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ABSTRACT

The role of high infrared (IR) reflectance in the temperature regulation of a
single species of cactus, Cereus giganteus (saguaro cactus), was investigated.
Two independent methods were used to determine the effect of high near-IR
reflectance on C. giganteus stem temperatures.

The first method was to measure the

surface temperature of two individual plants of comparable size and health, one of which
was partially shaded by a canopy of loose sun-screening material.

The second method

involved the numerical solution on a computer of the energy balance, or heat transfer,
equation for C. giganteus.
High reflectance at near-IR wavelengths was found to decrease the peak surface
temperature reached by C. giganteus by 3.2 to 3.3 °C. This figure is valid for the fairly
mild environmental conditions encountered in the Sonoran Desert at an altitude of 940 m
during late September and early October.

>
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INTRODUCTION

The research described in this thesis was conducted in order to answer two
specific questions related to the role of high infrared (IR) reflectance in the temperature
regulation of a single species of cactus, Cereus giganteus, more popularly known as the
saguaro cactus.

The first question was:

How large quantitatively is the effect of high

reflectance in the near-IR (0.7 to 1.5 p.m) in reducing the peak daytime surface
temperatures of C. giganteus ? Is the reduction 1/2 °C or 20 °C, for example. The second
question was: How important is the IR reflectance in comparison to other factors such as
spines, vertical posture, convective cooling, re-emission of longer wavelength IR radiant
flux, etc?

No attempt was made to elucidate the underlying physical properties which

produce the high IR reflectance.
Objects at the surface of the earth can absorb, reflect or transmit radiant flux
which is emitted by the hot sun, the cold stratosphere (upper atmosphere), and the more
moderate troposphere (lower atmosphere) and surrounding terrain. In addition, objects can
themselves re-emit radiant flux. Radiant flux is a form of power, or energy flow. When
energy is gained, or absorbed, an object generally grows warmer. When energy is lost, or
emitted, an object generally grows colder.

The temperature of an object at the earth's

surface thus depends in part on its spectral properties, or wavelength specific absorption,
emission and reflection of radiant flux.
A black surface which absorbs as much radiant flux from the sun as possible and
which re-emits very little radiant flux at longer wavelengths can easily reach a temperature
150 °C

above ambient if not cooled by the wind (Brinkworth 1972).

At the other

extreme, Trombe (1967), and Granqvist and Hjortsberg (1981) have shown that a surface
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which absorbs very little radiant flux from the sun and which efficiently re-emits radiant
flux at longer wavelengths can actually reach a temperature 40 °C below ambient!
Many plant tissues show a highly evolved, spectrally selective response to the
radiant environment at the earth's surface. About 98% of the radiant flux emitted by the
sun is at wavelengths ranging from about 0.3 to 3.5 pm. Green tissue absorbs 60 to 95%
of incident radiant flux at wavelengths from 0.4 to 0.7 /im (Gates et al. 1965). Up to 95%
of the longer wavelength IR radiant flux from 0.7 to 1.5 /xm is rejected by a combination
of transmission and reflection (Gates et al. 1965). At still longer wavelengths, from 2.0 to
beyond 10 /xm, radiant flux is once again strongly absorbed and, by Kirchhoff's law,
strongly emitted (Gates et al. 1965).

Emissivities range from 0.94 to 0.99 in this region

(Idso et al. 1969).
Radiant flux of wavelengths from 0.4 to 0.7 jim is sometimes referred to as
photosynthetically

active

radiant

flux

(PAR), since

it

is

capable

of

promoting

photosynthesis. This corresponds roughly to visible radiant flux, or light, since the human
eye is also sensitive to these wavelengths. IR radiant flux of wavelengths from 0.7 to 1.5
ixm will be referred to as "solar IR" flux, since it is emitted by the sun, or "near-IR" flux,
since it is near in wavelength to visible light. IR radiant flux at still longer wavelengths
will be referred to as "thermal-IR" flux, since it is typically emitted by the sky or objects
on the earth's surface and is related to the temperature of these sources.
About 40% of the total solar output is at near-IR wavelengths. Since this radiant
flux is photosynthetically wactive, it would serve primarily to warm plants, if it were
absorbed. It is commonly assumed that the reflection and/or transmission of solar-IR flux
reduces the heat load on plants and serves to help prevent overheating (Gates et al. 1965,
Gates 1980). Green leaves have even been cited as being superior to man-made spectrally
selective materials when a specific heating, cooling, or energy utilization task is considered

(Granqvuist 1981).

One could guess that the rejection of solar-IR flux is especially

important for desert plants, which must tolerate intense sunlight and high air temperatures
while

simultaneously

limiting

evaporational

cooling

in

order

to

conserve

water.

Furthermore, thick stemmed succulents such as agave and cacti do not transmit any radiant
flux and can limit the heat load imposed by the sun only via high reflectance. Indeed, the
reflectance of Agave americana reaches 70% over a limited spectral region at IR
wavelengths.
The fact that plants have generally high reflectance at near-IR wavelengths is
well known to workers in the fields of biology, agriculture, remote sensing, and
photography.

A substantial amount of work has gone into developing models to explain

the high IR reflectance and transmittance of leaves on the basis of geometrical optics with
reflection or scattering assumed to occur at intercellular boundaries and from cellular
microstructures. A partial list of authors includes Willstaetter and Stoll (1918), Allen et al.
(1973), Kumar and Silva (1973), Tucker and Garratt (1977).

Models have also been

developed to predict the net reflectance of plant canopies comprised of many layers of
leaves (Kubelka and Munk 1931, Allen and Richardson 1968, Suits 1972).

However,

quantitative assessments of the importance of high IR reflectance to the energy balance and
temperature regulation of plants have, to the author's knowledge, been more limited (Lewis
and Nobel 1977, Nobel 1978).
While the reflectance of Agave americana (agave) reaches nearly 80% in the nearIR spectral region, and the reflectance of various species of Opuntia (prickly pears) nearly
70%, the value for C. giganteus (saguaro) peaks at closer to 50% (Gates et al. 1965).
Despite the fact that C. giganteus is not the best possible example from the plant kingdom
of a spectrally selective surface, research was conducted on C. giganteus because of the
strong local interest in these symbols of the Sonoran desert, and because the generally
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cylindrical shape of young and middle aged C. giganteus greatly simplifies mathematical
analysis and calculations.
Two independent methods were used to determine the effect of high near IR
reflectance on C. giganteus stem temperatures. An increase in the amount of solar radiant
flux reflected corresponds to an equal decrease in the amount of radiant flux absorbed.
The first, and simplest, method was thus to measure the surface temperatures of two
individual plants of comparable size and health, one of which was partially shaded by a
canopy of loose sun-screening material.
The second method involved the numerical solution on a computer of the energy
balance, or heat transfer, equation for C. giganteus.

Calculations were first carried out

using the average of the published values of the net solar absorptance of C. giganteus.
Calculations were then repeated using adjusted values of the net solar absorptance to
predict the effect of increased or decreased near IR reflectance. In addition, other factors
such as the surface area available for convective cooling and the absorptance at thermal-IR
wavelengths could be varied in the computer model in order to compare the importance of
these factors to the near-IR reflectance.
The two methods were complementary.

The direct comparative measurements

lent substance to the calculated effects; the ability to calculate and predict effects implies
correct understanding of all the various interrelated factors in the energy balance equation.
The thesis is divided into five chapters, and each chapter is further divided into
labeled subsections.

Chapter I discusses the fundamentals of energy balance and heat

transfer. Heat transfer by radiation, convection and conduction are each discussed in turn.
A few simple analytical solutions to the equation for heat transfer by conduction are
introduced.
Chapter II describes the instrumentation and methodology used to make the
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laboratory and field measurements. The reflectance factor for C. giganteus at wavelengths
from 0.4 to 1.1 nm was measured in the laboratory and and compared to published values.
Stem temperatures of both a shaded and unshaded C. giganteus were measured in the field.
In addition, environmental parameters such as solar irradiance, air

and

ground

temperatures, wind speed and direction were measured.
Chapter m describes the finite-element computer model that was used to
calculate C. giganteus stem temperatures.

The measured stem temperatures at 6:00 am

were used as the starting temperatures for the calculations of a given day. Temperatures at
later times were then calculated based on the measured values of solar irradiance, air
temperature, etc. A procedure for fitting the 6:00 am temperature distribution to one of
the analytical solutions introduced in Chapter I is also described.
Chapter IY presents the results of both the measurements and the calculations of
C. giganteus stem temperatures.

The environmental data for a single day are presented.

The calculated temperatures, for both full sun and partial shade, are compared to the
measured temperatures, and the disagreements are discussed. The measured temperatures
are also compared to the "limiting case" analytical solutions of Chapter I. Profiles of the
temperature variation from the surface to the core of the cactus at selected times of day
are plotted. Finally, the calculated effects of decreasing or further increasing the near IR
reflectance are presented. The calculated effects of varying other parameters, such as the
surface area available for convective cooling, are also presented.
The results from Chapter IV are summarized and discussed in Chapter V. The
importance of the optical properties of C. giganteus at solar and at thermal-IR wavelengths
are discussed, as are the importance of ribbing and convective cooling.

The discussion

considers peak surface temperatures, peak core temperatures, average surface and core
temperatures, and overall energy balance. Suggestions are made for further research.
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CHAPTER I: ENERGY BALANCE AND HEAT TRANSFER

The following chapter discusses the general topics of energy balance and energy
flow, or heat transfer, as they pertain to C. giganteus.
balance equation for C. giganteus.

Section 1.1 introduces the energy

Section 1.2 provides a very brief overview of the

physiology and morphology of C. gigatiteus and discusses qualitatively how various
morphological features influence the energy balance of the plant. Section 1.3 describes the
radiant environment and spectral properties of C. giganteus.
convective heat tranfer, or cooling by the wind.

Section 1.4 discusses

Section 1.5 discusses conductive heat

transfer and heat storage within the massive, fleshy stem of C. giganteus.

Section 1.6

discusses a few analytical solutions to the heat transfer equation.

Section 1.1 : Energy balance equation for C. giganteus.

Simple conservation of energy considerations require that any difference between
the energy flowing into and out of a fixed body of matter must be balanced by an increase
or decrease in the stored energy of the body: energy in minus energy out equals energy
stored. Writing down the energy terms which are important for C. giganteus we have the
condition for energy balance :

solar input + thermal-IR input - thermal-IR output + convection
± conduction = heat capacity

x

temperature change

1.1.
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The product of heat capacity and temperature change has been used for the
energy storage term. The time derivative of the above equation yields the time-dependent
heat transfer equation used to model the time-dependent temperature of C. giganteus.
The solar input term on a clear day for a section of the stem facing the sun
directly may be written as:

solar input = Aav ED cos(0)

where :

+

ARa Ed

Aav = solar absorption coefficient averaged over all wavelengths
Ed = direct normal solar irradiance
6=

solar zenith angle

ARa= solar absorption coefficient averaged over Rayleigh-scattered light
Ed = diffuse solar irradiance (assumed to be Rayleigh-scattered)

The above expression for the solar input term assumes that all diffuse solar
irradiance has been produced by Rayleigh scattering from a clear atmosphere with no
clouds and little dust or haze. The effect of high reflectance at near-IR wavelengths is to
reduce the average solar absorption coefficient, Aav, and thus to reduce the maximum
daytime heat load imposed by direct solar irradiance. This in turn reduces the maximum
stem temperature of C. giganteus.

It is precisely this effect and its relationship to the

other terms in the energy balance equation which is addressed in this thesis.
Eq. 1.1 neglects the energy consumed by photosynthesis and liberated by
respiration, but this is generally a very good approximation for plants (Gates 1980).
Energy loss by transpiration has also been neglected. This approximation is discussed in
the following section.
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Section 1.2 : Physiology and morphology of C. giganteus.

A very brief overview of the physiology and morphology of C. giganteus will
indicate the range of adaptive features that enable C. giganteus to moderate its temperature
in a very hot, dry climate.

High IR reflectance is only one of several temperature

controlling factors that must be considered in connection with Eq. 1.1.
C. giganteus and other cacti possess a crassulacean acid metabolism (CAM) (Gates
1980).

These plants open their stomates substantially only at night to take in and store

C02. Photosynthetic activity utilizing the stored C02 is carried out during the day with
stomates closed. In essence, the cactus holds its breath during the day and breathes only
during the early morning hours when the air is coolest and the relative humidity is highest.
Since water is free to escape from open stomates at a rate determined by the temperature
and moisture content of the air,

CAM represents a system highly evolved to conserve

water.
For the purposes of this study, the important consequence of a CAM metabolism
is that evapo-transpiration can be completely neglected as a daytime cooling mechanism.
Furthermore, indications are that the small amount of transpirational cooling which occurs
at night during very dry conditions has only a slight effect on overall plant temperature,
and negligible effect on surface temperatures the following day (Lewis and Nobel 1977,
Nobel 1978).
The vertical orientation of the main stem and mature arms of C. giganteus is a
dominant feature which reduces the projected area intercepting the sun's rays during
midday. This orientation is less advantageous in late afternoon.

At noon on June 21 at

32° N latitude only about 5% of the total surface area of an upright cylinder is projected
perpendicularly to the sun's rays. At 5 pm on the same day about 30% of the total surface

18

area is projected perpendicularly to the sun.
The top of the plant, which is a critical generating region for new growth and
which faces the high midday sun fairly directly, is protected by a dense mat of fuzzy grey
material. The generating region is known as the apical meristem and the protective "down"
as the apical pubescence.
Spines are more densely located near the apex of the plant than on the vertical
sections of the stem. Spines reduce the amount of incoming radiant flux from the sun
absorbed during the day and reduce the amount of outgoing thermal-IR emitted at night.
The overall effect is thus to moderate surface temperatures (Lewis and Nobel 1977).
Ribbing apparently enhances convective cooling by increasing the surface area in
contact with the air without increasing the amount of solar radiant flux intercepted above
the value for a smooth cylinder.

The ribs also increase the efficiency of convective

cooling by increasing the turbulence of air flow near the surface of the plant, but this is
partly offset by the spines, which increase the warm air boundary layer near the plant
(Lewis and Nobel 1977).
The massive stem of C. giganteus is largely stored water.

The thermal

conductivity and heat capacity of the stem are essentially those of water (Lewis and Nobel
1977, Nobel 1978). The great thermal mass of the stem functions as a heat sink during the
day, when radiant power absorbed exceeds the total power dissipated by all cooling
processes.

At night this stored heat migrates toward the cooler surface and further in

towards the core. Indeed, Gates indicated that the core of C. giganteus reaches its peak
temperature near midnight (Gates, 1988). The core measurements described in this thesis
showed a peak in core temperature near 8:00 pm.
The thermal response of the core is thus 120° to 180° out of phase with the
driving force of the sun.

Apparently this heat storage and thermal lag helps the plant
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tolerate colder overnight temperatures as well as hotter daytime temperatures. The average
stem diameter of C. giganteus has been observed to increase at both the northern and
southern limits of the geographical range of the species (Niering, et al. 1963, Nobel 1980).

Section 1.3 : Radiant environment and spectral properties of C. giganteus.

The radiant environment of C. giganteus is dominated by three sources that
radiate more or less as blackbodies at three different temperatures : the sun, the
troposphere, and the ground. The sun and the ground approximate blackbodies quite well,
although water vapor and C02 absorb substantial amounts of IR radiant flux as sunlight
propagates through the earth's atmosphere.

Radiant flux emitted by the troposphere

departs more drastically from the blackbody approximation. The troposphere absorbs and
emits very little radiant flux in the 8 to 13 fim region.
The equivalent blackbody temperature of the sun's surface is given variously as
5900 K. or 5800 K depending on whether one wishes to make a best fit curve to the
spectral distribution or match the total radiance integrated over all wavelengths (Slater
1980, Suits 1985). Nearly 98% of the total power radiated by the sun is of wavelengths
from 0.3 to 3.5 /am; about 50% is at wavelengths shorter than 0.73 pm, and of course about
50% is at longer wavelengths (Iqbal 1983). The solar output peaks at just under 0.5 urn
when expressed in units of Wm'^m"1 and at about 1.0 fim when expressed in units of
Wm-2 wavenumber"1.
The accepted value for the solar irradiance at the top of the earth's atmosphere at
the mean sun-earth separation is 1367 ± 1.6 Wm"2 (Iqbal 1983).

Atmospheric scattering

and absorption reduce this value to the neighborhood of 1000 Wm"2 for normal incidence
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at low elevations at midday on a clear day.
The absorption is due mainly to water, carbon dioxide and ozone. Mie scattering
by aerosols and water droplets produces the condition recognized as haze.
scattering by density fluctuations of atmospheric molecules

Rayleigh

is increasingly important at

shorter wavelengths and produces the blue color of the clear sky. The ratio of diffuse, or
scattered, sunlight to direct sunlight varies greatly with solar altitude. Near Tucson typical
values are 1:1 just after sunrise and before sunset, and 1:10 at midday.

The spectral

distribution of sunlight, direct and scattered, is shown in Fig. 1.1.
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Figure 1.1 Irradiance as a function of wavenumber for sunlight,
skylight, cloudlight, and light transmitted through vegation.
Reproduced by permission from Biophysical Ecology by David M.
Gates (Springer-Verlag 1980).

The ability of the earth's atmosphere to absorb, and hence emit, radiant flux is
dominated by the specific absorption features of water and carbon dioxide. The average
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temperature of the earth's lower atmosphere is about -10 °C, or 263 K (Gates 1980).
Blackbody radiant flux from a 263 K source extends from roughly 5 to 50 fim with a peak
near 11 /im.
The radiant flux emitted by the sky roughly follows this blackbody envelope with
a notable exception in the 8 to 13 pm region. Neither water nor carbon dioxide absorb (or
emit) strongly at these wavelengths, making the atmosphere nearly transparent in this
"window" region. Terrestrial objects that emit 8 to 13 /tm radiant flux are thus radiatively
coupled to an enormous low temperature heat sink: the stratosphere and outer space!
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Figure 1.2 Atmospheric transmission and emission and ground emission
plotted as a function of wavelength.
Reproduced by permission from
Biophysical Ecology by David M. Gates (Springer-Verlag 1980).

Empirical formulas have been published that give the total power radiated by the
sky as a function of temperature. These generally are of the blackbody ecfY4 form with a
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temperature dependent emissivity, f, or with the 4th power exponential replaced by a more
complicated expression. Atmospheric transmission and emission is shown in Fig 1.2 along
with ground emission.
The ground radiates generally as a blackbody with a typical emissivity of 0.95.
Ground surface temperatures during the period of field measurements ranged from roughly
15 to 50 °C, or 288 to 323 K. This corresponds to a peak in radiant flux at 9 to 10 nm.
In addition, the ground reflects incident sunlight with an angular dependence that
is roughly lambertian. The ground reflectance at the field study site was measured to be
approximately 30%.

An assumed partially specular reflectance from the ground was

incorporated in a directionality factor for diffuse and reflected sunlight in the computer
model.
The spectral properties of C. giganteus have evolved in response to the radiant
environment described above.

As outlined in the introduction, plant tissues in general

show a highly tuned response to electromagnetic radiant flux of varying frequency that
may be summarized as a "notched filter" response.
Photosynthetically active radiant flux from 0.4 to 0.7 /zm (about 39% of the total
solar output) is strongly absorbed.

Absorption by chlorophyll is strongest at wavelengths

corresponding to red and blue light. The light which partially penetrates the plant before
being scattered or reflected back out is therefore predominantly green.

Absorptance of

PAR flux ranges from about 80% at 0.55 /zm to over 90% at 0.4 /zm (Gates, et al. 1965).
Since C. giganteus has zero transmittance, the percent reflectance is simply equal to 100%
minus the absorptance. This is true at all wavelengths. Reflectance equals 1.0 minus the
absorptance if one uses fractions instead of percent.
Solar-IR radiant flux from 0.7 to 1.5 /zm (about 40% of the total solar output) is
strongly rejected.

The rejection of solar-IR flux by plants is accomplished through a
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combination of reflection and transmission.

Thin leaves show higher transmission than

reflection, while for thick leaves the trend is reversed (Gates, et al. 1965).

For thick

stemmed cacti and agave the amount of light transmitted goes to zero, and the reflectance
can reach very high values. As mentioned previously, C. giganteus reflects about 50% of
the incident solar-IR flux.
Longer wavelength IR flux is once again strongly absorbed and emitted.

The

emissivity of various species of cacti at thermal wavelengths has been measured as 0.96 to
0.97 (Idso et al. 1969). Surface temperatures of C. giganteus during the field measurement
period varied from about 25 to 50 °C, or 298 to 323 K.

The blackbody radiant flux

emitted by C. giganteus is thus very similiar to that emitted by the ground, with a peak in
the 9 to 10 (im region. C. giganteus absorbs thermal-IR emitted by the ground, but also
dissipates a great deal of energy by efficiently emitting thermal radiant flux.
Absorptance as a function of wavenumber is shown for C. giganteus , O. laevis
and A. americana in Fig. 1.3. Sunlight absorbed as a function of wavenumber is shown for
C. giganteus and A. lecheguilla in Fig. 1.4.

We see from Figs. 1.1, 1.3 and 1.4 that the

near-IR reflectance of C. giganteus reduces the total amount of absorbed solar radiant flux
by about 15%.

The solar absorption coefficient in the computer model was therefore

varied up and down by 15 to 20% to investigate the effects of changes in the near-IR
reflectance. The partial shade awning was constructed to provide about 15% shade, or to
pass about 85% of incident solar flux.
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) and
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Section 1.4 : Heat transfer by convection.

Now that we have discussed the radiative terms in Eq. 1.1, we can consider
another mode of heat transfer:

convection.

For large temperature differences within a

fluid or at the interface between a solid and a fluid, non-linear heat transfer processes
involving the macroscopic transport of mass (i.e. fluid flow) become important.

These

processes fall into the category of convective heat transfer.
Convection may be either "natural" or "forced".

Under conditions of natural

convection, fluid flow is due solely to density variations caused by heating of the fluid.
Forced convection involves additional mechanisms for creating flow, such as fans, pumps,
or wind.
Although convective heat transfer is inherently non-linear, an average transfer
coefficient is usually defined for the purpose of calculations.

For

the case we are

interested in, this convective transfer coefficient will quantify convective heat exchange
between the surface of C. giganteus and the surrounding air. The defining equation is :

1.2

or
q = h (T„ - Ta)

where :

q = heat flux
h = convective heat transfer coefficient
Ta = surface temperature of C. giganteus
Ta = ambient air temperature

1.3
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Eq. 1.2 is simply a definition of the average convective heat transfer coefficient,
h. To be of practical use in calculations, one needs a numerical value of h that can be
substituted into Eq. 1.3.
The numerical value of h usually depends on such parameters as flow velocity,
fluid density, viscosity, thermal conductivity, and the characteristic dimensions of the
surface involved. For very simple geometries, such as a sphere, a cylinder, or a flat plate,
semi-empirical, semi-theoretical expressions have been developed that relate the above
mentioned parameters to the actual value of the transfer coefficient.
Consider the case of flow at right angles to a smooth cylinder as an
approximation to wind flow over a C. giganteus

The expression for a smooth cylinder

given by Whitaker (1977), which is based on the work of Richardson (1968) is :

(0.4Re°-5 + 0.06Re°-67)Pr0-4

where :

1.4

Re = Reynolds number = vDjv
Pr = Prandtl number = upCp/k
k = thermal conductivity of the fluid
D = characteristic dimension
v = flow velocity
v = kinematic viscosity = viscosity/density
p = density
Cp = specific heat capacity at constant pressure

For flow at right angles to a cylinder the characteristic dimension is the diameter.
The thermal conductivity, kinematic viscosity, density, and heat capacity of air vary

27

slightly with temperature, but this variation may be neglected for the range of
temperatures encountered in the field. This leaves flow velocity, or wind speed, as the
sole variable in the expression for the convective heat transfer coefficient, h.
Lewis and Nobel measured actual values of the convective heat transfer
coefficient for a 26 cm diameter Ferocactus acanthodes (barrel cactus)

using a heater

inserted into the cactus and a fan to provide variable wind speed. The values obtained
were fit to a cubic polynomial with wind speed as the argument (Lewis and Nobel 1977).
The results obtained by Lewis and Nobel were assumed to be valid for the 29 cm diameter
C. giganteus used in this study after multiplication by a scaling factor of (26/29)^'"* =
0.947.
As a cautionary note, the diameter of a cactus is not a perfectly well defined
quantity. A cactus will almost certainly not possess perfect cylindrical symmetry, making
any diameter an average value.

In addition, the presence of ribs and spines makes even

the circumference indeterminate. If a cylinder is used to approximate C. giganteus for the
purpose of calculating conductive heat transfer, the appropriate diameter would be
something intermediate between the maximum distance from rib crest to opposite rib crest
and the minimum distance from rib trough to rib trough.

For convective heat transfer,

one should perhaps use a slightly greater diameter which includes part or all of the spines,
or which even extends beyond the spines into the boundary layer of air surrounding the
cactus.
However, Lewis and Nobel (1977) expressed the experimentally determined heat
transfer coefficient for F. acanthodes on the basis of the diameter averaged between the
rib crests and the rib troughs. Nobel (1978) later scaled this coefficient to apply to larger
and smaller cacti using a stem diameter again averaged between the rib crests and troughs,
neglecting the spines.

The diameter of the cactus averaged between the rib crests and
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troughs was therefore used in this study for calculating both conductive and convective
heat transfer. The average diameter at a height of 1 m for the particular plant studied was
determined to be 29 cm using the procedure described in section 2.1.
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Figure 1.5 Convective heat transfer coefficient, h, in units of (W m"2 °C_1) as a
function of wind speed for a smooth cylinder (bottom) and for a cactus (top).

'The polynomial expression obtained experimentally by Lewis and Nobel is plotted
in Figure 1.5, along with the values for a smooth 29 cm diameter cylinder calculated using
the Whitaker-Richardson formula. The sharp drop of h to zero as wind speed goes to zero
in the calculated value of h for a smooth cylinder reflects the fact that natural convection
is neglected in the Whitaker-Richardson formula.
The experimental value of h for a cactus is about 1.5 times the calculated value
for a smooth cylinder on a unit area basis.

The increased value for the actual plant is

attributed to increased turbulence due to the ribs leading to the more efficient mixing of
ambient and hot air adjacent to the plant (Lewis and Nobel 1977). In addition, the ribs
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increase the surface area of the cactus over that of a smooth cylinder by a factor of about
1.7.

The net effect is to increase the efficiency of convective cooling for a 29 cm

diameter C. giganteus by a factor of about 2.5 in comparison to a smooth cylinder of the
same diameter.

Section 1.5 : Heat transfer by conduction and heat storage.

Conduction is a diffusion-like process involving the transport of energy, but no
transport of mass, at least not on a macroscopic scale.
conductive heat transfer within a homogeneous solid:

We will be concerned with

the stem of C. giganteus.

As we

shall see, for a time-dependent temperature distribution, the rate of heat transfer by
conduction must be combined with the capacity of a body to store heat in order to arrive
at the rate of propagation of temperature changes. However, we shall first consider heat
transfer by conduction under time-independent conditions.
For temperature gradients which are not too great, many substances follow an
empirical law for heat conduction, Fourier's law, which is analogous to Ohm's law for
electrical conduction.

Fourier's law states that the rate of heat transfer across a body is

linearly proportional to the temperature difference between its ends.

Or in differential

form, the rate of heat transfer is proportional to the temperature gradient :

where :

q = heat flux
k = thermal conductivity
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T = temperature
t = time

We now return to the energy balance, or conservation of energy equation, which
was stated in section one: energy in - energy out = energy stored. For thermal processes
under conditions of constant pressure the energy storage term is given by :

energy stored = MCpAT

where :

1.6

M = mass
Cp = specific heat capacity at constant pressure
AT = temperature change

If we consider the time derivative of this equation we can say:

rate at which

energy enters - rate at which energy leaves = rate at which energy is stored (or removed).
For thermal processes, the rate of energy flow is given by the heat flux, q. To get the rate
at which energy is stored (removed) we replace AT by 9T/9t.

If we also want spatial

differentials we replace qin - qout by -(dq/dx), and we replace the mass, M, by density, p.
The differential form of Eq. 1.6 is then :

(2]~(s)

1.7

If the heat flux, q, is given by equation 1.5 and if the thermal conductivity, k, is
a constant we can combine eqs. 1.5 and 1.7 as :
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(SMS)

1.8

Or by regrouping the coefficients and considering the three dimensional form :

= DV2T

where :

D = thermal diffusivity =

1.9

pcp

T = temperature
t = time

The range of stem temperatures encountered in the field was from about 20 to 50
°C.

The thermal conductivity of water varies by ±4% from its average value over this

range.

The values of p and Cp vary by much smaller amounts.

Both k and D were

regarded as constants and the use of Eq. 1.9 for describing heat transfer within the stem of
a C. giganteus was assumed to be valid.
An insight into the significance of the thermal diffusivity coefficient, D, can be
gained by considering an analogy with electrical conduction.

We have already said that

Fourier's law (Eq. 5.1) is the thermal counterpart to Ohm's law, with heat flux
corresponding to charge flux, or current. Thermal conductivity corresponds to electrical
conductivity. Electrical conductivity is the reciprocal of electrical resistance, and so k -»
1/R.

We can also expect that the heat storage coefficient will correspond to the charge

storage coefficient, or electrical capacitance, and so pCp —• C. We now see that:

1.10
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The thermal diffusivity, D, corresponds to the reciprocal of the RC time constant
for an electrical circuit. A large thermal diffusivity (small RC time constant) means that
temperature changes will propagate rapidly, and vice versa for a small thermal diffusivity.
As mentioned before, the behavior of a time-dependent temperature distribution depends
on both the thermal conductivity and the heat capacity.
Incidentally, this same diffusion equation (Eq. 1.9) describes a large number of
different physical phenomena. Specific examples include the penetration of magnetic eddy
currents into a conductor, the diffusion of surface dopants into a semiconductor crystal,
particle diffusion in a gas, and, with a source term added to the right hand side, neutron
diffusion in a nuclear reactor fuel rod (Kittel 1980).

Section 1.6 : Analytical solutions to the heat transfer equation.

We can now examine the solutions to the heat transfer equation (Eq. 1.9) for a
few special cases. Consider a semi-infinite slab of material bounded by the x = 0 plane
and characterized by a thermal diffusivity, D. The one dimensional form of Eq. 1.9 is :

1.11

The boundary conditions are :

T(x>0, t<0) = T0, and T(x=0, t>0) = T0 + AT.

Physically, these boundary conditions correspond to an idealized case of suddenly raising
the temperature at one surface of a uniform body that is initially at a uniform temperature
throughout.
The solution to this problem is readily available in text books (Whitaker 1977),
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and so we can write down the solution without carrying out the math :

T(x, t) = T0 + AT erfc(u)

1,12

where:

u =

U3

and :

erfc(u) = 1 -

im

exp(-y2) dy
I'

1.14

Figure 1.6 The complementary error function, erfc(x/V4Dt), for three
values of the variable t (time). Time t2 satisfies 4Dtx = 1 m'2'< t2 = 2t1; t3
= 4tr x = 0 corresponds to the surface of a semi-infinite slab.

The function erfc(u) is plotted in Fig. 1.6 for three arbitrary times. Time ta was
chosen so that 4Dtx = 1 m~2 . We then have u(x,tx) = x. Time t2 was chosen so that t2 =
2tv and t3 was chosen so that t3 = 4t1. Referring to Fig. 1.6, we define a characteristic
diffusion time, r, for a given distance, x :
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1.15

When t= r, u= 0.5, erfc(u)= 0.48, and (T-T0)/AT = 0.48 ~ 1/2.

The

characteristic diffusion time for a given distance is thus the time required for the
temperature rise at that distance in from the surface to reach approximately one half of the
input rise. In this context we see the close connection between the thermal diffusivity, D,
and an RC time constant, which was mentioned in section 1.5.
The thermal diffusivity, D, of C. giganteus is about 1.62 x 10~7 m2 s"1 (section
3.3) and the characteristic diffusion time from the surface to the core of a 29 cm diameter
C. giganteus is about 42 hours!

Daily fluctuations in the surface temperature of C.

giganteus will thus never fully affect the core.

However, it should be noted that this

characteristic time was derived for a semi-infinite slab, not for a cylinder.

The

characteristic time for a cylinder would be different.
The characteristic time for diffusion of heat into a slab will appear again in
section 3.2 in the discussion of the size of the spatial and temporal steps chosen in the
computer model of heat transfer in C. giganteus.
As the second special case we shall consider a semi-infinite slab subject to a
sinusoidal variation of temperature at the surface. We again use the one dimensional form
of Eq. 1.9 with the new boundary condition :

T(x=0, t>0) = T0 + ATcos(wt)

1.16
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It is natural to seek a solution of the form :

T(x, t) = T0 + ATexp[i(kx - wt)]

1.17

Substituting 1.17 into 1.16 yields the dispersion equation :

k =

®
D

= (1 + i}
K
J

JfL
ZD

1.18

The wavenumber, k, has both a real and imaginary part, which corresponds to
oscilliatory behavior under a damping envelope. Substituting 1.18 into 1.17 and keeping
only the real, finite part of the solution we have :

where :

T(x,t) = T0 + ATexp(-x/5)cos(wt - x/5)

1.19

5=

1.20

—
w

The quantity 5 has the dimension of length and is related to both a characteristic
length for the damping envelope and the wavenumber for the oscillations. The oscillations
are highly damped: the amplitude falls to 0.002 times the initial amplitude over a distance
of one full oscillation.
The surface temperature of C. giganteus oscillates with a 24 hr period. Using w =
2jt/24 hrs = 7.27 x 10"5 radians s_1 and D = 1.62 x 10"7 m2 s"1 we have 8 = 6.68 cm. At
the core of a 29 cm diameter C. giganteus we then have x/6

2.17 ~ 0.69tt.
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The function exp(-x/5)cos(wt - x/5) is plotted in Fig. 1.7 as a function of x/5 for
ut1 = n2ir; wt2 = nln + tt/2 ; wt3 = n2jr + 7r; n = 0,1,2,...

A vertical line is drawn in for

x/5 = 0.697T to indicate the core of a 29 cm diameter C. giganteus.
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Figure 1.7 The function exp(-x/5)cos(wt - x/5) at wt1 = n27r; wt2 = t\2tt + 7r/2;
wt3 = n27r + r, n = 0,1,2... x/5 = 0 represents the surface of a semi-infinite slab.
Vertical line at x/5 = 0.697T represents the core of a 29 cm diameter C. gigantea.

Again, recall that Eq. 1.19 is the solution for a semi-infinite slab with sinusoidal
temperature variation at the surface.

C. giganteus is actually cylindrical, and its surface

temperature oscillates, but not sinusoidally. We can expect significant departures of actual
C. giganteus temperatures from Eq. 1.19 and Fig. 1.7.
The final special case of conductive heat transfer we will consider is an infinite
cylinder whose temperature is relaxing to some baseline value, T0.

We shall assume that

the temperature distribution has no angular dependence. The cylinder is characterized by a
thermal diffusivity, D, and has a radius R. The appropriate form of Eq. 1.9 is :
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— = D - — \r —1
at
r 8r [ Sr J

1.21

Requiring that T(r=0) remain finite and that T(t=oo) = T0, the general solution is

T(r,t)

where :

=

T0 + ^CnJ0[An|-jexp

Dt

=

T0

+

1.22

J0 = zero order Bessel function of the first kind
An = eigenvalue, or numerical scaling factor, for nth eigenmode
Cn = coefficient of An eigenmode
Tn = nth temperature distribution eigenmode

Both the An and the Cn are chosen to match the boundary conditions of a
particular problem. The exponentially decaying J0 Bessel functions are eigenfunctions of
Eq. 1.21 and each An eigenvalue corresponds to an eigenmode for the temperature
distribution in a cylinder that is relaxing to some temperature T0. It is important to note
that each eigenmode decays exponentially at its own characteristic rate, /?n, and that large
values of An correspond to fast decay rates :

dt "

= - [f R—1J

D Tn

1.23

or
= -/3nT„

1.24
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where :

1.25

We shall consider a case in which only the lowest order eigenmode is present. We
will assume that at time t = 0 the center of the cylinder is at a temperature AT above the
baseline temperature, T0. Our solution then becomes :

1.26

Physically, the situation described above corresponds to temperature relaxation in
C. giganteus during the early morning, predawn hours.

During the period of field

measurements the air temperature varied by only 2 to 3 °C from midnight or 1:00 am to
the first hour after sunrise.

Ground tempertures varied by 3 to 4 °C during this same

period, and by only about 2 °C from 3:00 am on.
The eigenvalue, or scaling factor, A sets the physical location of the first zero in
the Bessel function. At the surface of C. giganteus r = R and :

T(r=0, t) = T0 + ATJ0(A)exp(-/3t)

Numerically, the first zero of J0(x) occurs at x = 2.407.

1.27

We expect the surface

temperature of C. giganteus to remain slightly above the T0 value : this is the condition
for outward heat flux. However, T0 could be lower than air temperature, due to radiative
cooling. We can expect that A will be somewhat less than 2.4, placing the first zero in the
Bessel function at a physical location just beyond the surface of the cactus.
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The fit of the actual 6:00 am temperature distribution of the C. giganteus studied
to a J0 Bessel function and to a cubic polynomial is discussed in sections 3.1 and 4.1. A =
2.1 was a typical value for the scaling parameter.
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Figure 1.8 The function J0(Ar/R)exp(-/?t) for A = 2.1 at /?t1 = 0; /?t2 = 0.2.
A vertical line is drawn at r/R = 1 to indicate the surface of the cylinder.
Ar/R = 0 represents the center of the cylinder.

The function J0(Ar/R)exp(-/3t) is plotted in Fig. 1.8 as a function of Ar/R for A =
2.1 at times tx = 0 and

= 0.2. A vertical line is drawn at Ar/R = 2.1 (i.e. r/R = 1.0) to

indicate the surface of the cylinder.
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CHAPTER n : MEASUREMENTS

The following chapter discusses the laboratory and field measurements which
were conducted to help determine the influence of high IR reflectance on C. giganteus
stem temperatures.

Section 2.1 describes the measurement of C. giganteus stem

temperatures. Section 2.2 describes the measurement of the environmental parameters that
were used as input to the numerical calculations of C. giganteus temperatures. Section 2.3
describes the partial shade measurements which were used as a second method of
determining the influence of absorbed solar radiant flux on C. giganteus temperatures.
Section 2.4 discusses laboratory measurements of C. giganteus reflectance from 0.4 to 1.1
(im.

Section 2.1 : Measurements of C. giganteus temperatures.

The field measurement site was located approximately 50 m east of the Air
Quality Station at Saguaro National Monument East at latitude 32° 10' N, longitude 110°
44' W and altitude 940 m. The C. giganteus chosen for study had no arms and stood on
level ground free from the shade of neighboring plants. The cactus was 2.25 m in height.
The mean diameter was 27.5 cm at a height of 0.5 m above the ground, 29 cm at a height
of 1 m, and 31 cm at 1.5 m. The cactus had 18 ribs over its upper section, each 4 to 4.5
cm deep.
To measure the mean diameter at a given height, a thin steel cable was pulled
taught around the cactus and marked to determine the outer circumference of the ribs.
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The outer circumference was then divided by 2k to obtain the outer radius. Half the rib
depth was subtracted to obtain the mean radius, and the result was multiplied by 2 to
obtain the mean diameter.
Temperatures of the cactus were measured at 38 locations with type-T (copperconstantan) thermocouples. Temperatures were measured at 29 locations inside the cactus
with 36-gauge wire and at 9 locations on the surface with 30 gauge wire.

The

thermocouples were located to provide cross sectional temperature distibutions at heights of
about 0.5, 1.0, and 1.5 m. The locations of the thermocouple probes are shown in Fig. 2.1.
The thermocouples were inserted on 8 July 1988.

A sharpened piece of light

gauge steel rod marked at specific lengths was used to pierce a hole for each thermocouple
to a predetermined depth in the cactus and the thermocouple was inserted. The rod and
wires were disinfected with a dilute chlorine solution to minimize the chance of carrying
bacteria into the cactus.
A few partial sets of data were collected in July 1988.

However, these

measurements were always disrupted by afternoon clouds, and none of these data sets were
used for calculations.

Following the onset of the summer thunderstorm season, field

measurements were postponed until the end of Sept 1988.
By September the exposed bare ends of the wires, which were connected to the
Fluke or Omega analogue inputs, looked oxidized.
section was stripped bare.

These ends were cut off and a new

A few wires that appeared to give wildly erroneous readings

were replaced entirely. All of the data sets used for calculations were collected between 27
Sept 1988 and 2 Oct 1988.

The phrase "period of September and October field

measurements" which is used throughout the thesis refers to the period from 27 Sept 1988
to 2 Oct 1988.

0000

Figure 2.1 Locations of the thermocouples used to measure C. giganteus stem
temperatures. Cross-sectional temperature distributions were measured at
heights of 0.5, 1.0 and 1.5 m. Thermocouples were placed at the core, at the
surface, and at distances 1/2 and 3/4 of the distance from the core to the
surface, with two additional TC's at the 1-m level.

When the wires were removed in Oct 1988 the holes on the east, west, and south
appeared to have healed very cleanly. Many of the wires had become embedded in the
protective scab-like material produced by C. giganteus and had to be broken off.

The

wires on the north side, which received no direct sun, pulled out easily and were covered
with soft black tissue, a possible sign of decay. However, in June 1989 the entire plant
looked healthy, with no obvious signs of decay.
The thermocouple probes were constructed from teflon-insulated duplex wire, i.e.
two individually insulated strands of wire combined in a single jacket. A short length of
each wire was stripped bare and these ends were twisted together. The twisted junction
was fused by using it to short circuit a large capacitor. The junction was then covered
with a metallic conducting epoxy.

The end of the wire was covered with heat shrink

tubing, leaving the epoxy covered junction exposed. At the opposite end of the wire, a
roughly 2 cm long section of each wire was stripped bare for direct connection to the
analogue input of either the Fluke front end or the Omega datalogger.
The 36-gauge wire was purchased from Omega Engineering Inc. The 30-gauge
wire was borrowed from the USDA Water Conservation Lab in Phoenix, Arizona. The use
of the 30-gauge wire instead of 36-gauge wire for the surface temperature measurements
and the 120° angular spacing instead of 90° angular spacing was the result of a poor
estimate of how much 36-gauge thermocouple wire should have been purchased.
The output of the first 10 thermocouples was digitized by a Fluke model 2289A
Helios I computer front end with a 2289A-162 A/D convertor. The digitized values were
stored at 15-min intervals on a Compaq portable computer. The output of the remaining
thermocouples was digitized by an Omega OM-372 datalogger and the digitized values
were printed at 30-min intervals on paper. Both the Fluke and the Omega have software
that converted type-T thermocouple voltages directly into °C temperatures. The error in
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the thermocouple measurements was estimated at ±0.8 °C in accordance with standard error
values published by Omega Engineering Inc.
While 30-min intervals would have been sufficient for recording all the
temperatures, the Fluke was also used to digitize wind speed and ground temperature data.
It was desired to have these environmental data at 15-min intervals.

The datalogger,

computer, and computer front end were placed on a table immediately north of the cactus
to avoid shading the plant. The instruments were placed in white boxes with air vents to
avoid overheating from the sun.
The variation of temperature over the surface of a single rib was measured with
an Everest 112C pistol grip infrared thermometer (IRT) with a 3° field of view.
emissivity setting of 0.98 was used.

An

For a portion of the cactus not receiving direct

sunlight this variation was 1.0 to 1.5 °C.

For a portion of the cactus receiving direct

sunlight, one face of a rib might have received full sunlight, while the other face was
shaded.

The surface temperature variation over a single rib under such conditions was

measured at 2.0 to 3.5 °C.
The 3° field of view of the instrument, quoted for half maximum response by the
manufacturer, included a 1 cm spot at the roughly 20 cm measurement distance. Since the
ribs themselves are only 4 to 4.5 cm deep, the above figures for temperature variation
should be considered minimum values. This variation in temperature over a single rib was
incorporated into the error bars used when comparing measured and calculated surface
temperatures.
On 6 October 1988 the calibration of the IRT was checked with a black body
calibration source. The instrument was found to read 0.9 °C low at 24 °C. This value was
subsequently added to all of the measurements made with the instrument.
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Section 2.2 : Measurements of Environmental Parameters.

Hemispherical solar irradiance, air temperature, and wind direction data were
obtained from the Air Quality Station operated by the National Park Service at Saguaro
National Monument East. Solar irradiance was measured with a LI-COR LI-200sz silicon
photodiode pyranometer.

Air temperature was measured with a Climatronics 100093

thermistor temperature sensor.

Wind direction was measured with a Climatronics F460

vector wind direction sensor. The outputs from these instruments were digitized with a
SumX Corporation SX-445 Data Acquisition System and stored in a Radio Shack TRS-80
computer.

Printed values averaged over 5-min intervals of the solar irradiance, air

temperature, and wind direction were mailed by the Park Service to the author.
Wind speed was measured at 1 m above ground level with an R. M. Young 3 cup
model 12002 anemometer with model 12170A aluminum cups.

The anemometer was

located approximately 3 m from the cactus chosen for study. The wind speed was sampled
at 10-sec intervals and averaged over a 15-min period.

Wind speed data were available

from the Air Quality Station, but this was measured at a height of approximately 10 m and
gave consistently higher wind speeds than the measurements closer to the ground.
Ground

surface

temperatures

were

measured

with

a

36-gauge

type-T

thermocouple covered with a thin layer of soil at the surface of the ground 2 m west of
the cactus. The wind and ground temperatures were digitized with the same Fluke front
end used to digitize the first 10 C. giganteus stem temperature thermocouples.

These

measurements were stored at 15-min intervals in the Compaq computer.
No

rain fell

during

the September and October

measurements, and very few clouds were present.
stable.

1988

period of

field

Overall, the weather was extremely
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Section 2.3 : Partial shade measurements.

An awning to provide partial shade for the C. giganteus under study was erected
for part of the September and October measurement period.

This was done both to

provide a test case for the computer model of C. giganteus stem temperatures and as an
independent assessment of the influence of solar radiant flux on C. giganteus temperatures.
English units, rather than metric, are used in the following section because these
correspond to the actual dimensions of the materials used.

Figure 2.2 Schematic of the awning used to provide partial shade.

A sketch of the awning is shown in Fig. 2.2. The framework for the awning was
made from 1/2" diameter emt electrical conduit.

Hardened 8-30 hex head bolts were

inserted through holes drilled near the ends of each tube to join the frame members.
Steel stakes made from 1/2" angle iron were used to anchor the corners of the
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frame. Holes drilled in the stakes allowed the cornerposts to be bolted to the stakes. In
addition, guy lines of 1/4" nylon rope were used to help hold the frame upright.
The shading material itself was lightweight plastic bird netting obtained from a
local nursery. The netting consisted of a gridwork of plastic strands, approximately 1/20"
in diameter linked at 1/2" intervals. The netting was draped over the framework and held
in place with duct tape.
Both the framework and the netting were painted with white housepaint so that
they would not be unduly heated by the sun. The intent was to provide partial shade to
the plant without altering the air flow for convective cooling or the background thermalIR.
The percent of shade cast by the netting would change with the angle of
incidence of the sun on the netting.
enhanced.

At low angles of incidence shading would be

At normal incidence shading would be at a minimum. To provide somewhat

consistent shading the lower sides of the awning were vertical, the upper sides were angled
at 45°, and the top was horizontal.
The awning was oriented to provide shade from the sun as it followed its eastwest path through the sky. The long dimension of the framework was oriented east-towest. The northern edge of the awning was placed on a line almost even with the north
edge of the cactus. The awning extended about 5 ft to the south. While the north and
south sides of the framework were not covered with netting, a band of netting was hung
from the topmost horizontal framemember on the south to ensure complete shade for the
cactus.
The awning as it was constructed thus provided shading from the direct sun, but
not from diffuse, or scattered, sunlight.

In hindsight, this represents an error, since C.

giganteus absorbs diffuse as well as direct sunlight.

However, on a clear day diffuse
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sunlight is only about 10% as intense as direct sunlight throughout most of the day, and so
the error is small.
An Eppley model 8-48 radiometer was placed near the C. giganteus under study
to monitor the amount of shade provided by the awning. The Eppley readings on days
when the awning was in place were compared to the Eppley readings on the other days
and to the pyranometer data from the Air Quality Station to arrive at the percent of
shading provided.
The Everest 112C infrared thermometer that was used to measure temperature
variations over the surface of a single rib was used to make comparisons between the
surface temperature of the C. giganteus under study and a reference C. giganteus.

The

reference cactus was located much nearer to the Air Quality Station and was about 4
meters in height.
The temperature comparisons were made from 2:30 to 6:00 pm MST on a west
facing section of each plant approximately 1 m above the ground.

The surface

temperature of the reference cactus was 1.0 to 2.5 °C greater than that of the study cactus
even on days when no awning was present. This temperature difference was greatest early
in the afternoon and decreased later in the afternoon.

A possible explanation for this

temperature differential is that the shallower rib structure of the reference cactus allowed
it to receive slightly more direct sunlight early in the afternoon.
The awning was erected from 4:00 to 6:00 pm on 27 September 1988.

The

framework was set up first. A single layer of netting was put in place beginning on the
east and finishing on the west near sundown. A second layer of netting was added at the
end of the day on the 28th. The awning was removed just after sunrise on 1 Oct 1988.
The times that the awning was in place and the amount of shade provided are
summarized in Table 2.1.

The percent sunlight represents the hemispherical solar
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irradiance measured by the Eppley pyranometer divided by the hemispherical solar
irradiance measured by the air quality station. A 7% disagreement between the two
instruments which was present even when the awning was not set up was multiplied out.

Table 2.1 Days on which partial shade awning was erected and the percent
of incident sunlight which reached the partially shaded C. giganteus.

Date

Awning

Sunlight

26 Sept 1988

no awning

100 %

27 Sept 1988

no awning

100 %

28 Sept 1988

single layer

96 %

29 Sept 1988

double layer

85 %

30 Sept 1988

double layer

85 %

1 Oct 1988

no awning

100 %

2 Oct 1988

no awning

100 %

Section 2.4 : Measurements of C. giganteus reflectance factor.

The measured late morning surface temperatures on the southeast facing sections
of the C. giganteus which had been implanted with thermocouples were 50 to 52 °C.
Surface temperatures on the west facing sections peaked at only 45 to 48 °C in the
afternoon.

Laboratory measurements of the reflectance factor of tissue samples removed

from various sections of the plant were therefore made in order to determine if this
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temperature difference could be due to higher reflectance for tissue on the west and
southwest facing sections of the plant.
Square pieces of tissue, approximately 3 cm on a side, were cut from the cactus
on 19 June 1989. One sample each was cut from the north, south, east and west facing
portions of the plant at a height about 1 m above the ground. Each sample was 8 to 10
mm thick to allow for reflection, or backscattering, of light that might occur deep within
the plant tissue.
The reflectance factor measurements were made on 21 June 1989. The samples
were kept wrapped in tin foil and stored at room temperature between the time they were
removed from the plant and the time the measurements were made. While it might have
been preferable to make the measurements on the same day that the samples were taken,
cactus tissue dries slowly and probably changed little.

The results obtained were very

comparable to those obtained by Gates et al. (1965).
The measurements were made with a LI-COR LI-1800 spectroradiometer
outfitted with an accessory integrating sphere source connected to the spectroradiometer
input by a fiber optic cable. The spectroradiometer had a silicon photodiode array sensor,
limiting measurements to the 0.4 to 1.1 fim spectral region. The data published by Gates et
al. (1965) went from 0.4 to about 10 fim. However, no information was given concerning
possible variations in reflectance at different locations on the plant.
The integrating sphere was equipped with its own illuminating lamp.
interior of the sphere was coated with BaS04.

The

The reflectance reference was pressed

barium sulphate (BaS04). According to LI-COR, the reference has a reflectance of 98.4%
to 99.2% over the 0.4 to 1.1 fim range. A constant value of 98.8% was used for the data
reduction. No correction was made for the fact that BaS04 is not perfectly lambertian.
Reflectance factor determination involved three separate measurements for a
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single sample. The first, or sample measurement, was made with the lamp directed at the
sample. The second, or stray light measurement, was made with the lamp unmoved, but
with the sample replaced by a light trap. The third, or reference measurement, was made
with the sample in its holder, but with the lamp directed at the BaS04 reference.

The

reflectance factor of the sample is then given by :

t>

_
sample

where : R

flampie

sample
stray

sample - stray
reference - stray

R
ref

_.

= wavelength dependent reflectance of sample
= sample measurement signal
= stray light measurement signal

reference = reference measurement signal
Rref

= wavelength dependent absolute reflectance of reference

The results of the reflectance factor measurements for the samples from the north
and the south sides are plotted in Fig. 2.3. The reflectance of the south side of the plant
was clearly higher than the reflectance of the north. The green appearance of the plant is
correlated to the small reflectance hump just below 0.550 pm. The dips in reflectance just
below 0.700 /im and at 0.400 pim correspond to strong absorption by chlorophyll.

The

sharp increase in reflectance starting near 0.7 /im is quite obvious. The broad dip from
0.900 to 1.050 fim corresponds to a water absorption band.
The maximum reflectance factor over the 0.4 to 1.1 fim range for the sample
from the north side was 54.5%. The maximum for the south side was 58.6%. The maxima
for the east and west sides were 59.7% and 60.3% respectively. Based on calculations with
the computer model, these small differences in reflectance from east to south to west are
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not large enough to account for the 4 to 5 °C temperature differential between peak
morning and afternoon temperatures.

The observed temperature difference may be

attributable to higher afternoon wind speeds.

1.0

0.8

0.6
R
0.4

0.2

0.400

0.500

0.600

0.800
0.700
Wavelength (/zm)

0.900

1.000

1.100

Figure 2.3 Reflectance as a function of wavelength for tissue
samples removed from the north and south sides of a C. gigantea.

No explanation is offered for the somewhat larger decrease in reflectance, or
increase in absorptance, for the north side of the plant. However, the ribs were spaced
slightly farther apart on the north side of the plant than on the south side, a feature that
would slightly decrease the effectiveness of convective cooling on the north side.

This
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variation in rib spacing with direction was reported long ago as a general trend for C.
giganteus and F. wizlizenii (Walter 1931). It would appear that the lower reflectance and
lower rib density on the north side of C. giganteus are correlated with a reduced maximum
heat load, since the north side of the plant does not receive direct solar irradiance. As an
aside, the author was told at a local nursery that it is important to maintain the original
directional orientation of a transplanted cactus. If the north side is turned to the south, it
will be damaged by the sun.

54

CHAPTER ffl : COMPUTER MODEL OF C. gigantea TEMPERATURES

The computer model used to calculate C. giganteus stem temperatures could be
described in very general terms as the numerical solution of a linear, second order
differential equation subject to a set of initial conditions and time dependent driving terms.
The equation under consideration is the equation for heat transfer by conduction
in a homogeneous media, i.e. the C. giganteus stem.

The initial conditions are the

measured temperatures throughout the plant at 6:00 am. The time dependent driving terms
are the incoming solar radiant flux, the incoming thermal radiant flux, the re-emitted
thermal radiant flux, and convective heat exchange with the surrounding air.
Section 3.1 discusses the fit of the measured 6:00 am temperature distribution of
a C. giganteus with a Bessel function and with a cubic polynomial. Section 3.2 discusses
the numerical technique which was used to solve the time dependent heat transfer
equation. Section 3.3 discusses the environmental inputs which were used as time
dependent driving terms for heat transfer and temperature changes within the stem of a C.
giganteus.

The values used for certain basic physical properties of C. giganteus and its

environment are listed.

Section 3.1 : 6:00 am temperature distribution.

The 6:00 am temperature distribution of a C. giganteus as measured in the field
was fit with both a J0 Bessel function and a cubic polynomial. The fit with a J0 Bessel
function was carried out to see how well this analytical solution to the heat transfer
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equation would describe the actual temperature distribution within a C. giganteus under
conditions of almost uniform temperature relaxation. The fit with a cubic polynomial was
performed to provide a comparison for the Bessel function fit.
Although the Bessel function fit was fairly good for certain transects, the cubic
polynomial fit the data points more closely. The cubic polynomial fit was used to provide
interpolated initial temperatures to the computer model described in section 3.2.
6:00 am corresponded to about 30 minutes before sunrise during the period of
September and October field measurements. This time was chosen as corresponding to the
most stable, and most axially symmetric, temperature distribution within the stem of C.
giganteus.

Just before sunrise the cactus has had the greatest time possible to adjust to

the relatively homogeneous thermal input from the sky, air, and ground in the absense of
the intense, highly directional thermal input from the sun.
As mentioned in section 1.6, the temperature of both the ground and the air was
stable to within 2 to 4 °C from midnight to an hour after sunrise. At this time the core
temperature at the 0.5-m level was about 0.5 °C higher than the core temperature at the
1.5-m level. The variation in surface temperature around the cactus was about 1.5 to 2.5
°C. The core was about 5 to 7 °C warmer than the surface.
Recall that conductive heat transfer is proportional to the temperature gradient :
q = -k(3T/3x).

The vertical temperature gradient equaled 0.5 °C m-1.

The angular

temperature gradient at the surface was of the order of 1.3 °C radian"1 or about 9 °C rtr1
using a radius of 0.145 m. The mean radial temperature gradient was of the order of 40
°C m"1, arrived at by simply dividing the temperture difference between the core and the
surface by the radius.
We can certainly ignore the vertical temperature variation in comparison to the
radial temperature variation when considering heat flow. The angular surface temperature
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variation was perhaps not negligible in comparison to the radial temperature variation.
However, the radial temperature profile was still fit to an exponentially decaying Bessel
function of the type discussed in section 1.6. Only the baseline temperature, T0, and the
first Bessel function from the series expansion were retained :

3.1

where :

T0 = baseline temperature
AT = temperature difference between core and T0 at time t = 0
J0 = zero order Bessel function of the first kind
A = eigenvalue, or scaling parameter
R = radius of cylinder
D = thermal diffusivity of cylinder

Recall that the first zero of J0(x) occurs at x = 2.407, and that the scaling
parameter A sets the physical location of this zero. The question now is, how do we arrive
at a proper value for A? For our truncated series expansion we can rewrite the decay rate
(Eq. 1.23) for the temperature distribution as :

,2
D(T - T0)

3.2

or
0.5
3.3
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Since the radius, R = 0.145 m, and the thermal diffusivity, D = 1.62 x 10"7 m2
s"1, of the cylinder (i.e. the C. giganteus under study) are known constants, one can
determine A directly from the time derivative of the temperature.

The choice of the

specific position within the cactus (i.e. the specific value of r/R) at which the time
derivative is evaluated is arbitrary. For simplicity, the temperature and its time derivative
were evaluated at r/R = 0.
The measured time derivative of the core temperature from 4:00 am to 6:00 am
of the thermocouple implanted C. giganteus was used in Eq. 3.3 along with the appropriate
values of R and D. The average air temperature from 4:00 am to 6:00 am was used for
the baseline temperature, T0, although as mentioned previously, radiative cooling could
make the actual value of T0 lower than the ambient air temperature.

The results are

shown in Table 3.1 where Tc refers to the core temperature at the 1-m level, T0 refers to
the average air temperature from 4:00 to 6:00 am, and A has been calculated from Eq. 3.3
using the time derivative of the core temperature centered on 5:00 am.

Table 3.1 Value of the Bessel function scaling parameter, A, as calculated
from measured values of the core temperature, Tc, and air temperature, T0.

Date

9/26

9/27

9/28

9/29

9/30

10/1

10/2

Tc 4:00 am

31.2

31.7

30.8

29.4

28.6

28.4

29.9

Tc 6:00 am

29.7

30.1

28.8

27.6

26.8

26.7

28.1

T0

21.5

23.0

21.9

21.3

19.4

21.8

21.0

2.03

2.12

2.13

2.07

2.04

2.11

2.07

4-6 am

calculated A
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Section 3.2 : Numerical techniques.

A finite element differencing technique was used to convert the differential
equation describing heat transfer by conduction into a finite difference equation that could
be "integrated" by a computer.

The C. giganteus which had been implanted with

thermocouples was approximated by a tapered cylindrical solid similiar to that depicted in
Fig 2.1.

The diameter of the approximating solid was allowed to vary with height.

However, the outer surface was treated as being vertical over any small section.

Az

Figure 3.1 The geometry of a single volume element used in
the finite difference treatment of heat flow in C. giganteus.

The approximating solid was divided into a grid of finite volume elements, or
nodes. Each element was allowed to exchange heat energy by conduction with its nearest
neighbors. Surface elements also exchanged energy by convection and radiant flux with
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the environment. The geometry of a single volume element is shown in Fig. 3.1.
We will concentrate first on the interior elements, which exchange heat only by
conduction. The treatment of the surface elements will be discussed in section 3.3. The
following discussion of differencing methods, stability considerations, and matrix inversions
is based largely on Chapters 2 and 17 of "Numerical Recipes" (Press et al. 1986).

As a

first step we replace the one dimensional differential equation for heat transfer by
conduction :

*L
dt

=

V<¥L
dx2

34

with a finite difference equation, such as :

where :

Tj.n+l ~ Tj.n
At

_

Tj.n+1 ~ Tj.n
At

_
~

j-j Tj+l.n

n

^T, n + T;_1 n
(Ax)2

Tj+l.n+1 ~ 2T; n+1 + T;.1-n+1
(Ax)2

Ti n = temperature of ith volume element at nth time interval
At = time increment or temporal step size
Ax = spatial increment or spatial step size
D = thermal diffusivity

Eq. 3.5, with the second derivative evaluated at time n, is called a fully explicit
form :

the values of the new Ti>n+1 depend explicitly on the values of the old T; n and
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This form is very simple, but the results are unstable if the product DAt/(Ax)2 is
too large.

Here we return to the characteristic diffusion time, r = x2/D, which was

discussed in section 1.6. If the ratio, of At/r is too large for the spatial step size chosen,
the calculation becomes unstable.
We can either use very small time steps, which increases the computational time,
or seek a more stable differencing scheme.

Equation 3.6, with the second derivative

evaluated at time n+1, is called a fully implicit form :

the calculated values of the new

T; n+i depend implicitly on the calculated values of the new Ti±1

+1 .

Rearranging Eq. 3.6

we get a set of coupled linear equations of the form :

"aTi+l,n+i + (1 + 2a)Ti_l

n+1

- aT;_ln+1

-

Ti

3.7

n

a = DAT
(Ax)2

where :

3.8

or in matrix notation :

M21
41

Ml

'13

M,

m2

M,

M*

42

M.

J14

>61

where :

15

^25
M34
M,

m4

M,54

Mc

35

'
T2,n+1
T3,n+1
^4,11+1
T5n+1

My = 1 + 2a

for i = j

My = -a

for i = j ± 1
o

II

"o
11

My

otherwise

T l,n

^2,n
T3,n
T4,n
T5,n

'

3.9
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The size of the matrix depends of course on the total number of finite volume
elements chosen. A five by five matrix was chosen for convenience.
To calculate the new temperature vector Ti n+1 from the existing temperature
vector Ti n we must invert the matrix M. For the one dimensional case considered here
the matrix is tridiagonal: the only non-zero elements present lie on the main diagonal and
its neighbors.

This corresponds to the fact that each finite volume element exchanges

energy only with its nearest neighbors.

Each element in the temperature vector Tj

n

is

coupled only to the elements immediately above and below.
Inversion of a tridiagonal matrix is a far easier task than inversion of a full
matrix.

Fast, simple routines are available to invert tridiagonal matrices.

Furthermore,

memory space and computational time increase linearly with the total number of finite
volume elements used, rather than as the square of the number.

These factors become

especially important when one wishes to use a PC class computer to solve a problem
involving a large number of finite volume elements (i.e. employing a fine spatial grid to
solve the heat transfer equation for a C. giganteus ).
The fully implicit finite differencing scheme is stable even for relatively large
ratios of At/r, but it is only second order accurate in At.

To maintain stability and

increase accuracy to second order in At one can simply add together Eq. 3.5 and Eq. 3.6
and divide by 2. The stable, second order accurate result is termed the Crank-Nicholson
finite differencing method.

The Crank-Nicholson method leads to coupled equations

which are similiar to Eq. 3.7, but slightly more complicated. The resulting matrix is still
tridiagonal for a one dimensional system.
We can now turn to the three dimensional form of Eq. 3.4 in cylindrical
coordinates :
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dT
dt

-

D

1 3T
r 3r

d*T
drz

1 fd2Tl
Tz[dp)

cFT
dz2

3.10

If we carry out Crank-Nicholson finite differencing for two or more dimensions
simultaneously and pack the results into a two dimensional matrix, the matrix will no
longer be tridiagonal.

This is because volume elements which are nearest neighbors

physically will no longer always be nearest neighbors in the temperature vector.
To maintain the simplicity of tridiagonal matrices one can simply treat each
dimension separately. At each time step one calculates in turn the temperature change due
to radial heat flux, angular heat flux, and vertical heat flux. This is called an alternating
difference, or operator splitting, method.
The finite difference equation for each dimension is now arrived at by straight
forward generalizations of Eqs. 3.5 - 3.8, with a 1/r or (1/r)2 term included as necessary.
If the temperature gradients and heat fluxes for all dimensions are of comparable
size we must treat them on equal footing and replace At by At/3 for each iteration.
However, for the C. giganteus under study the maximum radial heat flux calculated from
measured temperatures was of the order of 170 Wm"2, the maximum angular heat flux was
about 30 Wm-2, and the maximum vertical heat flux was only about 0.5 Wm"2.
Vertical heat flow was neglected entirely and the problem was reduced to two
dimensions. Radial heat flow apparently dominates angular heat flow, and so the full At,
rather than At/2, was used to calculate the temperature change at each time step.
main temperature change at each step was due to radial heat flow.

The

Angular heat flow

produced a small, secondary effect.
The matrix corresponding to angular heat flux unavoidably contains off diagonal
terms. Since the finite volume elements for angular heat transfer are arranged in a ring,
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the first and last elements in the temperature vector are neighbors. Referring to Eq. 3.9,
an additional element will be present in the top right hand and bottom left hand corners.
However, the inverse of this matrix is closely related to the inverse of a purely tridiagonal
matrix. The Sherman-Morrison formula carries out the inversion with marginal increase in
computational time and memory space requirements.
The computer model was originally developed using 8 radial divisions, 8 angular
divisions, and 8 vertical divisions, or a total of 512 finite volume elements. Referring to
Fig. 3.1, the dimensions of a surface element at the 1.0-m level were Ar = 1.8 cm, (r +
Ar)A0 = 11.5 cm, and Az = 28.1 cm.

For an element at the core Ar and Az were

unchanged, but (r + Ar)A^ = ArA<j> = 1.4 cm. Initially, 15-min time steps were used, to
match the interval of measured environmental inputs.
The computer model was later revised to allow calculations to be carried out with
smaller volume elements and smaller time steps.

The results of carrying out the

calculations with various grid sizes are discussed in section 4.2.
After initial data analysis indicated that vertical heat flow was negligible,
calculations were carried out only for the 0.5, 1.0 and 1.5 m levels with no heat exchange
between levels.
While the initial temperatures and environmental inputs were entered with only
three or four significant figures, it was found to be necessary to carry out the matrix
inversions and calculations of new temperatures with double precision values.
precision calculations produced very poor results.

Single

64

Section 3.3 : Surface terms and physical parameters.

Two methods of incorporating convective and radiative heat exchange at the
surface were tried. . Using the first method, surface heat flux terms were viewed as
imposing a boundary condition on the temperature gradient at the stem surface.

The

surface of the cactus was viewed as being infinitesimally thin and possessing zero heat
capacity. Combining the energy balance equation (Eq 1.1 with heat capacity = 0) and the
Fourier's law equation (Eq. 1.5) for heat conduction, the temperature gradient at the
surface was forced to satisfy :

-k — = solar input + thermal IR input - thermal output ± convection
or

3.11

Imposing this energy balance boundary condition had the effect of adding
environmental input terms to the M55 matrix element (or more generally the Mimax imax
element) of Eq. 3.9. The results, however, were erratic. Calculated temperatures ranged
from below 0 °C to above 200 °C.
It is possible that the initial temperature and/or environmental input data were
not sufficiently accurate to justify imposing this strict energy balance boundary condition.
It was decided to let the value of the radial temperature gradient "float" in response to the
surface terms rather than constraining it to fit Eq. 3.11.
The second method of incorporating surface terms involved going back to the
radial version of Eq. 1.7 :

3.12
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where :

qr = radial heat flux

Previously we have always tacitly substituted Fourier's law, qr = -kdT/3t , into
the above equation and assumed that k was a constant to arrive at the radial component of
the diffusion equation for heat transfer.

However, at this stage the convective and

radiative terms were substituted for qr at the very surface of the cactus and Fourier's law
was substituted for qr at all nodal points below the surface. The net effect was to replace
Eq. 3.9 by an equation of the form :

M,
M.21

»
13

M;

m2

•'24

M,

M3
M,

M3
M4

22

41

\x

where :
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«
Tl,n+1

M54

T2,n+1

'25

M4
M,55

T3,n+1
T4,n+1

_

T5,n+1

.

' Ti,n '
T2,n
T3.11
T4.11
. ^5,11

' 0l,n '
^2,11
O3.11
04,n
s5n

3.13

S5 n = convective and radiative surface terms evaluated at step n

In Eq. 3.13 the surface terms appear as additional "driving terms" that influence
the new temperature vector. This second approach to incorporating the surface heat flux
terms produced stable, reasonably accurate results.
We can now turn to the quantitative expressions which were used for the
radiative and convective surface terms and for diffusion of heat into the stem.
following values were used for the basic physical parameters.

The

C. giganteus flat surface

emissivity was set equal to 0.97 (based on values for eight other cacti published by Idso
and Jackson 1967.)

Net C. giganteus solar absorptance was set equal to 0.70 (average of

values published by Gates et al. 1965, and Nobel 1978).

Net absorptance for Rayleigh-
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scattered sunlight was set equal to 0.85 (based on values published by Gates et al. 1965).
The value 0.85 represents the average absorptance throughout the visible and was used as
the absorptance for diffuse sunlight, since Rayleigh-scattered sunlight contains virtually no
IR component. Stem thermal conductivity was set equal to 0.58 W m_1 °C"1, which equals
93% of the value for water at 35 °C (based on value for F. acanthodes published by Lewis
and Nobel 1977). Stem density was set equal to 924 kg m"3, which is 93% of the value for
water at 35 °C. Stem heat capacity was set equal to 3885 J kg"1 "C"1, which is 93% of the
value for water at 35 °C.
The measured value of solar irradiance, referred to in section 2.2 as hemispherical
solar irradiance, represents both the direct and scattered radiant flux incident on a
horizontal surface.

The scattered, or diffuse, component was estimated as a function of

solar zenith angle from published clear sky values (Gates 1980).

The estimated value of

diffuse sunlight was subtracted from the total measured irradiance and the value of direct
normal solar irradiance was then calculated by dividing the remainder by the cosine of the
solar zenith angle.
Ground reflected sunlight was varied from 15% to 35% of the measured
hemispherical irradiance as a function of solar zenith angle based on measured values. The
quantity of sunlight filtering horizontally through the surrounding vegetation was measured
to be about 15% of the total hemispherical irradiance using a radiometer pointed vertically
at a reference panel and towards the horizon.
The surface of the C. giganteus was treated as a corrugated cylinder for the
purpose of calculating the amount of direct normal sunlight intercepted.

The surface

normal for each value of the angular position was given a positive and negative angular
deflection corresponding to the value measured for an actual rib. The amount of direct
sunlight intercepted was calculated separately for each deflection. The results were then
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averaged and multiplied by 1.7, which is the ratio of the total surface area of the C.
giganteus studied to a smooth cylinder of the same radius. The shading of one corrugation
by another was neglected, and so the corrugations did not correspond in an exact
geometrical fashion to actual ribs.. Most of the calculations were carried out using a total
of 24 angular divisions. The actual C. gigcoiteus studied had 18 ribs.
Calculations were also carried out using the intercept factor for a perfectly
smooth cylinder. For portions of the plant directly facing the sun the calculations agreed
to within 1 to 1.5 °C. However, for portions of the plant with more oblique orientations,
the smooth cylinder calculations ranged from 3 °C lower to 5 °C higher than the
corrugated cylinder values. The corrugated cylinder values gave better agreement with the
measured temperatures.
The smooth cylinder area was used for the diffuse sunlight. Since the cylinder
was vertical, rather than horizontal, 50% of the calculated horizontal diffuse irradiance was
used, multiplied by the absorptance for Rayleigh-scattered light.
The plant was assumed to intercept 25% each of the ground reflected and
horizontal solar radiant flux.

An azimuthal cosine directionality factor was used so that

portions of the plant directly facing the sun received approximately twice as much diffuse
and reflected light as portions facing away from the sun.
Incident thermal-IR radiant flux was attributed to three sources:

the sky, the

ground, and neighboring plants. Radiant flux emitted by the sky was calculated from air
temperature using a published formula (Idso and Jackson 1969). Radiant flux emitted by
the ground was calculated using the blackbody formula for a source with an emissivity of
0.95. Radiant flux emitted by the ground was weighted more heavily for the 0.5-m level
of the plant and radiant flux emitted by the sky was weighted more heavily for the 1.5-m
level.
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Radiant flux emitted by plants was calculated using the blackbody formula and
an emissivity of 0.97 for flat leaves.
temperature.

Plant temperatures were set equal to the air

While the surface temperature of thick-stemmed succulents can vary

appreciably from air temperature, the temperature of small leaves, such as found on
mesquite and palo verde trees, is always very close to air temperature (Gates 1980). These
small-leafed trees took up a greater fraction of the field of view than did the thickstemmed cacti and agave.
The thermal-IR flux emitted by the C. gigcmteus was derived using the blackbody
formula and the calculated surface temperatures. The smooth cylinder area was used for
calculating both absorbed and emitted thermal-IR flux. However, an effective emissivity
of 0.98 was used rather than the literature value of 0.97.

The literature value of the

emissivity of a cactus is based on the average of seven species of Opuntia, which has
relatively flat pads, and only one species with ribs, Cereus bridges II (Idso, et al. 1969).
The effective emissivity takes into account the multiple reflections undergone by a ray
emerging from a grooved, or ribbed, surface. The effective emissivity was evaluated using
a formula published by Treuenfels (1963).
The convective heat transfer coefficient was calculated as a function of wind
speed using the polynomial expression disscussed in section 1.4.

The surface area for

convective heat exchange was multiplied by a factor of 1.7 to account for ribbing. Wind
speed increases with height above the ground. The wind speed was measured at a height
of about 1-m, and the values for the 0.5-m and 1.5-m levels were calculated using a
published formula (Lewis and Nobel 1977).

Convective cooling was also weighted more

heavily for the upwind surfaces of the plant than for the downwind surfaces (Lewis and
Nobel 1977).
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CHAPTER IV : RESULTS

In this chapter the results of the field measurements and the calculations are
presented. In section 4.1 both a Bessel function and a cubic polynomial fit to the 6:00 am
temperature distribution of C. giganteus are presented. The environmental data for 27 Sept
1988 are presented in section 4.2. The results of the model calculations are compared to
the measured temperature distributions in section 4.3.

Finally, the calculated effects on

temperature of changing various physical properties of C. giganteus are presented in
section 4.4.

Section 4.1 : 6:00 am temperature distribution.

The procedure for fitting the 6:00 am temperature distibution of C. giganteus
with a J0 Bessel function was discussed in section 3.1. The measured core temperatures,
ambient air temperatures, and calculated values of the scaling parameter, A, were presented
in Table 3.1.
The calculated Bessel function fit to the measured 6:00 am temperature
distribution on 27 Sept. 1988 is shown in Fig. 4.1. The temperature measurement error
bars are the ±0.8 °C standard errors quoted by the manufacturer of the thermocouple wire.
The measured temperature at Ar/R = 1.8 was 2.5 °C below the Bessel function value. The
remaining data points agree to within about 1 °C with the Bessel function values.
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Figure 4.1
Bessel function temperature fit to 6:00 am
temperature distribution of C. gigantea. Scaling parameter A =
2.31. Vertical line at r/R = 1.0 indicates surface of plant.

Figure 4.2
Cubic polynomial fit to 6:00 am temperature
distribution of C. gigantea. Scaling parameter A =2.31. Vertical
line at r/R = 1.0 indicates surface of plant.
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The 6:00 am temperature distribution for each day was also fit with a cubic
polynomial, using a least chi-square fitting procedure. The results of the polynomial fit
are shown in Fig. 4.2. While the cubic polynomial fit passes more closely to the measured
temperatures, it is not necessarily a superior fit by all criteria.
Recall from section 1.5 that the rate of heat flow by conduction is proportional, to
the temperature gradient, or to 3T/3r for the radial dimension. The relatively large cubic
polynomial temperature gradient of about 20 °C nr1 near the core (i.e. AT/Ar with AAr/R
= 0.4) corresponds to a heat flux of about 11.5 W m~2. With this rate of radial heat flow,
the temperature of the core should be dropping by about 2.3 °C hr1. In comparison, the
Bessel function gradient of about 6 °C mr1 near the core gives a calculated temperature
change of about 0.7 °C hr"1. The measured change in core temperature was 0.8 °C hr"1.
By this criterion the Bessel function fit is better.
In addition, the predicted 6:00 am temperature distribution for Sept. 28, arrived
at by calculating the temperature changes over a 24 hour period, shows a smooth curve
more similiar in profile to the Bessel function than to the cubic polynomial (see Fig. 4.9).
The cubic polynomial fitting routine evidently produces a fit which is too close to a
straight line and which consequently overestimates the value of the radial temperature
gradient near the core.

The cubic polynomial fit was nevertheless used to provide the

initial temperatures to the computer model, since it produced a lower chi-squared value
than did the Bessel function fit.
The problem in finding a truly good fit seems to lie in the fact that the measured
surface temperature at 6:00 am was nearly 4 °C warmer than the temperature 2 cm below
the surface.

This could be a real phenomenon, or it could reflect an error in the

thermocouple temperature measurements.

It seems more likely that the temperature

measurements were in error. If the temperature profile actually went through a minimum
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a couple of centimeters below the surface, this would correspond to a heat sink lying a
couple of centimeters below the surface.

This could be reasonable during the first few

hours after dawn, when the surface temperature is rising abruptly. However, it does not
seem likely that heat would flow from the surface to the interior during the predawn
period when the warm plant is equilabrating itself with the cool environment.
A potential error in the thermocouple temperature measurements lies in the fact
that the wire itself conducts heat.

If the environment is warmer than the surface, the

thermocouple itself will tend to be warmer than the surface. If the environment is cooler,
the thermocouple itself will tend to be cooler. This means that the surface temperature as
measured with a thermocouple will always reflect the ambient temperature to some extent.
This problem will be greater with heavy gauge TC wire than with fine gauge, since heavy
gauge wire conducts heat more efficiently.

For wires buried deep in the plant this

problem should be negligible, since the temperature does not change as abruptly within the
plant as it does at the interface between the surface of the plant and the air.
This problem could be avoided altogether by using an IR thermometer (IRT),
which senses emitted thermal-IR radiant flux. The only drawback of using an IRT is that
measurements can no longer be conveniently automated. A person must be present to aim
the IRT and write down the temperature measurements at each hour, or at each half hour,
for a period of one to several days.

Section 4.2 : Environmental data.

The measured environmental input data for the period from 6:00 am on 27 Sept.
1988 to 6:00 am on 28 Sept. 1988 are plotted in Figs. 4.3 to 4.6.

Fig. 4.3 shows the
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measured hemispherical solar irradiance along with the calculated diffuse irradiance and
calculated direct normal irradiance.

As expected for a clear day, the solar irradiance is

symmetrical about the peak at solar noon, which occurred at close to 12:14 Mountain
Standard Time. The sum of the calculated values of direct normal and diffuse irradiance
was very close to 1000 W m~2 at solar noon. However, the calculated peak value of solar
radiant flux density absorbed by a west-facing surface was only 580 W m"2, at 3:45 pm.
The ground surface temperature is shown in Fig. 4.4. The rise in ground surface
temperature from sunrise to solar noon appears to be a fairly direct response to the
hemispherical solar irradiance. The ground surface temperature peaks near solar noon, but
trails off asymmetrically during the afternoon.

The ground temperature at 6:00 pm is

clearly higher than the ground temperature at 6:00 am.
Air temperature is shown in Fig. 4.5. The peak in air temperature did not occur
until late afternoon. Recall from section 3.3 that the thermal-IR radiant flux due to the
sky, ground, and surrounding vegetation was calculated solely from ground and air
temperatures.

The calculated value of thermal-IR radiant flux density absorbed by C.

giganteus ranged from a low of about 380 W m"2 at 6:00 am to a peak of about 520 W
m"2 just after solar noon. The calculated value for the absorbed thermal-IR flux density
remained above 480 W m~2 until 5:00 pm.
Wind speed is shown in Fig. 4.6. The wind speed peaked in mid-afternoon. The
periods near sunrise and sunset were very calm. The predominant daytime wind direction
ranged from SW-W in the morning to W in the afternoon. Late morning temperatures on
the southeast-facing sections of the C. giganteus were 50 to 52 °C.
temperatures on the west-

Afternoon

and southwest-facing sections were only 48 to 49 °C.

Presumably the increased afternoon wind speed boosted convective cooling enough to more
than offset the higher afternoon ground and air temperatures.
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Figure 4.3 Measured hemispherical solar irradiance (middle curve), calculated
solar direct normal (top curve) and solar diffuse (bottom curve) radiation for 27
Sept. 1988. Vertical line indicates solar noon, which occurred at 12:14 MST.
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Figure 4.4 Measured ground temperature for 27 Sept. 1988.
indicates solar noon, which occurred at 12:14 MST.
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Figure 4.5 Measured air temperature for 27 Sept. 1988. Vertical line
indicates solar noon, which occurred at 12:14 MST.

Mountain Standard Time
Figure 4.6 Measured wind speed for 27 Sept. 1988. Vertical line
indicates solar noon, which occurred at 12:14 MST.
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Section 4.3 : Comparison of calculated and measured temperatures.

The differences between the calculated and measured temperatures are shown in
Figs. 4.7 and 4.8 as a function of time of day for 27 Sept. 1988.

Fig. 4.7 shows the

difference in core temperature averaged over the 0.5, 1.0, and 1.5-m levels. Fig. 4.8 shows
the difference in surface temperature averaged over all 9 surface thermocouples at the
three levels. To investigate the effect of varying the ratio of At/r (where r = characteristic
diffusion time for a given spatial increment), the calculations were repeated using 1.5-min
time steps instead of 15-min timesteps, using 32 to 96 radial divisions, and using 24 to 80
angular divisions. The maximum change in calculated temperatures was only 0.5 °C.
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-5.0
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Figure 4.7 : Average difference between calculated and measured
core temperatures for 27 Sept. 1988. Positive deflection indicates that
calculated temperature was greater than measured temperature.
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Figure 4.8 : Average difference between calculated and measured surface
temperatures for 27 Sept. 1988. Positive deflection indicates that calculated
temperature was greater than measured temperature.

The errors followed a similiar pattern for each day from 27 Sept. to 2 Oct.,
indicating systematic errors in the computer model. The poorest agreement came in midmorning and mid-afternoon. The agreement from 4:00 pm to 6:00 am the following day is
excellent.

This close agreement during the night indicates that the calculated values for

convective cooling and thermal IR exchange are probably very good.

The calculated

daytime response, which is dominated by the solar input, is not as accurate.
A comparison of calculated and measured temperatures for selected times on 27
Sept. 1988 is plotted in Fig. 4.9. A transect from the west facing surface to the core at the
1 m level is depicted.

6:00 am represents the starting - time of the calculations and

corresponds to a minimum for the surface temperature. The minimum core temperature
occurred about two hours later. 4:00 pm (16:00) was chosen as corresponding to the peak
in surface temperature. 8:00 pm (20:00) was chosen as corresponding to the peak in core

78

temperature.
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Figure 4.9 Transect of calculated and measured temperatures at 4:00 pm (squares) and
8:00 pm (triangles) on 27 Sept. 1988 ; and at 6:00 am (circles) on 28 Sept. 1988.
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Gates reported that the core temperature of C. giganteus peaked near midnight
(Gates, 1987). Variations in stem diameter will of course produce variations in the time it
take$, the energy deposited at the surface during the day to diffuse to the core. The core
temperature of larger diameter specimens could be expected to peak later in the night.
The error bars for the surface temperatures were set at ±1.5 °C in accordance
with the measured variation in temperature over the surface of a rib in late afternoon.
The standard thermocouple errors of ±0.8 °C were used for the interior temperatures.
A qualitative comparison between the exponentially damped cosine shown in Fig.
1.7 and the temperatures shown in Fig. 4.9 indicates that the actual temperature changes at
the surface, which oscillate with a 24 hour period, do propagate in towards the core as a
damped wave, but not as an exponentially damped cosine.

The fact that the core

temperature was rising even as the surface temperature was falling from 4:00 pm to 8:00
pm is clearly shown in Fig. 4.9. The damping of surface temperature variations is also
shown. The surface temperature varied by about 25 to 30 °C over the course of the day,
while the core temperture varied by only about 8 °C.
The qualitative agreement between Figs. 1.7 and 4.9 would be better if the
vertical line in Fig. 1.7, which represents the core of the cactus, were moved farther to the
left. This would correspond to a larger value for the characteristic length of the damping
envelope, or to a greater penetration depth and smaller wavenumber for the oscillations.
Recall that this characteristic length was derived for a semi-infinite slab and not for a
cylinder of finite radius. In addition, the 6:00 am and 4:00 pm temperature distributions
of Fig. 4.9 are not as symmetrical as the t2 and t3 curves of Fig. 1.7.

This is to be

expected, since the environmental inputs did not vary sinusoidally.
A comparison of calculated and measured temperatures for 29 Sept. 1988 is
plotted in Fig 4.10. On this day the sun screen was set up with a double layer of netting.
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The calculations were run using 85% of the full amount of direct normal solar radiant flux,
to correspond to the measured amount of shade provided by the awning.

3.6

7.3
5.5
Depth (cm)

14.6

Figure 4.10 Transect of calculated and measured temperatures at 4:00 pm (squares) and
8:00 pm (triangles) on 29 Sept. 1988 ; and at 6:00 am (circles) on 30 Sept. 1988.
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The surface temperatures averaged 4 to 5 °C lower on the 29th than on the 27th,
and the core temperatures averaged about 3 °C lower.

As a check against day to day

variability that was not due to the awning, the afternoon surface temperture of the
thermocouple-implanted C. giganteus was compared to that of a reference C. giganteus
using an IR thermometer as described in section 2.1.
On the 27th the afternoon surface temperatures of the thermocouple-implanted C.
giganteus were 1 to 1.5 °C lower than those of the reference. On the 29th the afternoon
surface temperatures of the thermocouple-implanted C. giganteus were 3 to 4 °C lower
than those of the reference.

This implies that the decrease in surface temperature

attributable to the partial shading was only 2 to 2.5 °C, rather than 4 to 5 °C. Adjusting
the core temperature by the same 2 to 2.5 °C offset would give a value of about 1 °C for
the decrease in core temperature attributable to the awning.

Section 4.4 : Calculated effects of varying radiative and convective properties.

The effects on C. giganteus temperatures of varying selected physical properties
related to radiative and and convective heat exchange were investigated with the computer
model for calculating temperatures. The net solar absorptance was varied up and down.
The thermal-IR emissivity was decreased.

Finally, the area available for convective

cooling was decreased to that of a smooth cylinder. All of the calculations described below
were carried out using the initial temperature and environmental data of 27 Sept. 1988.
Unless otherwise stated, only a single parameter was varied at a time.
The first variation investigated was a decrease in the net solar absorptance. This
predicted the effect that a still higher near-IR reflectance would have on temperatures,
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and provided a useful comparison to the partial shade measurements. The absorptance for
Rayleigh-scattered sunlight was left constant at 0.85, but the net solar absorptance was
decreased by 15% from 0.70 to 0.60. The peak calculated surface temperature at 4:00 pm
decreased by 2.0 to 2.2 °C, and the peak core temperature at 8:00 pm decreased by 0.9 °C.
These results are comparable to the results of the partial shade measurements for 29 Sept.,
after the day-to-day variability was subtracted off.
The net solar absorptance was next increased by 20% from 0.70 to 0.85. These
calculations were a prediction of the change in stem temperature that would occur if the
near-IR absorptance of C. giganteus were as great as the average absorptance throughout
the visible. The calculated 4:00 pm temperature of a west-facing surface increased by 3.2
to 3.3 °C. The core temperature at 8:00 pm increased by 1.3 °C.
Solar absorptance, both average and for Rayleigh-scattered sunlight, was next
increased to 0.98, which is the adjusted value for thermal-IR absorptance. The peak 4:00
pm surface temperature increased by 5.8 to 6.2 °C, while the 8:00 pm core temperature
increased by 2.6 °C.
The effect of reduced thermal-IR absorptance and, by Kirchhoff's law, reduced
thermal-IR emissivity was also investigated. The thermal-IR absorptance was set equal to
0.50, which is close to the near-IR absorptance for C. giganteus

The 4:00 pm surface

temperature decreased by only about 0.3 to 0.7 °C, and the 8:00 pm core temperature
decreased by 0.6 °C.
To investigate the role of enhanced convective cooling due to the increased
surface area provided by the ribs, the area available for convective cooling was decreased
to that of a smooth cylinder. The air flow was still assumed to be very turbulent due to
the spines, and the full value of the convective heat transfer coefficient discussed in
section 1.4 was used. The fraction of direct solar radiant flux absorbed was also calculated
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for a smooth cylinder geometry. The calculated increase in the peak afternoon temperature
was 4.0 to 4.7 °C, and the increase in peak core temperature was 0.6 °C.
Finally, to investigate the combined effects of IR reflectance and enhanced
convective cooling, a cylindrical surface area was combined with a net solar absorptance of
0.85. The 4:00 pm surface temperature increased by 8.0 to 8.8 °C and the 8:00 pm core
temperature by 2.0 °C.
The results of section 4.4 are summarized in the form of a table and discussed in
terms of overall energy balance in Chapter V.

84

CHAPTER V: DISCUSSION AND CONCLUSIONS

Chapter V begins with an overview of the predicted effects on temperature of
changing selected optical and convective properties of C. giganteus.

These results are

listed in Table 5.1 for easy reference. Section 5.2 discusses the importance of the optical
properties of C. giganteus at solar wavelengths to the peak surface temperatures reached by
the plant.

Section 5.3 discusses the importance of the optical properties at thermal-IR

wavelengths.

Section 5.4 discusses the influence of ribbing and enhanced convective

cooling on the peak surface temperatures reached by C. giganteus.

Section 5.5 considers

the influence of the above listed properties on the core and daily average surface
temperatures of C. giganteus.

Section 5.6 summarizes the main points addressed

throughout the thesis. Topics for further research are suggested in section 5.7.

Section 5.1 : Overview of predicted effects and their accuracy.

Referring back to Figs. 4.9 and 4.10 for a moment, we see that the calculated
temperatures at the core and on a west-facing surface agreed with the measured
temperatures to within 0.5 to 1.5 °C even with temperature fluctuations of nearly 30 °C at
the surface and even after a 24 hour cycle. These comparisons indicate that the computer
model was accurate to within about 1.5 °C in predicting the absolute values of peak core
and peak surface temperatures on the west side of the plant.
The model was not uniformly successful in calculating the temperature at all
times of day and at all locations on the plant. However, since the surface temperatures on
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west and southwest-facing sections of the plant peaked near 4:00 pm, and the core
temperature peaked near 8:00 pm, an absoluted accuracy of ±1.5 °C for the peak
temperatures is consistent with the error data presented in Figs. 4.7 and 4.8.

Table 5.1 Calculated and measured effects of changing various physical
properties which affect the energy balance of C. giganteus.

Property
changed

From

To

AT (°C)
surface

AT (°C)
core

Net solar abs.
(with awning)

0.70

0.60

-(2.0 to 2.5)

-1.0

Net solar abs.

0.70

0.60

-(2.0 to 2.2)

-0.9

Net solar abs.

0.70

0.85

+(3.2 to 3.3)

+1.3

Net solar abs.

0.70

0.98

+(5.8 to 6.2)

+2.6

Thermal IR abs.

0.98

0.50

-(0.3 to 0.7)

-0.6

Geometry

ribbed

smooth

+(4.0 to 4.7)

+0.6

Net solar abs.
Geometry

0.70
ribbed

0.85
smooth

+(8.0 to 8.8)

+2.0

The results of the measurements with the awning in place and the The results of
the measurements with the awning in place and the predicted effects calculated with the
computer model are summarized in Table 5.1. The surface AT is the change in maximum
surface temperature for a west-facing portion of the plant. The core AT is the change in
maximum core temperature.

The ranges indicated for the surface temperatures are the

ranges in calculated temperatures for slightly different locations on the west-facing surface.
Now, what about the accuracy of the changes in peak temperatures calculated for
various changes in the physical properties of C. giganteus ?

Examining the first two
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entries in Table 5.1, we see that the calculated decreases in peak temperatures predicted by
the model for a 15% decrease in the net solar absorptance agree almost perfectly with the
measured decreases observed when the awning was erected.

The calculated decrease in

peak surface temperature varied by no more than 0.3 °C from the observed decrease. The
calculated decrease in peak core temperature agreed to 0.1 °C with the measured decrease.
This agreement is after the subtraction of the day-to-day variability as measured by
comparison with a reference cactus.
The comparative surface temperature measurements made with the awning in
place and without the awning thus provide excellent experimental verification of the ability
of the computer model to predict the temperture changes that would accompany small
changes in the net solar absorptance of C. giganteus.

While the absolute accuracy of the

calculated peak core and surface temperatures is only about 1.5 °C, the accuracy of the
calculated effects of small changes in the net solar absorptance is perhaps a few tenths of a
degree Celsius. The errors may be somewhat larger for large changes in the absorptance,
or for large changes in other physical properties of C. giganteus

Section 5.2 : Importance of optical properties at solar wavelengths.

The first two entries in Table 5.1 show that decreasing the net solar absorptance
from 0.70 to 0.60 would decrease the peak surface temperature by 2.0 to 2.5 °C. This is
equivalent to increasing the average solar reflectance from 0.30 to 0.40, which is essentially
the net change that would occur if the near-IR reflectance of C. giganteus were increased
from 50% to 100% with the optical properties at all other wavelengths held constant.
Nobel (1978) predicted that the peak surface temperature of C. giganteus would decrease
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by 1.8 °C for a 15% decrease in average solar absorptance and by 5.2 °C for a 50%
decrease.
Going in the other direction, increasing the average solar absorptance by 20%
from 0.70 to 0.85 produced a calculated increase of 3.2 to 3.3 °C in the peak surface
temperature. This corresponds to the temperature increase that would occur if the near-IR
absorptance of C. giganteus were as great as the average absorptance throughout the
visible.
This value of 3.2 to 3.3 °C is thus the answer obtained to the question formulated
at the beginning of the thesis: How large quantitatively is the effect of high reflectance in
the near-IR in reducing the peak daytime surface temperature of C. giganteus ?

This

answer, however, is valid only for the climatic conditions encountered during the
September and October period of field measurements. The predicted effect is somewhat
greater than the 1 °C rise in peak surface temperature calculated by Nobel (1978) for an
8% increase in absorptance for C. giganteus.
The calculated peak surface temperature increased by 5.8 to 6.2 °C when the solar
absorptance, both average and for Rayleigh-scattered sunlight, was further increased to
0.98. While this value is higher than the naturally occurring maximum of 0.90 to 0.95 due
to chlorophyll absorption (sections 1.3 and 2.4), it is interesting as a limiting case. This
increase of 5.8 to 6.2 °C would occur if the approximately blackbody properties of C.
giganteus at thermal-IR wavelengths were also characteristic of the optical properties at
solar wavelengths.
The shade cast by the spines of C. giganteus also influences the amount of solar
radiant flux absorbed by the plant. Spines reduce the incident solar flux on the sides of
the plant by about 6% (Nobel 1978).

In comparison, the IR reflectance provides an

approximately 15% decrease. While calculations were not carried out for a 6% decrease in
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absorbed flux,

it is reasonable to expect the change to be about 40% of the change

produced by a 15% decrease. This would give a decrease in peak surface temperature of a
little more than 1 °C.

Section 5.3 : Importance of optical properties at thermal-IR wavelengths.

The other question addressed at the beginning of the thesis was: How important
is the IR reflectance in comparision to other factors?

The next change in physical

properties investigated was a large decrease in thermal-IR absorptance from 0.98 to 0.50,
which is the value of absorptance at near-IR wavelengths.

This change produced a

calculated decrease in peak surface temperature of only 0.3 to 0.7 °C. This is consistent
with a less than 0.1 °C change calculated by Nobel (1978) for a 0.05 change in thermal-IR
absorptance. The almost negligible influence of the optical properties at long wavelengths
on temperature can be understood in terms of the energy balance data plotted in Fig. 5.1.
Fig. 5.1 shows the energy fluxes in Watts per square meter on a west-facing
surface of C. giganteus for the processes of absorption of solar radiant flux, absorption and
emission of thermal-IR radiant flux, and heat exchange by convection.

The sum of all

these processes, or the net energy flux into and out of C. giganteus , is also plotted.
Positive values indicate energy flow into the plant. Negative values indicate energy flow
out. All of the values shown were calculated with the computer model for predicting C.
giganteus stem temperatures using the environmental data for 27 Sept. 1988 as input.
It is readily apparent that for most of the day the absorbed and emitted thermalIR fluxes were in approximate balance.

The absorbed thermal IR peaked in the late

morning, while the emitted thermal-IR peaked in late afternoon for a west-facing surface.
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However, these two terms generally produced only a 50 W m~2, or less, net heat flux. The
greatest net heat flux due to thermal-IR exchange was 110 W nr2, around 5:00 pm. For
comparison, the solar input peaked at 580 W m-2.

600.0
absorbed solar
absorbed thermal-IR

400.0

200.0

net flux
Flux (W m-2)

0.0

-200.0

convective exchange
-400.0
emitted thermal-IR
-600.0
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12

18
Time (hr)

24
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Figure 5.1 Energy balance terms for a west facing surface of C. giganteus. 30 min.
averages of absorbed solar radiant flux, convective exchange, absorbed and emitted thermal
IR radiant flux, convective exchange, and the sum of these four processes. Positive values
indicate energy flow into the plant.

We see that a decrease in thermal-IR absorbed would be offset by a decrease in
thermal-IR emitted, producing little net change in either the energy balance or the
temperature of the plant. The optical properties of C. giganteus at long wavelengths are
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thus fairly neutral in terms of overall energy balance and temperature.

Section 5.4 : Importance of ribbing and convective cooling.

In order to compare the importance of high reflectance at near-IR wavelengths to
enhanced convective cooling due to ribbing, the calculations were repeated with a smooth
cylinder geometry and normal absorption coefficients. The solar irradiance intercept factor
for a smooth cylinder was used and convective cooling was calculated for the surface area
of a smooth cylinder.

Air flow was still assumed to be turbulent. The calculated peak

surface temperature increased by 4.0 to 4.7 °C.
It was mentioned in section 3.3 that for portions of the plant directly facing the
sun, calculations using a smooth cylinder solar intercept factor but ribbed surface area for
convection agreed to within about 0.5 °C with calculations using the ribbed value for both
sunlight intercepted and convective surface area. The 4.0 to 4.7 °C rise in peak surface
temperature calculated for a smooth cylinder geometry may therefore be attributed
primarily to the decreased surface area available for convective cooling and not to a change
in the calculated value of intercepted solar irradiance. This confirms what was stated in
section 1.2:

ribbing enhances convective cooling by increasing the surface area in contact

with the air without increasing the amount of solar irradiance absorbed above the value for
a smooth cylinder.
The 4.0 to 4.7 °C rise produced by artificially eliminating the ribs is 25 to 42%
greater than the 3.2 to 3.3 °C rise produced by increasing the absorptance at near-IR
wavelengths to the same value as in the visible (i.e. 0.85). Enhanced convective cooling
due to ribbing is evidently of somewhat greater importance in minimizing peak surface
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temperatures than is high reflectance at near-IR wavelengths.

However, the relative

importance of convective cooling versus IR reflectance may be somewhat dependent on
wind speed.
Referring to Fig. 5.1, it is also interesting to note that the energy dissipated by
convection was roughly a mirror image of the solar energy absorbed, with a generally
reduced amplitude. At least, this was true for the west-facing surface. This phenomena
may be understood by recalling Eq. 1.3, the formula for convective heat transfer q = h(Ta
-Ta). Heat transfer by convection depends directly on the temperature difference between
the C. giganteus surface temperature, T„, and the air temperature, Ta, with a constant of
proportionality, h, which is a function of wind speed.
The temperature of any given section on the surface of C. giganteus rises
substantially above the air temperature only when the sun is shining directly on that
section. For a west-facing surface, direct sunlight is incident only during the afternoon.
The correlation between the maxima near 4:00 pm of absorbed solar radiant flux, surfaceair temperature difference, and convective cooling may be noted from Figs. 4.5, 4.9 and
5.1.
The peak in wind speed in the afternoon, plotted in Fig. 4.6, may have made a
very small contribution to the afternoon peak in convective cooling.

The coefficient of

convective cooling, h, increases with increasing wind speed, as shown in Fig. 1.5.
However, the convective heat transfer coefficient increased by only about a factor of 1.5
from mid-morning to mid-afternoon, while convective cooling for a west-facing surface
increased by a factor of 10 to 12. The rate of convective cooling was apparently much
more strongly tied to the temperature differential between the surface of the plant and the
air than to wind speed.
Finally, an average solar absorptance of 0.85 was combined with a smooth
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cylinder geometry. This simulated the increase in temperature that would occur if neither
high IR reflectance nor enhanced convective cooling occured. A very substantial increase
in peak surface temperature of 8.0 to 8.8 °C was predicted. This is about 10% greater than
the sum of the increases produced by varying the absorptance and the geometry separately.
This indicates that the combined importance of high IR reflectance and ribbing is very
great, but that no strong synergistic relationship exists between the two properties.

Section 5.5 : Core and average surface temperatures.

The results which have been discussed so far have pertained to the influence of
various physical properties of C. giganteus on the peak temperatures reached on a westfacing surface of the plant. But what about the core and average surface temperatures?
Different types of surface averages may be considered. For example, an average
over some portion of the plant at a given instant, an average at a particular location over
some time interval, or the average over some portion of the plant over some time interval.
Nobel (1977,1978) reported temperature effects averaged over 24 hours over the entire
surface of C. giganteus and F. acanthodes. The following changes in physical parameters
all produced average surface temperature changes of 0.7 °C or less:

5x increase or

decrease in wind speed, 15% increase or decrease in average solar absorptance coefficient,
50% decrease in direct solar irradiance, change to smooth cylinder surface area, removal of
spines, 50% increase or decrease in diameter or height, 10% decrease in stem heat capacity
or thermal conductivity.

In fact, the only change that was calculated to produce a

substantial change in average surface temperature over a 24 hour period was air
temperature.

A 5 °C decrease in air temperature produced a 4 °C decrease in average
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surface temperature.
This fact can be understood to some extent by looking at Fig. 5.1.

We have

already seen that an approximate balance exists between emitted and absorbed thermal-IR
radiant flux.

We also see that solar irradiance has a substantial effect on a given stem

section only over a roughly 6 hour, or shorter, period of time each day.

And, solar

irradiance will have only a small effect on the north-facing sections of the plant.
On the other hand, air is in contact with the entire surface of the plant over the
whole 24 hours of each day.

Convective exchange drives the temperature of the plant

toward equilibrium with the air temperature. If we think of the plant as a solid immersed
in a surrounding fluid (air), then it is the temperature of the surrounding fluid which has
the primary effect on the surface temperature of the plant.
What about the relationship between the peak core temperature of C. giganteus ,
the air temperature, and the various physical properties of the plant?

Looking back to

Table 5.1, we see that the change in peak core temperature produced by changing the
absorption and convection parameters of C. giganteus was generally much smaller than the
change in peak surface temperature. This is to be expected, since we have already seen
that the temperature oscillations at the surface of C. giganteus are damped as they
propagate in towards the core. It is also reasonable to expect that the core temperature
will reflect the history of the temperature fluctuations over the entire surface of the plant
and not merely the fluctuations of a given section. The average surface temperature at any
instant always has to be less than the peak surface temperature, which during the daytime
will occur on a section directly facing the sun.

This fact, too, leads one to expect that

changes in peak core temperature will be much smaller than changes in peak surface
temperature.
It was previously stated that air temperature is the greatest controlling factor for

94

average surface temperature of C. giganteus.

Is this true of average core temperature as

well? The answer is yes. The average air temperature from 6:00 am on 27 Sept 1988 to
6:00 am on 28 Sept 1988 was 33.3 °C.

The average core temperature during the same

interval was 33.7 °C.

Section 5.6 : Conclusions and summary.

The research which has been described in this thesis was carried out with two
questions in mind:

what is the quantitative effect of high reflectance at near-IR

wavelengths on the peak surface temperature of C. giganteus and how important is the IR
reflectance in comparison to other factors such as spines, convective cooling, transpiration,
etc.? The answer to the first question is that the high reflectance at near-IR wavelengths
(i.e. 0.7 to 1.5 (im) most likely reduced the peak surface temperature of C. giganteus by
about 3.0 to 3.5 °C. It must be stressed that this answer is valid only under the relatively
mild environmental conditions encountered during the field measurement period in
September and October 1988.

The IR reflectance could be much more important in

absolute terms during June, when the air and ground are hotter, the sun is more intense,
and days are longer.
The importance of high IR reflectance has been compared to various other
factors. The major terms in the energy balance equation for the surface of C. giganteus
are solar input, convective heat exchange, and thermal-IR input and output. Transpiration
has a negligible effect on temperature during hot, dry periods, when the CAM metabolism
of C. giganteus reduces transpirational water loss to a minimum.

Any imbalance among

the energy exchange processes at the surface of C. giganteus represents net energy which is
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deposited at the surface of the plant.

This net energy flux diffuses into the massive,

fleshy stem of C. giganteus via the linked processes of heat conduction and heat storage.
The solar input term in the energy- balance equation is influenced by the
absorptance properties of the cactus at visible and near-IR wavelengths. The importance
of high IR reflectance has already been summarized. In addition, the shade cast by the
spines of C. giganteus reduces the solar input term.

The IR reflectance is expected to

produce about a 2.5 times greater reduction in radiant heat load for C. giganteus than do
the spines. However, shading by spines is more important for the top of the plant, which
is covered by more closely spaced spines and by a dense mat of downy material called the
apical meristem.
The ribs, on the other hand, play a major role in minimizing the peak surface
temperature of C. giganteus.
of the plant.

The ribs increase the turbulence of air flow over the surface

Ribbing also increases the surface area available for convective cooling

without increasing the amount of solar irradiance intercepted.

These two effects taken

together increase the efficiency of convective cooling for C. giganteus by a factor of about
2.5 over the value for a perfectly smooth cylinder of the same diameter. The diameter of
the cactus has been taken as

l/7r

times the circumference averaged between the crests of

the ribs and at the troughs of the ribs.
The calculated decrease in peak surface temperature attributed to the ribs was 25
to 42 % greater than the decrease attributed to the IR reflectance.

This indicates that

ribbing is somewhat more important than the IR reflectance in minimizing peak surface
temperature. The combined effect of ribbing and IR reflectance is very substantial. The
peak surface temperature of C. giganteus was calculated to be 8 to 9 °C cooler with both
ribs and high IR reflectance than with neither.
It turns out that the essentially blackbody optical properties of C. giganteus at
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thermal-IR wavelengths (i.e. beyond about 4 /jm) have almost no influence on temperature.
The quantity of thermal-IR radiant flux incident from the environment is fairly well
balanced by the quantitiy of thermal-IR flux emitted. This approximate equality is related
to the relatively small temperature difference which exists between C. giganteus and the
environment when the absolute, or Kelvin, temperature scale is used. By Kirchhoff's law
emissivity is equal to absorptance for opaque objects, and so a decrease in absorbed
thermal-IR flux would be offset by an almost equal decrease in emitted flux.
Diffusion of net surface energy flux into the massive, fleshy stem of C. giganteus
is influenced by the thermal conductivity, heat capacity, and diameter of the stem. The
thermal conductivity and heat capacity of the stem tissue are about 93% of the values for
pure water.

This gives the stem a large capacity to store thermal energy and slows the

diffusion of heat into the stem. Depending on the diameter of the stem, the daily peak in
core temperature occurs 8 to 12 hours after solar noon. In addition, daily oscillations of 25
to 30 °C at the surface were observed to be damped to oscillations of about 8 °C at the
core.
The diameter of C. giganteus has been observed to increase at the southern and
northern limits of its range. The northern limit is set by freezing of the plant tissue. An
increase in stem diameter would decrease the effectiveness of convective cooling and cause
the core temperature to peak later at night. The cactus would grow warmer during the
day and stay warmer overnight.

The stem diameter of C. giganteus thus appears to be

thermally tuned, in some sense, to the daily oscillation of temperature and solar input.
One may also consider average rather than peak temperatures. The chief factor
which influences the average surface temperature and average core temperature over a
daily cycle of temperature oscillation is the average air temperature during that same
period.

It is thus the average air temperature which establishes the mean, or baseline,
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temperature of the plant. This is understandable, since convective exchange, which serves
to equilibrate the temperature of the plant with the air temperature, takes place over the
entire surface of the plant 24 hours a day.

Section 5.7 : Suggestions for further research.

It must be emphasized that the exact numerical values which have been given in
°C as measures of the influence on temperature of various physical properties of C.
giganteus are valid only for the relatively mild environmental conditions encountered at the
field site at an altitude of 940 m during the September and October period of field
measurements.

These by no means represent the extremes of environmental conditions

which C. giganteus is able to withstand.
It would be very interesting to extend the analysis to the period from May to
June, and perhaps to lower elevations, which would correspond to much higer values of
solar irradiance, air and ground temperatures. This would indicate the importance of IR
reflectance and convective cooling under conditions of maximum heat load. It would of
course be desirable to have data from calm as well as windy days.
A quantitative assesment of the role of increased stem diameter as a possible
adaptation against overnight freezing at the northern and upper elevation limits of the
species is another topic for investigation.

A closely related question concerns the

functional relationship between stem diameter and the time lag required for the core to
reach its maximum temperature.

With a little effort, one should be able to develop, or

find in the literature, an analytical expression for the temperature distribution in a cylinder
whose surface temperature varies sinusoidally. While still a greatly simplified description
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of

the actual situation, this should provide more appropriate expressions for the

characteristic time and the penetration depth than the expressions derived in section 1.6 for
a semi-infinite slab.

Temperature measurements on cacti with different diameter stems

would also help clarify the issue.
A more accurate determination of the optical properties of C. giganteus would be
desirable. The normal value of the average solar absorption coefficient of C. giganteus was
considered to be 0.70 for the purposes of this study. However, Gates et al. (1965) listed
the average solar absorption coefficient of C. giganteus as 0.75, while Nobel (1975)
published a value of 0.63 ± 0.04. This is a 15 to 20% variation. Recall that 15 to 20%
changes in the average solar absorption coefficient produced calculated changes of 2.0 to
3.3 °C in the peak surface temperature of C. giganteus.

An accurate quantitative

determination of the role of high IR reflectance in minimizing peak surface temperatures
of C. giganteus clearly requires an accurate value for the average solar absorptance
coefficient and an accurate value for the absorptance (reflectance) at near-IR wavelengths.
Unfortunately, the instrumentation available during the course of this study for
the determination of the optical properties of C. giganteus was limited to the 0.4 to 1.0 (im
spectral region (section 2.4).

If new instrumentation were available in the future, new

spectral measurements would be desirable. The variation of optical properties from plant
to plant could be investigated to see if the optical properties are at all related to age,
health, altitude, latitude, etc.
Interspecies comparisons of the influence of optical properties on energy balance
and extreme temperatures would be interesting. As mentioned in the introduction, while
the maximum reflectance of C. giganteus at near-IR wavelengths is about 50%, the
maximum values for various species of Agave and Opuntia (prickly pears) are 70 to 80 %.
Agaves and prickly pears are much less massive than saguaros, and have far less capacity
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to store excess absorbed heat. On the other hand, F. acanthodes (barrel cactus) has a stem
diameter comparable to C. giganteus and an almost identical average solar absorptance
(Lewis and Nobel 1977).

This suggests that the near-IR reflectance of F. acanthodes is

probably close to that of C. giganteus.

Is there a relationship between stem diameter (i.e.

heat capacity) and the reflectance at near-IR wavelengths?
Finally, a couple of comments will be made concerning the techniques used to
measure temperatures.

Vertical heat flow in C. giganteus was shown to be negligible in

comparison to radial and angular heat flow (section 3.2).

Future energy balance

investigations could thus be made with most of the thermocouples inserted in a grid
pattern at a single height.

The small variation in temperature with height could be

monitored easily with a few thermocouples placed at different heights on the surface, or
with an IR thermometer (IRT).
The choice between using thermocouples or an IRT to measure surface
temperatures bears some consideration.

The discussion in section 4.1 indicated that the

difficulty in finding a good fit to the 6:00 am temperature distribution may have been
related to an error in the thermocouple measurements. 30-gauge TC's were used to make
the surface temperature measurements, while 36-gauge TC's were used for interior
measurements. Lighter gauge TC's would have been preferable for the surface temperature
measurements as well.

The potential problem with surface temperature measurements

being influenced by heat conducted through the thermocouple wire was also discussed.
Perhaps an IRT would be superior for measuring surface temperatures. However,
as mentioned previously, the drawback of using an IRT is that measurements can no longer
be automated conveniently. A person must be present to aim the IRT and write down the
temperature measurements at each hour, or at each half hour, for a period of one to
several days.
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In either case, future surface temperature measurements should also be averaged
over a small area, perhaps 5 cm on a side, including both faces of one or more ribs. This
would correspond more closely to the averaging procedure used in the computer model.
Better agreement between calculated and measured temperatures might then be obtained.
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