to the Pr and Ra num-

bers. For example, air (Pr = 0.71) is stagnant up to Ra 2000 (approximately).

Above this value and up to Ra=5000 it shows a two-dimensional flow character

and above Ra=5000 air flow is turbulent in nature.

Reynolds number (Re) The Reynolds number, Re, is defined as

the ratio of dynamic pressure (ρU2) to shear stress (µU
L

) (Furbish, 1997) as

shown in a simplified form in equation (2.11):
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Figure 2.7: Dependence of flow behavior on Ra and Pr numbers [Source: Fur-
bish (1997)]
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Re =
UL

ν
(2.11)

where L is the characteristic length scale and other symbols have the same

interpretations as defined before.

Nusselt number (Nu) The Nusselt number, Nu, is defined as the

ratio of total heat flux (convection and conduction) to conduction-only heat

transfer [Furbish (1997); Bejan (2004)] as shown a simplified form in equation

(2.12).

Nu =
hL

K
(2.12)

where K is the thermal conductivity of a fluid.

If the Nusselt number equals 1 then conductive heat transfer is the

dominant mechanism, whereas, if Nu is significantly higher than 1 then con-

vective heat transfer becomes important.

Peclet number (Pe) The Peclet number, Pe, is defined at the ratio

of heat or mass advection rate to their diffusion rate and can be expressed by

either Equation (2.13) for a heat transport process or by Equation (2.14) for a

mass transport process (Bejan, 2004).
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Pe =
UL

λ
(2.13)

Pe =
UL

D
(2.14)

At first glance, it may apparent that these dimensionless parameters

are independent, but that is not the case. For example, equation (2.15) relates

the Lewis number to the Prandtl and Schmidt numbers, equation (2.16) relates

the Schmidt number to the Prandtl and Reynolds numbers, and equation (2.17)

relates the Nusselt number to the Prandtl, Reynolds, and Stantion numbers.

Le =
Pr

Sc
(2.15)

Sc = PrRe (2.16)

Nu = PrReSt (2.17)

Earlier attempts to model cave weather typically include only some

weather properties and mechanisms. However, as mentioned in the “major cave

weather properties” section, there are feedbacks between some of the mecha-

nisms and properties. More sophisticated models are needed which can predict

patterns of major cave weather properties without excluding any important

feedbacks. These modeling attempts are very few. They range from one-

dimensional models, which are either based on modified Bernoulli’s equation or
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simplified turbulent heat and moisture transport equations, to two-dimensional

models which are based on highly sophisticated Navier-Stokes equations and

an additional equation for heat transport.

The first type of one-dimensional model, which is based on Bernoulli’s

equation, can be further classified into two principal subtypes, ones which do

not consider detailed flow behavior and ignore frictional energy loss in the

descending air mass from the entrance of a cave system, and a second type

which considers more detailed flow behavior.

All models assume incompressible airflow. The assumption is valid

only when airflow speed in a cave system is very small compared to the speed

of sound in the same medium, as shown in equation (2.18). In other words, the

assumption is good only when the Mach number, as shown in equation (2.18)

for air flow in a cave system, is much less than 1. This is the case in most cave

systems.

δρ

ρ
≈ U2

2c2
s

=
M2

2
(2.18)

The first type of model, based on a modified one-dimensional version

of Bernoulli’s equation, can be expressed as shown in equation (2.19) (Jernigan

and Swift, 2001).

(1 + βδT )(
P1

γ1

+ z1 +
U2

1

2g
) = (

P2

γ2

+ z2 +
U2

2

2g
) (2.19)

where P1 and P2 represent barometric pressure at any two locations within

a cave system, γ1 and γ2 represent specific weight of an air mass at the two
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locations, U1 and U2 represent air speed at the two locations, g is the accel-

eration due to gravity, z1 and z2 represent elevation of the two locations, β

is the volumetric thermal expansion coefficient of the air mass, and δT is the

temperature difference between the two locations.

Further modification of Equation (2.19) leads to Equation (2.20) as shown by

Jernigan and Swift (2001).

T2 = AQ2
1 +BQ1 + C +DT1 + g(T1,air − T1,rock) (2.20)

where, Q1 is the volumetric flow rate, T1 is the temperature, T1,air is the air

temperature, T1,rock is the rock surface temperature at the location 1, and A,

B , C, and D are regression coefficient.

There are many arguments against the model expressed by Equation

(2.20). For example, the accuracy of the model is season dependent as noted

by Jernigan (1997) and regression coefficients in this model need to be deter-

mined from the available database on airflow rate and cave air temperature

before the model can be applied to new scenarios. The developed model when

applied to various sections in the Mammoth cave, Kentucky, predicts summer

air temperature to a certain degree of accuracy, but the results are erroneous

when the model is applied to predict the cave air temperature in other seasons

(Jernigan, 1997). Moreover, this model neglects the elevation difference be-

tween the measurement locations and only predicts cave air temperature while

excluding other cave weather properties. It is notable that the model using

Equation (2.19) is based on the simplification of the more complicated model

used in the mine ventilation studies, as shown in Equation (2.21).
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U2
1 − U2

2

2
+ (z1 − z2)g =

∫ 2

1

vdp+ F12 = H2 −H1 − q12 (2.21)

where F12 represents frictional energy loss between the measurement stations

1 and 2, H1 and H2 represent enthalpy of air mass at stations 1 and 2, respec-

tively, and q12 represents heat influx between the two stations.

The other one-dimensional model, which is based on turbulent heat

and vapor transport in a circular pipe, simulates the patterns of cave air tem-

perature and moisture transport using following equations [Wigley and Brown

(1971); De Freitas and Littlejohn (1987)]:

X =
x

x0

(2.22)

x0 =
ϕPrRe

4Nu
(2.23)

Nu = 0.021Pr0.6Re0.8 (2.24)

T = Ta + (T0 − Ta)e−X +
Lw(Td0 − Tda)Xe−X

CP
(2.25)

q = q0 + (qa − q0)(1− e−X)w (2.26)

X = (Xs + 1 + A)ln(
T1 − Ta
T − Ta

) + AB(Ta − T ) +Xs (2.27)

q = qs(T ) (2.28)
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Where:

1. A = qaL
CPRvaporT 2

a

2. B = L
RvaporT 2

a

3. CP is the specific heat capacity of the air at a constant pressure,

4. L is the latent heat of vaporization or sublimation of water,

5. q specific humidity at a fixed location within a cave system,

6. q0 is specific humidity of the surface air mass,

7. qa specific humidity of the air mass at temperature Tda,

8. Ta is the rock surface temperature,

9. T0 is air temperature at the cave entrance,

10. Td0 is the dew point temperature of the surface air mass,

11. Tda is the dew point temperature at a stable rock surface temperature Ta,

12. ϕ is the diameter of the cave passage,

13. w is the wetness factor, which is defined as the ratio of wet surface area

to total surface area of a cave,

14. x is the distance from the cave entrance,

15. x0 is the relaxation length (as defined in equation (2.23),

16. X is the dimensionless distance from the cave entrance, and
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17. Xs is the dimensionless distance at which an air mass reaches 100% satu-

ration

It is noteworthy that the relation (2.24) is valid only for a fully-

developed turbulent flow with constant rock-surface temperature (Ta) and for

a Pr in the range 0.5 to 1.0 (for air Pr is 0.71 at the standard temperature and

pressure found on the Earth’s surface). Also, all variables in equations (2.25

and 2.26) are time and cross-section averaged.

If X ≤ Xs, Wigley and Brown (1971) and De Freitas and Littlejohn

(1987) suggest using Equations (2.25) and (2.26) and if X ≥ Xs then Equations

(2.27) and (2.28) should be used (De Freitas and Littlejohn, 1987) in predicting

the patterns of cave air temperature (T ) and specific humidity (q).

Figure 2.8 shows the seasonal patterns of cave air temperature with

and without latent heat effects using equations (2.25 and 2.26). This figure

shows that in the winter when Td0 is less than Tda and q0 is less than qa, evap-

orative cooling creates a low temperature zone near the cave entrance. In this

figure, the curve shown with a solid line shows the cave air temperature pattern

when latent heat effects are considered, while the curve with a dashed curve

shows the cave air temperature pattern when latent heat effects are neglected.

The difference between these two curves is very interesting, because it shows

how latent heat affects influences the cave air temperature patterns. During

summer, when Td0 is greater than Tda and q0 is greater than qa, relatively cooler

cave rock surfaces cool the external air mass by absorbing some of the sensible

heat from the descending air mass. However, due to heat released during con-

densation processes the cooling is not very effective. Other seasons (fall and



49

spring), which are called transition seasons in the figure, show behavior that

is relatively similar to winter-time behavior. However, for these seasons, the

difference in cave air temperature pattern with and without latent heat effects

is very much reduced.
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Figure 2.8: Seasonal pattern of cave air temperature. Dashed line shows tem-
perature pattern without latent heat effect and solid lines show temperature
pattern with latent heat effects. [Source: Wigley and Brown (1971)]
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The negative points about this model are:

1. It is only applicable when the Schmidt number (the ratio of the viscous

boundary layer to the mass diffusion boundary layer) is very high

2. It neglects viscous energy loss (defined as the change in the mechanical

energy of a fluid to frictional heat loss due to the shearing motion of a

viscous fluid)

3. It ignores adiabatic compression and decompression effects

4. The major drawback of this model is the use of the cross-section and

time averaged parameters such as q and T . This precludes any attempt

to understand vertical stratification of cave air temperature, and relative

humidity, etc. Moreover, this model does not predict a turbulent pattern

of air flow or describe the behavior of convective air movement.

It is notable that when equations (2.27 and 2.28) are applied to pre-

dict patterns of cave air temperature and moisture content instead of using

equations (2.25 and 2.26), the cave air temperature pattern is very much the

same as predicted by equation (2.25). The only appreciable difference is in the

patterns of cave air moisture, which shows a constant value when the air mass

is saturated (Wigley and Brown, 1971). A major limitation of one-dimensional

models is their failure to predict cave air temperature stratification.

The two-dimensional model, which is based on Navier-Stokes equa-

tions and an additional equation for heat transport, considers flow behavior
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explicitly and assume dry, laminar air flow (Shindo, 2005). It employs a pa-

rameter, the Rayleigh number, Ra (described in the “convective air flow param-

eters” section) to characterize heat transfer characteristics due to convective air

flow. The governing equations used in this type of model are based on standard

“Navier-Stokes” equations for the conservation of mass and momentum and an

additional equation for conservation of energy [please refer to Furbish (1997),

from pp. 261 to pp. 298 for further details about these equations]. Further-

more, this type of model so far assumes that the cave system is in a steady

state, which means the state of the cave system does not change with time.

Some of the limitations of this model are its major assumptions about relative

humidity and simplified cave geometry. This type of model neglects the pat-

terns and influence of relative humidity, including property dependence (e.g.,

Figure 2.9) and latent-heat effects. Additionally, the model utilizes simplified

cave geometry, while cave morphologies are known for their higher degree of

complexity. An example of this type of model is shown in Figure 2.10 (Shindo,

2005). This figure shows a plot of the cross-sectional velocity field at Carlsbad

Caverns, NM. Convective airflow and its pattern are clearly recognizable in this

figure.
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RH

Figure 2.9: Variation of the thermal conductivity of air with respect to its
temperature and relative humidity [Source: Lasance (2003)]
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500 m

Velocity (m
/s) 

Figure 2.10: Convection and conduction heat flow model of Carlsbad Caverns;
the scale shows the surface flow of the velocity field [Source: Shindo (2005)]

It is very clear from the review of past mathematical modeling studies

that they do not predict the pattern of all weather parameters and that a more

sophisticated model is required to show patterns and any correlations of major

cave weather parameters.
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2.3 Summary

Based on this review of research work done in many cave systems all

over the world, the following recommendations are offered for future endeavors

to understand cave microclimate:

1. A coupled approach is needed in which spatio-temporal patterns of cave

weather properties are collected through coherent field observations and

used to calibrate and verify results obtained through a mathematical

modeling approach. In addition to this, modeling tools should be em-

ployed to optimally locate or position measurement instruments in the

cave environment.

2. Cave environments are venues for many physical processes happening at

multiple scales both temporally and spatially, so continuous and long-

term measurements of cave weather properties are needed to properly

understand and forecast the probable impact these weather properties

may have on a cave’s microclimate.

3. Since Forbes (1998) has shown evidence of temperature and relative hu-

midity stratification along a vertical cross section and Hill and Forti

(1997), showed that the optimal growth of cave decorations heavily de-

pends on the patterns of cave air temperature and relative humidity,

further study is needed to understand the patterns of these properties

along longitudinal and lateral directions within a cave system.

4. Since attempts to mathematically model cave weather and patterns of

associated properties are still in infancy, a major step forward in this di-
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rection in required, in which the morphological complexity of a cave sys-

tem (including secondary decorations) along with the porous surrounding

rock is captured.

5. Since Wigley and Brown (1971) and Wigley and Brown (1976) showed

that the behavior of airflow in a cave system is mostly turbulent and

Shindo (2005) has shown that flow behavior is highly dependent on the

height of the cave passage, a thorough understating of how turbulent air

flow affects heat and moisture distribution in a cave system is required.

Wilson et al. (2008) and Dwivedi and Wilson (2008) have shown that

new scientific instruments and mathematical modeling attempts, using a

highly advanced computational fluid dynamics code, are very promising

for the study of cave weather.
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CHAPTER 3

SENSING TURBULENCE IN CAVE WEATHER:
A FIELD STUDY AT THE LEFT HAND TUNNEL,

CARLSBAD CAVERN NATIONAL PARK,
NEW MEXICO

”It is a capital mistake to theorise before one has data. Insen-

sibly one begins to twist facts to suit theories, instead of theories to

suit facts.” -Sherlock Holmes in Scandal in Bohemia

Abstract

Previous research work on cave micrometeorology is based on low-

resolution discrete measurement of major cave weather properties, (e.g., cave

air temperature, relative humidity, wind velocity, and CO2 concentration). This

work, although useful, is limited for better understanding cave micrometeorol-

ogy. Because various physical processes in a natural cave environment occur

at variable spatial and temporal scales, a high-resolution measurement of ma-

jor cave weather properties is required. Previous research work on the subject

does not stress understanding of detailed air flow behavior. However, it is well

known from the available literature on heat transfer in enclosures that fluid

flow behavior greatly affects transport of heat in a natural cave environment.

The purposes of the present research study are:

57
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• To evaluate the applicability of the latest air-temperature-sensing instru-

ment, the Distributed Temperature Sensing (DTS) unit, to sense and

reveal an in-depth pattern of cave air temperature across temporal and

spatial scales. This will help to better understand the pattern of various

cave micrometeorological properties.

• To evaluate the applicability of the highly sensitive air-turbulent fluc-

tuation sensors with fluctuation intensity 6 mK (millikelvin) to observe

patterns of cave air temperature fluctuation. This enhances our under-

standing of turbulent convective heat transfer on a very small temporal

(second) and space (0.5 m) scales.

Application of the instruments mentioned above in Carlsbad Cavern,

along with HOBO temperature sensors, has shown a very interesting pattern of

cave air temperature coupled with the pattern of its fluctuation intensity. Data

that my group collected using these instruments has provided us a way to un-

derstand cave air temperature on finer spatial and temporal scales. Techniques

to do this successfully in a cave meteorology study have not been published

previously. Hopefully, our successful application of these instruments will en-

tice the cave research community to employ similar instruments and techniques

in future meteorology research projects.

3.1 Introduction

Cave micrometeorology is defined as the study of patterns of impor-

tant cave weather properties (e.g., cave air temperature, relative humidity, and

wind velocity, etc.) and the movement and storage of air and other gases (e.g.,
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carbon dioxide, radon, nitrogen, etc.). A better understanding of micrometeo-

rology is essential for reasons ranging from understanding the physical processes

happening in natural cave environments (e.g., condensation, corrosion, evapo-

ration, etc.) to the protection of rare cave species (e.g., bat species and unique

cave fauna and flora).

Previous field studies to better understand cave meteorology are use-

ful, but limited by low-resolution discrete measurements of major cave weather

properties [Forbes (1998), Shindo (2005), and McLean (1971)]. Additionally,

most previous micrometeorology field studies have not been aimed primar-

ily at cave weather study, but were carried out with various other objectives

(e.g., paleoclimate study, study of speleothems, paleontology, etc.). Even if

some of these studies include measurement of some of the major cave weather

properties, (especially cave air temperature), limitations of their measurement

instruments precludes their results from being used to develop a model for

cave weather patterns. For example, utilization of a mercury thermometer to

measure the cave air temperature (Wilkening and Watkins, 1976) is limiting

because it has a low temperature resolution and thus cannot detect small scale

patterns of cave air temperature. These not so-well-equipped and uncoordi-

nated measurements of cave weather properties make it hard, if not impossible,

to synthesize observations and conclusions towards a better understanding of

cave micrometeorology.

Cave air temperature is the most important cave weather property in

cave micrometeorology [Palmer (2007) and references therein] and its pattern

affects the patterns of other cave weather properties like wind velocity and rel-
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ative humidity. A deeper understanding of this property can reveal valuable

clues about the feedback loops that exists between all major cave weather prop-

erties. Additionally, the present state of knowledge of cave micrometeorology

does not stress a better understanding of fluid flow behavior, which can be ei-

ther laminar or turbulent in nature. Flow behavior greatly effects the transport

of heat, moisture, and various trace gases found in a natural cave environment.

This is especially true when fluid flow (air in this case) is turbulent, which is

most often the case in a natural cave environment [Wigley and Brown (1971)

and Wigley and Brown (1976)]. Additionally, airflow behavior is very sensitive

to the cave height (Shindo, 2005), to the fourth power, which leads to turbulent

flow even in a modest size cave. Because air flow is generally turbulent in a

cave atmosphere, measurement of the cave air temperature fluctuation inten-

sity would be very helpful in better understanding the turbulent transport of

heat, relative humidity, and trace gases.

To avoid the drawbacks of low resolution discrete measurements at

both larger spatial and temporal scales, this cave micrometeorology project pur-

posely includes air-flow behavior explicitly. To accomplish this, my research

group carried out a “proof of the concept” field study at Left Hand Tunnel, in

Carlsbad Caverns, New Mexico, from March 10, 2008 to March 12, 2008. The

group consists of Dr. Scott W. Tyler from University of Nevada, Reno, and

Dr. John L. Wilson, Dr. Penelope J. Boston, Dr. Anders M. Jorgensen and

I from New Mexico Tech. Dr. Tyler operated the DTS unit, Dr. Jorgensen

operated the turbulence tower, and Dr. Wilson, Dr. Boston, and I installed the

instruments in the Left Hand Tunnel. Connie Tyler, and Andrew Phillips, lab-

oratory technician, New Mexico Tech, helped us in installing the instruments.
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We are very thankful to all the park rangers, especially Mr. Paul Burger, for

their help and cooperation in installing the instruments and in carrying out the

field experiment successfully. Their help is highly appreciated.

In the field we examined three air temperature observational ap-

proaches. The first technique used a highly sensitive air-turbulence tower fluc-

tuation sensor to detect low-velocity air turbulence. To the author’s knowledge,

this was the first such attempt to measure air velocity turbulent intensity in a

cave atmosphere. The second technique used a Distributed Temperature Sensor

(DTS) fiber optic cable to sense the cave air and rock surface temperature, both

spatially and temporally. The third approach employed HOBO temperature

sensors to check the measurement of cave air temperature recorded through

the other approaches.

In this chapter, a description of field observations is followed by dis-

cussions based on the observations. The structure of the rest of this chapter is

as follows: Section 3.2 provides a description of the field site and field meth-

ods; Section 3.3 describes the instrumentation techniques; Section 3.4 includes

observational data along with the interpretations, followed by my conclusions

in Section 3.5.

3.2 Description of the field site

The field site for this study is the Carlsbad Cavern National Park

(CCNP) located in the eastern Guadalupe Mountains, which is approximately

43 kms from Carlsbad in Eddy County, New Mexico, USA (see Figure 3.1a).

Figure 3.1b shows a close-up view of the field site. Some reasons for selecting
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this location were: its proximity to the home institution and the availability

of other necessary resources that were essential to the field work. In addition,

the Park Rangers and administrators were cooperative and helpful.
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(a)

(b)

 

Figure 3.1: Location of the field site, (a) Location of the CCNP [Source:
McLean (1971)] (b) a close-up view of the CCNP [Source: Carlsbad Cavern
National Park (2008)]
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3.2.1 Surface Climate

The cavern is located in a semiarid region with a mean annual precip-

itation of 37 cm. Seventy eight percent of this precipitation occurs in months

from May through October and 22% of it falls in November through April. The

mean monthly temperature of this area ranges from 7.5o C in January to 26.1o

C in July (McLean, 1971). Variations of the major surface weather properties,

namely, air temperature, barometric pressure, wind speed, and wind direction,

are shown in Figure 3.2 for the study period in March of 2008.
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Figure 3.2: Carlsbad weather report from March 10, 2008 to March 12, 2008
(Weather Underground, 2008) (a) variation of the temperature, dew point, and
normal high/low, (b) variation of the barometric pressure, (c) variation of the
wind speed (Note: dots in the figure represent wind gust), (d) variation of the
wind direction for the field study period, and (e) the high, average, and low
values of temperature, dew point, barometric pressure, and wind speed for the
field study period
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3.2.2 Instrumentation site

Our instrumentation site is the Left Hand Tunnel (LHT), shown in

Figure 3.3a, circled by a red ellipse. Figure 3.3a shows the elevation (above

mean sea level) of various parts of the cavern and Figure 3.3b shows its profile

map.
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Figure 3.3: Elevation and profile map of the Carlsbad Cavern National Park;
(a) Elevation map of the CCNP [source: Hill (1987) and Shindo (2005)], (b)
Profile map of the CCNP [source: Hill (1987) and Shindo (2005)]

The LHT is located approximately 210 m below the natural entrance

of the cavern, and extends from the Lunch Room to the Lake of Clouds (see
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Figure 3.3a and b). Figure 3.4 shows photos from the LHT. The picture in

Figure 3.4a is taken from the turbulence tower site towards the Troll Pit (TP)

site. Figure 3.4b shows the Lunch Room (LR), which is also the beginning

location for the DTS installation (explained later). Figure 3.4c shows the tur-

bulence tower site. Cave height and width at the tower site are (approximately)

7.5 m and 12 m, respectively. Figure 3.4d shows the ceiling at the Sherwood

Forest (SF) site and Figure 3.4e shows the presence of a water body at the site.

Figure 3.4f shows the fiber optic cable at the Troll Pit (TP) site. Cave height

and width at this site are (approximately) 30 m and 10 m, respectively. The

approximate length of the tunnel is 1000 m and the average height is approx-

imately 10 m (Shindo, 2005). Figure 3.3 shows location of instruments and

sensors in LHT.
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(a) (b)

(d)(c)

(e) (f )

Figure 3.4: The instrumentation site (Left Hand Tunnel); (a) a part of the
LHT, (b) Lunch Room (LR), (c) Turbulence tower site, (d) Sherwood Forest
(SF) site, (e) Presence of a water body at the SF site, (f) Troll Pit (TP) site

3.3 Instrumentation Techniques

3.3.1 Distributed temperature sensor (DTS), fiber optic ca-
ble

A Distributed Temperature Sensor (DTS) system, which consist of a

fiber optic cable with laser illuminator, has been used in this study to collect
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temperature data with a high resolution with respect to time and space (see

Figure 3.6). The principle behind this sensing unit is based on “optical time

domain reflectometry.” A laser pulse fired from one end of the DTS cable

undergoes light scattering, which can be of two types, namely, elastic scattering

(Rayleigh) and inelastic scattering (Brillouin and Raman). In elastic scattering,

the backscattered light has the same wavelength as incident light. However,

in inelastic scattering, the backscattered light has both a higher and a lower

wavelength (wavelength∼ 1/frequency) with respect to the incident light beam.

This can happen when a photon in the incident beam loses or gains energy

from a molecule in the fiber material by means of an inelastic collision. If a

photon loses energy from the collision then the backscattering is called “Stokes”

scattering and if photon gains energy from the collision then the backscattering

is called “Anti-stokes,” as shown in Figure 3.5. This Stokes and anti-Stokes

backscattering is of two main types, Brillouin and Raman (Selker et al., 2006).
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Brillouin

Brillouin

Figure 3.5: Various types of scattering in a DTS unit [source: Selker et al.
(2006)]

Raman Stokes backscattering depends on the source intensity, on the

other hand, Anti-Stokes backscattering depends on the source intensity and,

since it gains energy during the backscattering, on the temperature of the cable

at the point at which backscattering occurs. Thus, taking the ratio of the two

Raman intensities, as shown in equation (3.1) (Grosswig et al., 2001), provides

temperatures at various spatial locations along the fiber cable at various times.

Ia
Is

=
(K0 +Ks)

4

(K0 −Ks)4
exp

(
−hcKs

kT

)
(3.1)

where Ia is the intensity of the Anti-Stokes backscattered light, Is is the in-

tensity of the stokes backscattered light, K0 is the wave number and Ks is the

amount of shift in the wave number of the incident light, h is Planck’s constant,
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c is the speed of light, k is Boltzmann’s constant, and T is the temperature at

a particular point along the cable.

These backscattered signals can be coupled to the spatial locations at

which the temperature measurements were taken. This is achieved by reading

the time of arrival of the backscattered light at the receptor, positioned along

with the light emitter at the same end of the DTS unit. It is important to

note that this instrument measures only on a relative scale. To convert relative

temperature measurements to the corresponding absolute values, one has to

position several calibration-water-baths along the cable. The accuracy of the

temperature measurements using this approach is typically ± 0.01oC with spa-

tial and temporal resolutions of 1 m and 1 minute, respectively, with a tradeoff

between precision and temporal resolution.

The DTS unit used in this experiment was a Raman-scattered single-

ended cable and Sensornet Sentinel LR (Sensornet Ltd., London, England).

We deployed approximately 1.14 km length of the fiber cable, beginning from

the LR to the TP and from the TP back to the SF. Figure 3.6 shows the

DTS cable being deployed. The cable was suspended in the air (up close to the

tunnel ceiling) using helium gas-filled balloons and trash bags at the turbulence

tower, the TP, and the SF locations. The cable ran from the tunnel floor to the

ceiling three times at the SF site (shown in Figure 3.4d). The cable was in the

proximity of a water body (see Figure 3.4e) at the SF site. Furthermore, we

used water calibration baths at the LR and at the TP sites to convert relative

temperature measurements from the DTS unit to their corresponding absolute

temperature values. For the later, we used 5-minute time integration window



73

for computing the average temperature at various locations along the cable.

Fiber optic cable 

Figure 3.6: Deploying fiber optic cable for the DTS unit used in the field study

3.3.2 HOBO temperature sensor (Onset Computer Corpo-
ration, 2009)

The HOBO temperature sensor, as shown in Figure 3.7a, were used

to continuously log temperature data at a fixed spatial location at 5-minute

time intervals. The range of the temperature measurement of this sensor is

from -20oC to 70o C and -20o C to 50o C in air and water, respectively. The

accuracy and resolution, as shown in Figure 3.7, of such sensors are temperature

dependent and at best are ± 0.47o C and ± 0.10o C at 25o C, respectively.

Four HOBO sensors were used in this experiment. Locations of the

three sensors are: one at the TP floor, the other at the TP ceiling, and the

third one at the TP mid height. The fourth sensor was always outside the

cavern exposed to the surface conditions.
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Scale
1 cm

(b)(a)

Figure 3.7: HOBO pendant temperature data logger (Onset Computer Cor-
poration, 2009) (a) a HOBO sensor (b) accuracy and resolution chart of the
sensor

3.3.3 Turbulence tower

To continuously record cave air temperature fluctuation intensity, due

to turbulent natural convective air motion, we installed a turbulence tower as

shown in Figures 3.8a. The location of the tower was approximately 260 m

inside the entrance of the Left Hand Tunnel (LHT), shown in Figure 3.4c.

This tower provided a platform for 8 highly sensitive thermocouple sensors

(see Figure 3.8a). Table 3.1 shows the sensors approximate height above the

cave floor and Figure 3.8 b shows the instrumentation box. In this figure, the

data acquisition board is shown on the far right. The resolution of each sensor

is 6 mK (millikelvin) and the response time is 40µV
K

[for more details, please

refer to Jorgensen et al. (2009)].
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Table 3.1: Approximate height (above the cave floor) of the thermocouple
sensors

Sensor number Height(m) ; ± 0.05 m
1 5.94
2 5.03
3 4.09
4 3.18
5 2.13
6 1.19
7 0.74
8 0.28

(a) (b)

(c)

Sensor # 1

Sensor # 5

Sensor # 6

Sensor # 7

Sensor # 8

Sensor # 2

Sensor # 3

Sensor # 4

Scale 

1 m

Figure 3.8: the turbulence tower consisted of (a) the installed tower at the LHT,
(b) the instrumentation box, (c) the 6V batteries powering the computers and
the data acquisition units
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3.4 Results and Discussion

In this field experiment, we used three cave air temperature measure-

ment approaches. The sub-horizontal temperature variation profile as recorded

by the first approach, a DTS unit, is shown in Figure 3.9. The temperature

profile extends from the Lunch Room (LR) to the Troll Pit (TP) and from the

Troll Pit back toward Sherwood Forest (SF). Locations of the Lunch Room,

the Troll Pit, and the Sherwood Forest are shown in Figure 3.3a and b.

Temperature rises steadily as one goes from the LR to the TP along

the LHT. Fluctuations at a smaller scale in this figure represent instrument

noise. Temperature at the abscissa of 40 m represents the temperature at the

LR, which is the starting point of the temperature measurements. There exists

a sharp peak in the measured temperature profile at approximately 260 m from

the LR (see Figures 3.9 and 3.10a for a close-up view). Here the fiber optic

cable is suspended in the air near the turbulence tower, using a helium gas-

filled balloon, similar to that shown in Figure 3.4c. Higher temperatures near

the ceiling and relatively cool temperature near the cave floor provides clues

about the stratification of cool and warm air at this site. The temperature

gradient is relatively dampened for a range of approximately 80 m, from 480 m

to 560 m (see Figures 3.9 and 3.10b, the second of these for a close-up view).

A reason for this damped temperature gradient is the proximity of a water

body at this site, SF. Thus, this dampened temperature gradient gives us an

indication that latent-heat effects are important to consider for wet caves or

caves having wet rock surfaces. The temperature profile at the TP is shown in

Figure 3.9 while Figure 3.10c provides a close-up view. The two sharp peaks at
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this site represent temperature near the cave ceiling, separated by a distance

of approximately 10 m along the ceiling at the TR. Moreover, there exists a

“trough” in the temperature profile at the TP that represents the temperature

at the TP floor, shown in Figure 3.4f. The temperature profile at the cave

ward end of SF in shown in the final part of Figure 3.9, with Figure 3.10d

providing a close-up view. There are three peaks in the temperature profile at

this station because the cable is hung from balloons near the ceiling thrice, as

shown in Figure 3.4d.
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Figure 3.9: The mean temperature variation profile for the field study period
from the Lunch Room (LR) to the Troll Pit (TP) and back from the TP to the
Sherwood Forest (SF)
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Temperature profile in the proximity of turbulence tower
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Figure 3.10: The mean temperature variation profile for the field study period
as measured by the DTS (a) in the proximity of the turbulence tower, (b) in
the proximity of a water body at SF, (c) at the TP, (d) at the cave ward side
of SF

If a hypothetical straight line is drawn from the LR to the TP (as

shown in Figure 3.9) to compute the sub-horizontal temperature gradient be-

tween the two locations, the gradient is 7.03o C per 100 m. The reported vertical

temperature gradient for 15 m to 300 m vertical depth from the ground surface

for this site is 1.55o C per 100 m (McLean, 1971). Thus, the observed sub-
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horizontal temperature gradient is 4.55 times larger than the reported vertical

gradient. The reason for the observed large temperature gradient between the

two locations (LR and TP) is that the LHT, and through it the LR, is con-

nected to warmer part of the cavern, Lake of Clouds. A warmer and lighter

air mass at the Lake of Clouds flows up from this location to the LR along

the LHT ceiling. It is balanced by inward and cooler return along the floor

of LHT, from the LR toward Lake of Clouds, thus forming a large convection

cell. Temperature in LHT is controlled by this large scale circulation not by

the direct heat flux through the tunnel floor from the rock below.

The second temperature-measurement approach employs four HOBO

sensors (HOBO #1 to HOBO#4). The data from these sensors is shown in Fig-

ures 3.11a and b. Figure 3.11a compares the temperature profiles as recorded

by all four sensors. Sensor #1 to sensor #3 were installed at the TP floor,

mid-way (approximately 5 m from the floor), and near the cave ceiling (ap-

proximately 30 m from the floor), respectively. Sensor # 4 was always at the

surface. Also, all four HOBO sensors were on the surface on March 10, 2008.

This is why the temperature variation profile as recorded by all these sensors

on this day is almost matching with the exception for the noon period. A

comparison of the temperature profile on March 11, 2008 and March 12, 2008,

shows a significant temperature difference because HOBO # 4 was in external

atmospheric conditions during that time. The maximum and minimum tem-

perature recorded by this sensor is very close to the values recorded by the

Carlsbad airport weather station, for those days (see Figure 3.2a). Compared

to sensor #4, the temperature profiles as recorded by sensors #1 to #3 at the

TP is very subdued and is almost stable.
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Figure 3.11b compares the temperature profile as recorded by the

sensors #1 to #3 at the TP. In this figure, the temperature profile as recorded

by sensor #3 is relatively high as compared to the profiles shown by sensors

#1 and #2, which indicates a warm air temperature near the TP ceiling and a

relatively cool air temperature near the TP floor. There is very little difference

in the temperature profiles as recorded by sensors #1 and #2, however, there

is a temperature difference (not negligible) at the levels of these two sensors

(from Figure 3.10c). The no-difference profile shown by sensors #1 and #2

(see Figure 3.11b) is due to the low resolution (up to 0.10 o C) of these sensors.

However, on a macroscopic scale the cave air temperature profiles (as shown

by sensors #1 to #3) are consistent with the stratification profile detected by

the fiber cable. Additionally, mean values of the temperatures of the TP at the

floor, mid-way, and near ceiling levels as recorded from these sensors is within

an “accuracy of ±1o C” interval with respect to the similar values obtained

from the fiber cable. It is worthwhile to mention that all the TP sensors (#1

to #3) show a sharp peak around 12 o’clock in the afternoon on March 11,

2008. This peak is caused by the presence of our group while installing the

fiber cable and the HOBO sensors at the TP.
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(a)

(b)

Comparison of temperature variation at the Toll Pit bottom, mid-way, 
top, and in the outside atmosphere
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Figure 3.11: The temperature profile as shown by the HOBO sensors at the
Toll Pit (HOBO #1 at the Troll Pit bottom; HOBO #2 at the Troll Pit mid-
way, HOBO #3 at the Troll Pit top) and in the outside atmosphere (HOBO
#4), (a) Comparison of the temperature profiles as recorded by all sensors (#1
to #4) (b) Comparison of the temperature profiles as recorded by sensors (#1
to #3)
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The third approach employs a “turbulence tower” as shown in Fig-

ure 3.8a. Eight highly sensitive sensors, numbered 1 to 8 from top to bottom,

were set at progressive heights above the cave floor (as shown in Table 3.1a)

to measure cave air temperature fluctuation intensity. The intensity profile

as recorded by these eight sensors is shown in Figures 3.12 and 3.13. Data

from these sensors was collected on March 11, 2008, from: 3:15 AM to 1:49

PM and from 2:05 PM to 10:33 PM. The reason for two separate time periods

rather than a single but continuous time period was a malfunctioning power

and the data acquisition unit. This caused a loss of data after the second time

period. Nonetheless, the available data from all these sensors shows some very

interesting features. From Figure 3.12a, the temperature fluctuation intensity

is very low near the ceiling and near the floor, which are relatively warm and

relatively cool air temperature zones. However, the fluctuation intensity is rel-

atively high near sensor #4 (see Figure 3.8a), which lies somewhere in-between

near the “shear zone” with counter-current airflow. The flow is outward in the

warm air above and cave-ward in the cooler air below. The shear zone lies be-

tween two (relatively warm and relatively cool) air temperature zones. There

are some sharp peaks around 9 AM, 10 AM, and 11 AM. Figure 3.12b shows

a close-up view between 8 AM to 12 Noon. The first intensity peak is caused

by a tourist group passing cave-ward, the second peak is caused by our team

members while suspending the fiber cable near the tower, and the third peak,

around 11 AM, is caused by the same tourist group coming back towards the

LR. The intensity profile shows two additional peaks after 11 AM, one near 2

PM and one near 10:33 PM. The first of these peaks is caused by our group

while attempting to fix the tower sensors’ and data acquisition units’ problem
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and the last peak is caused by the same group while dismantling the tower.

These peaks and three previous peaks are clearly shown in Figure 3.13, which

is a plot of 1-minute standard deviation for the air temperature fluctuation

intensity. While mean values are plotted in Figure 3.12a and b for all eight

sensors.
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(a)

(b)

Figure 3.12: Turbulent temperature fluctuation data from all eight sensors (a)
Data from 3:15 AM to 1:49 PM and 2:05 PM to 10:33 PM on March 11, 2008,
(b) A close-up view of the temperature fluctuation profile from 8:00 AM to 12
Noon, Note: sensor numbering is shown in Figure 3.8
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Figure 3.13: 1-minute standard deviation plot of the fluctuation intensity for
all eight sensors

3.5 Summary

The low-resolution discrete measurements at larger spatial and tem-

poral scales of the major cave weather properties in past cave micrometeorolog-

ical research work, hinders one from understanding the frequency and detailed

pattern of major cave weather properties. Additionally, not including the de-

tailed flow behavior is one of the major drawbacks of these previous efforts. My
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research project was designed to address technology that might eliminate these

former drawbacks, in other words, to evolve towards high-resolution time-space

measurements of major cave weather properties. The reasoning to observe only

cave air temperature in this field experiment is because: (a) cave air temper-

ature plays such an important role in the physical processes in a natural cave

environment, (e.g., condensation and evaporation), (b) cave air temperature

greatly affects patterns of other major cave weather properties such as wind

velocity, relative humidity, etc., and (c) instruments that could sense the finer

scale pattern of the other weather properties (mentioned in the Chapter 2)

were not available. To some extent the present research work has addressed

the second drawback, concerning detailed flow behavior not observed in previ-

ous cave micrometeorology studies. This was achieved through the introduction

of an innovatively designed “turbulence tower” to record cave air temperature

fluctuation intensity in order to sense the heat transfer induced by small scale

turbulent air velocity fluctuations.

The data collected from DTS shows a steady temperature rise as one

goes deeper in the LHT, except in the proximity of a water body where the

temperature gradient is dampened. The former indirectly refers to the influence

of the geothermal gradient and convective heat flow from the LR to the TP on

cave air temperature. Figure 3.3 shows that the LHT is mildly dipping towards

the TP. So, one should expect an elevated temperature going deeper into the

LHT from the LR to the TP. The TP is also closer to the deeper and warmer

Lake of Clouds (see Figure3.1a and b). Additionally, the larger sub-horizontal

temperature gradient, with respect to the published vertical gradient (McLean,

1971) between the two locations, is caused by the heat transport due to airflow
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from the LR to the Lake of Clouds to the LR and back again.

Data from the cable has clearly shown cave air temperature strati-

fication, of LHT, indicating a larger convection cell between the LR and the

Lake of Clouds in the LHT. This can be explained by examining the findings

for sloping cavities in the next chapter. Using numerical solutions of natu-

ral convection in two-dimensional enclosures, we see that the slope of a cavity

dictates the number of convection cells and its heat transfer characteristics.

Increasing cavity slope of an enclosure reduces the number of convection cells,

from multiple cells for a horizontal cavity to a single through-going cell for a

sloping cavity. The total heat flux passing through a sloping cavity increases

with slope with respect to a horizontal cavity.

For the first time in any cave micrometeorology study, the measure-

ment of cave air temperature fluctuation intensity was performed. Data from

these measurements has shown the presence of a shear zone, although subtle,

which lies between two stratified air temperature zones. In this zone, the in-

tensity of the air temperature fluctuation is the greatest. Additionally, these

sensors are able to sense small-scale (temporal) perturbations in the heat trans-

fer in a natural cave environment. For example, sensors are able to detect the

human presence in their proximity. Finally, the purpose of this experiment

was to evaluate the suitability of the latest innovatively designed measurement

instruments to sense the finer details and larger scale patterns of the cave air

temperature and its fluctuation intensity.

Based on the data collected from the measurement instruments and

the behavior of cave air temperature and its fluctuation intensity shown by the



88

data has provided us with enough confidence to state that these measurement

instruments, DTS and the turbulence tower, can broaden our capacity to mea-

sure high-resolution (larger scale) patterns of major cave weather properties

allowing us to better understand cave micrometeorology.
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CHAPTER 4

STRATIFICATION OF CAVE WEATHER
PROPERTIES AND ITS IMPACT ON CAVE

ATMOSPHERE: A MODELING STUDY

“The fascinating impressiveness of rigorous mathematical anal-

ysis, with its atmosphere of precision and elegance, should not blind

us to the defects of the premises that condition the whole process.”

-T. C. Chamberlin (1899)

Abstract

Geothermally-driven natural convection in cavities is a ubiquitous

process that occurs in many geological settings, such as caves, mines, etc. To

better understand the convective heat transfer process in isolated, air-filled

cavities buried in a rock mass and in similar cavities connected to the ground

surface, I numerically simulated laminar and turbulent natural convection using

the COMSOL R© Multiphysics software package. These simulation results will

help us understand the meteorology of a natural cave system. Variables used

in the models are following: cavity aspect ratio, slope, geometry, connection(s)

to the ground surface, and connections to the ground surface on a hill-slope. I

characterized the numerical results using new versions of the classical dimen-

sionless numbers Nusselt (Nu) and Rayleigh (Ra) of heat transfer theory and

from the number and pattern of convection cells. Nu is defined as the ratio

89



90

of total heat flux passing through a cavity when there is convective and con-

ductive heat transfer to the total heat flux passing through the same cavity

with only conductive heat transfer. Ra is defined as the ratio of destabilizing

forcing (buoyancy) to stabilizing forcing (momentum and thermal diffusivities).

Ra characterizes the geothermal forcing and is sensitive to the 4th power of the

cave height, leading to turbulent flow in even modest sized isolated caves.

Convection in and heat transfer through caves is most sensitive to

cave height, aspect ratio-cave width to height ratio, shape, and connection

to the atmosphere. In isolated caves with a small aspect ratio, stacked cells-

defined as cells in multiple rows- form that simplify as flow transitions from

laminar to turbulent regime. In isolated caves with a large aspect ratio, a

single row of convection cells forms. In such caves, there is only a slight change

in the total heat flux passing through them when the flow transitions from

laminar to turbulent. Even in the presence of a quiescent atmosphere, cave

entrances have a significant influence on convection patterns and heat transfer,

with multiple entrances inducing through-going cells when Ra is high enough.

For caves on a hill slope with two surface connections, the circulation through

the cavity is upslope. The downslope entrance has only inward airflow, while

the upslope entrance can develop a uni-directional or a bidirectional airflow

profile depending on entrance width.
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4.1 Introduction

Natural convection in cavities is ubiquitous in geological settings in-

cluding air- or water-filled fractures in geothermal zones, very deep mines, and

caves. Cavities are air-filled enclosures that are surrounded by rock, a more

conductive heat transfer media. Enclosures are cavities surround by a bound-

ary with prescribed conditions, e.g., temperature or heat flux. Cavities in the

work are surrounded by a conducting mass, first studied by Shindo (2005).

Natural convection in enclosures has practical applications such as

cooling of electronic components in a computer’s central processing unit, cool-

ing a nuclear reactor, convection in double paned windows, and the natural

ventilation of energy efficient homes. Given the ubiquity of the convection pro-

cess in manmade enclosures, there is a great deal of related literature regarding

theoretical (Kraichnan, 1962), experimental [Jakob (1957), Imberger (1974),

Ampofo and Karayiannis (2003), and Krishnamurti (1970b)] and numerical

modeling work [Bejan (1979), Chenoweth and Paolucci (1986), and Ince and

Launder (1989)]. A concise and current description of the theory as well as

experimental and numerical work can be found in Bejan (2004).

In contrast to the voluminous amount of research on enclosures, there

is very little related research on natural convection in air-filled cavities sur-

rounded by rock, or on the specific subject of cave micrometeorology. The

latter is the focus of this research. The only relevant findings on the subject

are from the recent modeling work of Shindo (2005). But, most of her mod-

els consider only low buoyancy forcing, in other words, low Rayleigh Number

(Ra). The Ra, which characterizes the geothermal forcing, can be expressed
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for cavities as given below in Equation (4.1) from Shindo (2005). Note: all

symbols with a caret over them represent dimensional quantities.

Ra =
ĝα̂Ĥ4

eff

ν̂λ̂
(
q̂

K̂r

) (4.1)

where ĝ is the acceleration due to gravity, α̂ is the volumetric thermal expansion

coefficient of air, q̂ is the basal heat flux deep in the rock, Ĥeff is an effective

length scale (cavity height Ĥ for a horizontal cavity and a combination of width,

L̂ and height, Ĥ, for a sloping cavity), ν̂ and λ̂ are the kinematic viscosity and

thermal diffusivity of air, respectively, and K̂r is the thermal conductivity of

the rock mass, assumed to be limestone in this research.

Figure 4.1 shows sensitivity of Ra to the cavity height (Ĥ) and heat

flux, represented by the q̂/Kr ratio. Ra is much more sensitive to the cav-

ity height as compared to the basal heat flux (for a constant Kr) leading to

turbulent air flow in even modest sized (Ĥ ≈ 1 m) isolated caves.
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Figure 4.1: Variation of Ra with respect to H and q̂
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Ĥ plot q̂

K̂r
is set to 0.02 K/m and for Ra vs. q̂

K̂r
plot Ĥ is set to 1 m, and all

required air properties are evaluated at 25o C and 1 atm. pressure.

Cave micrometeorology responds to four external forcings involving

sensible and latent heat. The geothermal gradient heats cave air from be-

low, bringing in sensible heat, creating buoyant air along the floor, and forcing

convective air circulation within the cave. Direct cave connections (e.g., cave

entrances) to Earth’s lower atmosphere bring pressure and wind forcings, and

with them sensible and latent heat with strong diel and seasonal fluctuations.

Penetrating through the rock from above the cave are sensible heat fluctua-

tions, conducted through rock, that become important in shallow caves, as

well as latent heat fluxes due to percolating water. Of course, chemicals and

particulates arrive and depart through percolating water and with airflow.

In this chapter, I focus on only one forcing - geothermal heat. I ig-

nore chemistry and biology, and forcings from the Earth’s lower atmosphere

or through convective transport through the rock mass above and around the

cave. I assume that the rock is impermeable. Instead I focus on the natural
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convection of dry air within the cave, forced by geothermal heat fluxes. I aim

to answer the following questions: (a) What is the pattern of convection and

conduction in a rectangular cave? (b) What is the effect of cave slope? (c)

How does the geometric shape of the cave effect convection? (d) What is the

effect of one or more entrances (with or without a vertical relationship) with

a connection to a quiescent surface atmosphere? I chose only these modeling

questions with simplified cave geometries because, as noted in Chapters 2 and

3, airflow is an efficient mode of heat transport from warmer to cooler parts of

a cave system and to the surface atmosphere, which maintains cave air tem-

perature. However, high-resolution airflow measurements in cave systems are

cost prohibitive and are currently not feasible due to inadequate measurement

technology. To fill the gap and to understand convective heat transport in

cave systems of various shapes, sizes, and with or without surface connections

and with or without hill slopes, the modeling of buoyancy driven airflow is the

only viable option. Furthermore, the reason to choose cave systems with either

no, one, or two surface connections is that they represent the greatest num-

ber (more than 98 %) of either expected (no entrance) or known-entrance cave

systems (see Figure 4.2). Finally, the reason to choose simplified cave geome-

tries is the limitation of the computational resources required to successfully

simulate natural convection in caves.
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Figure 4.2: Plot of number of caves with given number of entrances in Alabama
(White, 1988)

The organization of this chapter is as follows: Section 4.2 describes

the governing equations and boundary conditions and the use of the COMSOL

Multiphysics R© software package. Section 4.3 answers the research questions

mentioned above, and Section 4.4 presents the conclusions based on this work.

4.2 The governing equations and the use of the COMSOL R© Multi-
physics software package

Geothermally-driven natural convection is caused by the strong cou-

pling of heat transfer processes with fluid flow. Heat is transferred throughout

the rock mass (conduction only) and cavity (conduction and convection), while

airflow is restricted to the cavity and entrances.

I modeled heat transfer with COMSOL’s Convection and Conduc-

tion module. For the cavity I used the Navier-Stokes module for momentum

transport in the laminar flow simulations and the k̂-ω̂ Reynolds average tur-
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bulence model in the turbulent flow simulations. Here, k̂ is the turbulence

kinetic energy and ω̂ is its specific dissipation rate. The k-ω Reynolds average

turbulence model represents mean or time-averaged conditions and does not

capture turbulent fluctuations. Additionally, mean steady-state conditions for

airflow and heat transport in the cavity are assumed and the Boussinesq ap-

proximation (Furbish, 1997) is employed in simplifying the governing equations

for momentum transport. Note: For interpretation of various symbols used in

this chapter, please refer to the symbols and their interpretations in Table 4.1.



97

Nomenclature

Table 4.1: Symbols and their interpretations

Symbol Units Interpretation
a [-] 13/25 (turbulence modeling constant)

A [-] Aspect ratio ( L
H

)

1Es [-] 10s

Flt [-] A parameter whose value is 0 for laminar convection and
1 for turbulent convection

ĝ [m/s2] Acceleration due to gravity
h [-] Local mesh element size

Ĥ [m] Height of the domain (see figure (4.3))
k [-] Turbulent kinetic energy
K̂f

K̂r
[-] Ratio of thermal conductivities

of air and rock (value=0.0102)
KT [-] Turbulent thermal conductivity

L̂ [m] Length of the domain (see Figure 4.3)
Nu [-] Nusselt number ( qcc

qc
)

Pr [-] Prandtl number ( ν
λ

)

PrT [-] 0.9 (Turbulent Prandtl number) (Kays, 1994)
q̂, q [W/m] , [-] Dimensional and non-dimensional basal heat flux

Q̂ [W/m3] External heat source/sink
qcc [-] Dimensionless total heat flux (convection and conduction) passing

through any two adjacent boundaries of a cavity
qc [-] Dimensionless total heat flux (conduction only) passing through the

same two boundaries of a cavity as qcc
q̂

K̂r
[K/m] Ratio of the applied heat flux to the thermal conductivity of the rock mass

Ra [-] Rayleigh number (
gαqH4

eff

νλKr
)

T [-] Dimensionless temperature
T1 [K] Temperature along the top boundary of the rock mass (assumed 0 K as a reference temperature)
u, v [-], [-] X- and Y-components of a dimensionless velocity field
α̂ [-] Volumetric thermal expansion coefficient of air
β [-] 9/125 (Closure coefficient)
βk [-] 0.09 (Closure coefficient in k-ω two equation model)

λ̂ [m2/s] Thermal diffusivity of fluid
µ̂ [m2/s] Dynamic viscosity of fluid (Kg/ms)
ω [-] Specific rate of dissipation of turbulent kinetic energy
σk [-] 0.5 (turbulence modeling constant)
σω [-] 0.5 (Closure coefficient)
θ [-] Cavity slope from a horizontal line

Note: All symbols with a caret on them represent quantities with dimension.
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4.2.1 Governing Equations and Boundary Conditions

In this natural convection study it is preferable to use governing equa-

tions in a non-dimensional form because this helps to locate the essential pa-

rameters for the coupled flow and heat transport problem and makes it easier

to study the gradual impact of the driving mechanism or forcing on the flow

and heat transport system. I develop two sets of governing equations using two

different sets of characteristic scales for length, fluid speed, and temperature.

Each offers a computational advantage, discussed later.

In the models described below, the relationship between the dimen-

sional (with carets on them) and non-dimensional form of some of the variables

is as follows: Actual flux =q̂× Dimensionless flux, where the dimensionless flux

is −K∇T across a boundary, K is the dimensionless thermal conductivity of

the media (1 for the rockmass and
K̂f

K̂r
for an air-filled cavity), ∇T is the di-

mensionless temperature difference across a boundary, and q̂ is the dimensional

basal heat flux; k = k̂

Û2
; µT = µ̂T

ρ̂ÛĤ
; ω =

ˆ
ωĤ

Û
; P = P̂

ρ̂Û2
; ~u =

~̂u

Û
; x = x̂

Ĥ
; y = ŷ

Ĥ
.

Model # 1: Low Ra convection

In this model the following characteristic scales are used in non-

dimensionalizing the governing equations for flow and heat transport: length

scale Ĥ, velocity scale Û = λ̂

Ĥ
, temperature scale T = K̂r

q̂Ĥ
(T̂ − T̂1), where T̂1 is

the temperature along the top boundary of the rock mass whose value is set to

zero in my models. The dimensionless equations are given below.

Conservation of mass:

∇ · ~u = 0 (4.2)



99

where ~u is the dimensionless air velocity field. Conservation of linear momen-

tum:

~u · ∇~u = −∇P + (Pr + FltµT )∇2~u+ (RaPrT )~j (4.3)

where P is the dimensionless pressure, Pr is the fluid Prandtl number (ratio

of fluid kinematic viscosity to thermal diffusivity) and its value for air is 0.7

at standard temperature and pressure condition, µT is the dimensionless eddy

viscosity, T is the dimensionless temperature, and Flt is a parameter whose

value is 0 for laminar convection and 1 for turbulent convection. Eddy viscosity

(µT ):

Flt[µT =
k

ω
] (4.4)

Transport of k:

Flt[~u · ∇k = ∇ · [(Pr + σkµT )∇k] +
µT (∇~u)2

2
− βkkω] (4.5)

where σk and βk are the dimensionless turbulence modeling constants, k is

the dimensionless turbulence kinetic energy, and ω is the dimensionless specific

dissipation rate of the turbulence kinetic energy. . Transport of ω:

Flt[~u · ∇ω = ∇ · [(Pr + σωµT )∇ω] +
aωµT (∇~u)2

2k
− βω2] (4.6)

where σω, a, and β are turbulence modeling constants (without dimensions).

Conservation of thermal energy:

~u · ∇T =
Q̂Ĥ2

K̂f∆T̂
+∇ · [(K̂f

K̂r

+ Flt KT )∇T ] (4.7)
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For the sake of generality, Q̂ is the external heat source or sink, K̂f is the

thermal conductivity of air, and KT is the dimensionless turbulence thermal

conductivity. In our case Q̂ = 0. Turbulent thermal conductivity (KT ):

Flt[KT =
µT
PrT

] (4.8)

PrT is the turbulent Prandtl number whose value is 0.9 (following suggestions

from Kays (1994)) in the turbulent convection models.

In this model the buoyancy forcing is represented by the last term

on the right hand side in Equation (4.3), RaPrT ĵ. Viscous dissipation is

represented by the second term. Thermal convection is represented by the left

side of Equation (4.7) and thermal conduction is represented by the second

term on the right.

Model # 2: High Ra convection

In this model, the following characteristic scales are used in non-

dimensionalizing the governing equations for flow and heat transport: length

scale Ĥ, velocity scale Û = λ̂Ra0.5

Ĥ
, temperature scale T = K̂r

q̂Ĥ
(T̂ − T̂1).

Conservation of mass:

∇ · ~u = 0 (4.9)

Conservation of linear momentum:

~u · ∇~u = −∇P + (
Pr√
Ra

+ FltµT )∇2~u+ (PrT )~j (4.10)

Eddy viscosity:

Flt[µT =
k

ω
] (4.11)
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Transport of k:

Flt[~u · ∇k = ∇ · [( Pr√
Ra

+ σkµT )∇k] +
µT (∇~u)2

2
− βkkω] (4.12)

Transport of ω:

Flt[~u · ∇ω = ∇ · [( Pr√
Ra

+ σωµT )∇ω] +
aωµT (∇~u)2

2k
− βω2] (4.13)

Conservation of thermal energy:

√
Ra~u · ∇T =

Q̂Ĥ2

K̂f∆T̂
+∇ · [(K̂f

K̂r

+ Flt KT )∇T ] (4.14)

Turbulent thermal conductivity:

Flt[KT =
µT
√
Ra

PrT
] (4.15)

In this model the buoyancy forcing is represented by the last term

in Equation (4.10), PrT ĵ, and by a reduction in fluid viscosity ( Pr√
Ra

) in the

second term on the right side. Viscous dissipation is represented by the second

term on the right side. Thermal convection is represented by the left side of

(4.14) and thermal conduction is represented by the second term on the right.

Once again Q̂ =0.

The separate models of governing equations provide different compu-

tational advantages to the numerical scheme. Model #1 is effective for laminar

convection simulation in small cavities and, compared to model #2, is more

intuitive. When Ra is 0, there is no forcing in the momentum balance equation,

thus mimicking conductive heat transfer in a cavity. When Ra is higher than a
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threshold (it depends on both the cavity geometry and its aspect ratio), there

is both conductive and convective heat transfer in a cavity. When Model #1

is used for either laminar convection in cavities with a large aspect ratio or

for turbulent convection, there are convergence problems. Model #2 is more

effective for this case, and helps achieve convergence. However, one cannot

use Model #2 when Ra is 0, because the fluid viscosity term in the momen-

tum balance equation in not defined for Ra equal to 0. It is clear from both

models that in a non-dimensional form there are only two input parameters,

Ra and Pr. If geometry or the computational domain is also considered as an

input parameter, then there are three input parameters, namely, Ra, Pr, and

geometry.

Boundary conditions

Table 4.2 shows the boundary conditions used in simulations of lam-

inar and turbulent natural convection for the various cases illustrated later in

Figures 4.3a, 4.10a , 4.13a, 4.16a, 4.23a, and 4.28a. Prescribed heat flux bound-

ary 1 is at the bottom, no-flux boundaries 2 and 4 are on the side, constant

temperature boundaries 3 and 3x are at the top land surface, boundaries 9 and

9x are at the entrances connecting to the atmosphere, and boundaries 5, 6, 7,

7x, and 8 are at the interface of the cavity and the rock, i.e., at the cavity wall.

For an infinitely wide cavity, boundaries #6 and #8 extended out to bound-

aries #2 and #4 (see Figure 4.3a), and a periodic boundary condition for u,

v, p, T is used along these boundaries (# 6 and #8). Note: all parameters are

dimensionless and h is the dimensionless local mesh element size, normalized

by cavity height (Ĥ).
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Table 4.2: Boundary conditions

Boundary Laminar convection Turbulent convection
number(s) Heat flow Fluid flow Heat flow Fluid flow

1 q=1 [-] q=1 [-]
2, 4 q=0 [-] q=0 [-]

3, 31, 32, 33 T=0 [-] T=0 [-]
5, 6, 7, 71, 72, 73, 8 continuity no-slip continuity no-slip, k=0,

and ω = Pr
h2

9, 91, 92 convective flux open boundary continuity open boundary

The continuity condition for heat flow at the cavity rock interface is:

~n · (q1− q2) = 0, where ~n is the unit outward normal vector on a boundary and

q1 and q2 are the heat fluxes on either side of it. At an entrance, the convective

flux condition for heat flow is: ~n · (− K̂f

K̂r
∇T ) = 0, while an open boundary

condition for air flow is: [−P ~I+Pr(∇~u+(∇~u)T )]~n = 0, where ~I is the identity

matrix. The dimensionless basal heat flux is 1 in all simulations, and the ratio

of air to rock thermal conductivity is 0.0102. Please refer to Appendix (B) for

a more detailed description of the no-slip boundary condition for flow at the

cavity-rock wall interface.

4.3 Questions and Findings

4.3.1 What is the pattern of convection and conduction in
a rectangular cave?

To address this question, cavities with four aspect ratios, A = 0.5, 2,

10, and infinity, are considered. Figure 4.3a shows the geometry of the problem

domain and Figure 4.3b shows a typical mesh discretization.
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Figure 4.3: Geometry for the study of convection in a rectangular cavity (H=1)
and a typical mesh discretization; (a) geometry of the problem domain, Note:
distance between any cavity boundary to the corresponding rock mass outer
boundary is 5A where aspect ratio A = L

H
; (b) logarithmic plot of local mesh

element size, h. Mesh size h varies two orders of magnitude, with the greatest
density near the cavity-rock interface. The number refers to boundary con-
ditions as described in the “Boundary Conditions” section. For an infinitely
wide cavity with H=1, boundaries 6 and 8 extend out to boundaries 2 and 4,
respectively.

The presence of a cavity affects the heat flux flow pattern in the

surrounding rock mass (Figure 4.4a). This effect is caused by the insulation

effect of the air-filled cavity. The effect is more pronounced as the cavity

aspect ratio (A), defined as a cavity’s width to height ratio, increases. Wider
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air-filled cavities (where A is large) have a large insulation effect relative to

smaller cavities (with a small A), because heat flux within the rock mass has

to travel a longer distance to conduct around the cavity. However, for a given

aspect ratio, when buoyancy forcing (Ra) is increased, more heat flux passes

through the cavity. Heat transfer by conduction in the rock around the cavity

is indicated by the curvature of temperature contours around the cavity (Figure

4.4). When fluid flow behavior is turbulent in nature, temperature contours

in the proximity of the cavity are almost horizontal for the simulated case

(Figure 4.4c), indicating more (relative to conduction only heat transfer) heat

flux passing through the cavity rather than around it due to convection within

the cavity.



106

(a)

(b)

(c)

Figure 4.4: A close up view of a contour plot (in black) of temperature in the
whole domain (rock and cavity) and streamline plot (b and c, in red) of velocity
field in the cavity subdomain for a cavity with as A=2, (a) only conductive heat
transfer (Ra=0), (b) laminar convection (Ra = 106), (c) turbulent convection
(Ra = 109); Note: Range of dimensionless temperature for each plot is [0, 21]
and the contour interval is 0.25.
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Figure 4.5 compares the Nu vs. Ra behavior for isolated and buried

cavities with three different aspect ratios (A), where Nu is the Nusselt number.

A =0.5 is a tall and narrow cavity and a cavity with A=10 is short and wide.

Nu is the ratio of total heat flux passing through any two adjacent cavity

boundaries when there is conductive and convective heat transfer to total heat

flux passing through the same boundaries with only conductive heat transfer.

It is a measure of the additional heat transfer through the cavity due to the

presence of convection. Nu=1 indicates no convection and corresponds to

Figure 4.4a. Ra is a measure of buoyancy forcing. When Ra is low (less than

103), there is no airflow in the cavity and conductive heat transfer is the only

mechanism. As soon as Ra is greater than a critical value, laminar convection

onsets and Nu is greater than 1. The Racritical for the onset of convection as

a function of the cavity aspect ratio is shown in Figure 4.7. The Racritical is

higher for cavities with a small aspect ratio. This inverse relationship is caused

by “the rigid boundary effect” of the cavity wall boundaries (Furbish, 1997).

In cavities with a small aspect ratio, the wall boundaries have a stabilizing

influence on the pattern of airflow by restricting convective air motion within

them.

For aspect ratio ≥ 4 numerical simulations show the critical Rayleigh

number Racritical becomes constant, Racritical ≈ 1778 (see Figure 4.7). This

value is closer to the critical value reported for an infinitely wide fluid layer with

prescribed temperature along horizontal boundaries, Racritical ≈ 1708 (Furbish,

1997). The difference in the two Racritical values may be caused either by the

difference in the definition of Ra for the two cases or due to the bypassing of the

heat flux around the cavity. An expression for Ra for an isolated and buried
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cavity is shown in expression (4.1), while expression for Ra for an infinitely

fluid layer with prescribed temperature along horizontal boundaries is shown

in below: (4.16).

Ra =
ĝα̂∆̂TĤ3

eff

ν̂λ̂
(4.16)

As Ra increases above the critical value, the laminar convective mo-

tion gets stronger, and consequently, air is more capable of transporting heat.

When Ra is higher (e.g. when the cavity height is larger), the air flow transi-

tions from laminar to turbulent flow. I simulate only laminar or fully developed

turbulent flow. The Nu vs. Ra behavior for these two cases overlap in Figure

4.5. The transition to turbulent flow presumably takes place in the overlap

region. For typical rock and air properties and geothermal heat flux, the Ra

for a cavity 1 m high is 106 and for a cavity 10 m high is 1010 (see Figure

4.1). From Figure 4.5 one would expect laminar convection in caves only a few

centimeters (17 cm) in height, and turbulent convection if the height is a meter

or more.
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Figure 4.5: Comparison of Nu vs. Ra behavior for isolated and buried cavities
Note: Numbers on the plot show number of convection cells at a particular Ra
and each marker represents a separate simulation.
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Figure 4.6: Pattern of convection cells in an isolated and buried cavity with
A=0.5 with turbulent convection at Ra = 109
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Figure 4.7: Variation of Racritical with respect to cavity aspect ratio (A)

Total heat flux passing through the cavity depends on the flow regime

(governed by Ra) and the pattern of convection cells. In cavities with a smaller

aspect ratio (A equal to 0.5 or 2), stacked-convection cells form (cells in multiple

overlying rows; see Figure 4.4b) and total heat flux passing through the cavity

increases as flow transitions from a stagnant condition to a laminar regime to a

turbulent regime (see A=0.5 in Figure 4.5). The pattern of convection cells for

such cavities for laminar convection is similar to the pattern shown by Shindo

(2005) for cavities with A=2. On the other hand, in cavities with a large

aspect ratio, the pattern of convection cells changes only slightly with Ra, and

consequently total heat flux passing through the cavity shows an asymptotic

behavior when flow transitions from laminar to turbulent (see A=10 in Figure

4.5).
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It is interesting to note that when a cavity is filled with the same

material as the surrounding rock mass, the rock is 100 times more conductive

than air, and the temperature isotherms in the proximity of the cavity are

horizontal (not shown). In Figure 4.4c, the pattern of temperature isotherms

is also almost horizontal, which indicates the damping of the insulation effect in

the air-filled cavity. This also indicates that for turbulent airflow, there is more

heat passing through the cavity compared to conduction only heat transfer,

shown in Figure 4.5 for A = 2 by a hollow triangle. These observations lead to

the following logical questions: (a) If the temperature contours in the rock are

almost horizontal for turbulent airflow in the cavity, is there no net effect on

the heat transfer in the surrounding rock mass? (b) Can the air-filled cavity

behave like a heat attractor rather than an insulator for the surrounding heat

flow?

For the question (a), although temperature contours in the proximity

of the cavity are almost horizontal, Nu for such cavities is still low (approxi-

mately 22 for an isolated cavity with A =2) as compared to the case when the

same cavity is filled with material with the same thermal properties as the sur-

rounding rock mass. The higher efficiency (pattern of temperature contours)

for turbulent flow may be caused by the artificial diffusion in the numerical

scheme, unavoidable to get a converged result for turbulent convection cases.

For question (b), the results from the converged simulation for Ra(=

109), the highest Ra achieved in the simulation work, only indicated almost

horizontal isotherms. Additionally, these simulation results involve artificial

diffusion in the numerical scheme to get a converged result. In order to com-
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pletely answer this question, it is essential to include simulation results for

Ra’s higher than the value achieved in this work (Ra = 109), and to reduce

the value of the artificial diffusion to as low a value as possible. With the nu-

merical scheme as implemented in the COMSOL R© Multiphysics package, for

convection dominated problems the attempts to get converged simulations for

Ra > 109, and to reduce the value of the artificial diffusion parameter to as low

a value as possible for the converged simulations, proved fruitless. The value

of the artificial diffusion parameters for the reported simulations can be found

in Appendix (C).

Laminar and turbulent convection simulations show similar Nu vs.

Ra behavior (see Figure 4.5) for an intermediate range of Ra’s (between 104

to 106). For this Ra range, turbulent convection produces very low turbulent

kinetic energy and its dissipation rate is very high, thus Nu vs. Ra behavior

is close to that for laminar convection.

Figure 4.8 compares Nu vs. Ra behavior for an isolated cavity with

A=10 with that for an infinitely wide cavity, over a range of Ra just below

the critical value (Racritical=1778) for A=10. The infinitely wide cavity has a

much lower critical Ra number (Racritical = 1.78). Over this Ra range (1 ≤ Ra

≤ 103), more convective heat flux passes through the infinitely wide cavity in

comparison to an isolated and buried cavity with A = 10. This is because in

the former case, heat flux has no choice but to pass through the cavity, while

in the latter case heat flux can bypass the cavity and go around it. Heat by-

passing an isolated and buried cavity is the main contributing factor for the

asymptomatic behavior of Nu observed in Figure 4.5. The asymptotic behavior
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is expected, as the geometric shape of the cavity and the surround rock mass

remain same for any cavity aspect ratio. Additionally, for any cavity aspect

ratio the rock mass outer side boundaries are located 5A distance away from

the cavity side boundaries.
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Figure 4.8: Comparison of Nu vs. Ra behavior for an isolated and buried
cavity with A=10 and an infinitely wide cavity (numbers on the plot show
number of convection cells within the domain at a particular Ra). The isolated
cavity has a critical Ra of 1.78×103 (see Figure 4.5), three orders of magnitude
greater than the infinitely wide cavity.

Convective airflow is caused by the unstable stratification of cave air

temperature, where a warm and light air mass lies under a relatively cool and

dense air mass. Figure 4.9 shows air temperature stratification along a vertical

cross-section passing through the cavity center for a cavity with three different

aspect ratios. Temperature difference between the cavity top (ŷ=1) and bottom

(ŷ=0) is higher for laminar convection than for turbulent convection. This is

caused by the vigorous mixing of air in turbulent convection, which damps the
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temperature difference between a warmer and a cooler air mass. Airflow speed

in a cavity increases as buoyancy forcing is increased, which is indirectly shown

in Figure 4.5 in terms of Nu for various Ra’s. Higher fluid speed causes more

convective transport of heat, and consequently, increases total heat transport

through the cavity.
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Figure 4.9: Plot of dimensional temperature (T̂ ) across a vertical cross-section
passing through the cavity center for cavities with three different aspect ratios
and for laminar convection at Ra =106 (with solid line) and turbulent convec-
tion at Ra=109 (with dashed line); Note: Temperature at the rock mass top
boundary is assumed 0 K to compute dimensional temperature in the cavity.

In summary, the pattern of convection and conduction in caves is
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sensitive to their size (or aspect ratio) and airflow behavior. The latter is

governed by the buoyancy forcing. For no airflow or for laminar convection at

low Ra, a cave behaves as an insulator and there is a formation of unstable

stratified air temperature zones (heavier and cooler air mass lying over a lighter

and warmer air mass). For turbulent airflow, the behavior of the cave insulation

behavior is damped out (on the average). Heat transport through convection

is more efficient for this type of airflow. It is interesting to note that the

heat transfer characteristics of an isolated and buried cavity and an isolated

enclosure are different. In an isolated and buried cavity, the total heat flux

passing through the cavity is sensitive to the by-passing due to the presence

of a surrounding conductive rock mass. In isolated enclosures, there is no

surrounding rock mass and no bypassing. The heat flux passing through an

isolated enclosure increases with the buoyancy forcing according to a power law

(Bejan, 2004).

4.3.2 What is the effect of cave slope?

To address this question, a cavity with an aspect ratio of 10 with

various slopes (θ) from a horizontal line was considered. Figure 4.10a shows

geometry of the problem domain and Figure 4.10b shows a typical mesh dis-

cretization.
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Figure 4.10: Geometry for the study of cavity slope and typical mesh discretiza-
tion; (a) Geometry of the problem domain (aspect ratio of the cavity is A=10);
(b) logarithmic plot of local mesh element size (h). Numbers refer to boundary
conditions as described in the “Boundary Conditions” section. For a horizon-
tal cavity, the distance between any cavity boundary to the corresponding rock
mass boundary is 5A. For sloping cavities, rock mass boundaries are fixed at
the same location as for horizontal cavities and the cavity is rotated.

In the definition of Ra, the characteristic length scale should be a

length in the direction of the gravity vector, which is one of the terms in the

buoyancy forcing expression (ρgα∆T ). The characteristic length scale changes

with the cavity slope, so a new expression for Ra (or Raθ) is required for a
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sloping cavity. An expression for Raθ can be defined as (Dwivedi and Wilson,

2008):

Raθ =
gαq̂(Ĥcosθ + L̂sinθ)4

νλKr

(4.17)

The main justification is that in Equation (4.17) the characteristic length equals

Ĥ for a horizontal cavity, and L̂ for a vertical one, thus it provides a proper

length scale for both a horizontal and a vertical cavity. Raθ is very sensitive to

the characteristic length scale (to the fourth power), which in turn is sensitive

to cavity slope. For example, if Raθ for a horizontal cavity is 105 for a fixed

q̂ and A, then Raθ for a cavity with slope 30o and same q̂ and A value is

2.54× 109, four orders of magnitude larger!

Figure 4.11 shows some typical patterns of convection for various

slopes and Raθ. Figure 4.11a, b, c and d, respectively, focus on the patterns of

convection for a horizontal cavity and before and after a transition angle (de-

fined later) for the laminar convection. For turbulent convection at Raθ=107,

numerical results do not suggest any transition angle with similar transitional

characteristics as for laminar convection (see Figure 4.11e, f, g, h, and i).

Seeing the pattern of convection cells for various cavity slopes, sug-

gests an obvious question: why does the pattern of convection cells change

with cavity slope, both for laminar and turbulent flow? Many researchers have

proposed their theories explaining the transitions in the pattern of convection

cells for a sloping isolated enclosure. For example, Bejan (2004) has proposed

an explanation based on “Constructal” theory, while Pons (2008) proposed a

thermodynamic approach to explain transitions in the pattern of convection
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cells. But, there exists no theory explaining transitions in the pattern of con-

vection cells for cavities buried in a surrounding conducting mass. For natural

convection heat transfer, there are two boundary layers, one for air velocity

(δvelocity) and the other for heat (δheat). The boundary layers are zones where

diffusive fluxes of quantities (e.g., heat, momentum, etc.) dominate over con-

vective fluxes of the same quantities. Bejan (2004) has shown that for natural

convection in a horizontal fluid-filled (Pr closer to 1) enclosure, the thickness

of the boundary layers for fluid velocity and heat can be expressed as:

δvelocity ∝
√
PrHRa−1/4 (4.18)

δheat ∝ HRa−1/4 (4.19)

The expressions 4.18 and 4.19 suggest that for any fluid with Pr << 1, δvelocity

is less than δheat (Bejan, 2004). If a similar approach is followed for an in-

clined cavity, the boundary layer thickness for air velocity (δvelocity,RD) and

heat (δheat,RD) can be expressed as:

δvelocity,RD ∝
√
PrHθRa

−1/4
θ (4.20)

δheat,RD ∝ HθRa
−1/4
θ (4.21)

where Hθ = Hcosθ+Lsinθ. From expressions (4.20) and (4.21) for an air-filled

(Pr << 1) cavity, δvelocity,RD is less than δheat,RD for any cavity slope. For
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a constant Raθ the boundary layer thickness, both for heat and air velocity,

increases as Hθ increases. For a horizontal cavity, there are multiple convection

cells in the cavity. However, as cavity slope increases past a certain slope, the

number of convection cells reduces to three, with a dominant cell near the cavity

center, both for laminar and turbulent flow. This happens because δvelocity,RD

increases with the cavity slope and due to increases in the along-the-plane

component of the gravity vector (g sinθ). The convection cells merge and

form a large convection cell that extends up to the diagonally opposite corners

of the cavity. This pattern is consistent when the cavity slope is increased

further. However for turbulent convection the dominating convection cell in

the cavity breaks, giving rise to multiple cells in the lower parts of the cavity

at larger slopes (Figure 4.11i). This happens because the boundary layers for

heat, one going up along the cavity bottom boundary and the other going down

along the cavity top boundary, are very close and provide the shortest route for

heat transport between top and bottom boundaries of the cavity (Pons, 2008).

Moreover, heat intensity is concentrated at the bottom corner of the cavity.

Due to this shortest route for heat flow and corner effect, the dominating cell

at the cavity center breaks down. The dominating convection cell near the

cavity top is at the brink of transitioning to multiple small cells.

Heat transfer is related to these patterns. Figure 4.12 plots Nu vs.

cavity slope behavior for two fixed Raθ values, equal to 105 for laminar and

107 for turbulent convection. As slope (θ) increases in this plot, the heat flux

is lowered (so does Raequivalent) to maintain the same Raθ. The Raequivalent is

defined by Equation (4.1) and can also be expressed as:
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Raequivalent =
Raθ

(cosθ + Asinθ)4
(4.22)

Slope has a substantial influence on the cavity heat transfer characteristics and

pattern of convection cells. The Nu values (Figure 4.12) for various cavity

slopes indicate that a lesser number of (especially through-going) convection

cells are associated with more convective heat transport, given the fact that

Raequivalent is also low. This finding is consistent with the reported findings

of Dwivedi and Wilson (2008). There exists a transition angle for laminar

convection at Raθ=105, of between 53.75o and 55o, beyond which the pattern

of convection cells does not change further. No similar transition appears for

turbulent flow.
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Figure 4.11: Temperature and streamline plots for sloping cavities for laminar
flow at Raθ=105 and turbulent flow at Raθ=107
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Figure 4.12: Variation of Nu vs. cavity slope (o) at Raθ=105 for laminar flow
and at Raθ=107 for turbulent flow. The number in the plot shows the number
of convection cells for each cavity slope for a particular Raθ. In the plot, each
marker represents a separate simulation. The second horizontal axis shows the
Raequivalent (see text) for any combination of Raθ and cavity slope.

In summary, the cave slope determines the total heat flux passing

through a cave and the pattern of convection cells. For any laminar air flow or

when cave height is small, the airflow pattern simplifies above a certain slope.

On the contrary, for any turbulent air flow or for a greater cave height, the

pattern of air flow is composed of multiple cells.
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4.3.3 How does the geometric shape of the cave effect con-
vection?

To address this question, cavities with various shapes were considered,

shown in Figure 4.13a. Figure 4.13b shows a typical mesh discretization.
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Figure 4.13: (a) Geometries for the study of cavity shape, i: rectangle with
sharp corners with A=10; ii: rectangle with rounded (curvature = H/50) cor-
ners with A=10; iii: ellipse with A =10; iv: circle with A=1; v: square with
A=1; vi: keyhole with A (=width/height)=1, (b) logarithmic plot of the local
mesh element size (h), Note: For each case, the distance between any cavity
boundary to the corresponding rock mass boundary is 5A.
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Cavity shape, especially the aspect ratio, has a substantial influence

on heat transfer characteristics and the pattern of convection cells. Table 4.3

shows total heat flux passing through the studied cavity shapes, in terms of

Nu, at a fixed Ra, equal to 106 for laminar convection and 108 for turbulent

convection. Small aspect ratio cavities have stacked-cells, as illustrated in

Figure 4.14, with a somewhat simpler pattern of convection cells for turbulent

airflow. In cavities with a large aspect ratio the pattern changes only slightly

with Ra, except for an elliptical shaped cavity, as illustrated in Figure 4.15

for A=10 and for various cavity shapes. These cavities have a single row of

cells. Table 4.3 suggests that for cavities with A=10, turbulent convection has

a slightly lower Nu. Total heat flux passing through a cavity is sensitive to the

pattern of convection cells. For cavities with a small aspect ratio, there is a

relatively large change in the pattern of convection cells as compared to cavities

with a bigger aspect ratio, when flow transitions from laminar to turbulent flow.

This is why there is a substantial change in Nu for cavities with A = 1, shown

in Table 4.3, as compared to cavities with A=10. For cavities with A = 1, there

is more heat transport through the cavity (large Nu) for turbulent convection.

For cavities with A = 10, there is only a slight change in the Nu values for

turbulent convection as compared to laminar convection. This slight change

is caused by a similar pattern of convection cells for turbulent airflow when

flow transitions from laminar to turbulent flow (see Figure 4.15 a1 and a2 or

b1 and b2), and in my simulations due to the utilization of artificial diffusion

in the numerical scheme. The latter is required in order to get a converged

numerical simulation. The Galerkin method used here to numerically simulate

turbulent convection in cavities is unstable for convection-dominated problems.
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This makes it essential to use artificial diffusion to get a numerically converged

result, which promotes a more diffusive flux of heat and momentum, dampens

out convective motions, and reduces the Nu values.

Table 4.3: Comparison of Nu for cavities of various shapes and A’s for laminar
flow at Ra=106 and turbulent flow at Ra=108

Cavity shape Aspect ratio Laminar convection Turbulent convection
at Ra=106 at Ra=108

Nu # of cells Nu # of cells
Circle 1 1.31 7 27.92 1
Square 1 2.48 4 34.62 4
Keyhole 1 5.30 3 17.13 3

Rectangle 10 6.41 8 5.97 10
Rectangle with 10 6.77 9 5.75 10
rounded corners

Ellipse 10 5.77 12 5.67 6
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(a1) (a2)

(b2)(b1)

(c1) (c2)

Figure 4.14: An enlarged view of streamlines in cavities with various shapes and
with aspect ratio equal to 1. Laminar flow (a1, b1, c1) at Ra=106; turbulent
flow (a2, b2, c2) at Ra=108. Figures a1 and a2 show a circular cavity, b1
and b2 a square cavity, c1 and c2 a keyhole shaped cavity. Note: Number of
streamlines is modified for each case to show the pattern of convection cells
clearly.
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Figure 4.15: streamlines in cavities with various shapes and with aspect ratio
equal to 10. Laminar flow (a1, b1, c1) at Ra=106; turbulent flow (a2, b2,
c2) at Ra=108. Figures a1 and a2 show a rectangular cavity, b1 and b2 a
rectangular cavity with smooth corners, and c1 and c2 an ellipse shaped cavity.
Note: Number of streamlines is modified for each case to show the pattern of
convection cells clearly.
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Cave shape, aspect ratio, and airflow behavior dictate the total heat

flux passing through and the pattern of convection cells. In caves with a small

aspect ratio, stacked cells form, which simplify as airflow transitions from lam-

inar to turbulent. Caves with a large aspect ratio have just a slight change in

the total heat flux passing through them and the pattern of convection cells is

only slightly changed. It is interesting to note that when the pattern of convec-

tion cells changes substantially, total heat flux passing through a cave changes

significantly, otherwise heat flux is only slightly altered, although artificial dif-

fusion in my numerical schemes may influence this.

4.3.4 What is the effect of one or more entrances with a
connection to a quiescent surface atmosphere?

Effect of a cavity having only one surface entrance

To study the effect of a cavity with a surface connection, consider the

geometry shown in Figure 4.16a with various entrance widths (W ) (e.g. H
8

, H
4

,

H
2

, 3H
4

). Figure 4.16b shows a typical mesh discretization.
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Figure 4.16: Geometry for the study of a cavity (A=10) with one surface
connection (W) and mesh discretization; (a) geometry of the problem domain
with H=1. The numbers on the plot refer to boundary conditions as described
in the “Boundary Conditions” section, (b) logarithmic plot of the local mesh
element size (h) for W = 0.5 H.

The presence of an air-filled cavity with an entrance affects the pattern

of heat flow in the proximity of the cavity and entrance, due to their insulation

effect. As Ra increases, either due to an increase in the cavity height or the

basal heat flux, the insulation effect is reduced by turbulent air convection

in the cavity and entrance. This behavior remains similar when the entrance
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width is increased from H
8

to 3H
4

, and is like that for an isolated cavity. For

example, Figure 4.17 shows the influence of an air-filled cavity and entrance

on the heat flow pattern in the surrounding rock when the entrance width

(W ) is H
4

. Three cases are shown, no flow, laminar convection, and turbulent

convection in the cavity and entrance. The insulation effect of the cavity and

entrance is quite noticeable in the region just above the cavity and to the

right of the entrance, where there are no plotted temperature isotherms for a

conduction case (Figure 4.17a). However, when air starts moving in the cavity

and entrance, the insulation effect is gradually reduced, shown by the reduction

in curvature of temperature isotherms for laminar convection (Figure 4.17b).

For turbulent convection the insulation effect is substantially reduced, shown

in Figure 4.17c, where isotherms in the rock are almost horizontal. Figure 4.18

shows similar behavior as Figure 4.17, but for a large entrance width of W =

3H
4

.

For the convection cases this insulation effect is slightly damped com-

pared to the narrower entrance, indicated by a relatively lower curvature of

temperature contours.
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(a)

(b)

(c)

Figure 4.17: A close-up view of the contour plot of temperature in the rock mass
and in the cavity (A=10), (a) Conduction only case, (b) laminar convection at
Ra = 104, (c) turbulent convection at Ra = 107. Entrance width W/H is 0.25
(or W = H/4) and all temperature contours are on a uniform scale of [0, 55]
and the contour interval is 0.90.
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(a)

(b)

(c)

Figure 4.18: Contour plot of temperature in the rock mass and in the cavity
(A=10), (a) Conduction only case, (b) laminar convection at Ra = 104, (c)
turbulent convection at Ra = 107. Entrance width W/H is 0.75 (or W =
3H/4) and all temperature contours are on a uniform scale of [0, 55] and the
contour interval is 0.90.

The pattern of convection cells in cavities with a surface connection is

sensitive to the connection width and there exists a critical value (W = H
4

) of



134

the connection width below which the presence of an entrance does not affect

the pattern of convection cells within the cavity. In cavities with a narrow

surface entrance (below the critical value), the pattern of convection cells is

similar to such patterns for isolated cavities, both for laminar and turbulent

airflow (see Figure 4.19 b1 and b2 and 4.15a1 and a2). Shindo (2005) reported

a similar behavior for a cavity (A=5) with a single entrance and for laminar

convection. It is important to mention that once convection cells are fully

developed for a large aspect ratio, their pattern does not largely change when

airflow becomes turbulent. This is why the pattern of convection cells for a

cavity with a narrow surface connection with laminar convection at Ra = 104

(Figure 4.19 b1) and with turbulent convection at Ra = 107 (Figure 4.19 b2)

can be compared to the pattern of convection cells for an isolated cavity. When

the entrance width is larger than the critical value, the patterns of convection

cells changes appreciably with the cell close to the entrance being most affected,

both for laminar and turbulent airflow (see Figure 4.20 b1 and b2). Shindo

(2005) reported a similar pattern of convection cells for laminar convection

in cavities (A=5) with a single entrance. For turbulent airflow, the pattern

of convection cells simplifies. Total heat flux passing through the cavity is

computed along any two adjacent cavity boundaries. For example, in Figure

4.16, the total heat flux passing through the cavity is measured along the

boundaries # 6 and # 71 (including the short-dashed line), and this value is

close to the value of the total heat flux measured along the boundaries # 5 and

the left-hand-side cavity boundary ( a part of the boundary # 8). The difference

in the two values is probably due to numerical error. The total heat flux passing

through a cavity, and with an entrance width below the critical value, is close to
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such values for isolated cavities (Figure 4.21) both for laminar and turbulent

flow. For laminar convection in cavities with an entrance width larger than

the critical value, the total heat flux passing through a cavity increases only

slightly with entrance width (W ). For turbulent convection, one would expect

heat flux through the cavity to increase with the entrance width. However, the

numerical results show the opposite. This is caused by the artificial diffusion

used to stabilize the numerical scheme to get a converged result. Please refer

to Appendix (C) for more information on stabilization methods used in the

present work. Nevertheless, numerical results suggest that there is a minimum

entrance width, below which the presence of an entrance does not strongly

influence heat transfer processes in the cavity.
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Figure 4.19: Temperatures (a1 and a2), streamlines (b1 and b2), and arrow
plots (c1 and c2) of velocity field at the top of an entrance, for a cavity (A=10)
connected to the quiescent surface with a narrow entrance (W = H

4
). Figures

a1, b1, and c1 are for laminar flow at Ra=104 and a2, b2, and c2 are for
turbulent flow at Ra = 107. Note the different temperature scales for a1 and
a2.
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Figure 4.20: Temperatures (a1 and a2), streamlines (b1 and b2) , and arrow
plots (c1 and c2) of velocity field at the top of an entrance for cavity (A=10)
connected to the quiescent surface with a wide entrance (W = 3H

4
). Figures

a1, b1, and c1 are for laminar flow at Ra = 104 and a2, b2, and c2 are for
turbulent flow at Ra = 107. Note the different temperature scales for a1 and
a2.
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Figure 4.21: Variation of the cavity Nu with the respect to the entrance width
(W ) for a cavity with A =10. Results which are most affected by the artificial
diffusion are marked by a star symbol next to them.

The pattern of air temperature variability within the cavity and en-

trance is sensitive to the nature of the air flow. For laminar airflow, there is a

large range of temperature variation (see Figure 4.19a1 and 4.20a1), whereas

for turbulent convection, the range of temperature variation is relatively small

(see Figure 4.19a2 and 4.20a2). Turbulent air motion causes more mixing of air.

The pattern of airflow at the top of an entrance has both inward and outward

air velocity components (see Figure 4.19c1, c2 and Figure 4.20c1, c2). This is

required to conserve air mass. The magnitude of the velocity field increases

with the entrance width.

The net total heat flux from the top of an entrance is another metric

of the importance of convection in caves with surface connections. Figure 4.22

shows the normalized net total heat flux from the entrance top for various
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entrance widths, where the normalization is with respect to Aq, the total heat

inflow from the rock mass bottom boundary with the same footprint as the

cavity. The net total heat flux from an entrance increases with the entrance

width and it is greater for turbulent convection than for laminar convection for

any entrance width, even when the entrance width is small. The asymptotic

behavior of total turbulent heat outflow is likely caused by artificial diffusion.
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Figure 4.22: Variation of normalized total heat flux through the entrance top
with respect to entrance width W ’s

In summary, heat transfer processes in a cave depend on the entrance

width. If the entrance’s width is smaller than a critical value (W = H
4

), the

presence of an entrance does not significantly influence the heat flux passing

through the cavity or the airflow pattern within it. Consequently, the behavior

of such caves is similar to isolated caves. In caves with the entrance width

larger than the critical value, the total heat flux passing through the cave, the

pattern of convection cells, and the total heat outflow from the entrance top
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are sensitive to the entrance width and the nature of airflow. Both the total

heat outflow from the entrance top and the total heat flux passing through the

cave increase as the entrance width is increased. When flow transitions from

laminar to turbulent flow in a cave with a large surface connection, the pattern

of convection cells changes from small and multiple cells to a few but relatively

large convection cells.

Effect of a cavity having two surface connections

To study a cavity with two surface connections, I considered the geom-

etry shown in Figure 4.23a. Figure 4.23b shows a typical mesh discretization.
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Figure 4.23: (a) Geometry for the study of a cavity (A=10) with two surface
connections (W1 and W2), with H=1, (b) logarithmic plot of the local mesh
element size(h). The numbers refer to boundary conditions as described in the
“Boundary Conditions” section.

The effect on the heat flux pattern in the surrounding rock mass for

a second surface connection is similar to that for a single connection and is not

revisited here.

The presence of a second entrance and the nature of airflow affect

the pattern of convection cells in the cavity and the entrances. For a fixed left

entrance width (W1=0.50) and laminar airflow, when the right entrance (W2)

is narrower than W1, the pattern of convection cells in the cavity is composed

of multiple cells (Figure 4.24b1), similar to an isolated cavity (Figure 4.15a1).
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A similar pattern is shown by Shindo (2005), based on laminar convection

simulation in a cavity (A=5) with W1 = H
2

and W2 = H
4

. The pattern of

convection cells simplifies substantially when airflow transitions to a turbulent

regime (Figure 4.24b2). In this case, the air flow pattern is composed of a

dominating through-going convection cell connecting the entrances, along with

some smaller recirculation zones in the main cavity. When the right entrance

(W2) is wider than the fixed left entrance (W1), the pattern of convection

cells is composed of a single dominating through-going cell (Figure 4.25b1)

along with the formation of some small recirculation zones in the main cavity

and in the right entrance, for both laminar and turbulent airflow. The total

heat flux passing through the cavity is computed along any two adjacent cavity

boundaries. For example, in Figure 4.23, the total heat flux passing through the

cavity is measured along boundaries # 72 (including two short-dashed lines)

and left-hand-side boundary of the cavity (a part of the boundary # 8), and

this value is close to the value of the total heat flux measured along boundaries

# 5 and the right-hand-side cavity boundary (a part of the boundary # 6).

The difference in the two values is probably due to numerical error. For laminar

convection, the total heat flux passing through the cavity measured along any

two adjacent cavity boundaries, decreases as the width of the second entrance

(W2) is increased (Figure 4.26), when the first entrance width (W1) is fixed

at 0.50. This is caused by the insulation effect of the cavity and its entrances

and a substantial change in the pattern of convection cells (see Figure 4.24b1

and 4.25b1). For turbulent convection, the total heat flux passing through the

cavity increases only slightly with the width of the right entrance, caused by

a very similar pattern of convection cells for various W2’s (see Figures 4.24b2
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and 4.25b2).
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Figure 4.24: Temperature (a1 and a2), streamlines and arrow (b1 and b2) plots
of velocity fields in the cavity and at the top of entrances; with laminar flow
(a1 and b1) at Ra=104 and with turbulent flow (a2 and b2) at Ra=107. The
widths of the left and right entrances are 0.50 and 0.25, respectively.
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Figure 4.25: Temperature (a1 and a2), streamlines and arrow (b1 and b2) plots
of velocity field in the cavity and at the top of the entrances; with the laminar
flow (a1 and b1) at Ra=104 and with turbulent flow (a2 and b2) at Ra=107.
The widths of the left and right entrances are 0.50 and 0.75, respectively.
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left entrance is fixed at 0.50 (W1=0.50), while the size of the right entrance is
varied. The results that are most affected by the artificial diffusion are marked
by a star next to them.

The pattern of temperature variability in the cavity and entrances is

sensitive to the width of the right entrance (W2) and the nature of the air-

flow. For laminar air flow, when the right entrance is wider than the fixed left

entrance (W1=0.5), the pattern of temperature in the main cavity does not

show rising (hot air mass) and falling (cool air mass) thermal convection cells

(Figure 4.25a1), in contrast to the pattern shown by a narrow right entrance

(Figure 4.24a1). For turbulent airflow, the pattern of temperature in the main

cavity is shows more variability for a narrow right entrance than for a wider

right entrance (see Figure 4.24a2 and 4.25a2). As pointed out in the previous

section, if the width of a cavity entrance is less than a critical value (W = H
4

),
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in that case the presence of an entrance does not significantly influence the heat

transfer processes in the cavity. Similarly, in cavities with two surface connec-

tions and with a narrower right entrance (W2 < H
4

), there is more variability

in the temperature pattern in the main cavity as compared to a cavity with

a wider right entrance(W2 > H
4

). Furthermore, the temperature variability

range is relatively lower for turbulent convection than for laminar convection,

caused by the turbulent mixing of air and possibly by artificial diffusion.

The airflow profile at the top of entrances is sensitive to the relative

widths of the right and left entrances and the nature of the airflow. For laminar

airflow when the right entrance (W2) is narrower than the fixed left entrance

(W1), there is only a net outward airflow at each entrance (Figure 4.24b1),

compared to when W2 is large (Figure 4.25b1). In that case, airflow has

through going convection with a net inward flow at the small entrance and a net

outward flow at the right entrance. For turbulent airflow, the airflow pattern at

the top of the entrances also shows consistent behavior. The smaller entrance

(W1 or W2) always has a net inward airflow and the larger entrance always

has a net outward airflow. The net outward air velocity profile can include an

inward component (Figure 4.24b2), as we saw in the laminar simulation (Figure

4.25b1).

The net total heat flux from both entrances is another metric of the

importance of convection in cavities with surface connections. Figure 4.27

shows the normalized net total heat flux from both entrances for various W2’s.

The normalization of the net heat flux is done with respect to Aq, total heat

inflow from the rock mass bottom boundary for the same footprint as the cavity.
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For laminar convection, when W2 is either equal to or greater than W1 = 0.50,

the net total heat flux from the top of entrances is only slightly increased by

enlarging the entrance further, but is very sensitive to a smaller W2. This lack

of sensitivity for W2 greater than W1 = 0.50 is caused by the constant pattern

of convection cells: a dominating through-going convection cell in the cavity

and entrances (Figure 4.24b2 and 4.25b1, b2).
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Figure 4.27: Comparison of normalized net total heat flux from both entrances
for various W2’s. Normalization of the heat flux is done with respect to total
heat inflow along the rock mass bottom boundary for the same footprint as the
cavity and for W1 = 0.5.

In summary, for caves with two surface connections, the total heat

flux passing through the cave and the net total heat flux outflow from the

entrances depends on the pattern of convection cells and the airflow velocity

profile at the top of the entrances. The latter in turn depends on the relative
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width of the two entrances. Total heat flux increases as airflow transitions from

laminar to turbulent. The pattern of convection cells changes from multi-cells

to a single main through-going cell with smaller internal recirculation cells when

the relative width of the entrances is increased and when the airflow behavior

changes from laminar to turbulent. The pattern of airflow at the top of the

entrances can have both inward and outward components, especially at the

larger entrance. For turbulent convection, the smaller entrance always appears

to have a unidirectional and inward air velocity profile.

Effect of a cavity with two surface connections along with the hill
slope

To study a cavity located along a hill slope with two surface connec-

tions, I used the geometry shown in Figure 4.28a. Figure 4.28b shows a typical

mesh discretization.
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Figure 4.28: (a) Geometry for the study of cavities (A=10) with two surface
connections (W1 and W2) along with hill slope, with H=1; (b) logarithmic
plot of local mesh element size (h). The numbers refer to boundary conditions
as described in the “Boundary Conditions” section. For various hillslopes, total
length of the boundary # 4 is fixed at 5A+ 4H.

The effect on heat flux in the surrounding rock mass for a cavity on a hill slope

with two surface connections is similar to a cavity with one or two surface

connections on a horizontal surface and is not shown here.

For a cavity with two surface connections and hill slope, the parameter

governing buoyancy forcing is Raθ rather than Ra. This is because, as pointed



151

out earlier in the “The effect of cave slope,” the characteristic length scale

changes with hill slope. The expression for Raθ for a cavity with hill slope

is the same as the expression (4.17) for an isolated cavity. If basal heat flux

and cavity aspect ratio (A) are kept constant, Raθ increases with hill slope.

However, in numerical models Raθ is kept constant by reducing the basal heat

flux. An additional parameter Raequivalent is used to quantify the reduction

in basal heat flux to keep Raθ constant. The expression for Raequivalent is the

same as the expression (4.22) for an isolated cavity.

The pattern of convection cells in the entrances and in the main cav-

ity does not greatly depend on hill slope and the nature of airflow. When the

hill slope is increased or when flow transitions from laminar to turbulent, there

is only a slight change in the pattern of airflow. For example, Figures 4.29

and 4.30 show the pattern of convection cells for smaller upslope and larger

downslope entrances, and vice versa, for laminar and turbulent convection; the

hillslope is 45o. There is a through-going convection in the main cavity, with

small cells in the corners and recirculation zones near the entrances. The pat-

terns depend on the relative width of the upper and lower entrances. Shindo

(2005), based on laminar convection simulation in a cavity (A=5) with two

surface connections (W1 = H
2

and W2 = H
4

) with hill slope 45o, has reported a

similar pattern of convection cells. It should be pointed out that for turbulent

convection simulations, boundary layer mesh elements (COMSOL, Inc., 2008b)

are used in the proximity of cavity and entrance wall boundaries and unstruc-

tured mesh elements (triangular elements) are used in regions away from the

wall boundaries. This is why the streamline patterns for turbulent convection

cases are not as smooth as for laminar convection in regions where the two
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types of mesh elements meet. Boundary layer mesh elements were used to sub-

stantially reduce the computational cost near wall boundaries with respect to

free mesh elements (COMSOL, Inc., 2008b).

The total heat passing through the cavity for various hill slopes is

shown in Figure 4.31. The total heat flux passing through the cavity is com-

puted along any two adjacent cavity boundaries. For example, in Figure 4.28,

the total heat flux passing through the cavity is measured along boundaries #

72 (including two short-dashed lines) and left-hand-side boundary of the cavity

(a part of boundary # 8) , and this value is close to the value of the total heat

flux measured along boundaries # 5 and the right-hand-side cavity boundary

( a part of boundary # 6). The difference in the two values is probably due

to numerical error. The total heat flux is computed by integrating heat flux

through any two adjacent cavity boundaries, with or without entrances. In

Figure 4.31, two additional horizontal axes show Raequivalent (see expression

4.22) for any combination of Raθ and hill slope. For example, if Raθ is 104 and

hill slope is 10o, the Raequivalent is 1.83× 102 . Figure 4.31 shows the total heat

flux passing through the cavity does not greatly depend on the relative width

of the upslope and downslope entrances and changes only slightly changes with

the hill slope.
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Figure 4.29: Streamlines (in black) and arrow plot (in red) of velocity field
in the cavity and the entrances; with laminar convection (a1) at Ra=104 and
with turbulent convection (a2) at Ra=107. The widths of the upslope and
downslope entrances are 0.50 and 0.75, respectively. The hill slope is 45o from
the horizontal.



154

(a1)

(a2)

-23x10

Velocity  scale

Figure 4.30: Streamlines (in black) and arrow plot (in red) of velocity field
in the cavity and the entrance; with laminar convection (a1) at Ra=104 and
with turbulent convection (a2) at Ra=107. The widths of the upslope and
downslope entrances are 0.75 and 0.50, respectively. The hill slope is 45o from
the horizontal.
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Figure 4.31: Comparison of Nu vs. hill slope behavior for a sloping cavity with
two surface connections. Diamonds: W1=0.50, W2=0.75; Circles: W1=0.75,
W2=0.50. Filled symbols: Laminar at Raθ = 104; open symbols: Turbulent
with Raθ = 107. The additional horizontal axis shows equivalent Ra for any
combination of Raθ and hill slope, and for laminar (upper values) and turbulent
(lower values) flow.

Consistent with findings in previous simulations of turbulent convec-

tion, air temperature variability is relatively lower for turbulent convection due

to the vigorous mixing of air masses with different temperatures (Figure 4.32a2

and b2).
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Figure 4.32: Temperature plot in the cavity with two surface connections; with
laminar convection (a1 and b1) at Ra=104 and turbulent convection (a2 and
b2) at Ra=107. The widths of top and bottom entrances for a1 and a2 are
0.50 and 0.75, respectively. Similarly, the widths of top and bottom entrances
for b1 and b2 are 0.75 and 0.50, respectively. The hill slope is 45o from the
horizontal.

The air velocity profiles show that the downslope entrance always has

an inward and unidirectional airflow (see Figure 4.29 and 4.30). The pattern is
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similar to the pattern reported by Shindo (2005) for laminar convection for a

cavity (A=5) with two surface connections with hill slope 45o. The air velocity

profile at the upslope entrance also depends on entrance width. If the width of

the upslope entrance is smaller than the downslope entrance, there is only an

outward unidirectional air velocity profile at the top of the upslope entrance. If

the width of the upslope entrance is greater than the downslope entrance, the

upslope entrance has both an inward and an outward air velocity component.

The net flow is outward.

For laminar flow, the normalized net total heat flux from both en-

trances increases as the hillslope is increased (Figure 4.33). The normalization

is performed with respect to total heat inflow from the rock mass bottom

boundary (=11Aq), where 11A is the total length of the rock mass bottom

boundary. For turbulent flow the trend is less clear, partly due to numerical

issues. For example, for a hillslope of 45o, the net total heat flux is artificially

low, caused by the artificial diffusion necessary for solution convergence.
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Figure 4.33: Comparison of normalized total heat outflow from the top of
both entrances for various hill slopes. Diamonds: W1=0.50, W2=0.75; Circles:
W1=0.75, W2=0.50. Filled symbols: Laminar at Raθ = 104; open symbols:
Turbulent with Raθ = 107. The results that are greatly affected by the artificial
diffusion are marked by a star symbol next to them.

In summary, caves on a hill-slope with two surface connections have

a large through-going convection cell. The net airflow is inward at the downs-

lope entrance and outward at the upslope entrance. The velocity profile is

always inward at the lower entrance, but can be a mix of inward and outward

components at the upper entrance, especially if it is wider.

The airflow pattern includes recirculation in the wider entrance and

small convection cells in the cavity corners. The total heat flux passing through

the cavity increases with a hill slope, but above a shallow angle of just a few

degrees it appears to be relatively insensitive to hill slope.
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Other Considerations

It should be noted that all simulation results reported in this work

are based on the following assumptions: (a) two-dimensional domain for the

rock mass and cavity, (b) no pressure work, (c) simplified cavity geometry with

no surface roughness, (d) no viscous heat generation, (e) no latent-heat effect,

(f) fully developed flow, both laminar and turbulent flow, and (g) quiescent

atmosphere. The assumption (a) has an additional implicit assumption that

the third-dimension is very long (infinite). However, in reality this assumption

is generally not true. So, the temperature profiles shown by the numerical

results /models from this study are somewhat exaggerated. The airflow pat-

tern (convection cells) based on this assumption is simplified and cannot show

the transitions in the pattern of convection cells as reported by Krishnamurti

(1970a). That author has experimentally documented multiple transitions in

the pattern of convection cells for various fluids. Moreover, the insulation ef-

fect, as reported for various scenarios (see “Questions and Findings” section),

and the conductive heat flow pattern in the rock and cavity, will be somewhat

different if the third dimension is also included. The nature of this difference

is hard to predict due to the scarcity of data or results for natural convection

in a three-dimensional cavity. Assumption (b) is quite common in natural con-

vection simulations based on the Boussinesq approximation. However, Pons

(2008) has pointed out the assumption only holds in enclosures with a small

vertical height. Assumption (c) vastly reduced the simulation time for models

presented in this work. However, caves are known for their complex mor-

phology and for various types of secondary decorations (e.g., stalagmites and

stalactites). Shindo (2005), based on two-dimensional numerical simulation of
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laminar natural convection in isolated cavities with simplified geometries with

stalagmites and stalactites, has reported that: stalagmites cause increases in

the average cave air temperature, and stalactites cause decrease in the aver-

age air temperature compared to the cave air temperature when there are no

decorations in a cave. Thus, not including speleothems is a clear limitation

of my model results. But, there are many caves, e.g., young limestone caves

and lavatubes, which have much less decorations as compared to an old and

well developed limestone cave. So my model results, although they do not in-

clude speleothems, are useful to understand cave meteorology in simple caves

and lavatubes. Assumption (d), the negligible viscous generation of heat, is

a quite common assumption for natural convection modeling when gases are

the main fluid. The assumption generally holds true for convection dominated

problems, because for such processes convective transport of energy dominated

over viscous generation of heat (Spiegel and Veronis, 1960). Assumption (e), no

latent-heat effect, is necessary to bring down the complexity level of the prob-

lem to a level at which the problem is manageable. Even with this assumption,

natural convection problem are hard to simulate for higher Ra’s. It is clearly

one of the most limiting assumptions of this work since latent-heat issues play a

larger role in cave micrometeorology. Assumption (f), fully developed laminar

and turbulent flow, is used for the COMSOL R© Multiphyscis software package

can not deal with flows in a transition regime. Assumption (g), quiescent at-

mosphere with no surface forcing or no pressure or temperature fluctuation at

the surface, is used to simplify the problem to the manageable level. Moreover,

this assumption helped us in evaluating the influence of geothermal forcing on

convective heat transfer processes in the cavities which have single or multiple
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surface connections.

4.4 Applications of the modeling results

4.4.1 Application 1

Introduction

Lechuguilla cave is the 5th largest cave in the world and the deepest

cave in the USA (Carlsbad Caverns National Park, 2009). The cave is situated

approximately 4.8 km northwest from Carlsbad Cavern (see Figure 4.34). The

cave has a single (known) entrance and has a total surveyed length of 204.95

km and an overall depth of 488.9 km (Gulden, 2009). The entrance pit depth

is (approximately) 27 m below the ground surface (see Figure 4.35) and is

connected to (approximately) 122 m of dead end passages (Carlsbad Caverns

National Park, 2009). Cunningham and LaRock (1991) reported five major

recognized sections of the cave known at that time, namely, Western Borehole,

Eastern Megamaze, Far East, F Survey, and High Hopes (see Figure 4.34).

Most of the passages lie at an average depth of 244 m below the entrance. The

authors have classified this cave as a Type 2 cave: a cave whose developed

areas mostly lie below the main entrance.
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Figure 4.34: Plan view of the Lechuguilla cave, Carlsbad Cavern National Park,
NM, USA (Cunningham and LaRock, 1991)
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Figure 4.35: The entrance pit of the Lechuguilla cave (Picture provided by:
Dr. Penelope J. Boston)

Observation

Cunningham and LaRock (1991) carried out extensive radon-concentration

studies in the cave and collected approximately 70 air samples from various

locations in the cave in the months of October and November. Based on the

radon concentration data, the authors have interpreted these data as indicative

of six microclimate zones: (a) Entrance Zone: in this zone radon concentration

responds to surface temperature and pressure fluctuation; (b) Western Bore-

hole: in this zone airflow is sluggish and the radon concentration is relatively

higher with respect to the near entrance zone; (c) Easter Megamaze: in this

zone there is slow convective airflow; (d) Far East: this zone is dominated by

active airflow; (f) Apricot Pit: a mixing zone, where inflowing and outflowing

air masses mix; f) F Survey and High Hopes: these zones are nearly isolated



164

zones with high radon concentrations.

Explanation based on my modeling results

If we consider the 122 m of the dead end passages as a representative

of the length scale and assume that the entrance passage is in rectangular shape

with the entrance width half of the entrance height (see Figure 4.35), then one-

fourth of the passage height is still greater than the depth of the entrance pit or

entrance width (approximately 13.5 m). Thus, the entrance width is less than

the critical value for the surface connection required to affect heat transfer pro-

cesses in a cave. For such caves, under my set of assumptions, the simulation

results (Figure 4.19) show multiple convection cells forming in the cavity. It

should be pointed out that model results are based on a two-dimensional sim-

plified cave geometry and that they neglect pressure work, surface atmosphere

variability, and latent-heat effects. Nonetheless, even these simplified models

are able to show multiple convection cells in the main cavity that have the

potential to influence radon concentrations as observed by Cunningham and

LaRock (1991) and later air chemistry tracer pilot studies using CO2 and SF6

concentrations (Boston, personal communication, unpublished results). Based

on radon concentration, the authors hypothesized that the six microclimate

zones are caused by a combination of surface influences and geothermally-driven

air convection. Although, my numerical results assume quiescent surface con-

ditions, they still serve to validate these authors’ hypothesis that geothermally

induced airflow can cause distinctive radon concentration patterns in that cave.

Subsequent to the early radon study, significant apparent convection cells have

been noted in a number of more newly discovered areas of the cave that are
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blind pockets, typically high up in the sequence (Boston, personal communi-

cation). Besides observation of airflow movements characteristic of convection

cells, a large amount of speleosol (Fe/Mn rich soil-like breakdown product of

the bedrock) has been noted in these pockets. Such speleosols have been sug-

gested as another potential indicator of active convective cells which facilitate

chemical and microbial breakdown of the bedrock [Spilde et al. (2005) and

Spilde et al. (2005)].

4.4.2 Application 2

Another application of the modeling results lies in natural sciences,

especially in animal burrows. Animals prefer to live in burrows for various rea-

sons including: to survive in extreme environment conditions, or to hide their

flood, and to raise their young. Varricchio et al. (2007) reported burrowing

habits of the Mesozoic dinosaur Oryctodromeus Cubicularis in Montana, USA.

The authors even have asserted that many morphological features of this an-

imal are due to its burrowing habit. Additionally, wombats are known to dig

long tunnels (Marinacci, 2003), with the two ends of the tunnel at different

elevations. My two-dimensional simplified numerical results for a cavity with

two entrances on a hill slope can represent such a tunnel.

For my assumptions the model results show that a cavity needs to

be at least 17 cm high, in order to induce laminar convection. It should be

pointed out that this minimum scale is based on two-dimensional simplified

cave geometry. It is quite common to see animal burrows of at least 17 cm

in diameter (see Figure 4.36). Thus, it is very likely that there is laminar

convection in such borrows. The numerical results for a cavity with two surface
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connections on a hill slope have shown that the downslope entrance (see Figures

4.29 and 4.30) has only an inflow of cool air and the upslope entrance has

only an outflow of warm air due to the geothermal heat flux. This finding

suggests that it may have taken the burrowing animals many years (thousands?

millions?) to figure out how to make natural convection work for them. For

example, they stay near the downslope entrance in the summer and near the

upslope entrance in the winter to minimize seasonal body heat loss.

Figure 4.36: A rabbit borrow (Wikimedia Commons, 2010)

4.5 Summary

In this chapter, numerical simulations of laminar and turbulent natu-

ral convection are performed in isolated and buried air-filled cavities surrounded
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by a more conductive rock mass, and in cavities connected to the quiescent sur-

face through one or two connections with and without a hill slope. Based on

the simulation work, the conclusions are:

• A cave acts as an insulator relative to heat conduction in the rock when

the air is stagnant. Much of the geothermal heat flux bypasses the cave.

However, when airflow is turbulent the insulation effect of an air-filled

cavity is much damped and there is more heat flow through the cavity as

compared to conduction only heat transfer.

• The propensity for and the intensity of buoyancy-driven natural convec-

tion in a cave is measured by the Rayleigh number (Ra). Ra increases

linearly with geothermal heat flux and with cave room height to the 4th

power.

• For greater heat flux or for larger (taller and wider) cave rooms, sufficient

heat flux passes through the cave to induce laminar convection (Ĥ ≈ 17

cm). For even larger rooms (say, Ĥ ≈ 1 m), turbulent heat convection

is the norm. Since rooms of this size or higher are common in explored

caves, turbulent conditions should be the norm for these caves, even in

the absence of atmospheric forcing via a surface connection.

• The pattern of convection and conduction in caves is sensitive to their

geometric aspect ratio and airflow behavior. For sluggish airflow, caves

behave as insulators and form unstable air temperature stratified zones

(a cooler and heavier air mass lying over a warmer and lighter air mass).

For turbulent airflow, the insulation effects of the cave are dampened.
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In this case turbulence is capable of mixing air at different temperatures

and it lowers the air temperature variability in a cave environment.

• Narrow and tall caves form stacked convection cells, while wider and short

caves form a single row of convection cells.

• The cave slope strongly influences the total heat flux passing through the

cave and its pattern of airflow. For laminar flow in a cavity above a critical

slope, the airflow pattern simplifies, producing a larger convection cell in

the cavity center and a few relatively small cells at the cavity corners.

For turbulent airflow or for a large cave height, the pattern of the air flow

consists of multiple convection cells.

• Cave shape, aspect ratio, and the nature of airflow dictate the pattern of

convection cells and total heat flux passing through a cave. In circular,

square, or keyhole shaped caves with a small aspect ratio, stacked cells

form, which simplify as airflow becomes turbulent. In rectangular and

elliptical shaped caves with a large aspect ratio a single row of convection

cells forms, which changes only slightly when airflow becomes turbulent

(except for an elliptical cave). For laminar convection, total heat flux

through a cave is higher for caves with a large aspect ratio than for

small aspect ratio caves. However, for turbulent convection, the opposite

occurs. This is caused by the sensitivity of the heat flux to the pattern

of convection cells, which changes only slightly in cavities with a large

aspect ratio and with a turbulent airflow.
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• One or more entrances connected to a quiescent surface atmosphere in-

fluences behavior.

– For a single entrance cave, the sensitivity of the heat transfer pro-

cesses in the cave depends on the entrance width. If the entrance

width is smaller than a critical value (=H
4

), the presence of an en-

trance does not influence the heat flux passing through the cavity or

the airflow pattern within it. Thus, the behavior of such caves is sim-

ilar to an isolated cave. In caves with an entrance width larger than

the critical value, the total heat flux passing through the cave, the

pattern of convection cells, the total heat outflow from the entrance

top, and the air velocity profile at the entrance top are sensitive

to the entrance width and the nature of airflow. Both the total

heat outflow from the entrance top and the total heat flux passing

through the cave increase as the entrance width is increased. When

airflow transitions from laminar to turbulent flow, the pattern of

convection cells in caves changes from small and multiple cells to a

few but relatively large convection cells.

– For caves with two surface connections, the air velocity profiles at

the top of entrances depend on the relative width of the entrances

and the nature of airflow. For laminar airflow, the wider entrance

has both inward and outward air velocity components and the rel-

atively narrow entrance can have either a net outflow or net inflow

velocity profile. For turbulent air, the narrower entrance has only

inward air flow, while the wider entrance can have a net outflow or
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a mix of inflow and outflow air velocity components. The pattern of

convection cells changes from multiple cells to a single through-going

cell in a cave when the relative width of the entrances is increased

and/or when airflow transitions from laminar to turbulent. The to-

tal heat flux passing through the cavity and entrances depends on

the relative width of the entrances and the nature of the airflow.

With a relative increase in the entrance width and a transition to

turbulent flow, the total heat flux passing through the cavity and

entrances increases.

– For a cavity on a hill slope with two surface connections, there is an

inward airflow at the downslope entrance and through-going circula-

tion to the outward flowing upper entrance. The velocity profile at

the upslope entrance depends on its width relative to the downslope

entrance. If the upslope entrance is wider, there are zones of both

inward and outward flow and the net flow is outward. The total

heat flux passing through the cavity increases with the hill slope.



CHAPTER 5

CONCLUSIONS AND SUGGESTIONS FOR FUTURE
WORK

5.1 CONCLUSIONS

In this work on cave micrometeorology, my research team performed

field measurements in the Left Hand Tunnel (LHT) of the Carlsbad Caverns in

the Carlsbad Caverns National Park, Carlsbad, New Mexico, and I conducted

mathematical modeling of natural convection in simplified cave geometries.

In the field work we designed and deployed a turbulence tower and utilized

the latest air temperature measurement technology (Distributed Temperature

Sensing, DTS) to monitor cave air temperature fluctuation intensity and cave

air temperature time-space profiles. We also used low-resolution air tempera-

ture sensors (HOBOs) to record temperature at three distinct locations within

the tunnel and at a single location outside the cavern.

Based on our field work, the conclusions are:

The data collected from DTS shows a steady temperature rise as one

goes deeper from the Lunch Room (LR) to the Troll Pit (TP), in the Left Hand

Tunnel (LHT), except in the proximity of a water body where the temperature

gradient is dampened due to latent-heat effects. Furthermore, the DTS data

verifies LHT air temperature stratification, indicating a large convection cell

from the Troll Pit to the Lunch Room along the roof of the tunnel, and back

171
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again along the floor.

For the first time in any cave micrometeorology study, the measure-

ment of cave air turbulent temperature fluctuation intensity was performed.

These measurements showed the presence of a shear zone, although subtle,

which lies between two vertically stratified air temperature zones. The inten-

sity of the air temperature fluctuation is the greatest in this zone. Additionally,

these sensors were the first successful attempt to sense small-scale (temporal)

perturbations in the heat transfer in a natural cave environment. For example,

sensors were able to detect nearby human presence in the cave.

In very deep parts of a cave system, weather is generally stable due

to sluggish ventilation. This was confirmed for the Troll Pit in the LHT by the

HOBO sensors. The sensor outside the cavern showed larger scale variation in

the air temperature, while those in the cavern indicated stable and stratified

cave air temperature zones, also shown by the DTS unit.

Finally, the purpose of this experiment was to evaluate the suitability

of the latest air temperature measurement instruments to the study of cave

meteorology. These instruments successfully measured the behavior of cave

air temperature and its fluctuation intensity at fine space and time scales,

suggesting their future usefulness for further developing our understanding of

cave micrometeorology.

The modeling study focused on one of the three major forcings of cave

micrometeorology - geothermal heat flux. This study addressed conduction in

the rock and dry-airflow plus conduction and convection in the cave. Latent

heat effects were not considered in this study. Based on the numerical sim-
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ulations using the COMSOL R© Multiphysics software package of laminar and

turbulent natural convection in cavities with a variety of aspect ratios, slopes,

shapes, and surface connections with and without hill slopes, the conclusions

are:

When air is stagnant in a cave, the cave acts as an insulator relative

to heat conduction in the rock. However, the insulation effect is damped when

air is moving vigorously in the cave and more (relative to conduction only heat

transfer) heat flux passes through it.

The propensity for and the intensity of buoyancy-driven natural con-

vection in a cave are measured by the Rayleigh number (Ra). Ra increases

linearly with geothermal heat flux and with cave room height to the 4th power.

For greater heat flux or for larger (taller and wider) cave rooms, sufficient heat

flux passes through the cave to induce laminar convection (Ĥ ≈ 17 cm). For

even larger rooms (say, Ĥ ≈ 1 m), turbulent heat convection is the norm. Since

rooms of this size or higher are common in explored caves, turbulent conditions

should be the norm for these caves, even in the absence of atmospheric forcing

via a surface connection.

The shape and geometric aspect ratio of a cave largely govern its

pattern of airflow, in other words convection cells, within it. In caves with

a small aspect ratio (closer to 1) and with either circle or square or keyhole

shape, stacked cells (cells in multiple rows) form. In caves with a large aspect

ratio (closer to 10) and with either a rectangle or ellipse shape, only a single

row of convection cells forms. For larger heat flux or taller room height (larger

Ra), a lesser number of (more intensive) convection cells are more efficient at
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transporting heat. The pattern of convection and heat transport is strongly

influenced by cave slope. As the slope increases above 50o under laminar flow

conditions, an asymptotic pattern of just a few cells is reached.

One or more entrances connected to a quiescent surface atmosphere

influences airflow behavior. For a single entrance cave, the sensitivity of the

heat transfer processes in the cave depends on the entrance width. If the

entrance’s width is smaller than a critical value (one-fourth of cave height),

the presence of an entrance does not influence the heat flux passing through

the cavity or the airflow pattern within it. Thus, the behavior of such caves

is similar to an isolated cave. In caves with the entrance width larger than

the critical value, the total heat flux passing through the cave, the pattern

of convection cells, the total heat outflow from the entrance top, and the air

velocity profile at the entrance top are sensitive to the entrance width and

the nature of airflow. Both the total heat outflow from the entrance top and

the total heat flux passing through the cave increase as the entrance width is

increased.

For caves with two surface connections, the air velocity profiles at

the top of the entrances depend on the relative width of the entrances and

the nature of airflow. For laminar airflow, the wider entrance has both inward

and outward air velocity components and the relatively narrow entrance can

have either a net outflow or a net inflow velocity profile. For turbulent air,

the narrower entrance has only inward air flow, while the wider entrance can

have a net outflow or a mix of inflow and outflow air velocity components. The

pattern of convection cells changes from multiple cells to a single through-going
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cell in a cave when the relative width of the entrances is increased and/or when

the airflow transitions from a laminar to a turbulent regime. With a relative

increase in the entrance width and a transition to turbulent flow, the total heat

flux passing through the cavity and entrances increases. For a cavity on a hill

slope with two surface connections, there is an inward airflow at the downslope

entrance, and through-going circulation to the outward-flowing upper entrance.

The velocity profile at the upslope entrance depends on its width relative to

the downslope entrance. If the upslope entrance is wider, there are zones of

both inward and outward flow and the net flow is outward. The total heat flux

passing through the cavity increases with the hill slope.

I wish to urge caution to cave conservation organizations and cave

managers who might read this work. The modeling conclusions from this work

are based on the following major assumptions: two-dimensional, simplified cave

geometry with no surface roughness, no latent-heat effect, quiescent surface

atmosphere, and fully developed flows, both laminar and turbulent. In the

future, a more thorough and comprehensive research effort is required to reduce

further the number of assumptions involved in the numerical models, and to

answer properly many interesting and practical questions regarding various

physical processes in caves and its preservation and restoration.

Even after employing the aforementioned simplifying assumptions,

the modeling brought out some interesting findings (e.g., the insulation effect

of an air filled cavity for turbulent convection and a critical entrance width for

a cavity with a surface connection below which the entrance does not influence

the heat transfer processes in the cavity). I would like to suggest to any future
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researchers who attempt to reexamine these findings to consider complex and

three-dimensional cave geometry along with latent-heat effect.

The modeling results, although based on many simplifying assump-

tions, are useful in qualitatively explaining the temperature profile as observed

in the LHT and the convective heat transfer process in simple caves. As noted

from the field work (Chapter 3), the temperature in the LHT, which has only

one surface connection that is through the LR, rises as one goes deeper in the

tunnel from the LR to the TP (Figure 3.9). The field observations showed the

influence of: geothermal heat flux, local heat sources, and latent-heat effects on

cave air temperature. Moreover, the field observation by McLean (1971) docu-

mented a bi-directional airflow profile at the natural entrance of the Carlsbad

Cavern (Figure 2.6). The modeling results for a single-entrance cave that only

consider geothermal heat flux have shown that temperature rises as one goes

deeper in the cave and that the airflow profile at the entrance is a bi-directional

(Figure 4.19 and Figure 4.20) inflow of cool air and outflow of warm air from

the entrance. Thus, modeling results are able to explain field observations,

although only qualitatively. A more thorough comparison between the field

observation and the modeling results from this study cannot be made at this

point. The Left Hand Tunnel, site for the field observations, has: (a) a three-

dimensional complex morphology with many secondary decorations, (b) surface

connection through the Lunch Room, (c) presence of some water bodies, and

(d) geothermal heat flux concentrated along the Lake of Clouds. On the other

hand, the numerical models from this study consider only geothermal heat

flux and assume simplified two-dimensional cave morphology, quiescent surface

conditions, and no latent-heat effect. In future, we need more comprehensive
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Figure 5.1: A lavatube in Volcanoes National Park, Big Island, Hawaii, USA
(Picture by: Jochen Duckeck)

and thorough modeling attempts, which reduce the number of assumptions and

consider three-dimensional cave geometry along with latent-heat effects.

My models do not consider the effect of speleothems on convective

heat transfer in a cave, but modeling results can be useful in explaining such

processes and airflow patterns in relatively young limestone caves and in lavatubes

(see Figure 5.1), which do not have as many secondary decorations as well-

developed and very old limestone caves.

5.2 SUGGESTIONS FOR FUTURE WORK

• The use of the turbulence tower to monitor cave air temperature fluctu-

ation intensity and a Distributed Temperature Sensing unit (fiber optic

cable) to record cave-air temperature profiles worked quite well in our
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field experiment. So we suggest further utilization of these instruments

along with any future instruments that are able to record wind velocity

and relative humidity along with cave air temperature across variable

spatial and temporal scales in any future cave micrometeorology studies.

• This modeling study assumes dry air and cave rock surfaces, neglecting

latent-heat effects and their influence on airflow or on cave air temper-

ature. In real caves, water vapor and latent heat effects are important

factors affecting a cave’s atmosphere. Future mathematical models should

include these effects to better appreciate the feedbacks between various

cave atmosphere properties and processes.

• This modeling study assumes steady states for heat and airflow and em-

ploys the Boussinesq approximation to simplify the governing equations

for heat and momentum transport. The research community on the sub-

ject is divided on the suitability of these two assumptions for natural

convection processes. These assumptions should be tested through fur-

ther numerical modeling and small-scale laboratory experiments.

• This modeling work is based on the simulation of natural convection in

two-dimensional cavities with a simplified geometry. But, in reality, cavi-

ties are three-dimensional and have a complex morphology. Future mod-

eling attempts should consider three-dimensional cavities and irregular

morphology.

• I used only the COMSOL R© Multiphysics software for the modeling. Ob-

taining convergence with convection-dominated numerical simulations (e.g.
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turbulent convection) was difficult. I suggest using other commercial fluid

dynamics (CFD) software like Fluent or Flow-3D for the cavity problem

and software specific for a porous matrix -, such as Finite Element Heat

and Mass Transfer (FEHM) developed by the Los Alamos National Lab-

oratory, New Mexico, USA. To any future researchers aiming to model

all cave weather properties and processes for a complex three-dimensional

cave geometry, I recommend (from my modeling experience) using a par-

allel CFD code and a supercomputing facility. Otherwise, ambitions are

just not compatible with current computational resources.
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APPENDIX A

SENSITIVITY STUDY FOR THE LOCATION OF
ROCK MASS BOUNDARIES

“... judgment is selection of a fact. There are, in a sense,

no facts in nature, or if you like, there are an infinite number of

potential facts in nature, out of which the judgment selects a few

which become truly facts by the act of selection.”

-Immanuel Kant, Critique of Judgment
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Nomenclature

Table A.1: Symbols and their interpretations

Symbol Interpretation
A Aspect ratio ( LH )
b Bottom boundary of the rock mass
ĈP Specific heat capacity of air at constant pressure [J/(Kg K)]
1Es 10s

ĝ Acceleration due to gravity (m/s2)
h Local mesh element size
H Height of the domain (see Figure A.1)
K̂f Thermal conductivity of air [W/(mK)]

Kcontrast the ratio of thermal conductivity of air and the rock mass
L Length of the domain (see Figure A.1)
Nu Nusselt number ( qcc

qc
)

Pr Prandtl number ( νλ )
q Basal heat flux [-]
Q̂ External heat source/sink
qc Total heat flux (conduction only) passing through a cavity measured

along the same cavity boundaries as qcc
qcc Total heat flux (convection and conduction) passing through

any two boundaries (one horizontal and one vertical) of a cavity
ρ̂ Air density (Kg/m3)
Ra Rayleigh number ( gα∆TH3

νλ )
s Side boundary of the rock mass
T Dimensionless temperature
T1 Temperature along the top boundary of the rock mass (set to 0 K in our models)
t Top boundary of the rock mass
u, v X- and Y - components of dimensionless velocity field
α̂ Volumetric thermal expansion coefficient (1/K) of air
λ̂ Thermal diffusivity of air
µ̂ Dynamic viscosity of air (Kg/ms)

Note: Subscript ‘f’ is used for air and subscript ‘r’ for the rock mass,

and all symbols with a caret on them represent quantities with dimensions.
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A.1 Introduction

Any mathematical model is an abstract version of a physical reality

containing only, and all, of the essential parts that preserve the phenomena of

interest and ignoring any other details or facts not pertinent to the problem

at hand. Additionally, all mathematical models have some buried assumptions

which help in simplifying the mathematics of the problem. The numerical solu-

tion of a spatially distributed mathematical model for any particular problem of

interest starts with specifying a finite size domain. The present research work is

based on mathematical modeling of natural convection in cavities surrounded

by a more (in comparison to air) conductive rock mass. Because numerical

models require a finite size domain, I considered only a finite size rock mass

surrounding the cavity. However, in reality, a rock mass surrounding a cavity

extends for a very large distance, at least in a few dimensions. This raises an

interesting and important question, which must be answered before any at-

tempt to simulate non-linear airflow and heat transfer in a cavity and in the

surrounding rock mass. We are interested in answering, “How far should the

rock mass boundaries be located to have the least influence on the physical

processes happening in and around a cavity?” However, there is a conflict be-

tween the requirement for a large rock domain, and the need for grid resolution

in and near the cavity. It is constrained by the computational resources. If one

makes the computational domain (cavity and the surrounding rock mass) too

large, to avoid boundary problems, then the required grid density in and near

cavity is unaffordable. There is a trade off, and the optimal result is one in

which the boundaries are reasonably far away and the grid density in and near

the cavity is sufficiently dense. Thus, we are interested in determining how far
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the side boundaries (s), the top boundary (t), and the bottom boundary (b) of

the rock mass should be optimally located from a cavity’s boundaries to have

the least influence on the processes happening in and around a cavity.

In this chapter, I attempted to answer this question using metrics for

heat flow while changing the 1) location of the side boundaries, 2) location of

the top boundary, and 3) location of the bottom boundary of the rock mass,

in deciding an optimal location for s, b, and t boundaries.

The organization of this chapter is as follows: Section A.2 describes

the proper mathematical statement including domain geometry, governing equa-

tion models, and a brief description of important parameters; Section A.3 con-

siders the proper location of the side boundaries; Section A.4 considers the

proper location of the top boundary; and Section A.5 considers the proper lo-

cation of the bottom boundary of the rock mass. Based on work performed for

each case, Section A.6 presents concluding remarks about an optimal location

of the rock mass boundaries, which have the least influence on the processes

happening in and around a cavity.

A.2 Proper mathematical statement

Figure A.1 shows a cavity and the surrounding rock mass. In this

figure, all boundaries are numbered to facilitate description of boundary con-

ditions for each case considered in this study.
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Figure A.1: Domain with boundary numbers

A.2.1 Governing equations and variables

Conservation of mass:

∇̂ · ~̂u = 0 (A.1)

Where û is the air velocity.

Conservation of linear momentum:

ρ̂~̂u · ∇̂~̂u = −∇̂P̂ + µ̂∇̂2~̂u+ (ρ̂ĝα̂∆T̂ )~j (A.2)

where ρ̂ is the air density, P̂ is the barometric pressure, µ̂ is the dynamic

viscosity of air, ĝ is the acceleration due to gravity, α̂ is the volumetric thermal

expansion coefficient of air, ∆T̂ is the change in air temperature, and ~j is the
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unit vector in the vertical direction. Conservation of thermal energy:

ρ̂ĈP ~̂u · ∇̂T̂ = Q̂+ ∇̂ · [K̂f∇̂T̂ ] (A.3)

where ĈP is the specific heat capacity of air at constant pressure, Q̂ is the

external heat source or sink, K̂f is the air thermal conductivity. In this research

Q̂=0.

Note: For interpretation of various symbols, please refer to Table A.1. The

governing equations (A.1 to A.3) are written for conservation of mass, linear

momentum, and thermal energy in dimensionless form using the following as-

sumptions:

1. Fluid is incompressible and dry

2. Boussinesq approximation is applicable

3. Homogeneous and isotropic thermal conductivity

4. Steady state assumption for the air flow and the heat fields

5. Limestone rock mass is impermeable, thus the only possible heat transfer

mechanism in the rock mass is conductive heat transfer

In this model, thermal convection is driven by the buoyancy forcing

term in Equation (A.2), the third term on the right side. The forcing is rep-

resented in this term by the Rayleigh number (Ra). Viscous dissipation is

represented by the second term on the right side. Thermal convection is rep-

resented by the left side of (A.3) and thermal conduction is represented by the

second term on the right.
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However, it is a standard practice in Fluid Mechanics to convert gov-

erning equations into dimensionless form. Some of the reasons for this pref-

erence are: (a) to better understand the physics of the problem by including

non-dimensional numbers, which are ratios of destabilizing forcing(s) to stabi-

lizing forcing(s); (b) to optimize the number of variables in independent pa-

rameter space; (c) to deal with large geometries by scaling them to a domain in

a non-dimensional space, where it is computationally manageable to simulate

the problem numerically.

With this objective in mind, I have converted the governing equations

for the conservation of mass, momentum, and energy into the dimensionless

form.

Model # 1: Low Ra convection

In this model, the following characteristic scales are used to make

governing equations (A.1 to A.3) dimensionless: length scale (cavity height

Ĥ), velocity scale Û = λ̂

Ĥ
, and temperature scale T = K̂r

q̂Ĥ
(T̂ − T̂1), where T̂1 is

the temperature along the top boundary of the rock mass whose value is set to

zero in our models.

Conservation of mass:

∇ · ~u = 0 (A.4)

where ~u is the dimensionless air velocity. Conservation of linear momentum:

~u · ∇~u = −∇P + Pr∇2~u+ (RaPrT )~j (A.5)

where P is the dimensionless barometric pressure, µ̂ is the dynamic viscosity
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of air, T is the change in air temperature. Conservation of thermal energy:

~u · ∇T =
Q̂Ĥ2

K̂f∆T̂
+∇ · [Kcontrast∇T ] (A.6)

Model # 2: for high Ra convection

In this model, the following characteristic scales are used to make the

governing equations (A.1 to A.3) dimensionless: length scale (cavity height Ĥ),

velocity scale Û = λ̂
√
Ra

Ĥ
, and temperature scale T = K̂r

q̂Ĥ
(T̂ − T̂1), where T̂1 is

the temperature along the top boundary of the rock mass whose value is set to

zero in our models.

Conservation of mass:

∇ · ~u = 0 (A.7)

Conservation of linear momentum:

~u · ∇~u = −∇P +
Pr√
Ra
∇2~u+ (PrT )~j (A.8)

Conservation of thermal energy:

√
(Ra)~u · ∇T =

Q̂Ĥ2

K̂f∆T̂
+∇ · [Kcontrast∇T ] (A.9)

Two separate models of governing equations are required. Model #1

is effective for laminar convection simulation in small cavities and compared

to model #2, is more intuitive. When Ra is 0, there is no forcing in the mo-

mentum balance equation, thus mimicking conductive heat transfer in a cavity.

Whereas, when Ra is higher than some threshold (it depends on both, the cav-

ity geometry and its aspect ratio), there is both conductive and convective heat
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transfer in a cavity. When Model #1 is used for laminar convection in cavities

with a high aspect ratio, the model yielded a convergence problem. Model #2

is effective for this case and helps achieve a converged result. However, one

can not use Model #2 when Ra is 0, because the fluid viscosity term in the

momentum balance equation in not defined for Ra equal to 0. However, both

of these models show similar results for the Nusselt (Nu) number for Ra in the

range of 103 to 105.

It is important to mention that the geometry of the problem domain,

as shown in Figure A.1, is also scaled with respect to the cavity height, which

is the characteristic length scale of our model. This length scale was chosen as

the characteristic length scale because we are interested in the buoyancy driven

natural convection process happening within the cavity. The height is in the

vertical direction, the same direction as the acceleration due to gravity vector,

which is in the buoyancy forcing term (ρ̂ĝα̂∆T̂ ).

A.2.2 Boundary conditions

Boundary conditions for the rock mass boundaries (#1, #2, #3, and

#8) are dependent on the considered cases. For example, for the optimal

location of the top boundary of the rock mass, boundaries #1 and #8 are

thermally insulated, boundary # 3 is constant temperature (T=0) boundary,

and two different boundary conditions T=0 and q=1 are tested along this

boundary. However, for each case, for the cavity boundaries (#4, #5, #6, and

#7) continuity condition for heat flow and no-slip condition for air flow are

used.
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A.2.3 Important parameters

In the dimensionless form of the governing equations, Pr, Ra, q, Kr,

and Kcontrast are the important parameters. If the geometry or computational

domain is considered an independent parameter, then the cavity aspect ratio

(A), which is defined as the cavity width to height ratio, is also an indepen-

dent parameter. Thus, these are six independent parameters: Pr, Ra, q, Kr,

Kcontrast, and A. For our simulations, the selected value of these parameters is:

• Pr is 0.71 for dry air at 20oC and at 1 atm pressure

• Ra can take a value from 0 to 1012, but this parameter only appears when

convection (along with conduction) is considered in the cavity

• q is set to 1

• Kr is thermal conductivity of the limestone rock mass [2.5 W/(mK)]

(Shindo, 2005)

• A is selected to 2, 4, or 10

• Kcontrast is the ratio of thermal conductivity of air to thermal conductivity

of the rock mass and its value is set to 0.01

A.3 Location of the side boundaries (s) of the rock mass

Table A.2 shows various cases considered to select an optimal location

for the side boundaries of the rock mass, while maintaining a constant distance

between the top boundary of the rock mass to the cavity’s top boundary and
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between the bottom boundary of the cavity to the bottom boundary of the rock

mass. The cases were chosen on the basis of earlier work by (Shindo, 2005).

Table A.2: Considered cases for the optimal location of the side boundaries (s)
of the rock mass

Boundary type Cases
1 2 3 4

Side boundaries(s) 1.5A 3A 5A 10A
Top boundary(t) 1.5A 1.5A 1.5A 1.5A
Bottom boundary(b) 1.5A 1.5A 1.5A 1.5A

Note: Rationale for scaling by the cavity aspect ratio (A) rather than the cavity

height (H) is that with the latter, for a cavity with a larger aspect ratio, the

side boundaries of the rock mass are too close to the cavity side boundaries.

Also, for a cavity with a small aspect ratio, with the former scaling, the side

boundaries of the rock mass moves closer to the cavity side boundaries (for a

fixed cavity height) rather than being at a constant distance from the cavity

side boundaries as with the latter case.

A.3.1 Boundary conditions

I specified constant temperature along horizontal boundaries (#2 and

#3); see Figure A.1, with higher temperature along boundary #2 (T=1) and

lower temperature along boundary #3 (T=0). Boundary #8 is thermally in-

sulated and boundary #1 is a first type boundary or a specified temperature

boundary, with temperature varying as 1− y
3A+1

. Thus, temperature is varying

linearly along boundary #1 as it would be for the case of conduction in a homo-

geneous rock mass with no cavity. Additionally, a continuity condition for heat
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flow and a no-slip condition for fluid flow (only if the convection heat transfer

along with the conduction heat transfer is also considered in the cavity) are

used along all the internal boundaries (#4 to #7). Rationale for boundary

conditions as described above for boundaries # 1 and #8 is, if the side bound-

aries of the rock mass are far enough from the cavity side boundaries then the

temperature difference along these two boundaries should approach zero. It is

important to mention that I also carried out a sensitivity study for an optimal

location of the side boundaries of the rock mass by changing the boundary

conditions for the rock mass bottom boundary (boundary #2) from constant

temperature (T=1) boundary condition to specified flux boundary condition

(q = 1
3A+1

).

A.3.2 Results and discussion for an optimal location of the
side boundaries of the rock mass

In order to select an optimal location of side boundaries of the rock

mass, we initially allowed only conduction heat transfer in the subdomains,

rock mass and cavity, and made a tentative selection for the location of the side

boundaries. This means selecting the optimal case out of the four mentioned

in Table A.2using the following metric: left-right symmetry of temperature

isotherms, temperature difference between left and right boundaries (#1 and

#8) of the rock mass, total heat flux passing though boundary #1, and flux

through the cavity. Again, in this analysis, a constant temperature boundary

condition along boundary #2 is used. After selecting a particular case (see

Table A.2), I reexamined my selection using a prescribed heat flux boundary

condition along boundary #2. Finally I included convective heat transfer in

205



the cavity, while only conductive heat transfer is allowed in the surrounding

rock mass.

Figure A.2 shows the pattern of isotherms for each case (1 to 4, as

shown in Table A.2) for a constant temperature boundary condition along

boundary (#2) and with only conductive heat transfer. Also, as the side

boundaries of the rock mass are moving far from the cavity side boundaries,

the total grid density in and around the cavity is gradually reduced to manage

the required computational resource.

If side boundaries are far enough from the cavity, temperature isotherms

should be symmetric in and around the cavity. Using this criterion, the pattern

of isotherms is quite symmetric for each case. Thus, I could not eliminate any

case based on this criterion.
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(a) (b)

(c) (d)

Temperature 

High

Low

Figure A.2: A close-up view of the pattern of isotherms in the whole domain
(cavity and rock mass) for the cases 1–4 as mentioned in Table A.2 for a cavity
with A equal to 2, (a) for s=1.5A, (b) for s=3A, (c) for s=5A, (d) for s=10A;
Note: all dimensions are normalized by cavity height (H)

Figure A.3 shows a plot of temperature difference between boundaries

#1 and #8, when there is only conductive heat transfer in the rock mass and

in the cavity. If the side boundaries are far enough from the cavity, then this

temperature difference should approach zero. By this criterion, cases 3 (s=5A)

and 4 (s=10A) are the most favorable ones. However, case 4 requires a lot

more grid density in and around the cavity than case 3.
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Figure A.3: Plot of temperature difference between the boundary #1 and
boundary #8 of the rock mass for a cavity with A equal to 2 for conduction
only heat transfer; Note: error plots for case 3 and 4 are almost overlapping

Figure A.4 shows a plot of the total heat flux passing through the

boundary #1, normalized with respect to the heat flux passing through the
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rock mass in the upward direction ( 1
3A+H

). If side boundaries of the rock

mass are far enough from the cavity, the normalized heat flux passing through

boundary #1 should approach zero. Again, based on this, cases 3 and 4 are

the most favorable ones.
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Figure A.4: Normalized total heat flux passing through boundary #1 for a
cavity with A equal to 2; Note: heat flux profiles for cases 2, 3, 4 are almost
overlapping
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Figure A.5 shows the normalized total heat flux passing through the

cavity, measured along boundaries # 4 and # 6 (see Figure A.1) for each case

(1 to 4, as shown in Table A.2) for two different boundary conditions applied

along boundary #2, and for conduction only, or convection and conduction

heat transfer. Normalization of the total heat flux passing is performed using

the total heat flux passing through the bottom boundary (#2) of the rock mass

(equal to 1
3A+H

). If the side boundaries of the rock mass are far enough from

the cavity then total heat flux passing through the cavity should approach a

constant value in each case for both types of bottom boundary (#2) condition.

From this figure, cases 2 and 3 are the preferable ones as the total heat flux

passing though the cavity is only slightly increased. The sharp change from

case 3 to case 4, as shown in this figure, is caused by the lower grid density in

the near-cavity zones in the latter case. Additionally, the selection for these

two cases is independent of bottom boundary conditions along boundary #2

and inclusion of non-linear (along with linear) heat transfer in the cavity.
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Figure A.5: Normalized total heat flux through the cavity (with A=2), mea-
sured along boundaries #4 and #6, for conduction only case (A and B) with
specified temperature and for laminar convection and conduction (C and D) at
Ra = 105; Note: A and C are with specified temperature, B and D are with
specified heat flux along boundary #2.

Figure A.6 shows the total number of convection cells in the cavity

when laminar convection and conduction heat transfers are allowed in the cavity

at Ra = 105. If the side boundaries of the rock mass are far enough from the

cavity then the pattern of convection cells will be constant. Based on this

criterion, from Figure A.6, cases 2 and 3 are the favorable ones. A slightly

different pattern of convection cells in case 4 is due to grid effects, because for

this case grid density is relatively lower for a relatively larger computational

domain than the other case . Also, a not-so-distinct pattern of convection cells

as shown in Figure A.6b is due to the malfunctioning of the streamline plotting

algorithm as implemented in the COMSOL R© Multiphysics software.
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(a) (b)

(c) (d)

Figure A.6: Sensitivity of the pattern of convection cells to the location of side
boundaries of the rock mass for all cases 1 to 4, for a cavity with A equal to
2 with laminar convection and conduction heat transfer at Ra = 105, (a) for s
=1.5A, (b) for s =3A, (c) for s =5A, (d) for s =10A

Figure A.7 shows a plot of normalized total heat flux passing through

the cavity (normalized by total heat flux passing through the rock mass bottom

boundary), measured along boundaries #4 and #6, for cavities with three

different aspect ratios (2, 4, and 10) for two different bottom boundary (#2)

conditions. There is only conduction only heat transfer in the rock mass and

cavity. If the rock mass side boundaries are far enough from the cavity, total

heat flux passing through the cavity should approach a constant value. Based

on this criterion, cases 2 and 3 are the favorable ones, as there is only a slight

change in the total heat flux passing through the cavity.
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Figure A.7: Total heat flux passing through the cavity measured along bound-
aries #4 and #6, for cavities with three different aspect ratios, A. Note:
results with filled-marker are with prescribed temperature and results with
hollow-marker are with prescribed heat flux along boundary # 2

Based on all these results and their corresponding discussion, case 3

(s=5A) is the best choice, because for this particular case (a) the pattern of

isotherms in and around the cavity is symmetric, (b) the difference in temper-

ature along boundaries #1 and #8 is very close to zero, (c) the total heat flux

through the cavity approaches a constant value, and (d) this selection is essen-

tially independent of the bottom boundary (#2) condition and cavity aspect

ratio.

A.4 Location of top boundary

A.4.1 Cases considered

Table A.3 shows the various cases considered for determining an opti-

mal location for the top boundary of the rock mass. For this case, the distance
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between the side boundaries of the rock mass and the cavity’s side boundaries

is fixed at 5A (s=5A) and the distance between the bottom boundary of the

rock mass and the cavity’s bottom boundary is fixed at 5A (b=5A). While

the choice for the former is based on the optimal side location as calculated

earlier, the choice for the latter is an arbitrary but a constant value, considered

in detail in the next subsection..

Table A.3: Considered cases for location of the top (t) boundary of the rock
mass

Boundary type Cases
1 2 3 4

Side boundaries(s) 5A 5A 5A 5A
Top boundary(t) 1.5A 3A 5A 10A
Bottom boundary(b) 5A 5A 5A 5A

A.4.2 Boundary condition

In selecting an optimal location for the top boundary of the rock mass,

the following boundary conditions were used: side boundaries are thermally

insulated, constant temperature along the top boundary #3 (T=0), and the

constant and uniform heat flux (q = 1) is constant and uniform along the

bottom boundary (#2), while continuity conditions are specified for heat flow

along all internal boundaries (#4 to #7). A no-slip condition is used for airflow

along all internal boundaries (#4 to #7), if the convective heat transfer is also

considered in the cavity along with the conductive heat transfer in the whole

domain.
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A.4.3 Results and discussion for an optimal location of the
top boundary of the rock mass

In order to select an optimal location of the top boundary of the

rock mass, initially only conduction heat transfer is considered in subdomains,

cavity, and rock mass. The following metrics are used to select an optimal

location of the top boundary of the rock mass: up-down symmetry of isotherms,

variation of total heat flux along the top boundary (#3), and total heat flux

passing through the cavity. A tentative decision is then made for an optimal

location of the top boundary of the rock mass. A re-evaluation of the decision

also considers convection in the cavity, while only conductive heat transfer is

allowed in the rock mass. I re-checked this decision by also considering cavities

of various aspect ratios.

Figure A.8 shows the pattern of temperature isotherms for various

conduction only cases, as described in Table A.3. If the top boundary of the

rock mass is far enough from the cavity, temperature isotherms should be

symmetric with respect to the cavity and any wrinkle in the isotherms very

close to the top boundary of rock mass should die out. Based on this criterion,

cases 2, 3, and 4 are all the favorable ones.
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Figure A.8: Pattern of isotherms in the whole domain for various cases for a
cavity with A equal to 2 for conduction only heat transfer; Note: all isotherms
are with uniform color for clarity purpose
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Figure A.9 shows a plot of normalized total heat flux along the top

boundary (#3) for the conduction only case. If the top boundary is far enough

from the cavity then the total heat flux passing through the top boundary (#3)

should approach a constant value and should equal the applied heat flux at the

bottom boundary (#2). Based on this criterion, cases 3 (t=5A) and 4 (t=10A)

are acceptable.
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Figure A.9: Plot of the normalized total heat flux at the top boundary (#3) of
the rock mass for a cavity with A equal to 2 for conduction only heat transfer;
Note: t=1.5A for case 1, t=3A for case 2, t=5A for case 3, t=10A for case 4

Figure A.10 shows plot of the total heat flux passing through the

cavity, measured along boundaries # 4 and # 6, when only conduction heat

transfer is considered in the rock mass and cavity and also when convection

(Ra = 105) is allowed in the cavity. If the top boundary of the rock mass is

far enough from the cavity, total heat flux passing through the cavity should

approach a constant value. Based on this criterion, cases 3 and 4 are acceptable.
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Figure A.10: Plot of the total heat flux through the cavity, measured along
boundaries #4 and #6, for cases 1 to 4 (see Table A.3) for conduction only
and for conduction and laminar convection at Ra = 105 heat transfer

Figure A.11 shows the variation of the total heat flux passing through

the cavity, measured along boundaries #4 and #6, for cavities with three

different aspect ratios: 2, 4, and 10 for conduction only heat transfer. If the

top boundary of the rock mass is far enough from the cavity then the total

heat flux passing through the cavity should approach a constant value. Based

on this criterion, cases 3 and 4 are acceptable, the total heat fluxes approaches

a constant value for these cases.
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Figure A.11: Plot of total heat flux passing through the cavity, measured along
boundaries #4 and #6, for cavities with three different aspect ratios (2, 4, and
10) for conduction only heat transfer

Based on all these results and their corresponding discussion, case 3

(t=5A) is the optimal location, because its pattern of isotherms is symmetric in

and around the cavity and any wrinkle in the isotherms near the top boundary

dies out for this case. Also, for this case, total heat flux passing through the

top boundary approaches the heat flux profile applied at the bottom boundary

(#2) of the rock mass and the flux through the cavity approaches a constant

value.

A.5 Location of bottom boundary

Table A.4 shows the various cases considered for an optimal location

of the bottom boundary of the rock mass. For this case, the side and top
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boundaries of the rock mass are fixed at a distance of 5A from the corresponding

boundaries of the cavity, based on the earlier results for an optimal location of

the side and top boundaries of the rock mass.

Table A.4: Considered cases for the location of the bottom boundary (b) of the
rock mass bottom

Boundary type Cases
1 2 3 4

Side boundaries(s) 5A 5A 5A 5A
Top boundary(t) 5A 5A 5A 5A
Bottom boundary(b) 1.5A 3A 5A 10A

A.5.1 Boundary conditions

The boundary conditions used for an optimal location of the bottom

boundary of the rock mass are the same as the boundary conditions used for

the determination of an optimal location of the top boundary of the rock mass.

A.5.2 Results and discussion for an optimal location of bot-
tom boundary

In order to select a proper location for the bottom boundary of the

rock mass, initially only conductive heat transfer is allowed in the subdomains:

cavity and rock mass. A tentative decision is made for an optimal location of

the bottom boundary of the rock mass based on the following metrics: up-down

symmetry of isotherms in and around the cavity and total heat flux passing

through the cavity. A re-evaluation of the decision considers convection. I

rechecked this decision by considering cavities with three different aspect ratios:

2, 4, and 10.
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Figure A.12 shows the pattern of isotherms for various cases, shown

in Table A.4. If the bottom boundary of the rock mass is far enough from

the cavity, the pattern of temperature isotherms should be symmetric in and

around the cavity and any wrinkle in the pattern of isotherms near the bottom

boundary (#2) of the rock mass should die out. Based on this criterion, cases

2, 3, and 4 are all acceptable.
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Figure A.12: Patterns of temperature isotherms for cases as shown in Table
A.4, for a cavity with A equal to 2 for conduction only heat transfer; Note: all
isotherms are with uniform color for clarity purpose

Figure A.13 shows a plot of total heat flux passing through the top

boundary #3, normalized with respect to the applied heat flux at the bottom
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boundary (#2) of the rock mass. If the bottom boundary of the rock mass is

far enough from the cavity, the normalized heat flux along the boundary (#3)

should approach the applied heat flux profile at the bottom boundary (#2).

Based on this criterion, all cases (1 to 4) seem acceptable, with maximum error

at the less then 1%.
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Figure A.13: Plot of the total heat flux variation profile along boundary #3 of
the rock mass for a cavity with A equal to 2 for conduction only heat transfer

Figure A.14 shows a plot of the total heat flux passing through the

cavity measured along boundaries #4 and #6 for various cases for both con-

ductive heat transfer and also convection and conduction heat transfers in the

cavity. If the bottom boundary of the rock mass is far enough from the cavity

then the total heat flux passing though the cavity should approach a constant

value. Based on this criterion, case 3 (b=5A) and case 4 (b=10A) are accept-

able. Also, for case 2, total heat flux passing through the cavity is relatively

low in comparison to other cases, when there is conduction and laminar con-
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duction (at Ra = 105) in the cavity. I rechecked this value using highly-dense

grid density in and around the cavity. While the pattern of convection cells

for this case is similar to the other cases, the same value of the total heat flux

passing through the cavity persisted.
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Figure A.14: Plot of the total heat flux value passing though the cavity, mea-
sured along boundaries #4 and #6, for a cavity with A equal to 2

Figure A.15 shows a plot of the total heat flux passing through the

cavity, measured along the boundaries #4 and #6, for cavities with three

different aspect ratios (2, 4 and 10) when there is only conductive heat transfer

in both subdomains, the cavity and the rock mass. Based on this figure, cases 2,

3, and 4 are acceptable, because total heat flux through the cavity approaches

a constant value.
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Figure A.15: Plot of the total heat flux through the cavity, measured along
boundaries #4 and #6, for cavities with three different aspect ratios: 2, 4, and
10 for conduction only heat transfer

Based on this work, case 3 (b=5A) is the most favorable one, because

for this case: (a) the pattern of isotherms is symmetrical in and near the

cavity; (b) the total heat flux through the top boundary (#3) approaches the

value applied at the bottom boundary (#2); and (c) the total heat flux passing

through the cavity approaches a constant value for the cavities with various

aspect ratios considered in this study.

A.6 Summary

The work in this chapter is based on mathematical modeling of con-

ductive and convective heat transfer in cavities buried in a more conductive

(relative to air) rock mass. The rock mass, which surrounds the cavity, gener-

ally extends to large distances away from the cavity, at least in a few dimen-

sions. But, numerically, it is not practical and feasible to model very large
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(or infinite) domain(s). So, it is essential to determine an optimal location for

the rock mass boundaries while maintaining a sufficient grid density in and

near the cavity that result in no observable influence on the physical processes

happening in and around a cavity buried in a rock mass.

Based on the results presented in this chapter, the combination s=5A,

t=5A, and b=5A is the best choice for the location of the side boundaries, top

boundary, and bottom boundary of the rock mass, respectively. This combina-

tion seems to be the best choice because, when tested for each case separately

(s=5A, t=5A, and b=5A), this combination successfully achieved most of the

objectives set for each case, e.g., symmetry of isotherms, total heat flux passing

through the cavity, etc., with sufficient grid density.

In all other numerical simulations for convective heat transfer in a

cavity buried in a rock mass presented in chapter 4, I use the following combi-

nation (s=5A, b=5A, and t=5A) to locate rock mass boundaries in order that

the boundaries have the least influence on processes happening in and near a

cavity.
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APPENDIX B

DEVELOPMENT, VERIFICATION, AND
VALIDATION OF THE NUMERICAL APPROACH

“One generally can’t get the right answer with the wrong equa-

tions.” -Robert Laughlin
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Nomenclature

Table B.1: Symbols and their interpretations
Symbol Interpretation

A Aspect ratio ( L
H

)

ĈP Specific heat capacity of air at a constant pressure (J/(Kg K))

Error Experimental value−numerically computed value
Experimental value

1Es 10s

Flt A parameter whose value is 0 in laminar fluid flow case and
1 in turbulent fluid flow case

ĝ Acceleration due to gravity (m/s2)
h Local mesh element size
H Height of the domain (see figure B.1)

K̂T Turbulent thermal conductivity (W/(mK))

K̂f Thermal conductivity of air (W/(mK))
k Turbulent kinetic energy
L Length of the domain (see Figure B.1)
Nu Nusselt number ( qcc

qc
)

Pr Prandtl number ( ν
λ

)

Prt 0.9 (Turbulent Prandtl number) (Kays, 1994)

Q̂ External heat source/sink
q Applied heat flux along one boundary of the computational domain
qcc Total heat flux (convection and conduction) passing through

any two boundaries (one horizontal and one vertical) of a cavity
qc Total heat flux (conduction only) passing through

any two boundaries of a cavity measured along the same boundaries as qcc

Ra Rayleigh number (Which is ĝα̂Ĥ3∆T̂

ν̂λ̂
for prescribed temperature

and ĝα̂q̂Ĥ4

ν̂λ̂K̂r
for prescribed heat flux boundary conditions) (Bejan, 2004)

ρ̂ air density (Kg/m3)
T Dimensionless temperature

T1, T2 Any dimensional temperature at computational domain’s boundaries
u, v X- and Y- components of dimensionless velocity field
a 13/25 (turbulence modeling constant)
α̂ Volumetric thermal expansion coefficient (1/K) of air
β 9/125 (Closure coefficient)
βk 0.09 (Closure coefficient in k-ω two equation model)

δ̂ Boundary later thickness

λ̂ Thermal diffusivity of air
µ̂ Dynamic viscosity of air (Kg/ms)
ω Specific rate of dissipation of the turbulent kinetic energy
σk 0.5 (turbulence modeling constant)
σω 0.5 (Closure coefficient)

Note: In this chapter, boundaries are referenced by numbers consis-

tent with Figure B.1 and symbols with a caret on them represent quantities

with dimension.
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B.1 Introduction

The present research work is based on numerical simulations of natu-

ral convection heat transfer in a cavity. The developed partial differential equa-

tion (PDE) based models are highly non-linear and computationally intensive.

Given this highly non-linear nature, it is imperative to verify and validate the

approach, for example, following the guidelines from Post and Votta (2005).

Post and Votta (2005) have defined verification and validation as “Verifica-

tion means the determination that the code solves the chosen model correctly.

Validation, on the other hand, is the determination that the model itself cap-

tures the essential physical phenomena with adequate fidelity.” The verification

process includes comparing published Nusselt (Nu) number vs. Rayleigh (Ra)

number behavior with my numerical results for the same situation.

The case studies used for the verification and validation process can be

broadly classified into two categories: rectangular enclosures heated-from-the-

side and rectangular enclosures heated-from-the-bottom. Based on fluid flow

behavior, both of these categories were further divided into two subcategories

- laminar convection and turbulent convection. Due to the limitation of the

computational resources available to this author, all numerical simulations are

based on a two-dimensional fluid and heat flow field assumption. The developed

numerical approach is able to show results for various parameters (e.g. Nu,

T , u, and v), within an acceptable limit. This includes: experimental result

± error in maintaining a constant boundary condition ± error introduced due

to the two-dimensional flow field assumption of the real three-dimensional flow

field ± human limitations in reading data from an instrument.
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The organization of this chapter is as follows: Section B.2 describes

the developed numerical approach; Section B.3 describes cases considered for

this exercise; section 4 shows the comparison of numerically computed results

from this study to published results; and section B.5 draws out conclusions

based on the comparisons made in Section B.4 between the published results

and my numerical results for convection in enclosures.

B.2 Model Description

B.2.1 Model geometry and numbering of boundaries

Figure B.1 shows the basic geometry considered in this exercise along

with the boundary numbers. In section B.3 these numbers will be used to

describe boundary conditions used in each case.

L

H

1

4

3

2

Figure B.1: Model geometry along with the boundary numbers
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B.2.2 The developed numerical approach

The numerical approach consists of a set of PDEs which dictate con-

servation of mass, momentum, and energy. Two additional equations are used

if the air flow in the enclosure is turbulent in nature: one for the transport of

the turbulent kinetic energy (k) and the other for the transport of the specific

dissipation rate (ω) of the turbulent kinetic energy. These governing equations

are presented in dimensional form below:

Conservation of mass:

∇̂ · ~̂u = 0 (B.1)

where û is the fluid velocity field. Conservation of linear momentum:

ρ̂~̂u · ∇̂~̂u = −∇̂P̂ + (µ̂+ Fltµ̂T )∇̂2~̂u+ (ρ̂ĝα̂∆T̂ )~j (B.2)

where ρ̂, µ̂, and α̂ are the fluid density, dynamic viscosity, and volumetric

thermal expansion coefficient, respectively, P̂ is the pressure, µ̂T is the eddy

viscosity, ĝ is acceleration due to gravity, ~j is the unit vector in the vertical

direction. Transport of k:

Flt[ρ̂~̂u · ∇̂k̂ = ∇̂ · [(µ̂+ σkµ̂T )∇̂k̂] +
µ̂T (∇̂~̂u)2

2
− βkρ̂k̂ω̂] (B.3)

where k̂ is the turbulent kinetic energy, ω̂ is the specific dissipation rate of

the turbulent kinetic energy, and σk , βk are the turbulent modeling constants.

Transport of ω:

Flt[ρ̂~̂u · ∇̂ω̂ = ∇̂ · [(µ̂+ σωµ̂T )∇̂ω̂] +
aω̂µ̂T (∇̂~̂u)2

2k̂
− βρ̂(ω̂)2] (B.4)
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where σω, a, and β are the turbulent modeling constants, whose values are

shown in Table B.1. Conservation of thermal energy:

ρ̂ĈP ~̂u · ∇̂T̂ = Q̂+ ∇̂ · [(K̂f + FltK̂T )∇̂T̂ ] (B.5)

where ĈP is the specific heat capacity of a fluid at a constant pressure, Q̂ is

the external heat source or sink, and K̂T is the turbulent thermal conductivity.

Eddy Viscosity:

Flt[µ̂T =
ρ̂k̂

ω̂
] (B.6)

Turbulent thermal conductivity:

Flt[K̂T =
ĈP µ̂T
PrT

] (B.7)

where PrT is the turbulent Prandtl number whose value is listed in Table B.1.

In Equations B.2 through B.5 a factor (Flt= 0 to 1) is used to convert all

transport equations for laminar convection (Flt=0) to turbulent convection

(Flt=1). For turbulent natural convection modeling, a Reynolds Average two-

equation model developed by Wilcox (1988) and referred to as the “k − ω”

closure model was used within the COMSOL R© Multiphysics software package

along with five empirical constants. The numerical values of these empirical

constants are listed in Table B.1.

In this model, thermal convection is driven by the buoyancy forc-

ing term in Equation (B.2), the third term on the right side. The forcing is

represented in this term by a buoyancy term (ρ̂ĝα̂∆T̂ ). Viscous dissipation

is represented by the second term on the right side. Thermal convection is

represented by the left side of (B.5) and thermal conduction is represented by
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the second term on the right. Equation (B.3), (B.4), (B.6), and (B.7) are only

applicable for the turbulent natural convection simulations for which Flt=1.

A standard practice in fluid mechanics is to convert governing equa-

tions from a dimensional form to a dimensionless form. Some of the reasons

for this are:

1. To better understand the physics of the problem by including dimension-

less numbers, which are ratios of destabilizing forcing(s) to stabilizing

forcing(s).

2. To optimize the number of variables in the independent parameter space.

3. To deal with large geometries by scaling them to a domain in dimen-

sionless space where it is computationally manageable to simulate the

problem numerically.

Consistent with these objectives, governing equations (B.1 to B.7) are converted

to dimensionless form using characteristic scales for length, fluid speed, and

temperature. Two separate sets of scales are used, one for low Ra convection

and the other for high Ra convection. This has caused two separate models

to simulate convection in enclosures, for which Ra is defined as ĝα̂Ĥ3∆T̂

ν̂λ̂
for

prescribed temperature and ĝα̂q̂Ĥ4

ν̂λ̂K̂r
for prescribed heat flux boundary conditions

(Bejan, 2004). These models are as follows:

Model #1: Low Ra convection

In this model, the following characteristic scales are used to convert

the governing equations (B.1 to B.7) into a dimensionless form: length scale
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(cavity height Ĥ), velocity scale Û = λ̂

Ĥ
(λ̂ is the thermal diffusivity of the

fluid), and temperature scale T = T̂1−T̂
T̂1−T̂2

, when constant temperature is specified

along any two boundaries, or T = K̂r
q̂Ĥ

(T̂ − T̂1), when constant temperature (T̂1

) and heat flux (q̂) is specified along any two boundary.

Conservation of mass:

∇ · ~u = 0 (B.8)

where ~u is the dimensionless fluid velocity field. Conservation of linear momen-

tum:

~u · ∇~u = −∇P + (Pr + FltµT )∇2~u+ (RaPrT )~j (B.9)

where P is the dimensionless pressure, Pr is the fluid Prandtl number, µT is the

dimensionless eddy viscosity, T is the dimensionless temperature. Transport of

k:

Flt[~u · ∇k = ∇ · [(Pr + σkµT )∇k] +
µT (∇~u)2

2
− βkkω] (B.10)

Transport of ω:

Flt[~u · ∇ω = ∇ · [(Pr + σωµT )∇ω] +
aωµT (∇~u)2

2k
− βω2] (B.11)

Conservation of thermal energy:

~u · ∇T =
Q̂Ĥ2

K̂f∆T̂
+∇ · [(1 + Flt KT )∇T ] (B.12)

Eddy Viscosity:

Flt[µT =
k

ω
] (B.13)

Turbulent thermal conductivity:

Flt[KT =
µT
PrT

] (B.14)
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In this model, the buoyancy forcing is represented by the last term in

Equation (B.9) by RaT . Viscous dissipation is represented by the second term

on the right side. Thermal convection is represented by the left side of (B.12)

and thermal conduction is represented by the second term on the right.

Model #2: High Ra convection

In this model the following characteristic scales are used to convert the

governing equations (B.1 to B.7) into dimensionless form: length scale cavity

height Ĥ, velocity scale Û = λ̂
√
Ra

Ĥ
, and temperature scale T = T̂1−T̂

T̂1−T̂2
, when

constant temperature is specified along any two boundaries, or T = K̂r
q̂Ĥ

(T̂ − T̂1),

when constant temperature (T̂1 ) and heat flux (q̂) is specified along any two

boundary.

Conservation of mass:

∇ · ~u = 0 (B.15)

Conservation of linear momentum:

~u · ∇~u = −∇P + (
Pr√
Ra

+ FltµT )∇2~u+ (PrT )~j (B.16)

Transport of k:

Flt[~u · ∇k = ∇ · [( Pr√
Ra

+ σkµT )∇k] +
µT (∇~u)2

2
− βkkω] (B.17)

Transport of ω:

Flt[~u · ∇ω = ∇ · [( Pr√
Ra

+ σωµT )∇ω] +
aωµT (∇~u)2

2k
− βω2] (B.18)

235



Conservation of thermal energy:

√
(Ra)~u · ∇T =

Q̂Ĥ2

K̂f∆T̂
+∇ · [(1 + Flt KT )∇T ] (B.19)

Eddy Viscosity:

Flt[µT =
k

ω
] (B.20)

Turbulent thermal conductivity:

Flt[KT =
µT
√

(Ra)

PrT
] (B.21)

In both model sets, the relationship between the dimensional and

non-dimensional form of some of the variables is as follows:

1. Actual flux =q̂· Dimensionless flux

2. k = k̂

Û2

3. µT = µ̂T
ρ̂ÛĤ

4. ω = ω̂Ĥ

Û

5. P = P̂

ρ̂Û2

6. ~u =
~̂u

Û

7. x = x̂

Ĥ

8. y = ŷ

Ĥ
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The reasons for having two separate models of governing equations

in a dimensionless form is that model #1 is good for low Ra (0 to 106) con-

vection. When applied for higher Ra (greater than 106) convection, or for the

turbulent convection, the model yielded a convergence problem. On the con-

trary, model #2 is good for high Ra convection and leads to less problems with

convergence. It is clear from these two model sets that in the dimensionless

form, there are only two input parameters, Ra and Pr. If geometry or the

computational domain is also considered as an independent parameter, then

there are three independent parameters, namely, Ra, Pr, and A (enclosure’s

aspect ratio). Additionally, Boussinesq approximation is used for the buoyancy

forcing in simplifying the governing equations (Furbish, 1997). PrT represents

the turbulent Prandtl number. Following suggestions from (Kays, 1994), a

value close to 1, is used for both air and water, as mentioned in Table B.1.

Published work on Reynolds averaged turbulent natural convection

modeling considers two varieties of boundary conditions near a solid wall. The

first variety specifies a logarithmic velocity profile (law of wall) and temperature

profile (thermal wall function) near a solid wall [Markatos and Pericleous (1984)

and Barakos et al. (1994)]. The second method avoids specifying the velocity

profile near the wall and extends the computational domain up to the wall,

where only molecular transport of heat and momentum takes place [Ince and

Launder (1989) and Cardenas and Wilson (2007)]. I tested both approaches

for the enclosure case by computing the total heat flux passing through a

boundary and found that computed values of Nu using “wall functions” are two

to four times larger than the reported experimental and numerically computed

values of Nu for the same conditions. When the second approach is followed,
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computed Nu values are in a acceptable range with respect to published values

in the literature.

Description of the no-slip boundary condition

The no-slip condition [following Cardenas and Wilson (2007)], as used

in the second approach, can be expressed in dimensional form as: û, v̂=0 for

the laminar flow, and for turbulent flow, û, v̂, k̂=0, and

ω̂ =


ν

(ĥ)2
for Ra ≤ 106

ν
√

(Ra)

(ĥ)2
for Ra > 106

The no-slip condition for laminar fluid flow in dimensionless form is u, v=0,

while for turbulent fluid flow it is: u, v, k=0, and ω = Pr
h2 for both ranges of Ra

(less than and greater than 106).

The use of a log-wall function for velocity field (very close to a fixed

wall) instead of the boundary conditions as described in the second approach

can result in spurious results for the following reasons:

1. the wall function assumes local equilibrium between turbulent energy

production and dissipation very close to a wall. This assumption may

not hold in regions very close to a fixed wall, where molecular transport

of heat and momentum takes place (Ince and Launder, 1989).

2. the wall function causes excessive production of turbulent viscosity, which

in turn causes more heat transport through the wall (Ince and Launder,

1989)
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It is important to emphasize that in the present simulations of Reynolds

averaged turbulent convection, a logarithmic formulation of two closure equa-

tions [transport equations for k and ω, Equations (B.10), (B.11), (B.17), and

(B.18)] is used [please refer to Ignat et al. (2000), for more information]. The

reason to use logarithmic formulation rather than the presented form of the

transport equations for k and ω as shown in models #1 and #2, is that the

log-formulation of the transport equations increases the likelihood of conver-

gence. In turbulence modeling, when the non-logarithmic form of the two-

equation model is used, the simulation process often stops due to computed

negative values of k,ω, and eddy viscosity. However, in a logarithmic formu-

lation, even though log(k) and log(ω) are negative at any iterative step, k

and ω are always positive; consequently, the eddy viscosity is also positive.

Thus, log-formulation results in increased chances of getting a converged result

(COMSOL, Inc., 2008b).

B.2.3 Important parameters

In the dimensionless form of the governing equations (model #1 and

#2), the only input parameters are the Prandtl number (Pr) and the Rayleigh

number (Ra). For water Pr is 7 and for air Pr is 0.71 at standard tempera-

ture and pressure (20oC and 1 atm). Also, Ra is the governing parameter for

fluid behavior for buoyancy-driven flows, because it combines destabilizing and

stabilizing forcings.
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B.3 Considered cases

The considered cases for this exercise are divided into two main cat-

egories, namely, rectangular enclosures heated-from-the-side and rectangular

enclosures heated-from-the-bottom. The verification and validation process

for the heated-from-the-side enclosures can be divided into two main subcat-

egories. The first subcategory involves specifying constant temperature along

vertical boundaries (#2 and #4) with a higher temperature along boundary

#4 (T=1) and lower temperature along boundary #2 (T=0); in this case hor-

izontal boundaries are thermally insulated. For laminar fluid flow, a no-slip

condition is applied along all wall boundaries. For turbulent fluid flow, condi-

tions for k and ω (see the “Model description” section), are also specified along

with the no-slip condition along all wall boundaries. The second subcategory

involves specifying constant and uniform heat flux along vertical boundaries

(#2 and #4). An inward heat flux (q=1) is specified along boundary #4 and

constant outward heat flux (q=-1) is specified along boundary #2. Horizontal

boundaries (#1 and #3) are thermally insulated. The fluid flow behavior is

assumed to always be laminar.

The second category is rectangular enclosures heated-from-the-bottom.

In this case, a constant and uniform temperature is specified along horizontal

boundaries #1 and #3 with a higher temperature at boundary #1 (T=1),

while boundaries #2 and #4 are thermally insulated. Both laminar and tur-

bulent fluid flows are considered for this case. For laminar fluid flow, a no-slip

condition is used along all wall boundaries. For turbulent fluid flow, a no-

slip condition along with conditions for k and ω (see the “Model description”
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section) is used along all wall boundaries.

B.4 Comparison of numerical results (from this study) to published
experimental and numerical results

B.4.1 A rectangular enclosure heated-from-the-side

Constant temperature along side boundaries

For this case, natural convection in a rectangular enclosure (A=1) is

simulated numerically using boundary conditions as described in the “consid-

ered cases” section for heated-from-the-side rectangular enclosures. Figure B.2a

shows discretization of the computational domain. Figure B.2b compares Nu

vs. Ra behavior as computed in this study to the published results of Markatos

and Pericleous (1984), Davis (1983), Fusegi et al. (1991), and Barakos et al.

(1994). All of these published results are based on numerical studies. It is

important to mention that fluid flow behavior is laminar and model #1 (see

the “Model description section”) is used in the numerical simulations. It is

clear from Figure B.2 that computed Nu behavior for any Ra (up to 106) is

very close to the previously reported behavior.
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Figure B.2: Comparison of numerically computed (this study) Nu vs. Ra be-
havior with the published results for an air-filled heated-from-the-side enclosure
(A=1); (a) discretization of the computational domain, (b) comparison of Nu
vs. Ra behavior with the published results of Markatos and Pericleous (1984),
Davis (1983), Fusegi et al. (1991), and Barakos et al. (1994)

Figure B.3 provides a detailed comparison of the streamline and isotherm

patterns as computed in this study to the patterns reported by (Markatos and

Pericleous, 1984). The modeled patterns of streamlines and isotherms are very

similar. Thus, the model is able to simulate detailed patterns of streamlines

and isotherms, as well as Nu values, that are close to the values reported by
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(Markatos and Pericleous, 1984).

(a1)

(b1)

(a2)

(b2)

(g2)

(h2)

(g1)

(h1)

Figure B.3: Comparison of the published (1) vs. computed (2) patterns of
streamlines and isotherms for an air-filled enclosure (A=1) heated-from-the-
side; figures (a) to (b) compare the pattern of streamlines for Ra 105, 106,
respectively; figures (c) to (d) compare the pattern of isotherms for Ra 105,
and 106, respectively.
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Figure B.4 compares the pattern of T , u, v for a cavity with A= 1 with

same boundary condition as described above, but only for a specific value of Ra

1.89×105. Figure B.4b compares the simulated T along the cavity’s mid-height

(y=0.5) to the experimental data of (Krane and Jessee, 1983) and the numerical

results of (Barakos et al., 1994). The simulated profile is close. Figure B.4c

compares x-direction velocity, u, along the plane x=0.5. The simulated u is

similar to the profile in the experimental data and previous numerical results.

However, in the zones close to the solid wall, numerical results for u in this

study and from (Barakos et al., 1994) are somewhat different than the profile

showed by the experimental data. Some of the possible experimental reasons for

this difference can be: (a) difficulty in accurately measuring u near a wall, (b)

difficulty in maintaining 100% thermal insulation along horizontal boundaries,

and (c) difficulty in maintaining a uniform and constant temperature boundary

condition. Figure B.4d compares y-direction velocity, v, at the cavity’s mid-

height (y=0.5). The simulated profile for v is close (except for when x = 0.10 to

0.20) to the profile shown by the experimental data and the previous numerical

results. The reasons for the observed differences in the profile of v for x in the

range 0.10 to 0.20 can be either the measurement or numerical error. However,

every attempt has been made to reduce numerical error by using the “adaptive

meshing technique” (COMSOL, Inc., 2008a).
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Figure B.4: Comparison of computed profiles of T , u, and v for an air-filled
cavity (A=1) heated from side with published results [Krane and Jessee (1983)
and Barakos et al. (1994)] at Ra=1.89×105; (a) comparison of T with published
results along cavity’s mid-height y=0.5, (b) comparison of u with published
results along the plane x=0.5, (c) comparison of v with published results along
cavity’s mid-height y=0.5
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Figures B.5 and B.6 compare the pattern of the wall Nusselt num-

ber along the hot and cold walls, temperature near the cold wall, and u and

v near the hot wall for a rectangular enclosure (A=1) with the experimental

data of Ampofo and Karayiannis (2003), for turbulent convection at Ra =

1.58 × 109. To remind the reader again, I have avoided using wall functions

either to specify the velocity field or to specify the temperature field in a re-

gion very close to a fixed wall; instead, I used boundary conditions (see the

“Model description” section) that extend the computational domain up to the

fixed wall. Additionally, the Galerkin finite element method is used to nu-

merically solve the governing equations. However, the Galerkin finite element

method is unstable for the convection-dominated problems (COMSOL, Inc.,

2008a). Several researchers have suggested using an artificial diffusion term

to obtain convergence [Codina (1998), Hauke (2002), and John and Knobloch

(2007)]. However, every attempt has been made to reduce this artificial diffu-

sion parameter to a value dictated by software tolerance and limitations of the

available computational resources to the author.

Figure B.5 compares the computed Nu values along the hot and the

cold walls to the experimental results of (Ampofo and Karayiannis, 2003). The

computed profiles are close to the experimental results, except in regions near a

wall. One possible reason for the difference between numerical and experimen-

tal results for Nu in these regions is the lower mesh density in regions slightly

away from the fixed wall. However, simulations showed convergence problems

when a higher grid density was used. The problem was largely caused by the

limitation of computational resources. Figure B.6a shows a comparison of the

temperature profile near the cold wall to the experimental results of (Ampofo
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and Karayiannis, 2003). The computed profiles parallel the experimentally ob-

tained pattern except in the regions very close to a wall. Figure B.6b compares

u and v very close to the hot wall. Again, there is some difference in the pro-

file of v in the region slightly away from the hot wall. This difference can be

attributed to the lower grid density in the regions slightly away from the wall.

However, the profile of v is close to the pattern shown by the experimental data

in regions close to the wall and in regions very far from the wall. Additionally,

simulated profile of u is close to the experimentally obtained pattern.
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Figure B.5: Comparison of the numerically computed hot and cold wall
Nu with the experimental work on turbulent convection of Ampofo and
Karayiannis (2003) for an air-filled enclosure (A=1) heated-from-the-side at
Ra 1.58× 109; comparison of Nu for the hot and the cold wall with the exper-
imental data.
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Figure B.6: Comparison of numerically computed T near the cold wall and u
and v near the hot wall with the experimental data on turbulent convection
of Ampofo and Karayiannis (2003) for an air-filled enclosure (A=1) heated-
from-the-side at Ra 1.58 × 109; (a) comparison of near-cold-wall T with the
experimental data at the enclosure’s mid-height (y=0.5), (b) comparison of
near hot-wall u and v with the experimental data at enclosure’s mid-height
(y=0.5)

.

Table B.2 compares the average Nu values obtained with numerical
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simulation against the experimental results (Ampofo and Karayiannis, 2003).

Numerically computed values for hot and cold wall Nu are within 5% of the

experimental data.

Table B.2: Comparison of the numerically computed Nu at the hot and cold
walls with the experimental data of (Ampofo and Karayiannis, 2003) for an
air-filled enclosure (A=1) at Ra=1.58× 109

Wall Nu(Experimental) Nu (this study) Error (%)
(Ampofo and Karayiannis, 2003)

Hot 62.90 61.50 2.23
Cold 62.60 61.46 1.82
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Prescribed Inward heat flux at the left boundary (#4) and outward
heat flux at the right boundary (#2)

In this category, simulation results for enclosures with a constant and

uniform heat flux along their vertical boundaries and with laminar fluid flow

are compared to the published theoretical and numerical work of (Kimura and

Bejan, 1984). Figure B.7a shows the mesh discretization used in the simula-

tions. It is important to mention that quadrilateral mesh elements are used in

this case, in order to follow the same discretization scheme as reported in the

published work. Figure B.7b compares Nu vs. Ra behavior from this study

to the theoretically predicted behavior (Nu = 0.340Ra
2
9A−

1
9 ) and numerical

results of (Kimura and Bejan, 1984). The fluid considered in this case is water

(Pr=7) and the enclosure aspect ratio (A) is 1. As shown in Figure B.7b,

numerical results from this study are close to the published theoretical and

numerical results at high Ra, but not so close for lower Ra. The reason for

the difference is that the theoretical results are based on the “Boundary layer

theory.” The latter assumes horizontal temperature gradient in the core of the

enclosure. This assumption does not hold at low Ra (based on simulation re-

sults from this study). Additionally, the boundary layer theory as applied in

this case also assumes very small boundary layer thickness in the regions very

close to a fixed wall. This assumption does not hold at low Ra, as boundary

layer thickness (δtemperature) is inversely proportional to Ra (Bejan, 2004).
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Figure B.7: Comparison of the numerically computed values of Nu for a water-
filled enclosure (A=1) heated-from-the-side with a specified heat flux along
vertical boundaries with the theoretical and numerical results of (Kimura and
Bejan, 1984); (a) mesh discretization (Note: only one-half part of the domain
is shown), (b) Comparison of numerically computed Nu vs. Ra behavior with
the theoretical and numerical results of (Kimura and Bejan, 1984)

Figures B.8a and b compare the streamlines and isotherms pattern

as computed in this study to the results obtained by Kimura and Bejan (1984)
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for A=0.5 and Ra = 3.5×106. The patterns are close. However, the pattern of

streamlines (see Figure B.8a2) from this study is somewhat different than the

published pattern (see Figure B.8a1). This can be attributed to the difference in

the numerical schemes used to obtain numerical solutions in both studies. But,

based on the comparison of Nu values (in Figure B.7b) between the theoretical

and numerical results, the pattern of streamlines from this study seems more

Fidel.

Table B.3 compares simulated Nu as obtained for enclosures with

three different aspect ratios (A=0.33, 0.5, 1) and at various Ra’s to the numer-

ical and theoretical results of (Kimura and Bejan, 1984). The numerical results

obtained in this study are closer to the theoretical results of Kimura and Bejan

(1984) than their numerical results.
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Figure B.8: Comparison of the published (a1 and b1) vs. numerically computed
( a2 and b2) pattern of streamlines and isotherms for a water-filled enclosure
(A=0.5) with a specified heat flux along vertical boundaries with the numerical
results of Kimura and Bejan (1984) at Ra=3.5 × 106; (a) Comparison of the
streamline pattern, (b) Comparison of the isotherms
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Table B.3: Comparison of Nu values from the theoretical and numerical results
of (Kimura and Bejan, 1984), and from this study

A Ra Nu(numerical result) Nu (Theoretical result ) Nu (this study)
(Kimura and Bejan, 1984) (Kimura and Bejan, 1984)

1 3.5× 105 5.66 5.80 5.84
1 3.5× 106 9.19 9.68 9.76

0.5 5.6× 106 10.83 11.60 10.75
0.5 5.6× 107 18.90 19.35 17.93
0.33 2.84× 107 15.30 17.40 17.41
0.33 2.84× 108 24.30 29.04 29.02

Based on these analyses, it is safe to state that the numerical approach

developed here is able to correctly simulate and compute the isotherms and

streamlines patterns as reported by Kimura and Bejan (1984) for heated-from-

the-side enclosures .
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B.4.2 A rectangular enclosure heated-from-the-bottom

In this case, numerical simulations for a rectangular enclosure heated-

from-the-bottom were performed and compared to the published experimental

results of Krishnamurti (1970a) and Tanaka and Miyata (1980). The boundary

conditions used in the simulations are constant temperature along horizontal

boundaries (#1 and #3) and thermally insulated vertical boundaries; a higher

temperature was used along boundary #1 (T=1). Two different fluid flow

regimes, laminar and turbulent, were considered. The boundary conditions

used for laminar convection are no-slip along all the fixed boundaries. For

turbulent convection, no-slip conditions along with additional conditions for k

and ω are used (see the “Model description section).

Based on the instability analysis of fluid confined in an infinite hori-

zontal layer, the critical value of Ra at which convection onsets is 1708 (Chan-

drasekhar, 1981). Figure B.9shows the pattern of the streamlines for various

fluids (Pr 0.71 for air, 7 for water, 100 for silicon oil, and 18600 for engine

oil) at Ra equals to 1700. From these analyses, the Ra at which simulated

convection cells appear is 1700. Below this value, the pattern of streamlines

is random. This is very close to the theoretical value of the critical Ra and is

independent of the fluid type. Thus, the developed numerical approach is able

to confirm not only the theoretical value of the critical Ra but also the fact

that this value is independent of fluid type. Furthermore, a not-so-clear pattern

of streamlines in this figure is caused by the malfunctioning of the streamline

plotting algorithm as implemented in the COMSOL R© Multiphysics software

package.
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(a)

(b)
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Figure B.9: Numerical computation of critical Ra at which convection sets in
for various fluids (Pr=0.71, 7, 100, 18600); pattern of streamlines at Ra=1700
(a) for air (Pr=0.71), (b) for water (Pr=7), (c) for silicon oil (Pr=100), (d)
for engine oil (Pr=18600)

Figure B.10 shows a comparison of the numerically computed (this

study) Nu vs. Ra behavior for the laminar convection to the experimental

data of Krishnamurti (1970a), for a water-filled enclosure (A=25.5) heated-

from-the-bottom. From Figure B.10b, it can be observed that numerically

computed values of Nu for the range of Ra values shown are lower than the

experimental data. Some possible reasons for this difference are:

1. Experimental difficulty in maintaining a constant and uniform tempera-

ture boundary condition along the horizontal boundaries and thermally

insulated vertical boundaries in the experiments of Krishnamurti (1970a)

2. The influence of the third dimension is substantial in this case. The

domain aspect ratios considered in this study (Krishnamurti, 1970a) are:
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Axz=25.5, Ayz=22.5, and Axy=1.04. Where, Axy represents the ratio

of a domain’s x-dimension to its y-dimension. Thus, Axz and Ayz are

very close and the influence of the third dimension cannot be ignored..

Additionally, in three dimensions, convection cells change form from a

two-dimension roll to a three-dimensional hexagonal cell. This cannot be

observed from a two-dimensional numerical simulation. However, with

the available computational resources it is not currently feasible to have a

three-dimensional model as it would include too many degrees of freedom

(DOFs) and require a large computation time and a more efficient solver.
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Figure B.10: Comparison of the numerically computed Nu vs. Ra behavior for
a heated-from-bottom water-filled enclosure (A=25.5) with the experimental
data of Krishnamurti (1970a), for laminar natural convection; comparison of
Nu vs. Ra behavior from this study with the experimental data

Figure B.11b compares Nu vs Ra behavior for the turbulent convec-

tion in a water-filled enclosure with A=14 for a heated-from-the-bottom case.

258



Figure B.11a is the mesh discretization used in the simulations. From Figure

B.11b it can be inferred that simulation results for this case are only some-

what closer to the published results. We must remember that in order to get

a converged numerical result some artificial diffusion is used. However, every

attempt has been made to reduce the value of this parameter up to the point

where the simulation scheme breaks down, either due to the limitation of the

software or the limitation of the computational resources. The Nu vs. Ra pat-

tern as shown by the present study is acceptable, given the fact that the k-ω

model as used in these simulations is only an approximate model of the real

turbulent flow and the model contains five empirical constants. Additionally,

current computational resources do not allow for denser mesh discretization

than achieved in the reported simulations.
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Figure B.11: Comparison of the numerically computed Nu vs. Ra behavior
for a water-filled cavity for A=14 with the experimental data of Tanaka and
Miyata (1980), for turbulent convection; (a) mesh discretization (Note: only
one-third part of the discretized domain is shown here), (b) comparison of Nu
vs. Ra behavior
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B.5 Summary

The purpose of this chapter is to verify and validate the developed

numerical approach. The simulation results for an enclosure heated-from-the-

bottom or from-the-side have shown that the developed numerical approach

used in this thesis is able to correctly simulate laminar and turbulent convection

in enclosures. These findings and the results presented earlier have verified the

developed numerical approach. The Nu vs. Ra behavior as computed using

the developed numerical approach is very close to the behavior reported in the

published numerical and experimental works.

The developed numerical approach is able to show convection cells and

patterns of isotherms for both enclosures heated-from-the-side and enclosures

heated-from the-bottom. However, for some cases, e.g., enclosure heated-from-

the-bottom and with laminar fluid flow, a two-dimensional flow field assumption

is too constraining. This is why the computed values of Nu are typically lower

than the values of Nu obtained through experiments. Additionally, for turbu-

lent convection, it is essential to use artificial diffusion because the Galerkin

finite element method is unstable for convection-dominated problems. This is

essentially the case for the turbulent convection simulations. The inclusion of

artificial diffusion reduces the stringent requirement for a higher grid density

in the computational domain (especially in the near-wall regions). It dampens

the numerical oscillations near fixed walls and at the interface of the laminar

sublayer and the turbulent flow in the core of a cavity. Finally, I feel that

the k-ω two equation closure model as implemented in the current version of

COMSOL R© Multiphysics (2008, Version 3.5a) software package, needs a more
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robust solver to deal with the simulation convergence problems.
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APPENDIX C

Numerical values of various types of artificial diffusions
used in the laminar and turbulent convection

simulations

The COMSOL Multiphysics R© software package was used to numer-

ically simulate natural convection in cavities. The software package uses the

Galerkin method to numerically solve transport equations. For example, equa-

tion C.1 is for transport of a scalar variable, T . The Galerkin method is,

however, unstable for convection dominated problems [Codina (1998), Hauke

(2002), John and Knobloch (2007)]. A review of the transport equation (C.1)

helps to understand this numerical problem.

The equation C.1 models the transport of a scalar variable T in a

finite sized computational domain. The first term on the left represents the

accumulation term, the second term is the convection term, the third term is

the diffusion term and the term on the right hand side represents sources or

sinks for the variable T .

∂T

∂t
+ ~u · ∇T +∇ · (−D∇T ) = Q (C.1)

The numerical discretization of equation C.1 is stable only when the

grid Peclet number (Pe), which is defined as:
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Pe =
|~u|h
2D

(C.2)

is less than 1. In other words, diffusive transport of a variable T is of the same

order of magnitude as the advective transport. Here, h is the mesh element

size.

For convection dominated problems, Pe can be much larger than 1

and can cause instability of a numerical discretization scheme (Zienkiewicz,

2005). It needs to be pointed out that the third term in equation C.1, which

is a diffusive term, reduces the numerical instability. But for this term to be

effective, the grid density has to be very high. However, the requirement for

a very high grid density is seldom fulfilled due to the limitation of computa-

tional resources. To circumvent the problem, COMSOL advises (COMSOL,

Inc., 2008a) using some artificial diffusion. The artificial diffusion relaxes the

requirement for higher grid density and it dampens numerical oscillations and

restricts their propagation in other parts of a domain (COMSOL, Inc., 2008a).

The COMSOL R© Multiphysics software includes options for type of ar-

tificial diffusion and ways to fine tune their numerical values. Short descriptions

of the specific diffusion types that are used in this modeling study (Chapter 4)

and those whose numerical values are listed in Table ?? are presented below:

C.1 Isotropic diffusion

This type of numerical diffusion adds a term, Diso, to the diffusion

coefficient D, shown in equation (C.1). The Diso can be expressed as:
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Diso = ζh |~u| (C.3)

where ζ is the tunable parameter, h is the mesh element size, and |~u| is the

magnitude of the velocity vector. From equation (C.1) and for a known h,

Diso depends on the tunable parameter, ζ, and on the magnitude of the fluid

velocity. Utilization of this diffusion type modifies the grid Peclet number,

which can be expressed as:

Pe∗ =
|~u|h

2D + 2ζ |~u|h
(C.4)

For convection dominated problems, in which |~u| is very large, equa-

tion (C.4) can be modified as:

Pe∗ =
1

2D
|~u|h + 2ζ

(C.5)

Thus, when ζ is greater than or equal to 0.5 and |~u| is very high, Pe∗

is always less than 1. Consequently, the numerical scheme is stable. However,

utilization of this diffusion type modifies the original transport equation (C.1)

by adding an artificial viscosity term to the diffusion coefficient. So, one should

always attempt to reduce the ζ value to as low a value as possible. In numerical

simulations, reported in chapter 4, this type of artificial diffusion is found to

be most useful and values of the tuning parameter (ζ) for various modeling

questions are listed in Table C.1.
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C.2 Streamline diffusion

As implemented in the COMSOL R© Multiphysics software, there are

three types of streamline diffusion: (a) anisotropic diffusion, (b) Streamline

Upwind Petro-Galerkin (SUPG) diffusion, and (c) Galerkin Least Square diffu-

sion (GLS). Out of these, GLS is the most efficient type and it does not modify

the original transport equation (COMSOL, Inc., 2008a). This is the default

artificial diffusion type in the software and is used in the simulations reported

in this chapter. The values used are listed in Table C.1.

C.3 Crosswind diffusion

This type of artificial diffusion is helpful to attain a converged simula-

tion of the problems in which there are sharp gradients of a dependent variable

T or in which there are regions with a sharp contrast in the diffusion coeffi-

cient, D, in the domain. It adds an additional term in the orthogonal direction

to the streamline, along with a term in streamline direction, to dampen the

oscillations caused by the sharp contrast in D or the sharp gradient of T .

There are linear and non-linear crosswind diffusion types. A non-

linear diffusion type does not modify a transport equation, but it is relatively

more computationally intensive than the linear type (COMSOL, Inc., 2008a).

Table C.1 lists numerical values of the linear diffusion types used in the simu-

lations reported in Chapter 4.
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C.4 Turbulence isotropic diffusion

This type of artificial diffusion is used in turbulent convection sim-

ulation and works similar to the isotropic diffusion described previously. The

only difference is that this diffusion is proportional to the turbulent kinetic

energy (k), whereas isotropic diffusion (described earlier) is proportional to the

magnitude of fluid velocity. Numerical values of this type of diffusion are listed

in Table C.1.
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APPENDIX D

Publications from this research work

Wilson, J. L. and R. Dwivedi, Geothermal Forcing of Micrometeo-
rological Conditions in Caves, GSA Annual Meeting, Portland, Oc-
tober 18-21, 2009.

Abstract

Caves micrometeorology is important to cave atmospheric composi-

tion, speleogenesis, growth of cave decorations, speleothem based paleoclimate

studies, and cave biology. It has three major forcings. Earths geothermal gradi-

ent heats cave air from below, creating convection cells and forcing circulation

within the cave. Cave connections to Earths lower atmosphere bring pressure

and wind forcings, and together with water percolating from above bring in

latent heat. In this paper we focus on geothermal forcing of both isolated caves

and caves connected to a quiet atmosphere. Heat conduction in the surround-

ing rock mass, and laminar/turbulent air flow and heat conduction/convection

within the cave, are simulated using COMSOL Multiphysics R©. Caves with var-

ious heights, depths, aspect ratios, shapes, and slopes are considered. Results

are presented in terms of patterns and rates of air circulation (e.g., convection

cells), and new versions of classical dimensionless numbers from heat transfer

theory. The Rayleigh number, which characterizes the geothermal forcing, is

sensitive to the 4th power of the cave height, leading to turbulent flow in even
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modest sized isolated caves. Convection in and heat transfer through caves is

most sensitive to cave height, slope, shape, and connection to the atmosphere.

Dwivedi, R. and J. L. Wilson, Coupled Heat and Mass Transfer
Processes in Enclosed Environments, COMSOL Conference 2009,
Boston, Massachusetts, October 8-10.

Abstract

Geothermally driven natural convection in enclosures is a ubiquitous

process occurring in many physical environments such as caves, mines, etc.

We have numerically simulated laminar and turbulent natural convection in

isolated air-filled cavities, buried in a more (in comparison to the air-filled

cavity) conductive rock mass. To better understand the convective heat transfer

process in isolated cavities, we varied the parameters of aspect ratio, slope,

and the geometry of a cavity. To characterize the numerical results, we used

metrics including Nusselt (Nu) vs. Rayleigh (Ra) number behavior as well as

the number and pattern of convection cells.

Dwivedi, R. and J. L. Wilson, Convective Non-laminar and Turbu-
lent Flow in Hydrogeologic Systems, AGU Fall 2008 meeting, San
Francisco, December 19, 2008.

Abstract

Convective flow due to heat transfer plays an important role in many

hydrogeologic systems. The generic systems considered here represent isolated

aquifers, subduction zones, and water or air-filled naturally occurring caves

or human created mines. The fluid flow in these systems is often dominated
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by geothermal forcing, resulting in convective flow. The convection can be

non-laminar or even turbulent, especially in cavities. In order to gain insight

into these non-laminar and turbulent convective processes, a computational

fluid dynamics (CFD) mathematical modeling approach is adopted. For the

purpose of comparison, and to better understand the nature of each system,

two other isolated flow regimes, namely no-flow and laminar flows, are also

considered. Patterns of convection, flow rates, and heat transfer rates are used

to characterize and compare the different systems.

J. L. Wilson, S.C. Tyler, A. M. Jorgensen, R. Dwivedi, P. J. Boston,
and P. Burger, Sensing turbulent flow and heat transport in a cave
conduit, AGU Fall 2008 meeting, San Francisco, December 19, 2008.

Abstract

Cave systems provide an extreme example of complex subsurface

porous media, dominated by flow through an interconnected network of con-

duits. Whether water or air-filled, these flow systems have been largely ob-

served subjectively, with only a few simple quantitative measurements of flow

and pressure. In the spring of 2008 a joint campaign of New Mexico Tech and

the University of Nevada Reno entered the 210m deep, 8̃m “diameter,” keyhole

shaped, subhorizontal, Left Hand Tunnel, a large air-filled conduit in Carls-

bad Caverns, New Mexico, with the intent to observe fluid flow with modern

thermally-based instruments. The conduit experiences countercurrent, ther-

mally stratified flow, with mean velocities in each layer less than 0.1m/s. It

is part of a geothermally forced, large-scale convection cell. Two instruments

were deployed. A distributed temperature sensing (DTS) fiber optic cable was
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stretched over 1km of the tunnel, and partially suspended by balloons to the

roof, to sense spatial and low-frequency (0.01Hz) temporal variations of temper-

ature with a resolution approaching 0.05o C. The mean temperature difference

between layers was on the order of 0.5 degree and the caveward (subhorizontal)

temperature gradient was 1 degree/400m. Influences of connecting subvertical

shafts, wet areas of the cave, human activity, and diurnal fluctuations were

observed. The second instrument, a 7m tall tower with an array of eight 300Hz

thermocouple temperature sensors, with a sensitivity approaching 0.005 de-

gree, was deployed 200m into the tunnel and used to detect high- frequency

temperature fluctuations associated with turbulence and the stratified flow.

Turbulence structure of each layer was similar. Temperature fluctuation (and

turbulence intensity) was significantly greater near the boundary between lay-

ers and its steep vertical gradient of mean temperature. Results from this 3-day

campaign, as limited as they are, suggest that there is a wealth of information

and understanding to be gained by instrumenting cave conduit systems with

modern sensors.

Dwivedi, R. and J. L. Wilson, Effect of slope on subsurface free-
convection processes, Computational Methods in Water Resources
XVII International Conference, San Francisco, July, 2008.

Abstract

Whether it is air or water flow in caves, or water flow in porous

aquifers, geothermally-driven free convection is influenced by the geometry of

the flow and heat transfer field. When the roof of a cave or tunnel, or the

upper boundary of a porous aquifer, is sloping gravitational buoyancy forces
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interact with the slope, affecting critical Raleigh numbers, convection cell and

flow field geometry, and heat and mass transfer characteristics. This interac-

tion of slope and geothermal gradient influences the hypogenic speleogenesis of

caves and the micrometeorology of modern air filled caves. In porous media it

influences flow and heat transfer in deep aquifers and the heat field in subduc-

tion zones. Generic simulations of these processes for both free flowing fluids

and porous media are presented along with applications to speleogenesis, cave

micrometeorology, deep continental aquifers, and subduction.

Dwivedi, R., J. L. Wilson, Penelope J. Boston, Scott W. Tyler, and
A. M. Jorgensen, Role of Free Convection in Cave Micrometeorology,
CUAHSI/NSF workshop on “Fiber Optic Distributed Temperature
Sensing for Ecological Characterization”, HJ Andrews Experimental
Forest, Oregon, from June 2, 2008 to June 7, 2008.

Abstract

Understanding of cave micrometeorology is useful for many purposes,

for example, to understand and manage cave ecology and biogeochemistry, and

to understand impacts on cave ecology caused by human cave explorations,

and to understand and manage cave decorations. In this research study, three

approaches for temperature observation have been followed: highly sensitive

air-turbulent temperature fluctuation sensors with fluctuation sensitivity 0.001o

C; a fiber optic cable to sense spatial and temporal variation of temperature

with a resolution of 0.01o C with flexible spatial and temporal sensitivity of 1

meter and 1 minute; and HOBO temperature sensors with resolution up to 0.1o

C. The temperature variations were recorded according to these three modes

along cave walls and in the air along cave passage. The results indicate effect of
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the geothermal gradient, and of water evaporation and condensation processes,

on temperature variation in the cave domain. These results also show that

fiber optic cables, turbulence towers and HOBO temperature sensors can be

helpful observational tools for examining the role of free convection on cave

micrometeorology.
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