
To the Graduate Council:

I am submitting herewith a thesis written by Joel G. Hall entitled
"A Theoretical Model for Mass and Energy Considerations in Micro
climate Modification by Sprinkling." I have examined the final copy
of this thesis for form and content and recommend that it be accepted
in partial fulfillment of the requirements for the degree of Master
of Science, with a major in Agricultural Engineering.

Robert D. von Bernuth, Major Professor

We have read this thesis

and recommend its acceptance:

Accepted for the Council:

Vice Provost

and Dean of The Graduate School

V



STATEMENT OF PERMISSION TO USE

In presenting this thesis in partial fulfillment of the

requirements for a Master's degree at The University of Tennessee,

Knoxville, I agree that the Library shall make it available to

borrowers under rules of the Library. Brief quotations from this

thesis are allowable without special permission, provided that

accurate acknowledgment of source is made.

Permission for extensive quotation from or reproduction of

this thesis may be granted by my major professor, or in his absence,

by the Head of Interlibrary Services when, in the opinion of either,

the proposed use of the material is for scholarly purposes. Any

copying or use of the material in this thesis for financial gain

shall not be allowed without my written permission.

Signature Jc*JlX Jd.

Date \ C \ I t S



A THEORETICAL MODEL FOR MASS AND ENERGY CONSIDERATIONS

IN MICROCLIMATE MODIFICATION BY SPRINKLING

A Thesis

Presented for the

Master of Science

Degree

The University of Tennessee, Knoxville

Joel G. Hall

December 1985



ag-yet-mcc^.

I;



ACKNOWLEDGMENTS

A number of persons have assisted me in the course of my

research program. In particular, I am indebted to Dr. Robert von

Bernuth, who served as my major professor. His guidance and encour

agement throughout my graduate career are greatly appreciated. In

addition, I would like to acknowledge Professor Curtis Shelton and

Dr. Bruce Tschantz for serving on my committee and for their valuable

advice and encouragement.

I am especially grateful to Steve Shoulders for his technical

expertise and patient support. I could not have done it without you,

Steve. Finally, I would like to acknowledge my appreciation to my

fellow graduate students who have made the last two years ones I will

always treasure.



ABSTRACT

Modification of the microclimate by irrigation sprinklers

involves complex interactions among thermodynamic and transfer proper

ties, system characteristics, and ambient conditions. A need exists

for a better understanding of the theoretical background of these

interactions. A theoretical model which accounts for the diffusion

of heat and mass in stagnant air was developed for a two-dimensional

radially axi-symmetric coordinate system. The governing equations

were derived by application of equations for conservation of mass and

energy. The finite element method using three-node linear triangular

elements and linear interpolation functions was employed to obtain

numerical solutions to the governing equations. Testing of the model

was performed by comparing simulated results with proven analytical

solutions as well as experimental data. An example of how the model

can be adapted to a specific application is included for the case of

heat and mass transfer from droplets in flight. Results showed that

the model accurately simulates changes in both temperature and mass

concentration of water vapor in stagnant air.
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CHAPTER I

INTRODUCTION

Background and Justification

The role of irrigation in modern agriculture has changed some

what in recent years. Technology is now available for uses other than

supplying water needs of plants. Notable examples include municipal/

industrial wastewater distribution, chemical application, and micro

climate modification. The latter may be subdivided into two cate-

gories--heat stress reduction and frost protection.

Modification of the microclimate (i.e., within the irrigated

area) involves complex interactions among thermodynami.c and transfer

properties, ambient conditions, and system characteristics. The flight

of a droplet emitted from a sprinkler nozzle is accompanied by transfer

of heat and mass due to temperature and concentration gradients which

exist between the water and the air. In addition, the droplet under

goes a phase change from liquid to vapor as evaporation occurs during

flight. If the ambient conditions were hot and dry, the result would

be a decrease in the temperature and an increase in the moisture con

tent of the air. Frost protection, on the other hand, utilizes the

heat released during the phase change from liquid to solid to prevent

the surface of a plant from freezing. System characteristics such as

application rate and speed of rotation are also important. In both
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cases, the simultaneous diffusion of heat and mass occurs between the

water and the air.

Although much research has been conducted relating to specific

results of these processes, a surprisingly small amount of effort has

been directed toward the underlying theory. A better understanding of

the simultaneous diffusion of heat and mass would be valuable. A

general atmospheric model which could be modified for specific appli

cations would be a useful tool for purposes of design and analysis.

Review of Previous Work

Evaporation Losses

From the standpoint of application efficiency, evaporation of

water during sprinkling represents a loss. For this reason much exper

imental work has been conducted in this area. Christiansen (1942)

attempted to measure evaporation from the spray as the difference

between the amount of water falling in an area and that which was

discharged from the sprinkler. He used containers evenly spaced over

an area to collect the water. These tests resulted in losses ranging

from 10 to 42 percent for afternoon conditions in California. It was

impossible, however, to separate evaporation losses which occurred from

the spray and those which occurred from water clinging to the contain

ers. Sunshine appeared to have a significant effect, while very little

correlation was observed between evaporation and relative humidity or

vapor pressure deficit.
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Christiansen suggested an indirect method for estimating

evaporation losses from the spray based upon the thermodynamic princi

ples involved. Neglecting radiant heat, the following equation was

presented:

E =
100 CAt Pw-Pa

Pw-Pa-0.00037B(t^-tJ (1-1)

where:

E = loss of water from the spray expressed as a percentage
of total discharged

c = specific heat of water, cal/gm °F

r = heat of vaporization, cal/gm

At = temperature drop of the water from the time it leaves the
nozzle until it reaches the ground, °F

t^ = mean water temperature, °F

t, = air temperature, °F
a

p^ = pressure of the water vapor at t^, inches Hg

p, = pressure of the water vapor in the air, inches Hg, and
a

B = barometric pressure, inches Hg

The temperature drop of the water ranged from 1 to 20.7 °F, correspond

ing to a maximum loss of about 2 percent. Based on these results,

Christiansen concluded that evaporation loss from the spray is negli

gible when compared to subsequent losses from the wet soil and vegeta

tion.
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Estimates of evaporation were made by Mather (1950), who

observed the increase in moisture content of the air. Two types of

irrigation systems were examined: overhead sprinkler lines and rotat

ing sprinklers. For both cases, dewpoint readings were obtained along

the windward and leeward direction relative to the sprinkler. The

maximum increase in moisture content occurred downwind near the surface

of the ground. This suggests that a large portion of the evaporation

occurs from water on the ground or on the leaves of plants.

For an overhead sprinkler line Mather presented the following

equation for evaporation as a percentage of the amount of water applied:

P"^(%-'^dn) (1-2)

where:

Wu_>Wdn = mean mixing ratios upwind (out of irrigated area) and
^ downwind (within the irrigated area)

3
p = density of air, gm/cm

h = vertical distance to homogeneous air, cm

u = wind velocity, cm/s

1 = distance between upwind and downwind points, cm, and

A = depth of water applied, cm

Evaporation losses between 4 and 30 percent were observed in experiments

using an overhead line. These figures represent losses from both the

spray and the moist soil. Examination of the incremental evaporation
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(i.e., the evaporation between successive observation points within

the irrigated area) revealed losses ranging from 0 to 12 percent.

Based on these data, Mather concluded that the evaporation decreased

as the irrigated area increased.

Evaporation from a rotating sprinkler was found to be less than

that from an overhead lateral. A slightly different equation was used

for this case:

E = sal_o_
ATrr

where:

(W .-W ) = change in mean mixing ratio between original air and
saturated air

2
B = cross-sectional area under spray, cm

r = radius of the spray, cm

u = wind velocity, cm/s

3
p = density of the air, gm/cm , and

A = depth of water applied, cm

Losses for the rotating sprinkler were on the order of 10 percent.

Frost and Schwalen (1955) developed a nomograph for estimating

spray losses based on temperature, wind movement, operating pressure,

humidity, nozzle size, and breakup of the spray. Losses as high as

45 percent were observed under extreme conditions of bright sunlight,

high temperature, and low relative humidity. A high correlation



6

between evaporation and vapor pressure deficit of the atmosphere (the

difference between the vapor pressure of the moisture in the air and

the saturation vapor pressure at the same temperature) was also

observed. Vapor pressure deficits ranging from 0.05 to 0.95 psi were

recorded. Spray losses were also seen to increase with temperature,

wind movement, operating pressure, and degree of breakup of the spray.

Evaporation decreased with increases in relative humidity and nozzle

size.

George (1957) measured the difference in salt concentration of

water in the lateral and the water collected in containers to determine

the evaporation loss from the spray. Losses ranging from 2 percent at

a relative humidity of 48 percent and low wind speed to 15 percent at

a relative humidity of 15 percent and high wind speed were reported.

A high correlation between evaporation loss and relative humidity was

observed, but vapor pressure deficit was not found to be significant.

George observed that evaporation losses were greater in the vicinity

of the sprinkler and near the extreme boundary of the wetted area than

in the intermediate zone.

Droplets near the sprinkler are generally small with large sur

face area per unit volume. The greatest water-to-air ratio occurs at

the outer edge of the wetted area, and these droplets have the longest

travel time. This observation provides insight about the importance

of the droplet size distribution of a sprinkler. If droplets were

primarily small, evaporation and drift losses would be expected to be

significant. On the other hand, if droplets were mostly large, these
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losses may be less significant, however, the energy associated with

larger droplets might cause runoff and erosion problems.

Kraus (1966) investigated water losses due to evaporation and

wind drift from medium-sized, single nozzle sprinklers under various

operating conditions. Based on conservation of mass, the following

equation was presented:

KEV,(C,-CI)

"sp = V—"V (i-"'

where:

3
Vsp = average volume of water discharged by one sprinkler, ft

3
= average volume of water collected in can i, ft

3
Vdr = average volume of water drift, ft

C^. = sodium content of water in can i, ppm

CI = sodium content of water in the lateral, ppm, and

K = ratio between the area of the field represented by one
can to its cross-sectional area

Results compared well with those of Frost and Schwalen (1961). Total

losses ranged from 3.4 to 17.0 percent for saturation deficits of 0.125

and 0.673 inches of mercury (0.061 and 0.33 psi), respectively. Kraus

concluded that evaporation losses are approximately proportional to

the saturation deficit or relative humidity with no obvious effects

due to radiation and wind.

Smith (1968) developed an analog simulation of evaporation from

droplets in flight. He used trajectory equations considering momentum
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change due to variations in both velocity and mass. He included an

evaporation function expressed in terms of the rate of change of drop

let diameter resulting from evaporation:

-(# (1-5)

where:

D = instantaneous diameter

aP = ratio of vapor pressure gradient between the air and the
droplet surface to the partial pressure of the air

K = the product of the prevailing temperature and the transfer
coefficient at the instantaneous velocity

The model was used to predict the effects of imposed velocity and eva

poration during flight upon initial and final diameter. The results

were inconclusive due to experimental difficulties, however, droplet

diameter was seen to decrease along the trajectory. This was most

pronounced for small droplets which possess more surface area per unit

volume than large droplets.

Seginer (1971) investigated the effects of geometric configura

tions of the irrigated area on water losses during sprinkling. His

model was based upon comparison between two sets of conditions: the

real one, and a standard one in which no evaporation or wind drift

occurred. He then defined the losses as the relative differences

between the standard and real conditions during a time period multi

plied by the sampling area. Losses were categorized as evaporation
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from the spray, evaporation from the ground, and wind drift. Seginer's

results showed a high correlation between water losses and both incom

ing radiation and air temperature. Seginer concluded that spray losses

are insignificant relative to drift losses.

Goering, Bode, and Genhardt (1973) incorporated the equations

developed by previous researchers (Ranz and Marshall, 1952; Smith,

1970) into a model for spray droplet deceleration and evaporation. The

results showed that evaporation of droplets in flight is inversely pro

portional to the diameter. This investigation was made for droplets

up to 135 micrometers in diameter with corresponding Reynolds numbers

up to 120.

Droplets of this size make up a very small percentage of the

total volume of water emitted from typical irrigation sprinklers.

Again, the importance of the droplet size distribution is stressed.

Kohl and Wright (1974) utilized psychrometric relationships to

predict the temperature drop and vapor pressure increase due to evapo

ration during sprinkling. The temperature drop and corresponding vapor

pressure increase were approximated by the following equations:

iT . (1-6)uhPjCp

Ae - e„2

m^jRHj EQp
+ w

100 uh .
m

—i (1-7)
100
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where:

AT = temperature drop, °C

E = evaporation, percent of discharge

Q = sprinkler discharge, 1/s/m line

ly = latent heat of vaporization of water, cal/gm
3

= density of water, gm/cm

u = mean wind speed at 2 meters, m/s

h = height, m

3
= density of air, gm/cm

a

Cp = heat capacity, cal/gm °C

Ae = vapor pressure increase, mb

®wl ~ saturation vapor pressure at T^, mb

e^2 ~ saturation vapor pressure at T2, mb

RHj = relative humidity at T^, percent, and

RH^ = relative humidity at T2, percent

They assumed evaporation loss of 5 percent, 20 percent relative humid

ity, 30 °C air temperature, and sprinkler discharge of 0.032 1/s per

meter of line. For these conditions, the maximum predicted tempera

ture drop and corresponding vapor pressure increase were 1.0 °C and

0.6 mb, respectively. Actual measurements in the field compared

closely with these predicted values.

Clark and Finley (1975) measured evaporation losses in the

Southern Plains of Texas by subtracting the amount of water collected

within the sprinkler pattern form the amount discharged. Losses were

highly correlated with wind speed and vapor pressure deficit. For
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low wind speeds (less than 4.5 m/s) the evaporation losses were gener

ally less than 10 percent, and vapor pressure deficit was the control

ling factor. Losses increased exponentially when the wind speed was

between 4.5 and 8.5 m/s with losses ranging from 10 to 30 percent. An

average value of 15 percent was determined to be descriptive of evapor

ation losses in the Southern Plains.

Nurnberger et al (1976) developed a mathematical model to pre

dict the microclimate modification of air near the ground by evapora

tion of an ultra-fine mist. Their model was based on the diffusion

equations for liquid water, water vapor, and heat. These equations

may be written in the following general form:

/ \ 9d) 9 K(z)|f + <t>(z,x) (1-8)

where:

u(z) = wind speed in the direction of mean flow

(|) = general diffusive property

K(z) = turbulent diffusivity profile

X = direction along the mean wind, and

z = height

Based on simultaneous solutions of the three diffusion equations using

the Patankar and Spalding control volume integral technique (Patankar

and Spalding, 1968), an evaporative cooling rate of 2 °C per gram of

water evaporated per cubic meter of air, and a maximum cooling of 20 °C

was predicted. In field tests the maximum observed cooling was 14.6 °C.
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Spurgeon, Thompson, and Gilley (1983) modified an equation

developed by Yazar (1980) which predicts above canopy spray evapora

tion loss using the electrical conductivity method. This approach

uses the fact that as evaporation occurs, the solute concentration

increases, thereby increasing the electrical conductivity of the

applied water. Evaporation losses may be estimated by the difference

between the electrical conductivity of the water at the crop canopy

and at the sprinkler. The resulting equation was written in terms of

wind speed and vapor pressure deficit:

E = 0.389e°-^^^" (1-9)

where:

E = evaporation as a percentage of the total amount applied

u = wind speed, m/s

VPD = vapor pressure deficit, mb, and

e = base of the natural logarithm

Observed losses were generally less than 10 percent of the total water

applied, although losses as high as 30 percent were observed for short

periods of time.

A simulation model to estimate kinetic energy, evaporation, and

wind drift was developed by Edling and Chowdhury (1984). They conducted

a series of tests to determine the effect of variations in wind speed,

air temperature, humidity, and nozzle height. Based on their model,

evaporation losses varied proportionally with air temperature, wind
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speed, and nozzle height. Evaporation was inversely proportional to

droplet size.

Frost Protection

Most of the work discussed thus far represents empirical devel

opments relating to evaporation losses during irrigation. A summary

of the results from the pertinent articles reviewed is shown in Table

1. There is obviously some disagreement about the magnitude of losses

as well as the factors which influence the process of evaporation dur

ing sprinkling. This serves as further justification for a better

understanding of the theoretical nature of the problem.

The reduction in temperature due to evaporation of water during

sprinkling may be utilized to relieve heat stress during hot dry

periods. In winter months, however, frost causes damage to many

orchards and vineyards. Ironically, the application of water to trees

and vines during cold weather can serve to protect the plants from

freezing. This is due to the fact that as water freezes, it releases

heat. When liquid water at 0 °C is changed to ice at 0 °C, 80 calories

of heat are released per gram (Solomon, 1984). This is known as the

heat of fusion of water.

In general, the amount of frost protection provided depends upon

the amount of water applied and the application rate. The frequency

of wetting and the speed of rotation of the sprinklers is also impor

tant from the standpoint of optimization (Wheaton and Kidder, 1974).

Early attempts were made to relate the application rate to the rate of



Table 1. Comparison of Evaporation Losses Reported by Various
Researchers.
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Investigation
Evaporation
Loss {%) Principal Factor(s)'

Christiansen (1942) 10 - 42 Radiation

Mather (1950) 4 - 30

Frost and Schwalen (1955) Up to 45 Vapor pressure deficit

George (1957) 2 - 15 Relative humidity

Kraus (1966) 3 - 17 Vapor pressure deficit;
humidity

Seginer (1971) <2 Radiation; air temperature

Kohl and Wright (1974) 5

Clark and Finley (1975) 15 Wind; vapor pressure deficit

Spurgeon et al. (1983) 10 - 30 Wind; vapor pressure deficit

^Meteorologic factors which
observed evaporation losses.

were highly correlated with
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heat loss from the plant (Perry et al., 1982). Businger (1965) and

Gerber and Harrison (1964) developed models to determine application

rates for frost protection for given atmospheric conditions. Both of

these models incorporated a heat balance which required that the appli

cation rate be sufficient to supply the heat of fusion necessary to

maintain a constant temperature above the critical value. Barfield,

Walton, and Lacey (1981) pointed out that the previous models did not

account for the effects of relative humidity. They included this

parameter by calculating the energy loss from an ice covered leaf.

The resulting model required that the rate of application of latent

energy replace the energy lost plus the water lost by evaporation.

Barfield et al. concluded that the error made in ignoring the effects

of humidity can be very large, and may result in an application rate

which is too low.

The timely operation of a sprinkler system designed for frost

protection is crucial. When the system is first turned on, a reduction

in temperature occurs due to evaporative cooling. The magnitude of

the drop depends on the relative humidity of the air (Wheaton and

Kidder, 1974). For this reason, the system should be started before

the air temperature reaches freezing. Once started, the system should

not be turned off until the wet bulb temperature is at least 34 °F, or

higher if the wind is blowing (Wheaton and Kidder, 1974). Data from

the San Joaquin Valley indicate that a range of 2-8 °F of protection

may be provided by sprinkling.
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Research Objectives

The overall objective of this research was to gain a better

understanding of the transfer processes which accompany the application

of water by irrigation systems. Emphasis was placed on the development

of underlying theory rather than the physical effects such that a sound

basis for evaluation and design could be established. The specific

objectives of this study were:

1. To develop theoretical equations which describe the simul

taneous diffusion of heat and mass in stagnant air;

2. To develop a generalized computer program to predict the

temperature and moisture response resulting from the simultaneous

diffusion of heat and mass in stagnant air;

3. To verify the accuracy of the model by comparison with

proven solutions and experimental data; and

4. To illustrate the use of the model for the specific appli

cation of droplets in flight.



CHAPTER II

DEVELOPMENT OF THE MODEL

Conceptual Approach

The ability to define a problem is limited by the ability to

conceptualize it. Therefore development of a mathematical model for

a physical system begins at the conceptual level. This requires a

basic understanding of the nature of the problem to be modeled.

Modification of the microclimate during sprinkling involves com

plex interactions among many factors. Inclusion of every interaction

in the initial stages of model development is not realistic. Therefore

a tradeoff exists between factors which should be included and those

which may be omitted. The primary objective of this research was to

develop a generalized atmospheric model which accounts for the diffu

sion of heat and mass in stagnant air. A decision was made not to

include the effects of wind in the initial model, however, it is hoped

that the effects of wind can eventually be incorporated. Based on the

stated objectives, the problem reduces to two processes: diffusion of

mass and diffusion of energy. The effects of these two processes are

changes in temperature and moisture content of the air. The approach

was to derive the governing equations based on conservation laws. The

resulting differential equations were then solved numerically and

expressed in a form suitable for coding into a computer. Having done

17
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this, the model was initiated by specifying some initial conditions

and monitoring the time response of the air temperature and moisture

content.

Mathematical Background

Derivation of Governing Equations

The ability to mathematically express and, subsequently, to

interpret the equations which describe system behavior is paramount to

the success of the model. Care should be taken in the selection of

system boundaries and in the making of assumptions. Inclusion of non-

essential components complicates the analysis, however, exclusion of

essential factors may result in erroneous results.

The first step in deriving the governing equations was to define

the system. The geometry chosen for this model was a two-dimensional

radially axi-symmetric system. This coordinate system is composed of

radial and vertical axes which are symmetric about the central axis.

Figure 1 illustrates this geometry and the elemental volume used in the

development of the governing equations. Conservation laws (in rate

form) for mass and energy were applied to this control volume to derive

the equations.

Conservation of mass. Consider the elemental volume shown in

Figure 1 as a control volume. A mass balance (in rate form) yields the

following terms:
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A A2 =2TrrAr

/

AZ

AAr = 2irrAz

AVOL = 27rr Ar AZ

Figure 1. Geometry and Elemental Volume Used in
Development of Governing Equations.



 

 

20

'"'gen ~ '"'out '"'stor (2-1)

where:

W = rate of change of the mass of water vapor

Win represents the rate of mass transfer into the system across system

boundaries. Mass transfer may occur as a result of gradients in four

quantities (Welty et al., 1976):

1. concentration

2. pressure

3. temperature (thermal diffusion or Soret Effect)

4. external forces

The effects of external forces, including gravity, were not considered

in this analysis. Pressure was assumed to remain constant within the

boundaries of the system, therefore this term was also neglected. The

transfer of mass by temperature gradient (i.e., thermal diffusion) is

important only when extreme temperature gradients are present (Grew and

Ibbs, 1952). Since this condition was not expected in this study,

thermal diffusion was assumed to be insignificant relative to diffusion

due to concentration gradients. Based on these simplifications, W^^

may then be written according to Pick's Law:

"in
'"w'

DA -
r Sr

9p

(2-2)
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where:

p = mass concentration (mass density) of water vapor
w

D = diffusion coefficient

= 2irrAz

= 2TrrAr, and

= position coordinates for a radially axi-symmetric system

Similarly, which represents the rate of mass transfer out of the

system across system boundaries, may be expressed as follows:

z

r,z

out
DA

9p
w

r 9r.
r+Ar

DA.
3P
_w
9Z

(2-3)
Z+AZ

The signs are negative in equations 2-2 and 2-3 because diffusion

occurs in the direction of decreasing concentration (Crank, 1975).

Wgen represents the rate of mass generation within the system.
Mass generation may be the result of chemical reactions or a change in

phase such as evaporation within the volume. It is usually expressed

as a rate per unit of volume:

= Vw'"gen
(2-4)

where:

w ' = rate of water vapor generation per unit volume

V = volume of the system (2iTrArAz)
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In this form, the actual mechanisms of phase change are not explicitly

being modeled. The generation term merely accounts for the specified

value of mass generation assuming it to be in the form of water vapor.

It would be possible to simulate the effects of a phase change by speci

fying the appropriate generation which satisfies the mass balance for

the phase change. This allowed the model to be developed in a very

general form while making provisions for specific applications.

Wstor accumulated within the system boundar
ies. This term is a measure of the capacitance of the system and is a

function of the system volume and time:

9P
W = V —
stor 3t

w
(2-5)

where:

V = system volume, and

t = time

Substitution of equations 2-2 through 2-5 into 2-1 and rearranging

terms gives the following expression:

3p
w

3t
DA

8p

r Tr

9P

w

rH-Ar

DA
3p

z Jz
w

DA
w

r 3r

3P.
DA
z 3z

Z-HAZ

Vw'" = 0 (2-6)
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If the actual expressions for A^, A^, and V are substituted into 2-6.

the resulting equation is:

3p

(2irrArAz) -
9p

D(2^rAz) ̂
r+Ar

9p
D(2TrrAr) ̂

Z+AZ

3p
D(2^rAz)

3p 
D(2iTrAr) ̂ - (2irrArAz)w''' = 0 (2-7)

The diffusion coefficient, D, is a function of pressure, temperature,

and system composition (Welty et al., 1976). Since the pressure was

assumed to remain constant, and the temperature range was assumed to

be small, the diffusion coefficient was assumed to be constant.

Rearranging terms and dividing by 2TrArAz, equation 2-7 becomes:

3P

3t "
3r

- D

r+Ar

9p

7r
w

Ar

9p

Jz
w

- D

Z+AZ

!!v
3Z

AZ
= 0 (2-8)

Taking limits as Ar, Az approach zero:

9P

TT
w

rw = 0 (2-9)
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Equation 2-9 is the equation for the conservation of mass for the

system.

Conservation of energy. Development of the equation for con

servation of energy followed the same procedure as that for conserva

tion of mass. For the control volume shown in Figure 1, application

of an energy balance yields the following terms:

^in ^gen ^out ̂  ̂ stor (2-10)

Energy transfer may take several forms. The most common form is heat,

which may occur by conduction, convection, and radiation (Carslaw and

Jaeger, 1959). While the mechanisms of radiation and convection are

potentially important effects, they were neglected at this stage of

development. The only remaining mechanism for heat transfer is conduc

tion. The driving force for conduction heat transfer is a temperature

difference. Another factor which must be accounted for, however, is

the change in internal energy which accompanies mass transfer into or

out of the system. This effect is related to the enthalpy of the dif

fusing media. may then be expressed as follows:

E. = q. + h W. (2-11)in ^in w in
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where:

q
in

■[KA^3T/8r]^ - [KA^8T/9z]^

"in = (from 2-2)

w

T

enthalpy of the water vapor, and

temperature of air-water vapor mixture

By substituting the equations for individual terms into 2-11, the rate

of energy transfer into the system can be written as follows:

^in K(2TyrAz) K(2irrAr) U
3z

9pDh„(2.r42) w

3p
Dh^(2TrrAr) w 1 (2-12)

Similarly, the rate of energy transfer out of the system

across system boundaries, may be expressed as shown below:

F = n + h Wout ^out w out (2-13)

where:

W

^out

out

T

-[KA^aT/sr]^^,^ - [KA^aT/az]^^^^
-[DA^apyar]^,,^ - [DA^apyaz]^,,^

enthalpy of the water vapor leaving the system, and

temperature of the air-water vapor mixture
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Substituting the equations for the individual terms into 2-13, the

expression for energy transfer out of the system becomes:

'out
K(2TTrAz)

r+Ar

K(27rrAr) ̂
Z+Az

9p
w

r+Ar

Dh„(2.rAr) ̂
Z+Az

(2-14)

The thermal conductivity is known to be a function of temperature.

However, as was the case for the diffusion coefficient, this property

was assumed to be constant since large variations in temperature were

not expected.

Egen is the rate of energy generated within the system and is a
function of the system volume. Like the mass generation term, it is

usually expressed as a rate per unit volume. In addition, the genera

tion of mass (w'"') within the system will result in a change in energy

due to the change in enthaply. Because of this fact, an additional

term must be included in the energy balance:

= Vg' "' + Vh, w'"' = 2TTrArAz(g''' + h,w''')gen ^ w w
(2-15)

where:

, 1 1 1 _

w'

w

rate of energy generation per unit volume

rate of mass generation per unit volume, and

enthalpy of water vapor at control volume temperature
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Note that an assumption was made that the temperature of the water

vapor present in the volume is the same as the temperature of the

control volume. This essentially requires that the air-water vapor

mixture be at the same temperature. Since diffusion rates for water

vapor in air are generally very low, this assumption should not intro

duce significant error.

Estor energy stored within the system and is a

function of the volume of the system and the specific heat of the

system material. Energy may be stored in both the air and the water

vapor within the system:

^stor ^ ^stor^.^ ^stor^ Q " ̂ a^a^ 3t 9t [ ̂w^^w] (2-16)

where:

p, = mass concentration of the air
a

= mass concentration of the water vapor

c^ = specific heat of the air
O

T = temperature, and

t = time

The second term in 2-15 can be expanded using the product rule as

follows:

It W



 

  

�

  

 

but:

9hy9T = specific heat of water vapor (c^)»

therefore:

28

It = V
9T

it ̂  '^W 9t
w

(2-18)

Substituting this result into 2-15:

Estor = (2-^ArAz)
9T . u

(^a^a ^ it ̂  ̂  -n
(2-19)

Substituting 2-12, 2-14, 2-15, and 2-19 into 2-11 and dividing through

by the volume 2TrrArAz:

9T

<i=a^a ^ si

9T

9r
- K

r+Ar

Ar

il
9r

r

r II
9Z

- K

Z+AZ

AZ

9T

^ 9Z

rh,
9p 1
—w 9r J + D rh

r+Ar

Ar

9p '
w

w 9r
rh

9p 
w

W 9Z
rh

Z+AZ

AZ

9p
W

W 9Z
J Z

= 0 (2-20)



 

 
 

 

Taking limits as Ar and Az approach zero:
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[ 91
9p

w

^ + P c,J ̂  + ha a w' 9t w at
- r(g" ' + h w" ')

w

- - ̂ 1? (--Il) - " I? ('•'•w 1?)
9P.

= 0 (2-21)

Expanding the last two terms in 2-21 using the product and chain rules,

the equation for conservation of energy may be written as follows:

(p = c^ +P..,c..,) It h,
a a ^w w' 9t w

9p
w

at - r (g'" + h^w'") - Kf^(r|I)

w az \ az.
(2-22)

Solution of Governing Equations

Solution of the governing equations involved a combination of

algebraic manipulations and numerical analysis. The nature of the

problem was particularly suited to the finite element method which has

rapidly gained prominence in recent years.
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Algebraic manipulations. Examination of the governing equations

reveals an interesting condition which was useful in the solution pro

cess. The mass equation (2-9) is independent of any energy terms.

The energy equation (2-22), however, is coupled with mass because a

change in enthalpy is associated with the transfer or generation of

mass. Using this information, the mass equation can be solved first

and the results substituted into the energy equation for purposes of

simplification. From equation 2-9,

i D ̂  fr + 1 D ̂  Trr 9r \ 9r/ r 9z \ az/

9Pw
^ = W" (2-23)

Substitution of 2-23 into 2-22 yields the following simplified energy

equation:

^ I? (-• I?)

. DC - DC ^(|I) = 0 (2-24)
w 9r\9r/ w 9z\9z/

In reality, the diffusion of heat and mass occurs simultaneously, and

the most desirable solution would be to solve the conservation equations

simultaneously. The simplified procedure used above introduces some
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error because it essentially uses the results from the mass equation

for a given time to update the energy equation at the same time. This

implies that the mass is constant for the duration of the time step.

If the time steps were not too large, this assumption would be reason

able. Therefore, care should be taken in selecting the times for which

solutions are desired.

Finite element analysis. The finite element method is a numer

ical analysis technique for obtaining approximate solutions to a wide

variety of problems. The need for such a method arises because of the

impossibility of obtaining exact analytical solutions to non-standard

problems. The basis of the method is to reduce a problem with an infin

ite number of unknowns to one of a finite nature by dividing the solu

tion region into elements. The unknown variables are then expressed

in terms of approximating functions within each element (Huebner, 1975).

The following list summarizes in general terms the steps involved in

using the finite element method (Huebner, 1975):

1. subdivide the solution region

2. select interpolation functions

3. find the element properties

4. assemble the element properties to obtain system equations,

and

5. solve the system equations
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Element geometry. For two dimensional problems, the

triangle is a particularly useful shape because groups of triangles

can be used to represent relatively complex geometries accurately

(Zienkiewicz and Morgan, 1983). In addition, the properties of tri

angular elements are well known. For these reasons, the three-node

triangular element geometry was chosen for this analysis. A typical

element of volume generated by revolving such an element about the

z-axis is shown in Figure 2. Notice that the nodes are lettered in

counter-clockwise direction. This procedure is primarily used to

maintain a sign convention and overall consistency throughout the

development of the element equations.

Interpolation functions. The choice of the interpola

tion functions used to approximate the unknown nodal values depends

upon the number of nodes assigned to the element, the nature and

number of unknowns at each node, and continuity requirements imposed

at the nodes and along element boundaries (Huebner, 1975). For the

linear triangular element chosen for this problem there were two

unknowns at each of the three nodes--concentration of water vapor and

temperature. Because they are easy to manipulate mathematically,

polynomials are the most common type of interpolation function

(Huebner, 1975). The simplest form is the linear polynomial which

may be expressed as follows:

N(x) = aQ + a^x (2-25)
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N k

-■A

Figure 2. Typical Element of Volume
Showing a Three-Node Linear
Triangle.
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For the two dimensional radially axi-symmetric system, the interpola

tion function for nodal concentration takes the following form:

N(r,2) = + ̂ 2^ (2-26)

Referring to Figure 2, the value of concentration for the element can

be approximated by interpolating among the values at the three nodes i,

j, and k:

p„ = = N,p, + NjPj + + ENX(t) (2-27)

where:

p® = the approximate value of concentration in the element

p® = the concentration of node n which is a function of time

= the interpolation functions for node n of a particular
element

The interpolation functions expressed in terms of the three nodes of

a triangular element are written as follows:

N® = 2^ (ai + b.r + c^.z) (2-28a)

"I = 21 ('j ̂  "j'- ^ '2-28b)

"k * "k'' ̂  "^k^'
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where:

A = area of an element in the r-z plane

a^, b^, = constants for a given element that can be
expressed in terms of the element's nodal posi
tion

As an example, consider the triangular element shown below.

k'^k

r, ,z
1'

r,,z
J1 J

The area of the element is given by the following formula;

2 S- - ̂ k' * '•j '^k - ̂ l' " '■k (^1 - (2-29)

The constants for the three nodes of the element are expressed in terms

of the position coordinates r and z:

^ ' "j'k - '■k^j' »J = '■k^i - S-^k! ^ = >"1^0 - >"0^1

"i ' ^j-^k' "j = ^k-^i- "k = ^i-^j

S ' ■"k-'-j- '=j = T-'k- <^k = "j"',-

(2-30b)

(2-30c)
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The approximate value of concentration for this element can then be

written in matrix form:

- e

Pw

' e ̂
Pi

J
e

Pk

(2-31)

Minimization technique. The governing equations must be

valid for any element. Substitution of the approximations for nodal

concentrations and temperatures in the respective equations introduces

error, and the equations will, in general, no longer be satisfied.

The solutions for concentrations and temperatures which minimize this

error are desired. Several minimization techniques are available for

this purpose, and the selection of a method depends upon the nature

of the problem. The Galerkin method, which is a weighted residual

approximation, was chosen. This method specifies that the residual,

or error introduced by approximating the unknowns, vanishes in an aver

age sense over the entire solution domain (Huebner, 1975). Specifi

cally, the integral of the product of the residual, R, and the approx

imating functions, N, over the volume of the element must vanish:

/'RN® dV for n i, j. k (2-32)
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If the residual were to be replaced by the differential equation it

represents, the approximating function for the mass equation would be:

3p
_W
3t

- w"' - D
9

ŵ D ^Pw
3r
2 r 3r

- D
w

3Z

Nn dV

for n = i, j, k (2-33)

Similarly, for the energy equation:

/ — \ 9T I I I |y 3^T K 3T 3^T
^ Vw' n - 9 —

3r
2 r 3r

3z

.DC ̂  ̂ - DC ^^w 3r 3r w 3Z 3z
N„ dV = 0
n

for n = i, j, k (2-34)

Using = [Nn]|Pn|' ̂ = [\] ["^n] ' = 2Trrdrdz:

/Mlt([^]H) -";7([M^n})-7lF([MH)
z r

drdz = 0 for n = i, j, k (2-35)
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for the mass equation, and:

2irr

z r

Pa'a ^ [^n] =w] It (["n] M) - S' - ^ J([ "n]['n])

- I l?([^] hnj) - ^ J([^] M) ([^] h])l?(["n] hn|)

|7([n„] lT„])j = »

for n = 1, j, k (2-36)

for the energy equation. Note that the same interpolating functions

were used in both equations. Since the element properties (i.e.,

coordinates, areas, and volumes) are dependent only on the grid chosen

for the problem, the values of the element properties are the same for

both equations.

Evaluation of integrals. Each of the terms in 2-35 and 2-36

was evaluated and written in a form suitable for coding into a computer.

Evaluations were performed term by term. The nodal values of concen

tration and temperature are functions of time only, while the inter

polation functions are functions of position only. Consequently, the

terms in 2-35 and 2-36 can be simplified:



� 
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at

lt([^]hn|) = ["njliri = ["nljT}

Ul^] bn = h[['.l bni ; li([Nn] {bnj) =
(2-37c)

([%] hi) = ^ N I T ; ̂  NJ T = ^ N 1 Tazv "n nar\ L n ;/ n az V n n nar

(2-37d)

The derivatives of the interpolation functions may be written as

follows:

ar[M = IfINi "j "k] = "o M (2-38a)

li[N„] = slsbjCk] (2-38b)

Since these terms are functions of either r or z:
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rdrdz = / dV = / 2^rdA = Z-nrA (2-39)Jj 2Trrdrdz = TdV = T
z r ye y-i

where:

r =
'■-1" " ■'k'

Matrix notation. Once all the terms in the governing equations

have been evaluated, the next step is to express them in a form suit

able for computer coding. Since the finite element method is based on

subdivision of the solution region, and since the interpolation func

tions allow expression of the unknown concentrations and temperatures

in terms of the nodal values, matrix notation was the logical choice.

A summary of the matrix expressions for each of the terms in the govern

ing equations is included in Appendix 1.



CHAPTER III

COMPUTER PROGRAM

Overview of the Program

A FORTRAN (FORTRAN H extended enhanced compiler) program was

written using the matrix expressions for the governing equations. The

program was developed in the most general manner possible to allow

maximum flexibility in application. The main section is essentially

a generalized core which includes the input of data, formation of

influence matrices for the mass equation and the constant portions of

the energy equation, matrix manipulations, integration subroutines,

and the output of results. Matrix manipulations and integration were

performed by IMSL FORTRAN subroutines. The integration subroutine

used was DVERK, a variable order, variable step Runge-Kutta technique

for initial value problems. A summary of the IMSL subroutines used

is included in Appendix 2.

In order to make the program as general as possible, the coding

for generation of mass and energy was placed in user-specified sub

routines. This would allow flexibility in the use of the model for

a variety of problems. As mentioned before, the model does not

directly account for changes of phase, however, the user may supply

the appropriate generation of heat and mass which satisfies the energy

and mass balances for a particular phase change. While this may appear

41
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to be a deficiency in the model, it was necessary to maintain gener

ality. The model can handle both constant and time-dependent genera

tion of heat and mass. Again, it is the user's responsibility to

modify the program to account for these specific applications.

Flow Chart of Program

Flow charts for the main program and the subroutines are shown

in Figures 3 through 6. A complete listing of the program and descrip

tion of the variables and arrays are included in Appendix 3.

The first step in any FORTRAN program is to dimension and declare

variables and arrays. The IMSL subroutines used for integration and

matrix manipulations require double precision representation. Another

peculiarity of these library subroutines is that the matrices have to

be dimensioned exactly to the number of nodes and elements used in the

grid chosen for a problem. Therefore, the dimension statements in the

main program as well as some of the subroutines must be redimensioned

for each grid.

The input data supplied from a separate program are read in the

next sections of the program. These data include information about the

grid being used (i.e., number of nodes, number of elements, element

numbers and nodal coordinates), specified boundary conditions, initial

conditions, values of constants, integration time step information,

and output specifications. The option of partitioning the problem

into two integration intervals with variable time steps is available.

This allows small integration steps to be specified for the period of
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Dimension Arrays

Read Input Data

Form Influence Matrix
for Concentration

Form Influence Matrix
for Mass Storage

Assemble System
Equations

Sort Matrices

Uncouple Equations

Call Concentration-

Dependent Subroutine

Loop for

Elements

Sort Matrices

Uncouple iquations

Solve for Nodal

Temperatures

Is

Current Time
A Value for

Yes
Write to Data File

t p u

T No

Reset Initial Time

No
New Time End?

Yes

Stop

Current Time

- Cutoff Time for

^^Interval?

Yes Use Large Incremental
Step

Tno

Use Small Incremental
Step

<
Increment Integration

Step

Solve for Nodal

Concentrations

Figure 3. Flow Chart of Main Program.
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Initialize Cumulative Arrays

Create Element Nodal Equations and

Calculate Constants

1
Form Constant Portion of Influence Matrices

for Temperature and Storage

i
Get Nodal Concentrations for Current

Element

Loop for

Elements

Form Concentration-Dependent Portion
of Influence Matrices for Temperature

and Storage

Assemble System Equations

Return

Figure 4. Flow Chart of Concentration-Dependent
Subroutine.
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start

Current Time Step
Initial Value for

Integration Interval?

Call Generation

Subroutine

Yes

No

Write Derivative Expressions

for Each Node

Return to DVERK

Figure 5. Flow Chart of User-Supplied Subroutine
for Derivative Expressions Used By
Integration Subroutine.
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Initialize Matrices

Create Element Nodal Equations
and Calculate Constants

User-Supplied Coding for Generation
(Rate/Volume)

Form Generation Influence Matrix

Assemble System Equations

Sort Matrices

Uncouple Matrices

Return

Loop for

Elements

Figure 6. Flow Chart of User-Specified Generation
Subroutines.
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time when the most changes are expected, after which larger steps may

be used when the rate of change is slower and accuracy requirements

are not so stringent. The user may also input the times for which

output is desired. The only stipulation is that these times must

correspond with a time step at which integration is performed.

The next sections deal with formation of the element influence

matrices for the mass equation and part of the energy equation. An

influence matrix is formed for each term in the governing equation

(i.e., storage, generation). Since the mass equation contains no

energy terms these calculations are performed only once for a specific

problem. Once the equations are written in terms of the three nodes

of an element, they are assembled into a master matrix. The dimension

of these master influence matrices is equal to the number of elements.

Since concentration and temperature are usually specified at

the boundaries, some of the respective nodal values are known and need

not be computed. Therefore, the next section is a sorting procedure

designed to partition the master influence matrices. New matrices

containing only the unknown values are formed for use in the solution

of unknown nodal values.

Matrix manipulations were used to uncouple the equations. This

process utilizes the properties of inversion, multiplication, eigen

values, and eigenvectors to express the governing equations as a set

of first order linear differential equations which could be integrated

and solved for unknown nodal concentrations and temperatures. Once

accomplished, the integration subroutine is called to perform the

actual solution.
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Since the energy equation contains terms which depend upon the

current concentration, a separate subroutine was used to form the

concentration-dependent influence matrices. Nodal concentrations from

the current time step are brought into this subroutine in order to

update the energy equation. This procedure places a restriction on

the selection of time steps because it assumes that the concentrations

remain constant for the duration of the time step. The larger the

interval, the poorer this assumption becomes.



CHAPTER IV

VERIFICATION OF THE MODEL

Verification of the model was performed in two stages: compar

ison with analytical solutions, and comparison with experimental data.

Both were necessary to verify the accuracy of the coding and to deter

mine the validity of the theory.

Comparison with Analytical Solutions

The classic text Conduction of Heat in Solids (Carslaw and

Jaeger, 1959) contains a wealth of solutions to conduction heat trans

fer problems. Because of the similarities between conduction heat

transfer and diffusion, some of these solutions provided an excellent

means of checking the accuracy of the computer coding. By comparing

results generated by the model with the analytical solutions to classic

problems in the text, the coding for conservation of mass and energy

could be tested. Two standard problems were especially useful in this

process. Both dealt with the flow of heat in an infinite cylinder.

The results were presented in dimensionless form so that comparisons

could easily be made.

Case One

The first case involved an infinite cylindrical chamber with

zero initial conditions (i.e., temperature or concentration) and its

49
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surface maintained at a constant value. Based on the shape of the

curves, an appropriate grid was chosen, and the problem was analyzed

with the model. The grid used is shown in Figure 7. Note that the

solution region was partitioned with non-uniform spacing. The greatest

changes occur near the outer boundary, therefore the mesh was graded

so that the finest spacing corresponded with this area. Model results

for both temperature and concentration were obtained, and the differ

ences between the two were inconsequential. Comparison of simulated

and actual results for temperatures are illustrated in Figure 8.

Results for concentrations were virtually identical. This problem

provided a means of checking the program to ensure that the specified

boundary conditions are enforced.

Case Two

The second case involved an infinite cylindrical chamber with

internal generation of heat or mass at a constant rate. Initial and

surface conditions were zero. The same grid as in the previous case

(Figure 7) was used for this problem. Again, the differences between

mass and energy results from the model were inconsequential. Compari

son of simulated and actual results for temperatures are shown in

Figure 9. Results for concentration were once again virtually identi

cal. This case provided a means of checking the coding for the gener

ation subroutines.
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Comparison with Experimental Data

The preceding discussion dealt with verification of the coding

for mass and energy conservation equations. This was necessary to be

sure that the equations were accurately transferred into computer

coding and to check the overall program logic. An additional verifi

cation which dealt with the accuracy of the theory in simulating exper

imental conditions was necessary. Only after comparing simulated

results with actual data could the validity of assumptions made in

the development of the model be determined.

Experimental Considerations

The objective of experimental work was to obtain actual data

with which simulated results could be compared. Several factors had

to be considered in the development of an experiment to meet this

objective. The first criterion dealt with the coordinate systen used

in the derivation of governing equations. In order to make valid com

parisons between experimental and simulated results, the control volume

used in the actual tests had to possess the same geometry as that used

in the model. In addition to the geometry, size of the control volume

was important. An ideal case would be a control volume of sufficient

size that the boundaries remain unaffected by internal and external

disturbances. This was necessary to enforce boundary conditions in

the model. Time-dependent boundary conditions could be specified, but

at this stage the desire was to maintain simplicity wherever possible.
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Another factor was the selection of appropriate instrumentation.

Parameters to be measured were temperature and mass concentration of

water vapor at various positions in the control volume. Number and

location of sensors had to correlate with the grid used to partition

the solution region. In addition to the sensors, a data acquisition

system was necessary to collect and store information.

Materials and Methods

All experimental work was conducted in the Soil and Water Labor

atory in the Agricultural Engineering Building at The University of

Tennessee, Knoxville. A cylindrical concrete chamber was used as the

control volume. The chamber was 1.52 m high and 5.66 m in diameter.

A schematic diagram of the chamber is shown in Figure 10. Note that

an irregularity existed in the cylindrical geometry at the top of the

tank. An access opening covered with steel plates extended along the

central axis. The opening was 0.61 m wide and 5.49 m long. A rectan

gular concrete beam extended into the top of the tank on either side

of the opening. The difference between the actual volume of the tank

and that of a true cylinder was only 1 percent so this irregularity

was assumed to be insignificant with respect to geometric distortion.

An initial test was performed to determine the uniformity of

temperature at the boundaries. Type T thermocouples were installed

at the floor--wall and ceiling--wall junctions at 90 degree intervals

and at the center. Temperatures were scanned with a Kaye Instruments

RAMP (remote analog multiplexing processor) scanner, model 128SS,
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Figure 10. Schematic Diagram of the Concrete Chamber
Used as a Control Volume.
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interfaced with an IBM Personal Computer. Boundary temperatures were

uniform from position to position and nearly constant with time. Addi

tional thermocouples were installed on two orthogonal radii offset 45

degrees from the access opening. This offset was to minimize the

number of thermocouple stations in the region of irregular geometry.

Seven radial and three vertical positions were used on each leg for

purposes of replication. Thermocouple locations are shown in Figure 11.

The mass concentration of water vapor could not be measured

directly. It can, however, be calculated using psychrometric proper

ties from the dry bulb temperature and relative humidity. For this

reason, hygrothermographs (Weather Measure Corporation, model H-302)

were used to monitor temeprature and humidity. This provided a second

method of temperature measurement. Because of a limited number of

hygrothermographs, all seven recorders were placed on one radius. The

accuracy gained by incorporating more observations on one radius was

felt to be more important than replicating results. Recorder stations

are marked with an "x" in Figure 11.

Results and Discussion

In early tests the chamber was initially exposed to ambient

conditions by leaving two of the metal plates open. The chamber was

then sealed by closing the plates, and temperature and humidity data

were monitored for a period of time. Examination of these data revealed

that the temperature remained constant while relative humidity

increased, rapidly at first, and then slowly approached an equilibrium
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Figure 11. Locations of Sensors in the Chamber -
"•" Marks Thermocouple Positions, "x"
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moisture content. These results implied that water vapor was leaking

into the chamber. Since the moisture content in the ambient air above

the chamber was lower than that inside, the only explanation was that

the moisture was being transferred through the concrete. The source

and precise location of the leak could not be determined. An attempt

was made to stop the leak by lining the inside of the chamber with 6

mil polyurethane plastic. The equilibrium moisture content was lowered

slightly, but the leak was not stopped.

Figure 12 shows the increase in moisture content over time at

two corresponding positions along the two radii before plastic was

installed. The difference between the two curves is small and is

probably caused by calibration error. Figure 13 shows the leakage

curve for similar initial conditions after the tank was lined with

plastic. The effect of the plastic was a decrease in the rate of

change and a lowering of the final equilibrium concentration.

The model was used to simulate the change in concentration due

to the leak by specifying the boundaries to be at the equilibrium con

centration estimated from Figure 12. Specification of temperature or

concentration at a boundary node results in a flux at that node. This

essentially causes a constant flux boundary condition to be enforced.

In this case, the equilibrium concentration was used to estimate the

flux due to the leak. The fact that the source and location of the

leak could not be determined complicated the simulation. It was not

logical to specify any influx from the air above the tank because the

interior of the chamber was at a higher concentration than the outside
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air. Several possible combinations involving floor and wall nodes

were simulated. The best results were obtained when the leak was

assumed to come uniformly through the wall. Comparison of actual and

simulated results for one position in the chamber is shown in Figure

14. The model curve (dashed line) shows a 2-hour lag before any

increase in concentration occurred. This position was located nearly

midway between the wall and the center. The flux was specified to be

entering through the wall, and consequently a finite period of time

was required to reach this node. A better comparison may be made by

removing this time lag in the model curve as shown in Figure 15. The

agreement between the two curves is encouraging and indicates that

the model is capable of predicting actual phenomena accurately. In

reality, however, the leak probably does not occur uniformly through

the wall alone. This analysis was not intended to explain the leak,

but it does help to verify the theory upon which the model was

developed.

An analysis of the sensitivity of the rate of change in concen

tration to the value of the diffusion coefficient was performed. For

the same initial and boundary conditions as before, three different

values for the diffusion coefficient of water vapor in air were used.

The values were arbitrarily chosen to bracket the published value of

2
0.093 m /hr at 26 °C. Results were shown in Figure 16. The expected

trend of increasing rate for higher diffusion coefficients is obvious.

The results indicate that even a 50 percent difference in the value of

the diffusion coefficient does not drastically alter the time response

of the mass concentration.
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Additional tests were performed in which the chamber was ini

tially dehumidified to a low relative humidity, sealed, and allowed to

reach equilibrium over a period of three days. A quantity of distilled

water at approximately the chamber temperature was then introduced into

a pan placed at the center of the chamber. Temperature and relative

humidity data were then monitored for 72 hours. This amount of time

was necessary to produce a chart of usable length due to the resolution

of the hygrothermograph paper. Simulations were performed for this case

by specifying the nodes occupied by the pan of water to be at satura

tion concentration for the water temperature. Examination of the

results revealed that a fundamental difference existed between what

was being modeled and what actually happened in the chamber. In the

model, the saturation concentration specified at the center node

implies that the moisture is already in vapor form. In the actual

experiment, however, a phase change took place as liquid water in the

pan evaporated. Thus the latent heat of vaporization was not accounted

for in the simulation. The phase change was not intended to be modeled,

and due to the fundamental differences which existed, no valid compari

sons could be made between actual and simulated results for this exper

iment.



CHAPTER V

EXAMPLE OF A SPECIFIC APPLICATION

Nature of the Problem

The model was intentionally developed in a general form to

allow flexibility in its application. An example of how the program

can be modified for a specific application is presented in this

chapter. It was desired to simulate the temperature and moisture

response in an area in which a rotating sprinkler was operating. The

expected effect of heat and mass transfer from the droplets in flight

was a lowering of the temperature and an increase in the moisture con

tent in the immediate vicinity. In order to model this problem, the

generation subroutines for heat and mass had to be modified to account

for transfer from the droplets. The time of rotation of the sprinkler

was assumed to be one minute. Consequently, the generation was time-

dependent. This fact complicated the analysis, however, with minor

modifications the simulation was performed.

Interaction of Finite Element Grid with

Droplet Trajectories

Simulation of the effects of heat and mass transfer from drop

lets in flight required the integration of droplet size distribution

and trajectory data with the mechanisms of heat and mass transfer.

67
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A distribution of droplet sizes is characteristic of irrigation

sprinkler nozzles. Operating pressure and nozzle size are the primary

system factors which affect this distribution. In order to accurately

predict the amount of heat and mass transfer which occurs, the size

distribution of droplets must be known. Chao (1969) found that the

rate of heat and mass transfer from a droplet to the surrounding fluid

is a function of the droplet radius to the three-halves power.

In addition to the droplet size distribution data, information

about the trajectories of the droplets was necessary to obtain accurate

results. Droplet size, operating pressure, and wind conditions are the

primary factors which affect the path of flight. Trajectory data for

droplet sizes between 0.2 mm and 6.0 mm in diameter were generated by

a modified version of the SINLE6 model developed by von Bernuth and

Gil ley (1984). This model uses a fourth order Runge-Kutta technique

to solve the governing ballistics equations. Input conditions were

275.5 Kilopascals (kPa) operating pressure, with a 25 degree trajectory

angle at the nozzle. Output included radial and vertical position

coordinates, resultant velocities, and angles for each dropelt size

at 0.2 mm increments. Trajectories for droplets at 1.0 mm increments

are shown in Figure 17. Resultant velocities of 1.0 mm size divisions

are shown in Figure 18.

Curve Fitting

Curve fitting technique was applied to the trajectory data to

obtain functional relationships between vertical and radial distance
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as well as resultant velocity and radial distance. A fourth-order

polynomial equation was found to be satisfactory for all droplet sizes

larger than 0.8 mm. The remaining sizes could not be fitted adequately

unless the data files were partitioned and fit in sections. The 0.2

mm droplet trajectory is nearly vertical after about 0.22 meter. A

linear relationship was used for this section. Comparisons between

fitted and actual position for two selected droplet sizes are shown

in Figures 19 and 20.

Element/Trajectory Analysis

The trajectory and velocity information was used to route the

droplets through a grid chosen for this problem. A FORTRAN program

was written to determine the elements through which each droplet size

would pass for the given conditions. In addition, the path length

and average velocity were computed for each element. With this informa

tion the time that a droplet was in each element could be calculated.

This was necessary in order to determine the amount of heat and mass

transfer occurring within an element.

Droplet Transfer Equations

The transfer of heat and mass from a droplet in flight is a

transient problem. Complications arise as a result of the high

Reynolds number associated with droplets emitted from sprinkler nozzles.

While numerous analyses have been performed for the case of small

Reynolds number, very few solutions were available for the large

Reynolds number case.
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Chao (1969), however, presented an enlightening analysis for

the transient response behavior of a fluid sphere with internal circu

lation under conditions of high Reynolds and Peclet numbers. The simi

larities between Chao's problem statement and corresponding assumptions

and the problem at hand were great. For this reason, Chao's equations

for heat and mass transfer from dropelts were adopted for use in the

model. The choice of these equations was merely for convenience in

illustrating the use of the user-supplied subroutines for a specific

application.

For large Reynolds and Peclet numbers (Pe = 2V^^gR/Kj), the

transient response behavior of the boundary layers was found to depend

on a single dimensionless parameter, Ut/R, where: U is the velocity;

t represents time; and R is the radius of the droplet (Chao, 1969).

When this parameter equals one, the growth of the boundary layers is

essentially complete. Considering a droplet with a radius of 2.0 mm

traveling at 10 m/s, this means that the boundary layer growth is

essentially complete after only 0.0002 second. The time of flight for

a droplet of this size is about 1.5 seconds. This implies that an

assumption of steady state conditions for heat and mass transfer would

be reasonable. According to Chao's analysis, the total rate of heat

transfer from the droplet to the outside fluid is:

o f 4/7 RK. (T -T )Pe^Q = 2TrR I q sin 6 d6 = ^ I (5.1)
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where:

R = droplet radius

K = thermal conductivity

= initial droplet temperature

= ambient temperature

B = ( K^C 2^ p ̂ /K2C2P2 )

Pe = 2V,,gR/k.

k = thermal diffusivity

IT

/T r sin^ 6 de
I = ^ i [{f-cos e) - l/3(f^-cos3 e)]^

0

f = F(0, Pe, time)

1,2 = subscripts referring to exterior and interior of droplet
respectively

For steady state conditions, I equals one and equation (5-1) reduces to:

4 / TT / 2 K, 3/2 1/2

"' ' '"9 w (=-2)

The analogous mass transfer rate is written as follows:

4/7/2'Di ,, w
" = (a.B) " "avg (S-CJ (5-3)
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The total amount of heat or mass transfer within an element for a

given droplet size would be equal to the product of the rate and the

time of flight. Using the information obtained from the element/

trajectory analysis, and knowing the doplet size distribution, the

total amount of heat transfer could be determined for every element

through which water passes. The total amount of heat or mass transfer

was calculated using the average element temperature or concentration

in equations (5-1) and (5-2).

Time-Dependent Generation

The equations for heat and mass transfer from the droplets were

coded into the appropriate generation subroutines. The next step was

to account for the intermittent nature of the presence of water due to

sprinkler rotation. The time required for a complete revolution of

the sprinkler was arbitrarily chosen to be one minute. For this reason,

the integration steps (i.e., times at which the integration subroutine

was called) were also chosen to be one minute. Considering only a

single radius of rotation, water would be present for only a small

portion of this time interval. Therefore, the integration subroutine

needed to be modified to account for this time-dependent generation.

The IMSL Subroutine DVERK could not be modified. However, to

use this subroutine, the user must supply an external subroutine in

which the derivative expressions to be solved for are given. This

subroutine was modified such that at the beginning of each new integra

tion step, the generation subroutine was called and the influence
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matrix was formed. Since DVERK uses a variable step method, the user

has no control over the trial steps which are used in the numerical

integration process. The easiest way to incorporate the time-dependent

nature of the generation was to express the magnitude of generation as

a mathematical function which could be built into the derivative

expressions. A pulse function would be ideal since it is on for a

finite period of time and off after the cutoff value. This function,

however, is difficult to express mathematically, and was not practical

for this problem. A negative exponential function is easily expressed

and may be scaled such that it simulates a pulse. By equating the

area under the negative exponential function with the total amount of

heat or mass transfer within an element, this function could be used

to represent the time-dependent generation.

Results and Discussion

The grid chosen for this problem contained 133 nodes and 216

elements (see Figure 21). The closest spacing was located in the

vicinity of the sprinkler because all droplet sizes pass through this

area. The outer boundaries of the region were assumed to be suffi

ciently far away that no temperature and concentration changes occurred

at those nodes. Initial conditions (i.e., prior to sprinkling) were

assumed to be 24.5 °C and 50 percent relative humidity at all nodes.

Constant boundary conditions of 24.5 °C and 0.01133 Kg/m^ (mass con

centration at 24.5 °C and 50 percent relative humidity) were specified

at the nodes along the top and side of the solution region. The
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temperature at the lower boundary nodes was held constant at 24.5 °C,

however, no concentrations were specified along this boundary. Under

normal circumstances, the ground would be wet in the vicinity of the

sprinkler. Evaporation from the ground is thought to be a significant

portion of the total losses during sprinkling. In order to isolate

the contribution of the droplets, it was necessary to assume that no

evaporation occurred from the ground. The most efficient means of

simulating this condition was to specify a mass flux of zero along

this boundary. If no concentration is specified at a node, a flux of

zero is automatically assigned to that node.

Two simulations were performed for two different water tempera

tures using the droplet size distribution shown in Table 2. In the

first case, the water temperature was equal to the initial air temper

ature. Nodal values of temperature and concentration were obtained

for a period of 6 hours. Variations in temperature were inconsequen

tial, however, changes in concentration were significant.

The concentration at nodes 3 and 4 increased from the initial

value of 0.01133 Kg/m^ to 0.023095 Kg/m^ and 0.023665 Kg/m^, respec

tively. These nodes lie immediately above and below the nozzle where

the largest volume of water is concentrated (Figure 21). The satura-
3

tion concentration for 24.5 °C is 0.01947 Kg/m . This value represents

the upper limit for mass transfer in vapor form. At this time, the

saturation concentration is not accounted for in the model, so values

3
larger than the saturated state are possible. If 0.01947 Kg/m were

taken as the upper limit for this problem, the maximum increase in con

centration at node 4 would be 71.9 percent rather than 108.9 percent.
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Table 2. Droplet Size Distribution Used in Simulations.

Size (mm) Frequency

0.2 324

0.4 330
0.6 421
0.8 390
1.0 362
1.2 227

1.4 148
1.6 83
1.8 66

2.0 40
2.2 35
2.4 15

2.6 19
2.8 13

3.0 6
3.2 7
3.4 6
3.6 2

3.8 2

4.0 1

4.2 3
4.4 1
4.6 1

4.8 0

5.0 0

5.2 0
5.4 1

5.6 0

5.8 0
6.0 0
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The model showed that the increase in concentration was less

significant as distance from the nozzle increased. This result is

related to the ballistics and the size distribution of droplets. Given

the same initial conditions (i.e., nozzle size, angle, and pressure),

large droplets will travel farther than small droplets. Most irriga

tion sprinkler nozzles are characterized by a distribution of droplet

sizes containing more small and intermediate sized droplets than large

droplets. Thus, the greatest changes in temperature or concentration

would be expected to occur near the sprinkler.

The second simulation represents the more realistic case in

which the water temperature is lower than the ambient air temperature.

Given this condition, an increase in the water vapor concentration and

a decrease in temperature would be expected over time. The initial

temperature and concentration were once again specified to be 24.5 °C
3

and 0.01133 Kg/m , respectively. Water temperature was chosen to be

18.3 °C and was assumed to remain constant. This is a simplification

which is likely to introduce error, however, since the objective of

this chapter was to illustrate the use of the model, this simplifica

tion seems reasonable. The general trends should still be valid.

Results for mass transfer were identical to those of the prev

ious simulation. This is to be expected since the mass equation is

independent of temperature. A slight temperature decrease was evident

over the 6 hour period. The maximum depression was 3.1 °C at node 4.

The changes in concentration and temperature became less significant

as distance from the sprinkler increased. A plot of the change in
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temperature with time is shown for selected nodal positions in Figure

22. The results indicate that the equations used to determine heat

and mass transfer from the droplets do not include the latent heat

associated with evaporation of water. Consequently, the temperature

changes only include effects of changes in sensible heat. In order to

model the effects of evaporative cooling from droplets more realisti

cally, the latent heat would need to be included. Additional cooling

would be expected if the latent heat were incorporated into the model.
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CHAPTER VI

SUMMARY AND CONCLUSIONS

Summary

The operation of irrigation sprinklers may cause changes in

the microclimate due to the effects of heat and mass transfer. A

theoretical model which accounts for the diffusion of heat and mass

in stagnant air was developed using equations for conservation of mass

and energy. The geometry used in development of the governing equa

tions was a two-dimensional radially axi-symmetric system. The

finite element method was employed to solve the governing equations

numerically. Element geometry was chosen to be a three-node linear

triangle, and linear interpolation functions were used to approximate

the value of the dependent variable in an element. Integration was

performed by the IMSL subroutine DVERK which uses a variable order,

variable step Runge-Kutta technique to solve a set of first order

linear differential equations.

The model was developed in a general form to allow maximum

flexibility in application. An example for adapting the program to a

specific application by modifying the appropriate subroutines is given.

The program was written in FORTRAN IV using the Fortran H extended

enhanced compiler.

84
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Since the mass equation was independent of temperature, the

solution procedure was to solve for nodal concentrations during a

given time interval and substitute the results into the energy equation

to solve for nodal temperatures for the same interval. Accuracy of

the coding and the theory was checked in two ways: comparison of

model results with analytical solutions; and comparison of model

results with experimental data.

Recommendations

Several improvements could be made which would increase the

flexibility and accuracy of the model. The present method of solution

places restrictions upon the size of the integration intervals. If

the intervals are chosen to be large, error may become significant due

to the assumption of constant nodal concentrations for the duration of

the interval. A simultaneous solution of both conservation equations

would be desirable, however, this was not feasible for the triangular

element geometry and linear interpolation functions due to memory and

execution time requirements. The use of a higher order element such

as a six node triangle or a general quadrilateral along with a higher

order approximating function would increase the accuracy of the solu

tion and consequently reduce the number of nodes required.

Another improvement would be the provision to compare nodal

concentrations with the saturation concentration at the current nodal

temperature. This would provide a means of determining when and where

condensation occurs within the solution region. Equations for
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saturation concentration as a function of temperature are available

which could be coded into the appropriate subroutines and used to

check values after each integration. Alternatively, actual values

could be interpolated from a data file in order to reduce the number

of computations. This process would increase execution time since

comparisons would probably be made after every integration, but the

value of the results may justify the reduction in speed.

Perhaps the most useful addition to the model would be the

ability to account for the effects of phase changes explicitly.

Modification of the microclimate involves changes in both sensible

and latent heat. If the model is to be used to simulate these kinds

of problems, provision should be made to include all pertinent energy

terms. Possible applications include evaporative cooling and frost

protection. In addition, the effects of external factors such as wind

and radiation would be desirable.

Conclusions

A major objective of this research was to maintain generality

in the development of a theory which would contribute to the under

standing of complex phenomena accompanying the operation of irrigation

sprinklers. While the present model may appear to possess deficien

cies, the suggested improvements would be of little value without the

general provision to account for the diffusion of the respective heat

or mass. In this sense, the objectives have been met. The close

agreement between simulated results and both analytical solutions and
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experimental data Indicates that the development of the theory is

correct. Simulations of actual conditions of sprinkling showed the

expected trends of temperature decrease and moisture content increase.

Additional testing and refinements should be made, and improvements

should be incorporated as the need arises. This work should be inter

preted as an initial step toward a better understanding of the complex

interactions between heat and mass transfer and their effects upon the

local environment. The next step in the research process is to eval

uate the information obtained in order to build upon the results.
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APPENDIX A

MATRIX NOTATION



 

 

SUMMARY OF MATRIX NOTATION FOR MASS EQUATION
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Element equations in matrix form:

[STME] {p}+ [CME] = {MGME} - {RHS}
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SUMMARY OF MATRIX NOTATION FOR ENERGY EQUATION
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Grouping like terms:

[SITE] = [STTEl] + [STTE2]

[TME] = [TMEl] + [TME2] + [TME3]

Element equations in matrix form:

[SITE] {T} + [TME] {T} = {QGME} - {RHS}
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IMSL SUBROUTINES

DVERK - Integration subroutine which solves a set of simultaneous
first order linear differential equations using a variable
order, variable step Runge-Kutta technique.

FCN - User-supplied subroutine containing the expressions for the
derivatives to be solved by DVERK.

LINV2F - Subroutine for matrix inversion.

VMULFF - Subroutine for matrix multiplication.

VMULFM - Subroutine for multiplying the transpose of a matrix by
another matrix.

EIGRF - Subroutine for determining the eigenvalues and eigenvectors
of a matrix.
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APPENDIX C

PROGRAM LISTING



 

 

 

C* *
*TRANSFER FCklRANC»

JOEL HALL

THIS PRuGRAM USES A FINITE ELEMENT ANALYSIS TO SIMULATE THE
SIMULTANEOUS DIFFUSION UF HEAT AND MASS THROUGH STAGNANT AIR.
THE GUVEkNING EtUATIONS INCLUDE CONSERVATIUN OF MASS ArJC
CUinSERVAT ION or ENERoY. THE FOLLOWING ASSUMPTIONS WEkE MACE
IN THE UEVELUPMENT OF THE GOVERNING EuUATICNSs

1.

2.

3.

A.

5.

6.

a.

CONSTANT TRANSFER COEFFICIENTS.
NO PRESSURE DIFFUSION.
NO THERMAL DIFFUSION (SOREI EFFECTJ.
EFFECT OF GRAVITY NEGLECTED.
HEAT TRANSFER BY CONDUCTICN ONLY,
STAGNANT AIR. AND

RmJIALLY AXISYMMETRIC GEOMETRY.

C»

C»

C» *

C

C PROGRAM description:

C

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

C DIMENSION ARRAYS AND DECLARE VARIABLES
C

C 178X17b IS THE BIGGEST ALLOWABLE ARRAY SIZE
C

C

C

NOTE; THESE ARRAYS MUST BE DIMENSIONED EXACTLY TO THE
NUMBER OF NouES USED IN THE GRID.

THE MASS

EVER THE

TRANSFER

INVULVES

EJUATION IS INDEPENDENT OF THE ENERGY EQCATIuN, HOW-
ENERGY EQUATION IS CDUPLEC CUE TO THE FACT THAT ENERuY
ACCOMPANIED MASS TRANSFER. THE METHOD OF SOLUTION
dOLVING the MASS EQUATION FOR NCDAL CCNCEf.TRAT IONS

AT A GIVEN TIML dTEP AND SUBSTITUTING THESE VALUES INTO
THE energy equation TO SOLVE FOR NCCAL TEMPERATURES AT THE
SAME TIME STEP. THUS THE TWO EQUATIONS ARE SOLVED ScPERATELY.
THIS PRwOEOURE ASSUMES THAT THE MASS REMAINS CONSTANT DURING
THE TIME STEP. CHOICE OF APPROPRIATE TIME STEPS IS THEREF>jRE
RELATED TO THE AoCUrACY OF THE SOLUTION.

C

C

C

C
DOUbLE PRECISION ST ML(63.63 I.STMINV(£ 3.63 I.CMAI 63.631.T(63)
DOUBLE PREUISION CEVEC(63.63J.CEINV(63.631 .STTL(63 . £3 I.CNu(6jJ
DOUBLE PRECISION TMLI 63.63 I.0ETKE163,£ 3J.CINIT(63J
DOUBLE PRECISION STL 1NVl63 .63 I.TMAI63.63 1 . TEVEC(63.63 I
DOUBLE PRECISION TEINV{63.63).CETG(63J.CETCE163.63)

100
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OOUbLE

OOObLE

OOUBLE

JOJdLE

REAL»a

PRECIS ION
PR EcISluN

PRECIS ION

PRECISION

MGML163J

CPBIM£(63).CNI63)fTETG(63)tTETCE{62,63)
TEIKE(63,63),TPKIME(63),TN(63),CML(63,63)

F163J ,G(63),RHST(63J,PHSL(63J,QGML(63J
CETCl63t63),TETC(63#e2)tTINIT(63)

CQMPLEX#io CE VECC(63.63),C£VAL(63),TEVECC(63,63),TEVAL(63J

C
***************** ******

C

DOUBLE PRECISION STTM(63,63),CMMI63,63J,TM(63,63)
DOUBLE PRECISION SIMM(63,63),WKAREAI 12000),TOL

DOUBLE PRECISION TMEI I 3.3),TME2I 3,3),SITE1(3,3 ) ,TME31 3,3),C(2A)

DOodLE precision TM£(b.3) ,STMEI3,3) ,CME(3,3) ,STTE20t3) , SITE (3,3)
DGuoLt PREt,ISION XC(o3),YC(63),RBAR(80J,DELI80)

DOUdlc precision XC£(3>,YCE(3),Bt80,3),CH(80,3 )
DOUBLE PRECISION u(80),K(63.9)

DOUBLE Precision ogmieo) .cnceis),cgmeo) ,og(80)
DOUoLE PRECIS ION 71,TTEND,CUT OFF,TSTEP,ISTEP2,TSTRT,TSTRT,ENTM
DOUBLE PRECISION A1,A2,A3,B1,B2,B3,C1,C2, C3,2BAR
DOUdLE precision CJNST.RH0A,CP,CA,PI,TM,TO,CNCO,rK(eO),0(80)
REAL^a MGME(3),MGMI63).MG(80),PSTEP(50),NNCNC

INTEGER NJDE(80,3),NN,NE,N,NGEN
INTEGER CNS(a3) ,N(JSC( 63) ,NTS( 63),N0ST{ 63)
INTEGER NNSC. NO, NRS CC , NCNC, Nk., IND, I Efi, 1DGT, NT, NNST
I NT c uE R GF L AG,N wS OT,KO^fKOT
EXTERNAL FCN1,FCN2
COMMOr, /TEMP/ TETCE .TETKE ,TETG,G,TSTRT2

COMMON /CUNC/ CETCE,CETKE,CETG,F,TSTRT
COMMON /GEN/ CEVEC.TEVEC,P.BAR,DEL,XC,NCSC,NuST , NwSOC, NnSwT , NN, NE

*,NODE t IE R

C

C

c

READ THt NUMBER OF SYSTEM NODES AND ELEMENTS

READ(21,*) NN.NE

«RITE(23.1035) NN,NE
kiRlTE(22 ,3A50)

INITIALIZE PARAMETERS

TSTRT=0.

DO 4 1=1,50

PSTEPI I ) = 0.

CONTINUE

NMAX=NN

GFLAG=0

CFLAG=0

NWS0C=0

NwSJT=0

NNST=0

NNSC=0

DO 9 1=1,NN

RHSLII)=0.

RHST(1)=0.

CNC(1 ) = 0.

T(1)=0.
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CINIT n J=0.

IIMT (I J = 0.

CPt<IME(IJ = 0.
TPRIMEtI 1=0.

MGM(JJ=0.

0GMIJ)=0.

UortL(IJ=0.

MGMLI n = 0.

NOSCl1)=3

NJSK J} = 0

NTS(I)=0

CNSlI)=0

o< n = o.

CEV-iL ( I ) = 0.
TEVAL m = 0.

CN(n=o.

TN(U =0.
F( I »=0.

G( IJ = 0.

CETGI1)=0.

7E1G1It=0.

XC(I)=0.
YCll)=0.

00 9 J=l,f,N

CMHlI.J)=0.

TM(I.JJ=0.
CMA(I,J)=0.

TMA(I.JJ=C.
CML1 I.JJ = 0.
STMMII,J)=0.

SITMt itJJ=0.

SIMIUV(I,JJ=0.

STLlNVUt JJ = 0.
STML(ItJ)=0.

STTLl1tJ»=0.
TMLIItJ)=0.

CEVECCt1tJ)=0.

IEVECC(ItJ)=0.
CfcVECJI.J)=0.

T£V£CIItJ)=0.
C£TC(I.Ji=0.
lETCIItJJ=0.

CtTCE I ItJ ) = 0 .
TtTCE{I.JJ=0.
CETKEIItJ)=0.
TETKE ( 11J 1 = 0 .

CEINVI 11J)=0 .

lEINVIItJ)=0.
CONTINUE

DO 10 I=lt3
XCE(I)=0.

VCE(I)=0.

MGMEI I)=0.

UGMEI n = 0.
CNCE(I)=0.
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OCJ 11 H=l,3
CM£n.M) = 0.

TME(I.M)=0.

TMEK I,MJ=0.

TME2(I

TME3( 1,M)=0.

STMEt I,M)=0.

STTEl(I,M)=0.

STTE2( l.MJ = 0 .
STTE(I.M)=0.

11 CUMINUE

DO 10 J=1,NE

B(J.11=0.
CH(J,11=0.

DEL1J)=0.

0(Jl=0.

TK(J)=0.

RBAR(J)=0.

NuDElJ.11=0.

Mo(J)=0.

0G(J1=0.

10 CONTINUE

C

C READ NODE NUMBERS AND NODAL COORDINATES
C

DO 15 I=1,NN

15 ktAUl21,»J J.XCIJJ.yClJJ

WR1TE123.10401

DO 20 1=1,NN

20 «klTE123. 1045J I.XCllJ.YCdl

C

C READ SYSTEM TOPCLCOY (ELEMENT NC. AND NODE NUMBERS
C IN COUNTEk-CLOCKilJSE FASHION STARTING AT ANY NODE I
C

DO 30 1=1.NE

30 READI21,»J J.N0DEIJ,H,N0JE(J.2).N0D£(J,j)
WRIT E(23,10501
DO 40 1=1.NE

40 »/klTE(23tl0551 I. NODE( I , 11, NODE (1. 2 1 .NGDL (1, 3)
C

C READ INITIAL NODAL TEMPERATURES AND CONCENTRATIONS
C

BEG=0.

rR1TE(23,1036)

READ(21.«) CNCC.TO

k.RlTEI2j.10371 CNCO.TO
DO 90 1=1.NN

T(I1=T0

CNCII)=CNCO
»RITE(22.3 5001 BEG,I.CNC11 1.T(1)

90 CONTINUE

C

C THE FoLLOWlNu SECTIONS DEAL WITH BOUNDARY CONDITIONS WHICH ARE TO

C BE ENFORCED DURING THE SOLUTION. TWO KINDS OF BOUNDARY CUNLITIONS
C MAY dE used: specified TEMPERATURE. AND SPECIFIED CUNCENTfATICN.
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C IF NEITHER IS SPECIFIEO, A FLUX OF ZERO IS ASSIUNEO TC THAT NCDE.
C
C kcAO SPcCIFlEJ TEMPERATURES AND NODE NUMBERS INTO A LIST
C

WRITE(23,106U

JO 55 1=1,NN
READ(21,#J NT.TNT
IflNT.EO.OI GO TC 65

NTSII»=NT

1(HTS(I)»=TNT
„RITEI 23,1062) I.NTSI I),T(NTS(I))

55 CONTINUE

C

C COUNT NoOES rJlTH SPECIFIED TEMPERATURE
C

65 NNST=I-1

C

C READ SPECIFIED CCNCENTRAT IONS AND NCDE NUMBERS INTC A LIST
C

»iRITE(23,1060)
DO 53 1=1,NN

READ121,»1 NCNC.NNCNC
Ir(NCNC.EO.O) oC TO 60
CNSI 1l=NoNC

CNuICNSII))=NNCNC
WRITE(23,1065) I,CNSI I).CNCICNSII) J

50 CONTINUE

C

C COUNT NODES HAVING SPECIFIED CONCENTRATION
C

63 NNSC=I-1

C

C SPtCIfV EXTERNAL FLUX AND CORRESPONCING NODES FCR CONCENTRATICN
C

hRITEI23,1080)

K0C=0

DO 70 I=1,NN
Du 6B J=1,NN

68 IFII.EO.CNSIJ)) GO TO 70
K(jC=KOC+I
NOSCIKOC)=I

UII)=0.
•R1TE(23,1065) KCC,1,0(1)

70 CCNTINUE
NwSaC=KOC

C

C SPECIFY EXTERNAL FLUX ANj CORRESPUNCInC NODES FOR ENEPi^Y
C

WRITE(23,1081)

K(jT=0

DO 71 1=1,NN
DO 69 J=1,NN

69 If I 1.EU.NTSIJ)) GO TO 71
KwT=KOT*l

NOSTIKOT)=I
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b( 11=0.
nRITE<23.10851 KUT,1,0111

71 CONTINUE
NtoSJl=KjT

C

C REAO THERMAL CUNOUCTIVITY FOR EACH ELEMENT
C

WR;TE(23.10701

DC 75 1=1.NE
k£AD121.»l J.TKlJl
WKIT£{23.»1 J.TK(J1

75 CONTINUE
C

C READ DIFFUSION COEFFICIENT FOR EACH ELEMEiJT
C

«RITE(23,10711

DU 80 1=1.NE

KEAD(21.*1 J.DIJl

l,RITE(23.#l J.DIJl

80 CONTINUE
C

C READ AIR AND t.ATER VAPOR PROPERTIES (OENSIT I £ S. SPEC IF IC HcATSl
C

kRlTEt23.10721

REAjI21.»l RHLA.CP.CA
WR1TEI23,1073) RHCA.CP.CA

C kEAD in INFORMATION FOR PARTITIONING THE INTEGRATION STEPS. ENTM
C IS THE ending TIME FOR THE PRUBLEM. CUTOFF IS THE VALUE OF TIME
C wHiCil PARTITIONS THE PROaLEM INTO TWO INTERVALS - FOR VALUES OF
C TIME LESS THAN THE SPECIFIED CUTOFF, A SMALL TIME STEP (TaTEF) IS
C USED; FUR TIMES AFTER THE CUTOFF, A LARGER TIME STEP (TSTcPEl IS
C USED. THIS ONLY REFERS TC TIMES WHEN THE INTEGRATION SUBf-jUTINE
C IS CALLED - THE USER HAS NO CONTROL OVER THE TIME STEPS THAT THE
C INTEGRATION SUBROUTINE USES.
C

READ 121.»1 ENTM,CUT0FF,TSTEP,TSTEP2
wRITEt23.10771
WRITE12J.1S7A) ENTM.CUTOFF,TSTEP,TSTFP2
TTENJ=TSTEP

C

C READ IN THE NUMBER OF PRINT STEPS AND THE DESIRED TIMES
C NOTE; THE VALUE OF TIMl FOR WHICH CUTPuT Is DESIRED HuST
C COINCIDE WITH A VALUE OF TIME FOR WHICH AN 11.TE GP AT 1CN
C WAS PEkFORMED.
c

KEaD 121.»1 NPRT
WRITE(a3,10751

DU 85 1=1.NPRT
kEAD(21.»l PSTEPdl
»KITE(2S.10761 I,PSTEPdl

85 CONTINUE
C

C CYCLE FOR EACH ELEMENT AND FORM SYSTEM MATRICES
C WHIlH are CONSTANT (ONE-TlMt CALCULAT IONS1
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DO 1^0 K=1.NE

C

C K IS ND»J THE ELEMENT NUMBER

C

XCE( U = XCINOUE<K, 1) J
XCE(2)=XC(NCD£1K,2J)
XC£( 3J = Xl,INGDE(K,3) J
XLEI l)=YCi;JQDE(K, 1) )

YCEI 2) = Yl.lNCDEIKt2) J
YCEI 3I = YC«NCDE(K,3n
Z6Ak=IYCElH+YCEI2)+YCEI3JI/3.
kBAR «K) = (XCEIIJ+XtE(2J♦XCEt 3J)/3.
Al = XCE12)»yCE(3 )-XCE(3»♦YCE(2)
A2=XCEl3J'»YCEt 1 J-XCE (1) *■ YCE( 3 )
A3=XCE(;)'»yCE12)-XCE(2)»YCE( U
tHK.U = YCE(2>-YCE(3I
aU.2) = YCE(3)-VCE(lI
o(K,3)=YCEI1)-YCE(2J
CH(K,1)=XCE(3)-XCE(2>
CH{K.2)=XCE(1)-XCE(3)
CH(K.3)=XCEl2J-XCEt1)
UELI KJ = C .5«DAbS((XC£(H«IYCE(2J-YC£(3) ) +

»XC£I2»»(YC£(3)-YCE(1J J +
»XCE(3I ♦lYCEI n-yC£I 21 11)

PI=3.1A15927
C
C FORM INFLUENCE MATRIX FOR CONCENTRATION
C

BI = Q(K.n
B2=b(K,2)
63-B(K.3)
C1=CH(K.1)
C2=CH(K.2J
C3=CHJK,3)
C0NST=I2.»P I*RBAR(K)»DlK))/(A.»CEL(K))
CMC I l,IJ = (Bl*Bl-fCl«ClJ«CuNST
CMEt i,2J=lBl*B2 + wl»C2)*CONST
CMEi l,3I=(iil*B3«-Cl«C3)»CGNST
CME(2tlJ=CME(1.2)
CKE(2.2)=(32«B2+C2#C2)»CONST
CME» 2,3) = ( L.2«t;3+C2»C3)»CON5T
CME(3.1)=CME(1.3)
CMEl3.2)=CME12.3)
CME(3.3)=lB3»B3+C3»o3)«C0NST

C
C FORM INFLUENCE MATRIX FOR STORAGE (MASS EJUATION)
C

C0N5T=PI#U£LlKl/33.
STMLII.!)=(A.»XCE(l)+6.»RBAKtK))»CGNST
STM£(1.2)=(XCE(1 X-XC E(2)+3 .»RoAR(K))♦CONST
STME(1.3) = (XCEI1 H-XlE(3)+3.»RSAR(K))^C0NST
STM£(2.1)=STME(1.2)
STMEI2,2)=(A.+XCE(2)+6.*RBAR(K)I♦CONST
STMEI2,3)=(XCE(2)*XuE(3)+3.»RaAk(K))♦CONST
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STMEOf 1) = STME(1 ,3i
STM£(3,2)=STME12.3)
STM£(3t3) = l'»-»XCEl3J +6.»KBAR (K ) 1 ♦CONST

ASSEMBLE SYSTEM EOUATJCNS FOR MASS - THIS PROCESS TAKES THE
VALUES FROM THE ELEMENT MATRICES (3X3) AND PUTS THEM IN THE
PhuPEk location in THE MASTER MATRIX (NNXNtJ).

DO 130 IE=1.3
I=NjDE(K.IEJ
uO 130 JE=1.3
J=NODE(K.JE)
CMMl I . J J=CMM II.Jl + CMEdE.JE)
STMM I I,JJ = STMM(I,J) + STME(IE.JE)

130 CONTINUE
C
C RECYCLE FOR NEXT ELEMENT
C

140 CONTINUE
C
C SORT CONSTANT MATRICES FOR KNO«N VALUES AND FORM NER MATRICES
C RHICH CAN BE SOLVED FOR UNKNORN NODAL CONCENTRATIONS
C

DO 133 I=lfNRSOC
INO=NOSCIIJ
CINIT( I ) = CNC(INO)
00 133 J=1,NNSC
JNT=CNSIJ)
RHSLII)=RHSL(I)-CMM(INO,JNT)^CNCIJNT)

133 CONTINUE
DC 134 I=1,NkS0C
INJ-=NOSC(I)
00 134 J=1.N«S0C
JNw=NJSC( J)
STMH I, J) = STMMl INC. UNO
CML(I.J)=CMM(INC,JNu)

134 CONTINUE
C
C PERFORM MATRIX MANIPULATIONS TO UNCOUPLE EQUATIONS
C

ID«T=5
1J03=2
L=1

CALL LINV2F ISTML.NWSOC.NMAX,STMINV,I DOT , RKAREA. I EP)
CALL VMULFF(STMINV,CHL.NWSOC,NWSCC,NWSQC,NMAX,NMAX,LMA,NMAX,1£R»
CALL EIORF(CMA,NhSaC.NMAX,IJCC,CEVALfCEVELC.NMAX,»»KAr:EA, lER)
DU 13S I=1,NRS0C
DO 135 J=1,N»S0C
CEVECII.J)=ORCAL(CEVECC( 1,J) )

135 CONTINUE
CALL LINV2F(CEVEC,N-SuC,NMAX,CEINV. IDCT,RKAREA,IER)
CALL VMULFM(CEVEC.ST ML,NWSOC.NHSCC.NrSOC,NMAX,NMAX,C£TC.NMAX,ItK1

CALL VMULFF (C ETC, CEV£C.N« SOC, NRSwC.NRSCC .NMAX, NMAX, L£ TOE . NMAX, U f, J
CALL VMULFMC CE VEC, CML ,NWS wC , Nft SOC, NRS Ci,, NMAX, NMAX, LET c, NMAX, Itf )

CALL VMULFF(CETC,CEVcC.NwSOL,Nrsee,NRSCC, NMAX,NMAX,CETK£, NMAX, IEF J
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CALL VMULFF< CEINV.CINIT.NnSUCf NrtSOCtL iNMAX.NMAX.CN.NVAX, lEP.J
CALL VMULFMi CEVECtRHSL. NrtSOC tNHS CC. L , NMAX , NMA X, F, NPAX, 1 EF.)

C

C CALL SUBROUTINE TO FORM CONC-DEPENOENT INFLUENCE MATRICES FCB ENERG
C

136 CALL CNCOEP(NE,NN,CP.CA,NODE,XC.D,TK,TM,STTM,CNC,
*RNOA.YC.btOEL.RBAR.CH)

C

C SORT OUT KNOaN VALUES AND FORM NEW MATRICES «HICH CAN BE USED TC
C SOLVE FOR UNKNOWN NCDAL TEMPERATURES.
C

DO 143 1=1.NN
RHST(IJ=0.

143 CONTINUE

141 DO 144 I=1,NWS0T

INO=NOST( 11

UNIT I n = T(I NO!

DO 144 J=ltNNST

JNT=NTS(J)
RHSTlIl = RHST11I-TMlI NO,JNT1»T( JNT)

144 CONTINUE
DO 145 I=l.NWSjT
inw=nost(n

DO 145 J=1,NWGUT

JNO=NOST(J)
STTLl l.J) = STTMtIND.JNJJ
TMLI1,J)=TM(INQ.JNOJ

145 CONTINUE
C

C INVERT capacitance MATRIX AND MULTIPLY BY STIFFNESS MATRIX GEN-
C ERATION matrix: GET EIGENVALUES AND EIGENECTORS AND PERFORM MATRIX
C MANIPULATIONS TC UNCOUPLE EGUATICNS
C

IDGT=5

IJ03=2

L=1

CALL LINV2F(STTL.NWSDT,NMAX.STL INV, ICGT.WKAREA, lES)
CALL VMULFFI STL INV.TML.NWSCT.NttSOT,NWSQT,NMAX.NMAX,TMA,NMAX,IE?)
CALL EIGkFITMA.NkSJT,NMAX,IJCB.TEVAL.TEVECC.NMAX.hKAREA,IER)
00 142 I=l.NHSaT
DO 142 J=1.NWS0T

TEV£C(I.J)=DREAL(TEVECCI I,J))

142 CONTINUE
CALL LINV2F ( TEVEC.NWSwT .NMAX ,TEI NV. IDGT , HK ARE A. I ER,)
CALL VMULFMITEVEC.STTL.NWSOT.NWSCT,NWSOT.NMAX .NMAX .TETl.NMAX, ItPJ

CALL VMULFF ( T ET C . TE VE C . NW S t, T . NW SOT . NWS CT . NMAX. NMAX . TE TCE . NM AX , IE K )
CALL VMULFMI TEVEC.TML .NWSCT.NWSOT,NWSCT . NMAX , NMAX , TE T C. NMAX , IEr\)

CALL VMULFFIT ETC.TEVEC.NWSOT.NWSOT.NkSGT,NMAX.NMAX.TETKE,NMAX,IEk)
CALL VMULFFIT EINV.TIN!T.NWSCT.N«S CT.L.NMAX.NMAX.TN.NMAX,It?)
CALL VMULFMITEVEC.RHST.NWSOT.NWSCT.L.NMAX.NMAX.G,NMAX.1ER)

C

C INITIALIZE FOR INTEGRATION SUBROUTINE FOR NODAL TEMPERATURES
C

TT=T5TRT

TSTRT2=TSTRT
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TJL=0.001
INO^l

C

C CALL INTEGRATION SUBROUTINE FOR NODAL TEMPERATURES
C

CALL UV£RK(NwS0T,FCN2.TT.TN.TTEND ,TOL t IND, C . NM AX, W, IEP. J
IF(IND.LT.O.OR.IER.GT.OJ GC TO 180

DU 152 I=I,NhSjT

T{N0ST(I))=0.

DO 152 J=1,NWS3T
TlNJjT(1))=TIN0ST(1))+TEVEC(I.Jl^TN(J)

152 CONTINUE

C

C INITIALIZE FOR INTEGRATION SUBROUTINE FOR NODAL CCNCENTr.ATlLNi
C

TT=TSTRT

TSTF.T2=TSTRT

TOL=O.OD1

1ND=1

C

C CALL INTEGRATION SUBROUTINE FOR NODAL CONCENTRATIONS
C

CALL DVERK(N,. SUC.FCNl ,TT,CN,TTEND,TOLiIND,CiNMAX,r(,IEF.)
IF(IND.LT.O.OR.IER.GT.O) GO TO I8C

DO 176 I=i.Nri5JC
CNC(NO£CU ) ) = 0.

DO 176 J=1,NWSDC
CNCCJDSCC IJ) = CNC<NOSC( H )*CEV£CII ,Jl*CNU)

l7o CONTINUE

C

C CHECK TO SEE IF CURRENT STEP IS ONE FOP. WHICH OUTPUT IS DESlt.EO. If
C IT IS WRITE TIMEf NODAL CCNC EBTR AT IONS i AND NODAL TEMP E r, AT JRES TO
C THE DATA FILE ON DISK.

C

DO 17A I=1,NPRT
IF(DABSITTEND-PSTEPII)).LE..COOII GOTO 175

17A CONTINUE
GO TO 178

175 DO 177 J=I.NN

WRIT El 22.3500) TTENu.J.CNCIJ).TIJI

177 CONTINUE

C

C RESET INITIAL VALUE TO OLD INTEGRATION STEP
C CHECK TO SEE WHICH INCREMENTAL TIME STEP TO USE AND_IKCREME NT
C the INTEGRATION STEP. CHECK TO SEE IF END TIME IS RlACHED AND
C EITHER STOP OR RETURN TO CONCENTRAT ICN-DEPENOENT SU3RCUTINE.
C

178 TSTRT=TTEND
IFlTTEND.GE.CUTOFF J TSTEP=TSTEP2
T TEND=TTEND+TST£P
IF(TTEND.GT.ENTM) GO TO 180

GO TO 136

C
*******************************************'*************** **'****"'

c
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C FORMAT STATEMENTS
C

1035 FuRMAT(5X,«NO. Of NODES=*.13.//.5X.•NO. OF ELEMENTS='tIJi//)
103t> fOKMATtSX,'initial CONC • ,5X, • INI TIAL TEMP',//)
1037 fORMATl3X.F10.4.3X,F10.A)
IOaJ FUKMAT(5X,*SUMMARY OF NOUAL COORD I NATES'.//t

»7X.•I■.12X,'X(I)•,I2X,'YII)',//)
10A5 FORMAT(5X.13.2(7X,F10.3»)
1050 F0RMAT(5X,'LISTING OF SYSTEM TOPOLOGY•,//f5X,

♦•ELEMENT NUMBER'.20X,•NODE NUMBERS',//!
1055 FORMAT(5XtI3tlOX,3I5X,I3! J
1060 FURMAT(7X,'NODES AHERE CONCENTRATICN IS SPECIFIED*.

»//,5X. 'I'.SX, 'NUDE' .SX.'CONCENTRATICN',//!
1065 FORMAT11X,I3,4X,I3,3X,F10.2)
1061 FORHATJ7X,»NODES wHEkE TEMPERATURE IS SPECIFIED",

»//.5X,•I',5X,'NUDE',5X,'TEMPERATURE',//!
1062 FuRMAT(IX.I3.AX ,I 3,3X,F10.2)
1071 FORMAT!5X,'SPECIFlED DIFFUSION COEFFICIENT'

♦ //.2X,'ELEMENT NO .',5X,'DIFFUSICN COEFFICIENT')
1070 FuRMAT(5x,'SPECIFIED THERMAL CONDUCTIVITY '

»//.2X,'ELEMENT NO.' ,5X,'THERMAL CCNDLCTI VITY')
1072 FURMATIlOX,'DENSITY',:0X,'SPECIFIC F EAT ' ,//, 5X, • H2C VAPCr.',

♦5X.•AIR',3X.'H20 VAPOR'.//)
107 3 FORMAT!3X,F 7.5,3X,F7.5,5X,F7.5)
107A FORMAT!2X,F10.A,3X,F10.A,3X,F10.A,3X,F10.A)
1077 FURMAT!5X,'TIME STEP IfJFORMAT ION',//,2X , • END T1 ME ', 3X, ' CUTOF F '

»3X.'SMALL TIME STEP',3X,'LAKGE TIME STEP',//)
1075 F0RMAT!5X.'PRINT STEP INFORMATICN',//,2X,'NO.•,5X,'T1 ME',//)
1076 FORMAT!5X,I3,2X,F10.A)
1080 F0RMATI5X,' NUDES WHERE MASS FLUX IS SPECIFIED',

♦ //.5X.'I',5X.'NODE',lOX,'FLUX',//)
1081 F0RMAT15X,' NODES WHERE ENERGY FLUX IS SPECIFIED',

♦ //.5X,'I•.5X , 'NODE',lOX,'FLUX',//)
10b5 FORMAT!5X,13,3X,I3,10X,F12.3)
201b F0RMATI1H1,5X,'GENERATION IS CONSTANT',//)
2017 FORMAT!IHl,5X,'GENERATICN IS TIME-DEFENDENT',//)
3A50 FORMAT!5X,'TIME',1 OX,•NUDE',10X,'CCNC',1 OX,•TEMP',//)
3500 Fw.RMAT! IX, F10.2, 5X , 13 , 5X,F 10.6 ,5X , F 10. 6)
180 STOP

END

***************************************** ****'^*
C
C iuBRGUT
C

SUBROUTINE FCNI!N.TT,CN, CPRI ME)
INTEGER N
DOUBLE PRECISION CETG163),CETCE!63,63),CETKE!63,63),F!63)
DOUBLE PRECISION CPRIME!N),CNIN),TT,TSTRT
COMMON /CONC/ CETCE.CETKE,CETG,F,TSTRT

C
c
c
c

c

CALL GENERATION SUBROOTINE MGEN WHICH IS SET
DETERMINE THE MASS GENERATION IRATE PER UNIT
ELEMENT) FOR THE SPECIFIC APPLICATION.

UP BY THE USER TC
VOLUME FCR EACH



 
 
 

 

 

 

 

Ill

IFdT.EO.TSTRTJ CALL MGEN<TT,CETC)
Du 10 1=1tN
CPRIMEJ n = {-CETKEI J, I )«C N il) ♦GET G (I) ♦? (1 ) )/CE TCE ( 1 11 J

10 CONTINUE
RETURN
END

C
********************** ************

C
SUBROUTINE FCN2tN.TT,TN,TPRIMEJ
INTEGER N
DOUBLE PkECISION TETG(63)fTETCE(63,fc3),T£TKE(63,63JtG(63 I
DOUBLE PRECISION TPRIME(N),TN(NJ,TT,TSTRT2
CuMMuN /TEMP/ TETCE,TETKE ,TETG,G,TSTRT2

C
C CALL GENERATION SUSRuJTINE OGEN WHICH IS SET UP BY THE USER TL
C DETERMINE THE ENERGY GENERATION (RATE PER UNIT VOLUME FOR EACH
C ELEMENT! FOR THE SPECIFIC APPLICATICN.
C

IF(TT.Eu.TSTRT2» CALL OGENITT,TETG)
00 10 1 = 1.N
TPRIMEI H = (-TETK£I I, I)»TNI I)+TETG( I i*G( I) I /TE TCE( 1 ,I »

10 CONTINUE
RETURN
END

C
C SubROUTI NE CHLUEP**************************************"***********-*
C

SUBROUTINE CNCDEPINt,NN,CP,CA,NCDE,XC,0,TK,TM,STTK,CNC,
♦ RtlGA, Y C.B.DEL .R BAR, CH)

DOUBLE PRECISION STTM(NN.NNJ.TM(NN.NM . CP. CA.RHGA.B1. B2 .33
DOUBLE PRECISION C1.C2.C3
DOUBLE Precision TME1(3.3).TME2(3.3).TME3(3.3).TMEI3.3)
DOUBLE PRECISION STTE2{3.31.STTE(3.3J.STTE1(3.3J.PI.CONST
DOUBLE PRECISION DEL(NEI.RBAR(NEI.0(NE),TK(NE).b(NE.2).CNC(NNJ
double PRECISIuN XCEI3) .YCE(3J.CH(NE.3).YCINN).XC(NNJ.CNCE(2 J
INTEGER N0DE(NE,3J
PI=3.1A15927

C
C INITIALIZE THERMAL STIFFNESS AND THERMAL CAPACITANCE MATRICES
C

DO 5 I=1.NN
DO 5 J=I.NN
TM( I.JJ=0.
STTMd .U) = 0.

5 CONTINUE

C
C START LOOP FOR ELEMENTS AND FORM ELEMENT NODAL ESUATICNS
C

DO 10 K=1.NE
XCE( l) = XC(NGDE(K.l))
XCE(2)=XC(NaOEIK.2J J
XCE(3)=XC(N0DE(K,3J)
YCE( n = yC(NCDE(K,lJ )
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YCti 2J=YCJNC0E(K,2))
Yl,E( 3J = yC(N0DE(K,3) )

B1=B1K.1J

B2=3(K,2)

B3=B(K.3J
C1 = CH(K,H

C2=CH(K.2J

C3=CH(K.3J

C

C fURM CONSTANT PORTION INFLUENCE MATRIX fCP, TEMPERATURE
C

CONST=PI»TK(K)*KbAR(K)/(2.«OEL(K»)
TME 1(1,11= I61*bH-CI»Cl I*CONST

TMEKl .2)= I31»a2+C1«C2)#C0NST

TME 11 1,3)= (B1»B3 + C1'*C3) ♦CONST
TME1(2,1)=TME1(1.2)
TME 1(2,2)= (B2 + B,;+C2^C2) ♦CONST
TME1(2,3)=(B2^B3+C2^C3)♦CONST
TMEl(3,l)=TMEill,3)
TM£1(3,2)=TME112,3)
TME1(3,3)=(B3^B3+C3^C3)^CONST

C
C FORM partial INFLUENCE MATRIX FOR STORAGE (ENERGY EOUATICN)
C

CCNST=P1^RHCA^CA^CEL(K)/30.
STTE 1(1,1)= ('..♦XCEl 1)+6.^RBAR(K))^CCNST
STTEil 1,2)=(XCE(1)+XCE(2)-»3.^REAR(K) )^CONST
STTE1(1.3)=(XCE(l)+XCE(3)*3-^REAk(K))^C0NST
STTE1(2,1)=STTE1(1,2)
STTE1(2,2)=(A.^XCEl2)+6.♦RBARIK))^CCNST
STTE1(2,3)=(XCE12)+XCE(3)+3 .♦REAR(K)(♦CONST
STTE113,1)=STTE1(1,3)
STTE1(3.2)=STTE1(2,3)
STTE1(3,3)=(A.♦XCEl3)+6.♦RBARIK))♦CONST

C
C GET NOOAL CuNCENTRATlCNS FOR CURRENT ELEMENT
C
15 OJ 20 IE=1.3

I=NODEIK,IE)
CNC£( IE) = CNC(I)

20 CONTINUE
C
C FORM CONCENTRATION DEPENDENT INFLUENCE MATRIX FOR TEMPERATURE
C

CONST=(PI^D(KJ^CP)/ (2A.^0EL(K))^(b1^CNCE( 1 )+B2^CNCE(2)+tJ3^CNC£ (3))
TKE2(l,l)=lbl+(XCE(l(♦3-^RBAR(K)))♦CONST
TME2(1,2)=(B2^(XCEl1)+3.^RBAR(K)))♦CONST
TME211,3)=(B3^(XCEl1)+3.♦RBAK(K) ))♦CCNST
TME2(2,1)=(B1^(XCE(2)+3.^RBAR(K) ))♦CCNST
TME2(2,2)=(B2^(XCEl2)+3.♦RBAR(K))(♦CONST
TME2(2,3)=(B3^(XCE(2)*3,^RBAR(K)))♦CCNST
TME2( 3,l) = (Bl^(XCE(3)>-3.+RBAR(K) )) ♦CCNST
TME2(3,2)=(32^(XCE(3)+3.^RtAR(K)))♦CCNST
TMt2(3.3)=(33^(XC£I3)+3.^RaAR(K)((♦CCNST

C0NST=(P1^D(K(♦CP)/12A.^DEL(K))♦(Cl^CNCEI1)+C2^CNCE(2)+C3^CNCE(3) 1
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SITMtl,JJ = STTM( 1,J)+STTE(lEiJEJ
25 CCiJTINUE

10 COMINUE

tELAG=l

HETURN

END

C
********************** ******

c

C THE FOLLDrtING SUBROUTINES ARE TC BE SET UP BY THE USER FCR EACH
C SPECIFIC APPLICATION. IT IS IMPORTANT TC REALIZE THAT SINCE THE
C MODEL DUES NOT ACCOUNT FOR CHANGES IN PHASE, THE USER IS RESPLNSISLc
C FOR SPECIFYING THE AfPRuPRIATE ENERGY AND MASS GENERATION whICH
C SATISFY THE ENERGY AND MASS BALANCE FOR THE SYSTEM.
C

C SUbROUT INE fMjE.H* ****** *****************^***** * ******* **********
C

C SUBROUTINE FOR MASS GENERATION WHICH IS CALLED DURING EACF
C INTEGRATION STEP FROM SUBROUTINE FCNl. THE USER MUST SUPPLY
C THE CODING FOR THE RATE OF GENERATION PER UNIT VOLUME IN EACH
C ELEMENT FCR A SPECIFIC APPLIOATICN. THESE VALUES SHOULD BE
C STORED IN THE ARRAY MGIK) WHICH IS DIMENSIONED TO TEE NUMqEh
C OF ELEMENTS IN THE GRID. ONCE THIS ARRAY IS FORMED, THE FRC-
C GRAM ACCOUNTS FOR THE DIFFUSION OF THIS MASS INTO TFE AIR.
C

c

SUBROUTINE MGENITT,CETG»

DOUBLE PRECISION DEL I 80J,XCI63),XCEI 3),RBARI 80),0EVEC(63 ,63J
DOUBLE PRECISION PI,CONST,TEVECI63,631,GETGI63 I,TT
REAL*8 Mv,M(63J ,MGMEI3J,MG(80J,MGML(63)

INTEGER NODE 180.3J,NUSCI 63),NO ST(63J,lER,NN,NE,NWSCT,NnSCC
COMMON /g£N/ CEVEC,TEVEC,RBAR,DEL,XC,NOSC,NCST,NhSCO,NhSCT,Ni,,N£

♦.NODE.lER
PI=3. 1A15927
L=1
NMAX=NN
Do 5 1=1.NN
MGMII1=0.

5 CONTINUE
C
C STmRT loop FCR ELEMENTS AND FORM ELEMENT NODAL EQUATIONS
C

DO 10 K=1,NE
XCEm = XC(NODE(K,l)J
XCEI2)=XC(NOOE(K.2)»
XCE(3)=XC(N0 0E(K,3n

c
C USER SUPPLIED CODING FCR ELEMENT MASS GENERATION (RATE PER UNIT
C VOLUME.
C

********************** ************ *******************************

c
MG(K)=0.

C
C** ♦»♦♦»♦♦♦♦♦♦♦♦♦♦»♦♦♦»♦»♦♦»»♦»**»*»♦*»**»*♦**»***»*
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c
c fokm influence matrix for mass generatjcn
c

CONST«PI«MG(K)^DEL(K)/2.
MGME I 1)=C0NST»(RSAR(K) + XCEI1)/3.J
MGME(2) = C0NST«IRBAR(K)+XCEt 2)/3.)
MGMEI3)=CUNST*IRDAR(KI+XCEI3J/3.)

C

C ASSEMBLE SYSTEM EuUATIGNS
C

DO 15 IE=I.3
I=NOOE(K.IE)

MGMlI)=MGM(I)+MGML(IE)
15 CONTINUE
10 CONTINUE

DO 20 I = 1,N.JS0C
INU=NGSC( I)

MGML( I)=MGM(INO)

20 CONTINUE
CALL VMJlFMI CEVEC.MGML. N«/S0C tNWSCCtL tNMAX tNMAX.CETGf NKAX, lEKI
RETURN

END

C

C SUBROUTINE Qi.tu***********'*************'**************
C

C SUBROUTINE FOR HEAT GENERATION WHICH IS CALLED DURI^G EACH
C INTEGRATION STEP FROM SUBROUTINE FCN2. THE USER MUST SUPPLY
C THE CUUING FOR THE RATE OF GENERATION PER UNIT VQLUHE IN LACh
C ELEMcNT FOR A SPECIFIC APPLICATION. THESE VALUES SHCULD BE
C STuRED IN THE ARRAY OGIK) WHICH IS DIMENSIONED TO ThE NUMBER
C OF ELEMENTS IN THE GRID. ONCE THIS ARRAY IS FCRMEDt ThE^FRC-
C GRAM ACCOUNTS FDR THE DIFFUSION OF THIS HEAT INTO THE AIR.
C

SUBROUTINE CGEN(TT,TETG)
DOUBLE PRECISION DEL(80),XCl63).XCE(3J,RBAR(80),CEVEC(oBtSB)
DOUBLE PRECISION P I,CONST,TEVECl 63,63),TETG(63).TT
double precision DGMIo3) »OGMEI 3)tOG(8011UoML(63)
I.^TEGER NODE (80. 3) .NOSC ( 63). NO ST (63) . lEP. f NN.HE .NwSCT .NftS CL
COMMON /GEN/ CEVEC.T EVEC,KBAR,DEL.XC.NOSC,NwST.NnSCC.rN.ScT,NN,

♦.NODE.JER
PI=3.1A15927
L=1
NMAX=NN
00 5 1=1.NN
CiGM( I ) = 0.

5 CONTINUE
C
C STAivT LOOP FOR ELEMENTS AnD FORM ELEMENT NODAL EQUATIONS
C

00 10 K=1.NE
XCEd ) = XC(NOJE(K.I))
XCE(2)=XC(N0DE(K,2))
XCE(3)=XC(NDDE(K.3))

C USER SUPPLIED COOING FOR ELEMENT MASS GENERATION (RATE PER UNIT
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C VOLUME.
C

********************************************************* *******
c

OG(K}=C.

C

C

C FORM INFLUENCE MATRIX FOR MASS GENERATICN
C

CONST=PI«aG(K)»DtLt K)/2.
UGMEm = CaNST«tRLlAR tK) + XCE( l)/3.)
OGME(2) = C0NST»(R3AR(K)♦XCE(2 I/3.I
OGMcI3) = CCNST»t RbARIK)+XC£(31/3.J

C
C assemble system EJUATIONS
c

DO 15 IE=I.3
I=NuDE(K.lEJ
uGMII )=OGMl1I+DGME(IE)

15 CONTINUE
10 CONTINUE

DO 20 I=l.NHSuT
INu=UUSTII)
uoMLI I)=0GM1INO)

20 CONTINUE
CALL VMULFMITEVEC.OGML.NttSOT,NMSCT.L fNMAXiNMAXtTETGt NMAX,lER)
RETURtJ
END



SUMMARY OF VARIABLES AND ARRAYS
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Description Mass Energy

1. Dependent variable after integration CNC T

2. Derivative of dependent variable with time CPRIME TPRIME

3. Sorted array of dependent variables which
are solved for during integration CN TN

4. Sorted initial values of dependent vari
ables used to get initial values of TN
and CN CINIT UNIT

5. Element stiffness matrix CME TME
constant portion TMEl
concentration-dependent portion TME2,TME3

6. Assembled stiffness matrix CMM TM

7. Sorted assembled stiffness matrix CML TML

8. Element capacitance matrix STME STTE
constant portion STTEl
concentration-dependent portion STTE2

9. Assembled capacitance matrix STMM STMM

10. Sorted assembled capacitance matrix STML STTL

11. Generation (rate/volume) MG QG

12. Element influence matrix for generation MGME QGME

13. Assembled influence matrix for generation MGM QGM

14. Sorted assembled influence matrix for gen. MGML QGML

15. Element nodal temperature TE

17. Diffusion coefficient D

18. Thermal conductivity TK



Description Mass

19. Sorted right-hand-side matrix (fluxes) RHSL

20. Inverse of sorted assembled capacitance
matrix STMINV

21. Stiffness matrix times inverse of capaci
tance matrix CMA

22. Eigenvalues of (21) CEVAL

23. Eigenvectors of (21) CEVEC

24. Inverse of eigenvectors CEINV

25. Product of eigenvectors and capacitance
matrix (also product of eigenvectors and
stiffness matrix - intermediate calcula
tions using common memory) CETC

26. Product of (25) and eigenvectors CETCE

27. Product of (19) and eigenvectors F

28. Product of sorted generation matrix
and eigenvectors CETG

29. Number of nodes with specified conc/temp NNSC

30. List of nodes with specified conc/temp CNS

31. Specified temp/conc NNCNC

32. Node with specified temp/conc NCNC

33. Specified flux KQC

34. Number of nodes with specified flux NWSQC

35. List of nodes with specified flux NQSC

36. Number of nodes in grid NN

37. Number of elements in grid NE

38. Specified flux Q
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Energy

RHST

STLINV

TMA

TEVAL

TEVEC

TEINV

TETC

TETCE

G

TETG

NNST

NTS

TNT

NT

KQT

NWSQT

NQST

NN

NE

Q



Description

39. Area of element

40. Volume of element

41. List of nodes for each element

42. Element nodal r-coordinate

43. Element nodal z-coordinate

44. Assembled list of nodal r-coordinates

45. Assembled list of nodal z-coordinates

46. R-coordinate of element centroid

47. Z-coordinate of element centroid

48. Ending time for problem

49. Right side of integration interval

50. Initial time (left side) of integration
interval

51. Cutoff value for partitioning problem
into two parts:

for 0<t>CUT0FF - use small steps
for CUTOFF <t>ENTM - use large time

steps

52. Value of small time step

53. Value of large time step

54. Time steps used within integration sub
routine

55. Convergence criteria for integration

56. Constants for elements

Mass

DEL

VOL

NODE

XCE

YCE

XC

YC

REAR

ZBAR

ENTM

TTEND

TSTRT

CUTOFF

TSTEP

TSTEP2

TT

TOL

A1,A2,A3,
B1,B2.B3
C1,C2,C3
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Energy

DEL

VOL

NODE

XCE

YCE

XC

YC

RBAR

ZBAR

ENTM

TTEND

TSTRT

CUTOFF

TSTEP

TSTEP2

TT

TOL

A1,A2,A3,
B1,B2,B3
C1,C2,C3

57. Master matrix of constants B,CH B,CH



Description Mass

58. Density of air RHOA

59. Specific heat of air CA

60. Specific heat of water vapor CP

61. Initial nodal temp/conc CNCO.TO

62. Number of times for printout NPRT

63. Values of time for printout PSTEP

64. Work area matrix for IMSL subroutines WKAREA

65. Work space matrix for integration
subroutine W

66. Communications vector for integration
subroutine C

67. Error parameter for IMSL subroutines lER

68. Parameter for eigenvalue/eigenvector
subroutine UOB

69. Accuracy parameter for IMSL subroutines IDGT

70. Index parameter for integration
subroutine IND
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Energy

RHOA

CA

CP

CNCO.TO

NPRT

PSTEP

WKAREA

W

C

lER

IJOB

IDGT

IND
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