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,4BST'R.,ACT'

The developmenr of low energy homes has made computer analysis of home heating

requirement an important field of study. As low energy homes become more efficient,

the basement heat loss becomes a larger percentage of the total heating requirement. This

results in the need for an accurate method of predicting basement heat loss so that home

designers may optimize basement insulation placement. Finite element analysis have been

used in the determination of the below grade basement heat loss, and compared to two

years of experimental gtound temperature data. However, this thesis emphasizes the

application of the ANSYS computer program to determine basement heat losses.

This study is based on a passive solar energy efficient home with 457o of the

south wall comprised of triple pane low emissivity glass. Several sky models are

compared in order to establish their effect on solar gains. The performance of a heat

recovery ventilator under in situ conditions is also experimentally verified. An energy

audit is performed to consolidate the use of the HOT-2ffi0 program, which is an energy

analysis program for the design of residences.
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NTMENCT.AT'UR,E

N = 4, the number of segments of the interior surface area

An = area of segment n

%(t) = average heat flux through the segment area, An, at time t.

e"¡ = annual mean value of ç(t)'
g",o = amplitude of the first harmonic of the heat flux variation,

o = angular velocity of the flrst harmonic,

[ = time.
So = the shape factor for the steady state heat loss component,

OB = basement air temperature,

Oc = ground surface temperature averaged over both time and area

V, = shape factor for periodic heat loss,

on = amplitude attenuation factor,
O" = amplitude of the first harmonic of ground surface temperature,

A t, = time lag of the heat flux harmonic relative to the surface variation.

S,(R), V"(R) - steady state and periodic shape factors for insulation with thermal

resistance, R.

ao, bn, Cn, 4 = constants of a specific basement and insulation placement.

th = marrix relating [d] to [A] often called the stiffness matrix or coefficient

matnx;
= deglee of freedom vector;

= action vector.

= thermal conductivity matrix;

= temperature veCtor;

= heat flow rate vector.

= specific heat matrix;

= time-derivative of [ï;
= hourly global radiation on a horizontal surface (RFl)'

= hourly diffuse radiation on a horizontal surface (RF2),

= hourly beam radiation on a horizontal surface,

= hourly extraterrestrial radiation on a horizontal surface,

= total radiation on a tilted (slope) surface.
: monthly average daily radiation on a horizontal surface,

= monthly average daily extraterrestrial radiation on a horizontal surface,

= depth of the atmosphere with respect to the vertical path at the equator (ie.

m=l at the equator).
Rb = Beam radiation on tilted surface/ beam radiation on horiz surface,

= coso/coso,;
cos 0 = cos(L-B) cosô cosr¡ + sin(L-Þ) sin õ;

cosO, = cosl- cosô coso + sin(L-B) sin ô;

Rd = diffuse radiation on tilted surface/ diffuse on a horiz surface;

= (1+cosÞ)/2;
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0,

p(1-cos(Ê))/2;
angle of incidence of beam radiation, measured between the beam and

normal for the sudace;

zenith angle, the angle between the beam and the verticai to the ealth'S

surface;
latitude angle;

angle betwien the plane surface and the horizontal, tilt or slope of the

surface;
angle of declination;
reflectance;
monthly average ground reflectance;

the cloudless sky reflectance- 0.25;
the cloud reflectance- 0.6;

number of hours of bright sunshine;

theoretical daY length.

mass flow rate;

specific heat caPacitY;

maximum temperature difference between hot and cold fluid.

Total space heating required (w);

Total heat losses uUouã grade by transmission through exterior walls,

ceilings, windows, doors (w);

Total heat losses due to indoor-outdoor air exchange (natural

infiltration+mech anical) ;
Total Basement Heat Losses by Transmission below-grade;

Utilization factor for the internal gains from appliances and lighting, hot

water heater and from occupants (7o);

Total heat gain from internal sources (w);

Utilization factor for soiar gains throu gh glazing (7o);

Total solar heat gains through glazing (w)'

Ambient temperature;

Ambient mean temperature;

2æf, where f is the frequencY;

constant, thermal conductivity of ground;

depth;
constant, convection coefficienu
time lag = x/(r/(2cro));
"'liru,lzo.);

thermal diffusivitY.

= 7o moisture content in soil;

density of soil.
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1.. TNTR.OÐ{JCT'TON

L.l Eac[rground

The emphasis of the analysis is placed on the experimental evaluation of basement

heat losses for an energy efficient residence, meticulously designed and now occupied by

Prof. John Welch, Faculty of Architecture, University of Manitoba. The residence is

located ar I Stormont Drive (south of the perimeter highway) Winnipeg, Manitoba.

Approximatety 65 thermocouples were selectively located adjacent to the residence as

shown in Fig.l at various depths (Fig.2-Fig.3) to provide experimental data to verify the

finite difference computer model that was developed at the University of Manitoba and

ro evaluare the basement heat losses predicted by the HOT-2000 computer program. This

program was developed by the National Research Council and used by Energy, Mines &

Resources to evaluate the energy consumption of the houses built under the R-2000

Program. Many published reports claim that existing computer models have been verified

by field experimentation, but the predicted annual energy losses for basements vary by

a factor of two [1]. Thus there is a need for additional experimental work on basement

heat losses.

The project started as an experimental basement heat loss analysis in an attempt

to reduce some of the uncertainties that lead to the discrepancy in losses predicted by

some existing computer progfams. However to verify the results it was necessary to

perform an energy audit on the residence. It is a passive solar house (45Vo of the south

wail is tripled glazed) equipped with several energy conserving features such as a heat

recovery ventilator (HRV). Thus the project became a house energy analysis.
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Continuous record of the ground temperatures and utilities were kept from

September 1988 until August 1990, on a weekly basis. Hourly solar insolation data on

a south facing vertical surface were maintained for the 1989190 heating season to evaluate

acceptable sky models. Monitoring of the HRV was also performed for the month of

February 1990 and from mid-January to March 3U91at two hour intervals in order to

obtain the seasonal performance. Hourly internal and external environment conditions and

weekly snow depth for the 198911990 heating season were also recorded. A blower door

infilration resr was also performed by UNIES LTD, to determine the air tighnress of the

building envelope which is a pertinent factor in an overall energy balance of a residence.

T..2 Review of Frevious Related Research Wonk o¡l Basernent F{eat Losses

The HOTCAN computer model was developed by the Prairie Regional Offrce of

Division of Building Research, National Research Council and was tested on unoccupied

huts at the Alberta Home Heating Research Facitity [2,3]. There is some evidence at that

the computer program does not accurately predict losses from uninsulated basement walls.

There was also other evidence that the Mitalas's heat loss method yields conservative

results [1] and leads to high losses at depths of two metres or gleater.

The University of Manitoba undertook a computer study related to basement heat

losses during the summer of 1985 using a finite difference method; this was reported

upon in 1986 t4l. The study identified a phenomenon that was not previously observed;

namely that, the placement of horizontal insulation immediately above the weeping tile,

which is intended to protect the tile from freezing, actually increased the heat losses from
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the basement by 3 to 6Vo depending on its projection and the R value of the insulation.

Another srudy of basement heat losses performed at the University of Saskarchewan

indicated that radiation played a significant role in the calculations [5]. There is a lack

of experimental data for the determination of basement heat losses and these were the

reasons for initiating the present experimental studies in the summer of 1987. The two-

dimensional finite difference calculations performed at the University of Manitoba were

used as a guide in positioning the thermocouples at appropriate depths around the test

house and thus establish the actual temperature contours. Previous authors have reported

that computer models have been verified by f,reld instrumentation but predicted annual

energy losses vary by a factor of two [1].

t 
Th.rmal contours based on the experimental data were compared to the University

of Manitoba finite difference program which was developed by Timothy Kostyniuk. The

results show that the actual measured frost line is above that predicted by the computer

program; the computer model of the basement is extremely sensitive to snow cover. A

more recent development, the ANSYS finite element computer program which would

allow a theoretical two-dimensional transient analysis to be performed was considered

adaptable to the basement heat losses and thus was included in the study.

1,.3 Review of Solar Fdeat Gain

There is some indication that the direct fraction of monthly average total radiation

used in the HOT-2Offi program overestimated the solar heat gains, since most models of

the sky radiation are empirical and inappropriate models may have been used. The over



4

estimation of the mean monthly solar fraction was as much as 407o. The total solar heat

gain, estimated by the HOT-2000 program to be 367o of the annual space gain, is the

most significant source of heat next to the furnace. Therefore this study includes the

validity of the solar model used in the HOT-2M program.

Í..4 Necessity fon an Emengy Batra¡rce

The ability to determine the heat loss from residential buildings became an

important topic in Canada with the advent of energy efficient homes brought about by

rising energy costs. The increased interest in low energy homes such as the R-2000 has

created a new field of research in heat loss prediction and analysis. Features such as

leak-proof vapour ba¡riers, double-wall construction, and air-to-air heat exchangers in new

homes necessitated new methods of analysis. This home has the added passive solar

feature. However to add credibility to this study it was necessary to perform a complete

energy balance.

One of the major areas of research when analyzing the heat loss of a building is

the losses throughout the basement walls and floor which are responsible for up to 25Vo

of the total heat loss from a house [6]. Since the basement heat loss is a major

component of the total house heating requirement, there is a need for an accurate method

to predict basement heat loss [7]. An accurate means of predicting the basement heating

load would allow home designers to select, through simulation checks, particular

basement designs and to study the impact of the insulation placement on the heating

requirements.



2. BACKGR.T{JNÐ ANÐ T'FNEOR,V

The basis for basement heat loss calculations is an application of the basic heat

transfer equations. Its use have become extremely advanced using finite element

modelling. The primary mode of heat transfer from basement walls and floor is

conduction, which is the diffusion of heat from a higher to a lower temperature region

due to the direct contact between molecules of the medium [8]. To establish the

conduction through the walls and floor of the basement, the temperature field in the

medium (i.e., the soil) is required. Most of the current research trends inco¡porate some

form of finite element modelling to determine the temperature regime. The exception to

this is the work completed by G.P. Mitalas of the National Research Council [7]. His

method of calculation utilizes analytical and experimental data to develop a set of factors

which are rhen used in the calculation of the basement heat loss [7]. It is this method of

calculation which is used in the energy analysis softwa¡e HOTCAN 3.0

The previous research [9] performed at the University of Manitoba was to compare

computer simulated basement heat loss, developed by Tim Kostyniuk as an undergraduate

thesis, with actual measured data. A finite difference computer program was used to

determine the thennal regime at the centre line of the basement wall and the effects of

insulation placement on basement heat loss. It is from the predicted thermal regimes that

the basement hear loss is then calculated. This program is a modifrcation of the program

written by D. Whitmore and M. Tahn to predict the thermal regimes beneath roads and

buildings where permafrost degradation is a problem [10].
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2"3. Miúalas Base¡nenû F{eat T-oss Calculatioms im F{OTCA.N 3"0

As indicated previously, the research by G.P. Mitalas of the National Research

Council (NRC) is the basis of heat loss calculation used in the HOTCAN 3.0 home

energy analysis progïam. This computer program has been updated to version 5.06 and

now is known as rhe HOT-2000 pro$am since it was initially used for the analysis of R-

2ffi0 homes. Although there have been many improvements in the later versions of this

program, there have been no changes made in the basement calculations. The program

continues to use the Mitalas formulation. The main changes include the window solar

heat gain and infiltration calculations.

2.1.f. Mitalas Ðescription of the Easement Model

The Mitalas basement model takes into account five elements;

(a) the basement wall above grade;

(b) the basement wall and floor below grade;

(c) the ground surface adjacent to the basement;

(d) a lower thermal boundary at a constant temperature equal to the

mean ground temperature;
(e) the conducting mass between the basement, the ground surface and

the lower thermal boundarY.

The model assumes that sufficient glound water flow occurs to maintain a constant

temperature ar some depth below the basement floor [7]. The cross section and plan view

of the Mitalas basement model are shown in Fig. 4 and Fig. 5 respectively.

2"3..2 T'he F{ea6 X-oss "flheony and Fonnn¡'llatio¡l

The above grade porrion of the basement heat loss is treated similar to the walls

in the remainder of the home (Fig. 4, A,) and for this reason it is not relevant to this

topic. The below grade instantaneous heat ioss is calculated by:



(1)
Àr

p( r) =Ð An. qn(t) ,

where: N = 4, the number of segments of the interior surface area,

Ao = area of segment n,

q"(Ð = iwoÍâgo heat flux through the segment âfea, Ao, at time t.

The heat flux at time, t, is given bY

qn(t) =Çlr,n+Çln,rrsin (co t) ,

where: (L¡ = annual mean value of q,.,(t),

gu,n = amplitude of the first harmonic of the heat flux variation,
(ù = angular velocity of the ñrst harmonic,

[ = time.

The amplitude values of the first and second harmonics of the ground surface temperature

for several locations in Canada are listed in Table I [7]. The f,irst harmonic is used as the

approximation of the annual ground surface tomperature because the second and higher

harmonics are attenuated considerably and they are relatively small. The soil surface

temperature follows a sinusoidal curve as a function of soil composition, depth, air

temperature, conductivity and time of year. The two components of the average heat flux

throughout the area segment in equation (2) æ given by,

Ç[u,n=Sr(88-0c) '

the shape factor for the steady state heat loss component,

basement air temperature,
ground surface temperature averaged over both time and area

(2)

(3)

Sn=
OB=
@c=

where:



Qn,n( t) =7r,o,,8,.sinrr¡ ( t+Å L,r) ,

shape factor for periodic heat loss,

amplitude attenuation factor,
amplitude of the fust harmonic of ground surface temperature,

time lag of the heat flux harmonic relative to the surface

variation.

(4)

where:

The shape factor for the steady state heat loss component, Sn, given in equation (3) is the

overall conductance between the basement interior surface and the two boundaries, that

is the ground surface adjacent to the basement and the lower boundary at the mean

ground temperature, as illustrated in Fig 4. This shape factor also takes into account the

surface heat transfer coefficient of the basement interior wall.

The shape factor, Vn, in equation (4) represents the total conductance between the

wall segment and the ground surface. This means that the steady state heat loss has two

components while the periodic heat loss has only one component [7]-

2.L.3 Ðetermining the Mitalas Basement F{eat l,oss Factons

Alt of the factors employed in the Mitalas basement heat loss calculations, and

given by equations (1) to (4), were determined by using the cross-sectional model shown

in Fig.4. The model employs rwo-dimensional heat conduction along the basement walls

and three dimensional heat conduction a[ the corners of the basement. This modelling

neglects the following:

(1) time variations of ground water level and temperature,

(2) the flow of melt water and rain around the basement,

(3) the change in thermal properties of the soil due to backfilling and the

effect of the freezing plane,

vn
on

o"
at"
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(4) ground temperature va.riation due to solar effects, adjacent buildings, and

snow cover.
The thermal conductiviry of the soil can be divided into two separate values, above and

below the basement floor respectively. However, soil conductivities greater than 1.5 Wm

K are beyond the scope of this method.

The shape factors, S, and Vo, for any basement insulation alTangement are

calculated using a temperature for each adjacent ground and basement temperature. From

this the heat flux was determined through each area segment of the basement. The heat

flux through the interior surface of the basement was determined by using the

commercially known finite element package ANSYS for steady state computations and

was compared to the periodic calculations using TWO-DEPEP. The two-dimensional

finite element model used approximately 5ffi elements and the three dimensional sections

at the corners used about 50ffi elements.

The shape factor for the specific insulation placement is related to the insulation

thermal resistance, R (for 1<R<5), by:

.sn(R) T#,

v,(R) -Gåil,

(s)

(6)

S,(R) and V"(R)

q, bn, co, 4

= steady state and periodic shape factors for insulation
with thermal resistance, R.

= constants of a specific basement and insulation
placement.

where:
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The expressions for So and Vn for different basement insulation placements at a given soil

thermal conductivity are given in Table IL More tables are listed for a variety of

insulation placements and soil thermal conductivities are in the Mitalas reference. The

attenuation and time lag factors from equation (4) were determined by calculating the

periodic heat flux using a sine wave for ground surface temperature. From these

calculations, a set of attenuation and time lag factors were determined and are included

in Table II.

The three dimensional effects at the corners of the basement arc taken into account

by the use of a corner allowance factor, Lo listed in Table II. This factor was determined

by comparing the heat loss for the basement wall and floor segments with the estimated

heat loss for the corners by the ANSYS program. A set of calculations using Mitalas

formula is given in ApPendix A.

2.2 Baserne¡¡t F{eat n oss Deterrnination: {Jnivensity of Manitoha

A finite difference program was developed by Tim Kostyniuk at the University

of Manitoba [11]. The conditions employed for executing the program and the

corresponding grid set up under the basement are illustrated in Fig.6. This compuær

progam assumes a symmetrical basement with no variation in depth. Thermal contours

obtained from the weekly experimental ground temperature record were compared with

the results generated from the finite difference program, the results of his program

predicted the frost to be deeper than the actual frost depth, based upon experimental data

acquired. However, some of the differences in the results may be due to the snow depth.

Since the actuai basement is bi-level and unsymmeu"ical, ihe assumption made in the
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simulation is not applicable. Therefore there is invariably a need for modification of the

program to adjust to the actual basement configuration. The modification could be

accomplished by a similar analysis for the other half of the structure. However, a full

two-dimensional analysis of the basement model should yield more accurate results.

Therefore ANSYS has been applied to a ¡vo-dimensional thermai analysis and is

considered the most desirable approach to solve this complex problem. The validity of

this analysis is verified by comparing weekly experimental ground temperature results

with calculated results.

2.2.i, Xntnoduction ûo,A.NSYS and Solving Method

ANSYS was developed in 1970 by Swanson Analysis Systems Inc., and all further

developments and updates have been maintained by the company. To date, this f,rnite

element program has been used in over 1600 applications, which includes 5ffi universities

1401. The program capabilities are listed as follows: static and dynamic structural

analysis, fluid dynamics and acoustic analysis, kinematic analysis, and magnetic and

piezoelectric analysis.

The ANSYS program allows for variable geometries and properties. The progam

was developed for stress analysis but is equally applicable to fluid flow and thermal

conduction fields. In addition it can also handle transient problem and provides

acceptable results. The ANSYS program in this study deals only with the below-grade

losses of the residence.

The use of ANSYS involves three srages; first Preprocessing, which requires the

user to define the analysis type, material and geometric properties, modei geometry an<i
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loading conditions. The second stage is termed the Solution phase where the program

assembles, solves the simultaneous equations, and calculates the results. The third phase

is known as the Postprocessing stage, where the user evaluates the results by creating

graphic disptays such as thermal contours and heat flux directions, tabular listings, x-y

plots, etc. All three phases are further described below.

2"2"2 The Freprocessing Stage

In this stage the four different categories considered are as follows:

1. Analysis type: For this study, a thermal analysis with transient behaviour was chosen.

2. Material and Geometric properties: Each material used in the model was represented

in terms of thermal conductivity, density, and specific heat. There were 12 materials

that describe this model and they are listed as: concrcte floor, void form,

compacted gravel, concrete wall, unfrozen soil, Baseclad, wall insulation, drywall,

concrete pile, styrofoam insulation, snow, soil.

3. Model Geomerry: The model geometries can be defined in any of the three common

co-ordinate systems. An element library consisting of 75 different element types

shown in Appendix B can be used to properly distinguish the geometry, but choice of

elements is dependent upon geometry and analysis type. Keypoints describing the

geometry are specified and lines are then connected to the keypoints to define the

areas bounded by these lines. Appropriate material property is then assigned to each

of the defined areas followed by meshing of the area. A schematic model of the area,

and the meshed model is presented in Fig.7 and Fig.8, respectively.

4. Loading Conditions: This is achieved by changing the bounciary conditions over time;
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for instance, the temperature and convection coefficients can be changed as required

in order to represent the varying weather conditions.

2"2.3 T'he Solution Stage

In heat transfer applications the heat flow rate is termed the action and the

remperature is the degree of freedom (DOF). The action and the DOF a¡e related by a

set of basic equations. The purpose of the finiæ element method is to determine the

solution to these equations across the engineering system being analyzed (model). The

simplest form of such an equation is as follows:

tr(l tdl = tÀl ,

where: [K] = matrix relating [d] to [A] often called the stiffness matrix or coefficient

matnx;

[d] = deg¡ee of freedom vector;

[A] = action vector.

In general, [K] and [A] are known, and [d] is initially unknown. For a steady state

thermal analysis, the equation is:

tKl trl = [0] ,

where: [K] = thermal conductivity matrix;

[T] = temperature vector;

[Q] = heat flow rate vector.

For this study a transient thermai anaiysis for the beiow grade portion of the basement

(1)

(8)
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was requi-red. Its purpose was to determine the temperature distribution as a function of

time and/or the rates of heat transfer and heat storage within a structure subjected to time-

varying thermal loads. The main difference between a steady state and a transient thermal

analysis in ANSYS is thar in a transient analysis the applied loads (temperatures and

convection coefficients) are time-dependent therefore the solution is time dependent.

However all other conside¡ations, such as types of thermal loads, the modes of heat

transfer are similar to a steady state analysis. A transient analysis can be described as

tcl t"l + [K] [?] --18) ,

where: [C] = sPecific heat matrix;

[t] = time-derivative of [T];

[K] = thermal conductivitY matrix;

[T] = nodal temperature vector;

[Q] = heat flow rate vector'

The only difference berween equarions (8) and (9) is the term involving the specific heat

matrix that accounts for the heat stored in the model'

In order to solve the basic equation (7) across the entire system, the system must

be represented by discrete, interconnected pieces (elements)' Once the thermal

conductivity marrices are determined for each eiement, all of the individuai [K] matrices

are assembled to form the set of simultaneous equations [K][d]=[A]. The solution of the

simuitaneous equations gives response values at every degree of freedom across the enti¡e

sysrem. Equation (9) is solved similarly as equation (8), but the specific heat matrix and

(9)
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time derivative of [T] are included in the solving process.

The element type best suited for this study is STIFF55 (see Appendix B for

detail), with four nodes for a two-dimensional space and temperature being the DOF (the

unknown). For the solution of the simultaneous equation with large systems, the program

uses the wave-front direct solution method. It involves assembling and solving the overall

stiffness matrix for the structure. Upon calculation of this matrix, the program begins

solving for the individual DOF, and removing them from the original matrix by a

Gaussian elimination. The final DOF set in the matrix is referred to as the "wave front'.

2.2.4 The Fostprocessing Stage

In this secrion, a review of the results of the analysis is performed. Graphical

displays of temperature, heat flux and thermal gradient are possible. The ANSYS

program has two types ofpost processors: post 1, the general poslprocessor, and post 26,

the time-history post processor. Post 1 allows a review of the results of any load step and

iteration for the entire model. For example, it is possible to display temperature

distribution for load step 3 or at a specified time in a transient thermal analysis. Post 26,

allows a review of the variation of a result, such as the time history of the temperature

at a specific location in the model with respect to time.

2.2.5 ,{lgorithrn of the Model

The program is structured in such a way that the thermal analysis is performed

over rhe period of May 1989 to August 1990. ANSYS performs a steady state solution

for the first load step which corresponds to a solution for the first week of May 1989.

From thereon, weekiy soiutions for each ioadstep are carried out. There are seven
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iterations per loadstep, with an iteration for each day of a week (the basement model

program and load file is included in Appendix B.

Within each loadstep the following parameters are specified:
1. time corresponding to each week,
2. weekly ambient temperature and convection coefficients at the surface

of the g¡ounüor snow depending on time of year,
3. fixed convection coefficient and ambient temperature inside the

basement,
4. f,rxed mean deep ground temperature of 6.1"C which is an isothermal

boundary.

Since the properties of certain materials are not constant over the analysis period, ANSYS

enables the user to stop the program and change the material properties. Thereafter the

program restarts from the previous load step solution. This feature allows for the

presence of snow in the winter time (depending on snow record) and its absence for the

rest of the year.

The restart option allows for change in thermal conductivity, density and specific

heat for the respective zones shown in Fig.9 and Fig.10 from unfrozen soil to frozen soil

because the ground adjacent to the wall freezes to a certain depth. The sequence with

snow cover and changes in properties of the different zones as well as the ground under

the basement floor (denoted as rest of ground) is illustrated in Fig.9 and Fig.l0.

2.3 Solar Modenling

ASHRAE methods are based on a "hypothetical " calculation of the atmospheric

transmissivity at m=l and an extinction coefficient for altitude angles other than 90

degrees. On the other hand, active solar researchers have been attempting to use the

records of sola¡ radiation data collected by the Canadian Atmospheric Environment

services (AES) over the years. The nomenclature used is as follows:
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I*- hourly global radiation on a horizontal surface (RFl),

Io- hourly diffuse radiation on a horizontal surface (RF2),

Io- hourly beam radiation on a horizontal surface,

Io- hourly extraterrestrial radiation on a horizontal surface,

I,,- total radiation on a tilted (sloped) surface.

RFl and RF2 are the respective readings made for I" and Io by the AES weather stations.

H - monthly average daily radiation on a horizontal surface,

Ho - monthly average daily extraterrestrial radiation on a horizontal surface,

m - depth of the atmosphere with respect to the vertical path at the equator

(ie. m=1 at the equator).

If the instantaneous values of the solar radiation and hourly values are not available or

there is a need to reduce the number of calculations for a computer analysis, it may be

convenient to use the monthly average daily values. There are well known relationships

for calculating the total radiation on a tilted surface for isotropic sky conditions and are

given by;

T -T tTL th- Lbt L¿lt

I r"=RrIo+RoIo+RrI r¡,

(10)

( 11)

where: Rb = Beam radiation on tilted surface/ beam radiation on horiz surface,

= cos0/cos0,;

cos 0 = cos(L-Þ) cosô cosol + sin(L-Ê) sin õ;

cosO"= cosi- cosô costo + sin(L-B) sin ô;
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R¿= diffuse radiation on tilted surface/ diffuse on a horiz surface;

(1+cosÊ)/2;

q= p(1_cos(F))/2;

and 0 = angle of incidence of beam radiation, measured between the beam and

normal for the surface;

0, = zenith angle, the angle between the beam and the vertical to the

earth's surface;

L = latitude angle;

Ê = angle between the plane surface and the horizontal, tilt or slope of the

surface;

ô = angle of declination; p = reflectance;

For the physical significance of angles see Fig.11.

The above relationships assumes the isotropic sky and is based on the concept of

clearness index first inroduced by Liu and Jordan [12]. The cleamess index, K' is the

ratio of the measured total horizontal sola¡ intensity on the earth surface to the

extraterrestrial horizontal insolation and is an apparent ü'ansmissivity. By 1975, Canada

had built up twenty years of diffuse radiation measurements for only four weather stations

which were analyzed at the University of Manitoba [13].

Orgill and Hollands [14] equations (12),(13) and (14), are based on original data

evaluated at the University of Manitoba and there is good agreement between each other.

The University of Wisconsin work includes Erbs er at [15] equarions (15), (16) and (17)

and more recently (1990) Reindl et al [16] developed equarion (i9), (20) and (21) and all
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are compared in Fig. i2.

ORGILL and F{On I-ANÐS COR.RELATIOI{:

For K,<0.35 then:

K=1.0 -0.249KË, (L2)

For 0.35SK,<0.75 then:

K=L.557 -L.84K¿, (13)

For K,>0.75 then:

K=O.L77 , (14)

trRES and KLEIN CORREI,ATXON:

For K,<0.22 then:

K=l-.0-0.09KÈ, (1s)

For 0.22<K,<0.80 then:

K=1 .0-0.09Ç+4.388K2 Ë-L6.638K3 c+L2.336K4 È, (16)

For K¿0.80 then:

K=O . L65 , (17)

An anisotropic model was developed by Professor J. Hay of the University of British
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Columbia, a climatologist with extensive experimental experience. He developed an

anisotropic sky model in I9l9 and he pointed out the difficulty with the simple empirical

models was that the coefficients showed substantial hourly, as well as spatial variations.

The relationships between the fractional time of bright sunshine and the apparent

atmospheric transmissivity could not be correlated for different locations and for different

times. Also isotropic assumption leads to root mean square elTors of between +l- 7 and

+l- l87o for Vancouver and Toronto respectively.

Hay's anisotropic correlation for a monthly average clearness index by given in

the following equation:

H _ [o .Ls7 2+O .5566 (n/ A!) ]
q-W(|-n/Mll'

where: p = monthly average ground reflectance;

P" = the cloudless sky reflectance- 0.25:

P" = the cloud reflectance- 0.6;

n = number of hours of bright sunshine;

(18)

N = theoretical day length.

The reflectance from the ground, the clear sky and cloud cover a¡e introduced in

equation (18). A polynomial relationship for the ratio of the diffuse to the horizontal is

then developed in rerïns of monthly clearness index [17]. By the application of a

correction for the ratio of the daity bright sunshine to the total daylight hours and

reflection transmissivity, correlation was extended to daily rather than hourly values. The

correlation was verified within the accuracy of the instrumentation for Vancouver and
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Whitehorse at 30, 60, 90 degrees tilt angles facing south. The method is extremely

complex and restricted to mid-latitude and continental climate.

Professor J.K. Page, University of Sheffield, developed a correlation [18] which

was rhorough and verified by solar data collected from 10 wide-spread sites from latitude

400North to 400South. It gives excellent results for high latitudes, Bergen, Italy, Norway

(Lat.60N), as well as Canadian cities. The methd is simple and easy to use. The RMS

error is between 0.18 and 0.756 for nine sites checked in Europe and Canada.

Version 5.06 of HOT-2000 program started out with the Erbs et al [15] model

(equations 15,16,17) to obtain the direct and diffuse components and then converted these

into monthly apparent values using the technique developed by Hay to create an

anisotropic model. Hay used variables such as, fraction of bright sun, cloudless sky

reflectance and a cloud reflectance to correlate the data. HOT-2000 modified the

polynomial relationship developed by Hay by expressing the clearness index in terms of

the fraction of bright sunshine.

The Hay model has not been accepted widely by the engineering community. It

depends on human judgemental variables such as the cloud and clear sky reflectance

which weakens his approach. The correlation is shown in Fig.12 and tends to yield

considerably lower values of radiation on the tilted surfaces as shown by the AES plot

in Fig.13. Whereas later developments at the University of Wisconsin used variables

provided by the actual weather data. The more recent work by Reindl et al (University

of Wisconsin) 1990 was finally selected as the best model currently available. The reason

being that an anisotropic model depends upon unmeasurable variables such as cloud and
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sky reflectance whereas Reindl et al use measurable variables such as the clearness index

(K,), altirude angle (cr), ambient temperature (T) and relative humidity (Q) (see equations

19,20,21). The Erbs et al model was not selected because it is an isotropic model and

provides higher radiation on a vertical surface (Fig.13).

Interva!: 0<K,<0.3; Co¡rstraint: lo/f<X..0.

!=t.0OO-0 .233Kr+O.O23ssin(@) -0. OOO6 827"+O. Ol-95Ô (19)ï

Intenval: 0.3<K<0.7E; Constraint: 0.L llo/X< 0.97.

ï--! =t.32g-t.a71-6Kr*0 . 267 Sin(cs) -0.00357 T"+O .l-06Ô, Q0)
T

Interval: 0.78<K*; Constraint: nn/I > 0.1.

* =o .az6Kr-o .2s6sin(ø) +0.00349 T"+o .0734ô , QDTç

Their correlation reduce the residual sum of the squares by L Vo over the use of

the clearness index only [16]. The data has been verified experimentally in Gainsville,

Fa, New York, Copenhagen, Hamburg, Oslo and Valentia (Ireland) and agrees with Erbs

et al model which is verified by 20 world sites [15].

2.4 F{eat Recovery Ventilaton ,A,nalysis

The purpose of a heat recovery ventilator (HRV) is to maintain ventilation in a

space sealeci by a continuous vapour barrier and recover soITrc oi the heat from the
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exhausr air to preheat the fresh incoming air. During the winter months the cold fluid

is fresh outdoor air and the hot fluid is the indoor air. The two fluids are forced to cross

through the HRV core as illustrated in Figs. 15 and 16. The core consists of a series of

flow passages; the hot and cold fluid flow through adjacent passages without interacting

with each other, which is achieved by placing a heat transfer surface between them. This

heat exchange configuration is known as a cross flow because the fluid streams flow

perpendicular to each other. By using the HRV the house is able to receive the required

airchanges per hour (ACH) while reclaiming some of the energy from the air exiting

from the house.

2.4.L T'heory

Residential heat recovery ventilators use a cross flow heat exchange flow pattern

illustrated in Fig.16. Performance is analyzed by the determination of effectiveness and

temperature efficiency. Effectiveness is defined as the ratio of the actual heat transfer to

the maximum possible heat transfer rate. The maximum heat transfer rate is a function

of the mass flow rate, specific heat capacity and maximum temperature difference

between the two fluids and is given by:

8,**= (mco).r, (A 7k*) , (22)

where: m = mass flow rate;

cp = specific heat caPacitY;

4T.." = maximum temperature difference

The term (mco)*io denotes the minimum heat

between hot and cold fluid.

capacity of the fluid. Therefore the
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effectiveness for heating the cold fluid is given by :

fr"cp.(Tco-Tc|)
(ncr) *rr, ( ?--T"r)

The temperature efficiency for a balanced system and the same fluid is then given by:

(23)

(24)_ _ (T"o-T"r\
tt- (ThfTcì'

It is equal to the effectiveness when the heat capacity of the cold fluid is equal to

the minimum heat capacity, that is balanced flows, which should be closely approximated

for residential appiication.

2.5 Infiltration T'est ÐescnÍption

To determine the air tightness of the residence the fan depressurization method

was used which is in accordance with the Canadian General Standards Board. Before the

test was conducted, certain preparatory steps were necessary. The openings such as the

fireplace, furnace combustion air intake, ventilation air intake, exhaust fans and dryer

vents were sealed. Also the windows and doors were larched.

A fan was used to exhaust air from the building at rates required to maintain the

specified pressure difference of 50 Pa across the building envelope. The air flows and

pressure differences were measured. The purpose was to subject the complete envelope

to a simultaneous air pressure difference [19]. The relationship between the flow and the

pressure difference is used to calculate the equivalent leakage area of the building

envelope. For a more detailed theory and calculation method, see Appendix C.
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2.6 Above Grade Heat Losses

The rate of heat loss, through building elements such as the ceiling, doors or

windows, and main walls were obtained from the HOT-2000 progam results. For further

details refer to [17].

2.7 House Energy Balance

The calculation procedure for the house energy balance is simila¡ to the HOT-2000

prograrn. The different types of heat gains and heat losses are shown in Fig.17 [31]. The

basic equation for the heat balance is given by:

H= L r+ Lo+ Lo-¡ r Gr -r¡ 
"G", Qs)

where: H = Total space heating required (w);

L, = Total heat losses above grade by transmission through exterior walls,

ceilings, windows, doors (w);

L" = Total heat losses due to indoor-outdoor air exchange (natural

infi ltration+mechanical) ;

I* = Total Basement Heat l,osses by Transmission below-grade;

î i = Utilization factor for the internal gains from appliances and lighting, hot

water heater and from occupants (7o);

Gi = Total heat gain from internal sources (w);

1 , = Utilization factor for solar gains through glazing (Vo);

G, = Total solar heat gains through glazing (w).
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3. EXPERIMENTAL PROCEDURE

The test home used in this study is located at 1 Stormont Drive and is the

perrnanent residence of Prof. J.D. Welch, of the Faculty of Architecture, University of

Manitoba. The R-2000 building guide was used in the design and construction of the test

home. Some features of the test home include: an air-to-air heat exchanger, double

thickness insulation in the walls and ceiling, and a leak proof vapour ba:rier.

3.1 Thermocouple Placements for Ground Temperature Measurement

During construction of the residence, thermocouples were placed at 27 stations to

measure the soil temperatures at the locations as shown on Fig.l. The thermocouples are

located two meters from the centre plane of the basement walls and at three levels A, B,

C. These levels are located approximately 0.5 meter, 1.5 meters and 2.5 meters below

grade respectively. Other thermocouples, located one meter from the centre plane of the

basement wall, have two levels, A and B. A profile of each station is shown in Fig.2 and

Fig.3.

The thermocouples used in this study are copper-constantan. All thermocouple

sets, once installed, were fed into one of three rotary dial switching boxes which facilitate

recording the soil temperatures from each thermocouple. Switching boxes were located

at the north-east and south-west corner of the building respectively. In total, 65

thermocouples were installed during the fall of 1987; 57 thermocouples remained

operational during the period from September 1988- August 1990.

The wiring for the thermocouples was installed using three different methds. The



27

first merhod consisted of placing conduit under the foundation and the floor during

construction. The second method consisted of thermocouples placed inside PVC tubing

encased in urethane foam, and protected from environmental damage by the use of

silicone cement. The thi¡d method consisted of inserting thermocouples into grooved

dowels. For the last two methods, the locations were augered to the appropriate depths

before the site was landscaped.

The thermocouples were read using a digital volÍneter and a reference temperature

simulating zero degree Celsius. Measurements were recorded on a weekly basis during

the heating season and on a two week basis for the rest of the year. Readings began on

September 26th 1988 and ended August 31st 1990.

3.2 Sotran Radiation Measurement

An Eppley Black and White Pyranometer was used for measuring total radiation

on a vertical surface. The experimental period was from Feb-Ma¡ 1989 and for the full

heating season of 1989/90.

The pyranometer produces a voltage from thermopile detectors that is a function

of the incident radiation. A potentiometer/analogue recorder was used to detect and

record the output. Radiation data must be integrated over the period of time, such as an

hour or a day for the test period.

3"3 F{eat Recovery Ferforxna¡rce Monitoring

The heat recovery ventilator used in this residence is the Lifebreath model 195

DCS. This particular HRV is a dual core unit, to increase the heat nansfer area without

an excessively targe case. A schematic oi the flow of stale ai¡ and fresh air is represented
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in Fig.18.

The heat transfer coefficient of two fluids and amount of heat transfer area

determines the amount of heat transferred. In order to maximize the heat transfer

coefficient, it is desirable that both fluids have turbulent flow. This is achieved by

mounting the plates, close together in the core as shown in Fig.15. The maximum

number of plates in the core is constrained by the allowable prcssure drop across the core

and space. Also shown in Fig.15, is the flow of the hot and the cold fluids through the

core which are isolated by the plates.

3.3.1 Equipment used to Monitor HRV

The temperatures at the inlet and outlet of the cold and hot air were measured as

well as the pressure differences in the ducts using a Hewlett Packard 3056L data logger

sys¡em.

Temperature Measurement: Three copper- constantan thermocouples were placed in each

duct (#1,2,3,4) as shown in Fig.18. The thermocouples were evenly spaced to obtain an

average temperature profîle in the duct. During the test period the reference junction is

provided by the Hewlett Packard data logger. The accuracy of the thermocouple and data

logger combination was tested against a mercury thermomeær in two situations. The first

was at room temperature, while the second was in an ice bath. In both cases the

difference between the two measurements was 0.5 0C.

Pressure Measurement: This was required in order to determine the air flow in the ducts.

The flow rate was obtained through the use of flow colla¡s illustraæd in Fig.19 connected

to pressure transducers. The flow collars were located in the fresh air intake and stale
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exhaust ducts. In order to obtain the flow rate from the data logger, voltage output

calibration curves for both the pressure ft'ansducer and flow meter had to be considered.

The transducer calibration curve was obtained by placing a pressure differential

across the transducer as well as a micromanometer. The transducer output was monitored

with a voltmeter. The calibration curve along with the flowmeter calibration, obtained

from the manufacturer, is included in Appendix D.

3.4 Therrnohygnognaptt

The relative humidity (RH) inside the residence is an important factor for human

comfort. Since tomperature is linked to changes in RH, both temperature and RH were

monitored using a thermohygrqgraph manufactured by Casella London LTD, model

T9240. The measurements were ca¡ried out at three locations: basement bathroom and

laundry room and kitchen on the main floor.

The humidity measurement is performed by a humidity element which is sensitive

to changes in RH. This element has the capability of shortening as RH decreases and

conversely lengthening as the RH increases. Changes in length is transmitted via a linkage

to a pen arm carrying a pen which marks the scaled (0-1007o)gfaph paper.

The temperature measurement is performed using a bimetallic strip sensitive to

temperanre changes. The movements of the strip are transmitted via a linkage to a pen

arm and pen which marks the scale graph paper (-15-40"c) [20].
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4. RESULTS AND DISCUSSION

4.1 Results of Mitalas Research

Determination of basement heat losses depend on numerous factors including

several which have a large impact on the heat loss rate. As an example, a one degree

change in the basement temperature can change basement heat loss by 5 to 10 percent [7].

Other important factors include the thermal conductivity of the soil, the mean ground

temperature, the effect of snow cover, the ground water temperaturc and level.

The accuracy of the Mitalas method was tested by comparing the calculated values

with NRC test facilities in Ottawa, Saskatoon and Charlottetown. These facilities were

equipped with calorimeters on the basement walls and floor. A comparison of each of

these basements, which had different insulation placements, with the Mitalas computer

simulated results is given in Table ltr. Tables IV and V illustrate the results for the

HUDAC Mark XI Houses and the test homes in Gatineau, Quebec, respectively and

compares them with the Mitalas results [7].

A comparison of the results demonstrated that the calculation procedure for

basement heat loss is capable of accounting for all the weather parameters and basement

shapes. The only significant shortcoming of the program was the factors used in the

calculation of floor-surface heat loss which were under-estimated. This indicates that the

conductance between the basement and the lower thermal boundary layer is larger than

what the formula indicates. This was corrected by increasing the floor shape factor by

50 Vo. The corrected values are the values listed in Table VI.

The other minor change which was made in the heat loss factors was the
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amplitude attenuation which was increased to account for the underestimation of the

va¡iation in the floor surface heat flux. The corrected values are listed in Table VI for

a small cross section of basement insulation placements at the given soil thermal

conductivity.

4.1.1 Conclusions and Recommendations based on Mitalas Research

There are many conclusions made from the comparison of measured and calculated

basement heat losses. some of these include:

(1) The va¡iation of ground surface temperature can be estimated accurately

by a periodic heat flow calculation approach,

Simple rectangular basements can be treated well using the straight wall

calculations and shape factors along with the corner allowance factors,

Total heat loss and sectional heat loss of a basement can be determined

within +/- 70 percent provided there is some form of insulation present,

Allowance for high ground water may be incorporated by assuming a307o

to 70Vo decrease in ground thermal resistance depending on the assumed

severity of the ground water effect,

The basement heat loss prediction does not take into account the variation

of ground surface temperature caused by solar gain, snow cover, and

adjacent structures.

(2)

(3)

(4)

(s)

The Mitalas method of calculating basement heat loss is correctly used in

HOTCAN 3.0. For instance, the results illustrated in Fig.20 and Fig.21 which indicate

the heat loss versus the time history were in good agreement with that of the Earth
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Shelrered Housing Design IEHSD] and Interzone Temperature Profile Estimation [ITPE]

computer proglams.

4.2 Results of {.Jnívensity of Marnitoba Reseancl¡

4.2.1 Expenime¡rtatr Gnound T'ernpenatune Behavioun

Two years of underground temperature records at No 1. Stormont Drive have been

completed. The thermocouples were strategically placed in the ground during the

construction of the house as shown in Fig.l, to determine the behaviour of the ground

temperatures at specific locations under the premises and in its proximity.

Station 8, shown in Fig.1, is located several meters from the house and is used as

a reference point. It has thermocouples A,B and C which are at depths of 0.5m,1.5m and

2.5m respectively. The temperature obtained for two years at these locations were

graphed and examples are shown in Ftg.22. The ambient temperature is also shown to

point out the relationship between the ground temperature and the ambient temperature.

The interesting features are the sinusoidal shape of all curves and that the ground

temperatures lags the ambient temperature by approximately eight to ten weeks. Penrod

and Steward (1966) measured soil temperatures to a depth of 3.4 m for ten successive

years and showed conclusively that the annual variation in daily mean soil temperatures

is harmonic. As anticipated, the winter underground temperature increases with depth.

It will be noted that no freezing occurred at station 8. There was also evidence

of considerable natural snow drifting at this location, which demonstrates the insulating

effects of snow. To confirm the obtained results, gtound temperatue records from

Atmospheric Environment Service (AES) located at the Winnipeg International Airport
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were plotted against experimental data at corresponding depths and illustrated in Figs.23,

24 and 25. Fig.25 shows no freezing occurring at 2.5m. At 0.5m,1.5m and 2.5m the

curves are similar in shape, but in the case of 0.5m and 1.5m the AES curves intersects

the experimental curves which indicates the ground at the AES station is warming faster

due to less snow cover depth and/or different soil conditions. AES later decided their site

was not suitable and it has been relocated, additional data a¡e not available. Research

conducted on soil temperatures indicates that a time lag exists beween seasonal mean

air temperature and seasonal mean soil temperature. Soil temperatures at depths more

than two meters remain relatively constant in spite of variation with location, type of soil,

depth, time of year, etc.

Station 8 is not subjected to any effects from the house, but it is interesting to

compare the effects of the residence on Stations 1,9 and 14 (relative to Station 8), as

shown in Fig.26, 27 and 28. The thermocouples A,B and C, of Station 1,9 and 14 are at

the same depths as at Station 8. The temperature trends at Station 1,9 and 14 were

observed; there is indication of freezing at l4A which is at the 0.5m depth. Station 1,9

and 14 should be warmer due to the heat loss from the basement in comparison with

Station 8. During the winter months there tends to be limited snow cover around the

perimeter of the house because most of it is wind-swept, depending on the direction of

the wind, thereby decreasing the insulating effect of the snow. The turbulence caused by

the wind around the house also gives rise to a higher convective heat transfer coefficient.

V/ith the decreasing thermal resistance due to snow removal and the high convective heat

transfer the increased heat loss from the ground results in lower temperatures at Stations
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1,9 and 14 compared with Station 8 for the same depth.

An analysis of the ground temperature was performed on thermocouples 148,15

and 16 and on 18,2 and 3 (all 2m apart,and all at a depth of 1.5m) as shown in Figs.29

and 30 respectively. Thermocouples 3 and 16 a¡e beneath the concrete basement floor,

thermocouples 2 and 15 are under the basement wall and lB and 14B are2m from the

wall. It was observed that thermocouples 3 and 16, which are under the floor, were at

the warmest temperatures. Thermocouples 2 and 15 were intermediate temperatures due

to basement heat loss. At thermocouples 1B and 148, lowest temperatures were observed

because of the lack of snow cover and the influence of the wind. But these temperatures

must be affected by the basement heat loss since there is no lagging of the temperature

profile at these positions.

In order to find the ground temperature, analytically, it can be modelled as

conduction in a semi-infinite solid and either the surface temperature of the ground or the

ambient temperature has to be known. The problem is mathematically modelled in such

a way that the ambient temperature is periodic with time and given by:

t-=t o,cos (to t) , (26)

and the boundary condition is: ..
-n(gù *=o=å ( t*=o-t-) '

(21¡

The solution to the governing equation (26) with boundary conditions (27) is given by;
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Ambient temperature;

Cos (ort -Àx-tan-l t -+- l
l+-- À.k

toom = Ambient mean temperature;

2nf, where f is the frequency;

constant, thermal conductivity of ground;

depth;

constant, convection coefficient;

time lag = x/({(2crro));

^l@/zs.):

cx, = thermal diffusivity.

From equation (28) I2ll the higher the frequency (o) the less the penetration (depth) and

there is additional attenuation due to convection. Also the greater the thermal diffusivity

(ø), the deeper the penen'adon. From equation (28) the phase lag depends on the

convection coefficient, and thermal conductivity. As the convection coefficient (h) goes

to infinity, the phase lag with the tan-l tenn goes to zero, therefore suggesting a decrease

in phase lag, which ties in with Figs. 29 and 30 which shows no relative lag of

temperatures at thermocouples L8,2,3 and similarly with temperatures at 148, 15 and 16.

A comparison of the gtound temperatures under the basement floor was made.

The ground temperatures were measured by thermocouples 3, 11, t6, 2l and 24 and the

results are shown in Fig.31. The south thermocouple temperature (11) was found to be

consistently higher than the other thermocouples. This could be due to the effect of solar
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radiation on the basement floor and good snow cover that existed over therrnocouple 9.

The east floor thermocouple temperature (16) is lower than the rest of the under floor

temperatures. One reason is the lack of snow cover on that side of the house as a result

of easterly winds. The west under floor thermocouple temperature (3) is the next

warmest, which suggests that side of the residence is sheltered from frequent westerly

winds, hence a higher temperature compared to the temp€rature of thermocouple 16. The

nonh (24) thermocouple is however colder than south (11), this is due to sheltering from

solar radiation. The north corner (21) is the second overall coldest temperature

measurement, as a result of lack of exposure of the ground from solar radiation. Another

factor that could affect the temperature of thermocouple 21 is the easterly wind which

decreases the ground temperature on that side of the house and thermocouple 21 is closer

to the east wall than thermocouple 24.

A comparison of the temperatures under the basement wall as measured by

thermocouples 2, 10, 15, 20 corresponding to the west, south, east and north walls

respectively shows Qig.32 ) that the highest temperature occurred at the south wall which

is a result of solar exposure on that side of the residence.

4.2.2 Base¡nent HeaÉ X.oss Results

The basement model below-grade used in ANSYS program consisted of 1045

(Fig.S) elements with varying thermal properties over time. The calculations performed

by ANSYS were the temperatue distribution, thermal flux, and the temperature gradient

all on a weekly basis for the period of September 1989 to August 1990. The basement

heat loss was also determined from the thermal heat flux.
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4"2.3 Accunacy of AI\SYS Comeputen h¿lode!

The experimental results for Stations 1 and 14 were compared with ANSYS results

and are shown in Fig.33 and Fig.34 respectively. For the case of thermocouple 1A the

maximum temperature difference between ANSYS and the experimental data was 3oC,

for the case of 1B was loC and for lC was 2oC. Similarly the maximum temperature

differences were 5oC,2"C and 2oC for thermocouples l4A, l4B and 14C respectively.

The trends of both experimental and ANSYS temperature profile are similar to

each other which indicates that the proper combination of freezing and thawing of

adjacent ground and snow cover was used. However the differences in temperatures is

a direct result of the choice of thermai property values for the soil. The ANSYS

temperature curve could match the experimental data curve by adjusting the thermal

conductivity of the soil. However it was considered that the resulting temperatures were

accurate enough to proceed with the basement heat loss calculation, since the basement

model program takes nine hours to run for each u'ial of different soil thermal conductivity.

4.2.4 T'herrnal propentÍes

The thermal properties consisted of the thermal conductivity, density and specific

heat capacity. Most of these properties for the building materials were obtained from the

ASHRAE handbook. However, difficulty was encountered when selecting the property

of soil, specifically the thermal conductivity. There are substantial amounts of data

scattered throughout the literature on thermal properries of soils with wide difference in
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texture. Gravel, sand, sandy loam, silt loam and clay and even rocks and peats have been

thermally described.

Kersten (1948) [22] did many experiments to determine the properties of soil.

Nineteen different soils were monitored at various conditions of moisture content and

density. It was also found that the thermal conductivity differs according to phase of

moisture in the soil. At a constant moisture content, an increase in density results in an

increase in conductivity. An increase in moisture content at a constant density also results

in an increase in conductivity.

For unfrozen silt and clay soil :

K=o .7442 [0 .91og (%noist) -o .2] 100'0006243p,

For frozen silt and clay soil :

(2e)

K=0. i442 t0.01- (1Oo'oor¡rgzp) +0.025 (1go'oooeTo)Ènoistl, (30)

where: Tomoist = 7o moisture content in soil;

P = density of soil.

Equations (29) and (30) apply to soil moisture content greater than 77o and the

predicted values of thermal conductivity should be within 257o [22). A graph was

generated using equations (29) and (30) Gig.35) to show the effect of moisture content

on thermal conductivity and also indicates the regions of dry, wet and permafrost soil

which was defined in the Mitalas study, and applied to the University of Manitoba

basement model presented in this study.

The specific heat capacity of the soil was assumed to be constant over the study
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period because it varied only by 97o over the temperarure range from -15"C to 20oC based

on Kersten's work. The specific heat of twelve different mineral soils and soil materials

were measured by Kersten(1948) [22]. He found that the specific heat of minerai soils

varied linearly from 0.67 J/cm3 "C at -18 "C to 0.8 Jlcm3 
oC at 6O'C.

The density of the soil was also assumed constant based on a Carter study [23].

Carter (1951) measured both the specific heat and thermal diffusivity of va¡ious soil

samples. It was reported that in most cases the variation in thermal diffusivity with

moisture is small over the range of 10 to 25Vo moisture content [23].

4.2.5 Boundany Conditions

Fig.7 shows the basement model which has four boundary conditions as follows:

(a) a fîxed mean glound temperaturc of 6.1 oC at a depth of 15 m which was obtained

from the HOT-2000 weather data file corresponding to Winnipeg, (b) an inside basement

temperature and a convection coefficient of 18.3 oC and 10 V//m'z "C, (c) mean weekly

temperature and a convection coefficient for 52 weeks, obtained from Atmospheric

Environment Services, (d) adiabatic surface since the heat flow is only in the y-direction.

4.2.6 Basement F{eat loss Resul&s

The basement heat loss calculation was perfonned in the postl postprocessor. The

results obtained were for the walls and floor below grade. The calculation was as follows:

(1) Specify the path by node selection, to define the outline of the area which

requires the heat loss calculation.

(2) The heat flux is then loaded from the results file, and an integtation is

performed over the path, therefore the solution will be in heat loss per unit
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length.

(3) The overall heat loss is then calculated by multiplying by the width of the

basement.

An example of the calculation steps and explanation is given in Appendix B 1241.

4.2.7 Results

The basement heat loss below grade was found to be 15835 MJ/year based on

weekly calculations. This includes the wall and the floor below grade. Fig.36 illustrates

the heat loss characteristics together with the ambient temperature from September 1989

to August 1990.

Throughout the period of September 89 to August 90, basement floor heat loss

was observed and varied from 90 W to 200 W (weekl corresponds to first week of

September 1989 and week 52 corresponding to last week of August 1990). There is also

a lag in the floor heat loss, since the effect of the cold weather starts to appear l8 to 20

weeks from the coldest week which is week 22 (corresponding to -33"C ambient

temperature), whereas the peak heat loss occurs in week 40 to 42. The thermal contours

below grade were also generated from ANSYS for the month of March of 1990 and are

illustrated for each week in March 1990 in Figs.37-40. The different thermal contours

showed warmest temperatures below the basement floor. The change in level of the

basement floor increases the floor heat losses at that location. The soil adjacent to the

wall and under the weeping tile styrofoam insulation shows no sign of freezing

throughout the study period. According to the sequences of the thermal contours around

the basement model for each week from March to mid-April 1990 (Figs. 37-42) the
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pattern of the thermal regimes for week 3 in March is similar to week 2 in April. The

heat loss from the basement floor is still affected from the summer of the previous year

which is shown in Fig.36 from week 25 to 29. In April the heat loss below the floor

increases due to the lagging effect from the winter conditions. The¡efore, there is a good

reason to insulate the basement floor or use the ground as a storage medium for the

application such as a heat pump or another heat recovery method.

The basement wall heat losses were influenced most by the ambient temperature.

There was very linle lag shown by the weekly calculations and modelling of the adjacent

ground when it freezes or thaws. The peaks observed are the results of phase changes

(Fig.36) occurring in the soil adjacent to the wall and it is clear that these peaks are

present when the ambient temperature is below 0" C. Three peaks are noticeable between

weeks 12 to 22 which corresponds to the change in the thermal properties of the soil from

the ANSYS program. The heat below 0 W indicates that there is heat gain from the soil

which is apparent from week 35 and onwards and is occurring only at the walls. The

sudden sharp behaviour change in the week 43 to 45 indicates a phase change from frozen

to unfrozen soil.

The right (east) wall curve heat loss is not identical to the left (west)wall. It is

evident that the left wall heat loss is consistently higher than that of the right due to the

change in the depth of the basement (bi-level) and perhaps variation of snow cover.

4.2.E Co¡npanison of Mitalas Method(F{OT-2000) with ,A,NSYS

The Hot-2000 program predicted a basement heat loss of 17110 MJ/year. This

study indicated that the actual heat loss for the same house to be 15836 MJ/year. The
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Mitalas method is higher by about 7.5Vo compared to this study. There is evidence that

the Mitalas method uniformly predicts higher heat losses. For example Yard, Profile and

ASHRAE results are shown in Fig.43 together with Mitalas method [25]. A portion of

the difference in the basement heat loss may be explained by the fact that the values of

the floor shape factor in the Mitalas method were arbitrarily increased by 507o above

those predicted by the numerical model so as to agree with observed results from a series

of monitored basements [25].

The wall heat losses below grade was higher using ANSYS. For basement walls

below grade, the temperature difference for winter conditions is greater than for the floor.

Also the option of changing the thermal properties over time as well as snow cover may

have a direct effect of this behaviour.

4.3 Solar Enengy Results

The original total solar heat gain was estimated by the HOT-2000 program to be

367o ofthe annual space heating, therefore it is a significant source of heat.

The calculation of the passive solar heat gains for a residence is complex and

involves the following three distinct steps:

1. From the available sources of weather data which are measured on a horizontal

surface, the total or global readings (RFl) must be broken down into direct and diffuse,

unless the diffuse is measured directly (RF2). Then the straight forward geometric

relationships (section 2.3) a¡e used to calculate the respective components on vertical

surfaces at any desired orientation. Several methods have been developed for this

purpose but there is no general agreement as to which technique will yield better results
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for a specific purpose. Methods now in general use assume an isotropic sky although it

is anything but isotropic. This step is then to establish a method to calculate the diffuse

and direct components which will yield results on the vertical surface that compares best

with the available experimental data.

2. Tt:le second step involves the selection of a source of solar resource database

that predicts the solar heat gains for a residence providing confidence for use at other

sites. All Canadian data has been collected by the Atmospheric Environment Service

(AES) and a few researchers. However AES and some of the researchers have little

knowledge about the needs for engineering design requirements. Therefore, the use of

some of the available databases is questionable.

3. Calculation of the usable solar heat gains on the vertical surfaces, such as walls

and windows due to the absorptivity of the walls, glazing transmissivity of windows and

overhangs. In Winnipeg, most of the surfaces with southern exposure are oriented so

that a normal to the surface is 180 east of south which is the case with this residence.

The experimental data were measured for FebMar 1989 and for the full season of

1989/90. Unfortunately, a data logger was not available and the readings were obtained

by an analogue recorder. The time required to convert the readings to digital format and

massage the data was considered excessive and its value is limited since a general

solution is being sought. However, the experimental data are valuable for identifying the

most suitable data source and for checking questionable heat balances.

The intent then was to establish the most acceptable source of sola¡ data. The

following three sources of solar data were available:
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1. The University of Manitoba (U of Man) experimental,

2. Typical Meteorological Yearly (TMY),

3. Solar Radiation Data for Canada 1967-1976 published by AES, Environment

Canada(AES).

The TMY concept was initiated in Canada by the Solar Energy Centre of Excellence,

University of Waterloo for use with WATSUN solar simulation program. The WATSUN

is an internationally accepted progam used for the design of solar facilities such as hot

water systems, swimming pool systems, etc. The program performs an hourly analysis and

thus typical data are required for the transients since the effects of peaks and valleys are

lost by using averaged data.

The TMY records are made up of typical months that have been statistically

determined to be the most representative of that particular month. For instance weather

data for the months of January and February are excerpted from records for 1965 and the

yea:. 1975 is isolated as providing the most representative data for March. AES provides

TMY daø on diskettes available for use in personal computers and the data available

from the V/ATSUN computer pro$am.

The AES data, referred to in item 3 above, are available in hard copy format 1261.

Average hourly monthly radiation values are provided for the total horizontal(global) as

well as diffuse and direct. They are listed as long terrn averages for years 1965 to 1976.

The long terrn averages are acceptable for this study since it is to perform average weekly

audits. However, the AES lists the global and diffuse (RFl & RF2) readings respectively

which implies these readings were taken in V/innipeg. RF2 readings were not in
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Winnipeg during the 1965 to 1976 period [26]. Upon investigation, the 1985 AES

publication [26] is based on Hay's 127) 1979 anison'opic model which was verified by

limited site studies compared to many of the University of Wisconsin and other models.

The HOT-2000 author refers to Erbs et. aI as well and appears to have developed his

own approach which has not been published. The details of the models used to calculate

the diffuse and direct sola¡ radiation components from the global radiation on a horizontal

surface are provided but need experimental verification.

Fig.12 was generated by using the normal geometric techniques used for the

isotropic models. The discrepancies between the different methods are minimal. Bradley

(HOT-2000) did not use the normal geometric methds in transferring the data from the

horizontal to a vertical surface but rather used a more recent development (1981) [28]by

the New T,r;aland Meteorological Service. At this stage the only rational approach is to

proceed with reliable well proven methods. The Erbs et al model was originally selected

even though it is not the simplest but it is well proven and provides a method of coping

with dawn conditions. Diffuse radiation is available before sunrise and after sunset which

is not important as far as energy is concerned but few mdels acknowledge the existence

of these conditions.

As indicated previously, three sources of solar data were available. The

experimental data were used to evaluate the other available sources which essentially

consist of the TMY data versus the AES long-term (1967 to 1976) averaged data. The

sample of the experimental data selected for this evaluation was recorded from Feb. 18th

to Mar.l7th 1989, the eighth to the eleventh week of the year, but experimental
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verification is limited.

A graph has been prepared for each week which shows a plot of the average

hourly radiation flM/m'z¡ on a vertical surface (900 tilt) versus solar time for the average

weekly day. Fig.13 indicates the results for a typical week Geb 18th-25th). The AES

data for February, recall that the AES represents the average hourly data for the month

and thus theoretically should represent Feb.15th. The values are significantly lower than

the TMY data using the Erbs et.al and University of Wisconsin (Reindl et.al) models to

calculate the radiation on a vertical surface.

In this case the experimental data are higher but there are some noteworthy

differences in other characteristics. The peak occurs at l:@PM which in part is due to

the fact that Winnipeg streets run 180 east of north (see Fig. 1) and thus the vertical

surface for the measurements was not mounted perpendicular to the N-S plane. This

orientation also accounts for the higher AM readings and the lower PM readings over

the other plotted data in Fig.14. However, it will be noted the TMY data also peak at

1 PM. Since Winnipeg's longitude is 970 l4min this causes a delay of 29 min since the

sun has certain perturbations in its orbit. Another 13 to 14 min delay exists in February

and solar noon occurs at approximaæly 12:42 in mid-February. This means the TMY

data is corrected to central standard time whereas the AES data is not since it peaks at

solar noon.

Again in Fig.13, the AES average March data has been included and it is lower

than the TMY data used with the University of 'Wisconsin and Erbs et.al sky model.

Because of the anomalies encountered in the AES data, the radiation on the vertical
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thesurface was calculated in the same manner as it was for the TMY, namely from

horizontal global radiation. The AES also includes the average monthly daily energy on

a vertical surface with their data. A comparison of the sources of data for the four week

average is shown in Table VII. The average daily energy for each source for the period

shows reasonable agreement.

The difference in using the TMY data instead of the experimental data is 9Vo based

on this limited analysis. However, the results can only be universally acceptable by using

a national data base. Experimental solar data was used to check the results in an attempt

to consolidate the energy balance.

4"4 tleat Recovery Ventilator Results

The HRV was tested by the Energy and Mines and Resources Canada, and

Ontario Research foundation at ffC and -25"C; with varying flow conditions. The

effectiveness, temperature efficiency and mass flow at OoC were 917o, 807o, and 117 cfm

(60 L/s) whereas in the case of the -25"C condition, were9IVo,77Vo and 117 cfm.

The testing of the HRV at 1 Stormont Drive was conducted from mid-January to

the end of March 1991. The daily results (efficiency, effecúveness and mass ratio) were

obtained when the unit was operating. Then the results are superimposed on one graph

for each monrh (Jan, Feb, March) and are shown in Figs. 44-46. The average temperature

efficiency, effectiveness and mass ratio for the month is shown in Table VIII as well as

the monthly efficiency used in the HOT-2000 program.

The mass flow is dependent upon the average velocity, density of fluid and

temperature, from Table VtrI, Fig. M,45 and 46 it is evident that the FIRV flow is
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balanced since the mass ratio is near unity.

Balancing importance: Balanced air flow is very important for proper operation

of an HRV. If the supply ai¡ from outside is greater than exhaust air from the house, the

imbalance may induce frosting of the HRV and the freezing of leakage points such as

doors and locks. If the exhaust air from the house is greater than the supply air from

outside, combustion appliance backdrafting may bring exhaust fumes into the house. A

balanced condition ensures optimum performance 129).

A result of balanced mass flow rates under insitu conditions indicate that the

equarions (23) and (24) a,re equal, which suggest that effectiveness and temperature

efficiency are equal.

Three plots of HRV efficiency against outdoor temperature (Figs.47-49) for each

month shows that the actual HRV efficiency is 76Vo at CleC and 74Vo at -25"C. The

efficiency used in the HOT-20@ program was higher in comparison with experimental

results. The reason is due to the use of a typical weather data for Winnipeg, whereas the

experimental results were for the actual temperature conditions. The scatter of the

efficiency for the month of January 1991 is a direct effect of an unusually warm month

$ig. a7).

4"5 [r¡filtnatiom Test Results

The test performed by UNIES Ltd., revealed major leakages in the exterior door

weather stripping, in the living room area and patio doors, around the fire place unit,

electrical wires through the wall in the office, window latches in the basement, electrical

panel, beam penetrations and plumbing in the basement and the vent through the floor
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in the basement laundry room and specifically through the cantilevered floor joist in the

living area. Some minor leakages were observed in the office, doors and switches along

the bottom of the house and the garage interface and finally plumbing through the wall

in the basement laundry room.

The test results indicated an air change of 3.02 ACH at 50 Pa depressurization of

the residence which is twice the value of an airtight house according to Table IX. The

results fall in the category of 1961-1980 airtightness test. Therefore a great deal of heat

loss is attributed to the infiltration losses. The HOT-2ffi) program indicates losses of the

order of 24Vo of the input energy.

4.6 F{ouse Energy Balance Analysis

An original HOT-2000 house analysis for I Stormont Drive was available at the

beginning of this study [Appendix E]. However, there were a few discrepancies in the

input. The original basement was modelled as a combination of shallow and a full depth

basement with exterior insulation and both having one side attached. From the original

drawings of the residence it shows that the basement was insulated on the inside and only

on one side, the shallow side was attached to the garage, and the full basement was not

attached. A summary of the energy analyses a¡e shown in Table X which were carried

out and discussed in the following steps:

Case 1. Original HOT-2@ house analysis (Sept 1989)

Case 2. Modified version to accommodate for correct interior insulation and

actual infiltration from the blower door tests (3.02 ACH at test pressure

of 50 Pa. (Aug 5/91)
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Case 3. Same as Case 2 but with new solar data from an improved sky model

included and the revised basement heat losses obtained by ANSYS program

shown separately for comparative purposes.

Copies of the computer analysis are contained in Appendix E. The following

points may be noted from summary table:

i) Case I the heat loss from the shallow basement walls below grade was double

the same item for the other Cases. This suggests it is beneficial to insulate the basement

on its interior. However. the heat losses in the centre area of the floor of the shallow

basement increase substantially for Cases 2 and 3. An explanation for this behaviour is

the increase in the overall resistance of the wall when insulated from the interior and

certainly higher than the uninsulated basement floor which is another major area for the

heat transfer by a parallel path with a lower resistance.

iÐ In Case 2, although the basement insulation placement was corrected, the

purpose of this case was to show the effect of increased infiltration which was deærmined

by standard test procedure. According to the R-2000 homes building code, a residence

with 1.5 ACH at 50 Pa is considered airtight and for this residence the infiltration was

3.02 ACHs at 50 Pa.

The ventilation and infiltration ACHs increased to 0.79 from the standard of 0.5

ACH required for ventilation purposes of which 0.45 ACH was provided by the HRV.

The associated heat loss increased from 10398 MJ/year to more than 26000 MVyear. The

seasonal efficiencies of the HRV were adjusted by the results obtained from the field

tests. The laboratory results used in the program are 807o at OoC and777o at -25"C and
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these were changed to76Vo andT Vo respectively.

iii) Case 3 demonstrates the effect of changing the method of determining the solar

heat gains. The changes are not significanr. (+AVo) but the progmm does not allow for

orientation of the vertical surfaces from south except to provide inputs for south-east

(azimuth angle=-45o) and south-west (azimuth angle=45') surfaces. Most buildings in

Winnipeg with pseudo south facing surfaces have an azimuth angle of -18". The values

of the solar radiation on the vertical surface oriented at 18' for the Winnipeg latitude were

from 3 to 5 7o lower than on a verrical surface facing south. The variance depends upon

the time of the year. Although the total energy difference is not significant, the solar

gains are higher in the mornings and lower in the afternoon as can be observed on Fig.14.

It will also be noted that the solar heat gains tend to increase with an increase in

infiltration. Without more detaited knowledge of the HOT-2M program it is not

possible to provide an explanation. One cause may be due to the fact that the heat

capacity of the walls, plumbing fîxtures, electrical fixtures etc, around which the

infiltration occurs, is at lower temperature and thus provides more potential for a heat

sink.

The basement heat losses were also adjusted for this case by subtracting the total

below grade heat losses as calculated by the program using the Mitalas methd and

adding the heat losses determined by a two-dimensional analysis using ANSYS program

The ANSYS, as previously explained, is a complex finite element program. The

experimentai data recorded over the two year period was used to compare the ANSYS

temperature profile. The basement heat loss results were lower than those predicted by
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the Mitalas method by 7.5Vo.

Typical Meteorologicai Yearly fI-r.MY) dau were used th¡oughout the analysis

since it is weil esrablished darabase for Canada and the United States. All the dan a¡e

avaiiable on an hourly basis and the analysis was performed on a weekly basis using

average houriy values for rhe week. It was anricipated that additional accuracy would

resuit.

Based on rhe natural gas consumpdon for the calenda¡ year 1990. The predicted

losses were at least 570 higher than the annual furnace load using the manufacturer listed

seasonai efficiency for a condensing furnace of 90Vo. Discussion with personnel of

UNIES Ltd. Winnipeg, who have monitored numerous R-2ffi0 homes indicate that this

is a considerabie variarion in the results obtained. However, unless the furnace is

oversize there is no justificarion for assuming tha¡ the seasonal efficiency of the

condensing furnace is below 85To. In this case the design heat ioss at -33"C is 12.6 KW

and the furnace output capacity is listed as 17.6 Kw.
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5.0 CONCT,USNONS,ATW} R.ECOMMENÐAT'XONS

Conclusion

1. The major energy losses of the residence were as follows:

Windows

Infiltration

Envelope

Basement (below

Unaccounted for

HOT-2000

377o

Lj%o

287o

grade) 22Vo

29Vo

HOT-20æ (revised)

337o

24Vo

27Vo

l4Vo

67o-87o

2. Basement floor losses for this home totalled approximately 100ffi M/year, more

than half of the total basement heat losses, thus basement floor insulation should

be considered.

Soil temperatures adjacent to the house (within I meter) do not normally decrease

below 0"C thus there is no necessity for thermally protecting the weeping tile.

The basement heat loss calculation using ANSYS indicates good agreement with

the Mitalas Calculation (7.57o discrepancy) for the same residence site specific).

Recommendations

1. Develop a three-dimensional use of ANSYS for the prediction of heat transfer in

soils.

Investigate the effects of differences in exterior and interior insulation on below-

grade basement walls.

Adjust the thermal conductivity of the soil so that the ANSYS basement model

temperature profile exactly fits the available experimental data and repeat the

energy analysis.

J.

4.

J.
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4. Necessity for resea¡ch on the thermal conductivity of soil versus moisture content.
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SOURCE DAILY -W/N42 STD.DEV

AES 4r04

TMY 5017 r034

U OF MAN 5478 368

Table VII : Average Daily Available Radiation on Vertical Surface.



Month/1991
Eff,rciency Effectiveness Mass Ratio HOT-2000

Efficiency

January 77.40Vo ''18.407o 0.9994 77.\Vo

February 78.3670 77.45Vo 0.9926 78.67o

March 76.92Vo 77.027o r.m25 79.4Vo
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Table VItr: Heat Recovery Ventilator Perforrnance Under Insitu Conditions.

Table D( : values for Airrighrness Tesr over rhe yea¡s.

AC/hr at 50 Pa depressurizarion

Pre- 1945 10.35

1946-1960 4.55

196i-1980 3.57

Special airtight house 1.49
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Time Properties Changes

F'ig.9: Time and corresponding Froperty change sequence in Basement Model.
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Fig. 38: Thermol Contour for Week 2/Morch 1990.
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Fig. 42: Thermol Contour lor Week 2/Aprit 1990.
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APPENDTX A

The Mitalas Sample Calculation.



Tle¡ollowlngeranplecalculerLon!sforlheheaclossfrononeof=:'-eDtsR/NRCles¿
baseænEs, ctr¿c *¡tch !.nsul¿clon over Ehe full hetg,hc on ghe lnslde Eurface oÉ rhe baee=et¡

i15
'¿a I L.

Scec t. The glven lnPuc daca are:

3eaeænc d1=enslon3 -

lengch,L-9"14

uldrh'H-8.5s

¡ss¿! uaII hefghe, !t - 2'13 a

heighc of sall above gradeo D ' 0'38 a

Insulaci'on -

above grade, l/R- - U - 0'53 H/(+ " K)

lnsulaclon resfsEance' 3' l'55 f " f/c

helghc of lnsul¿clon cover' H - 2'f3 ¡ (fu1I hefghc)

fl'oor ls uninsul'aced

Ta=peracures -

beseÞenE sPac= Ee-eracure' eS - 2t'C

ground surj3ce !e=Deracure (frou îab' l)

- 8c * B" . sLo (r,rc) - 8.9 + 11'ô ' s1:1 (lQ(a + 8) )

ouEslde alr !'e=Pe=ast'rt'3 (For Octara 8o' 3 = -I1' -9' -5' ó' 15' Ig' 21 ' 19' I5' 9' ?'

-7"c It = I to 1?)

Sce¡ 2 - Tire area aeg.:æncs are calcr¡IÂced as f ol!c*rg:

t - (4)(8'5¡ - 3a a

G:l - (2)(9"2'8.5) - 1"4 a

c. - 34 + !.4 - 35.4 a

Ài: - (34)(0'38) ' 12'92 n3 I

A. - (I.4)(0.38) - 0.53 B3

Ä1¿-34-4-30r

À1ì,. - I.4 +

4." - (3.5)(8.5) - lo' àZ'75';

Å:y. - (1.:) * (3.5 -:)/(:) ' '1'55 J

A-= - l4 0.6 - 2O-!. ;

Äa.. - (l-l)(0.5) - 0'Si r;

^:: - (l()(l.Il - o.l3 - 0.6) ' 19.l i

À-w' (:.¡)(:.:l - C.l3 - C.á)' t'ói ;



Ste: J. 3€c.a,use Eì..e soLL sur:oundlng che baseæn:. !s clay, Ehe lcrre! values oÉ che==a I 116cooduãFfr rlere used Èo obcÁlî ehe foll;dng bå,<e=€nE fac:ors ¡.o":"¡. Z, Sec:- .t. For
Lnsu!atloo aysces Ho. 3 che fac-.org are:

,{:eaSeg=enc: n-l o-J n-ú n-5

s (0.5E + I.IoR)-I (1.?l + I.45R)-l (l.Bt + o.c5¿R)-1 o.l9

(0.5E + l.I2R)-1 (1.3a + I.55R)-1 e-7i - o.ll-R)-! o.O7

c

0.9

U

0

0.7

-1

0"6

0.3

-4

0.5

u-5
o.:.9 'dl(-¡ " K)

o.o7 ';/ (* - K)

0.3 Dl::rsi.onless

: + 4 Y-onch

0.5 Dl:ensloai.ess

Su'=sc1:::1:':4 R - 1.55 + . 37-w' and 3i-, end qoÈ1ng chec (E + Ata) - (a + 8 + AE.),

,{rea Segæ.nc:

e

o

l'F ¿ 
^Fì\È ' sbl

cÈ

a-2

0.41

0.43

. 0.9

0

n-3

0.29

0.27

0.7

tr+7
0.5 =¡

n-4
0.5E

^ 
?p

0.Å

-LA

* C value has dlfferens un1!, as aoEed.

Sre¡ 4. Oalng che alJosance fac:ors f:oa Ta'o. 2, che coñer alLosances, X, a=e:

X1-f,r-Q

Xr-1.C,-4(0.6)-Z-Lq,2
JJ

x¿-1.c¿ 4<2.!) -9.6É3

x< - cq. vc - 0.5(0.07) - 0.035 H/(E¡ " K)¿))
ì

S¡e¡ 5. Calcul¿ce Èhe erees of che segæncs Èh¿c !;rclude coE:res allor¡ance Ísc:ors :

,t- a l1 Q) + ô S1 - rf C i

.*. - 
=O-o 

+ 0.34 - Zl.l ;i

Al - 39.t * l.6i + 3.6 ^ L3.l i

Â,, - lC ? :.i + 9.ó (c.33)/(0.53) - 3i.7 :

À,u - 30 - l-i - 9-5 - 11..0 i

Acs - (.2.:5)(: - (C.C35)/,O-19)j *.r.5s - 5.r.á J
,^ --,/. ..-- ^-.\ ,

^<.. - \--.-:,,i - ,.î.aJS),'l.i.3i)\ - 1.55 - 6ì.? =



ste: 6 ' The mnchly i':eac loss (pc*¿e:) vaiues oi che f lve base=enc segr:€ncs are- lL7
9t,=-At - u (sa-eo,=) - ì.i.5(0.51)(:I-3o,¡) - 7.2(:t_3o,=)

92.= - l:ís: " (9g - oc) - vZ. ór.0r. atn (:OC. + al)]

- zL-zlo.14(2r - s.s) - o.¿l(0.9)(tr.4) srn (¡0(¡ + B)Ji

- IIZ - 9l srn (30(a +.8))

9J,, -,{l[s3(as - sc) - v3 " o]. 9". sln (:oça + z¡)]

- 43.1[o.zs<zr - 8.s) - o.z7(0.7)(1r.4) srn ( 30(u * 7)J]

- 15I - 93 slq (rota + Z)J

94,r-44. " 51" (er-ea) -A4*r. y4. 04. gv. srn(30(:+6))
- (37.7) (0.58 (z: - s.9) - (4r.0)(0.38)(o.r¡¡11.a¡ srr (30(: + 6)J

- 2Ê5 - 7t sln (:o{n + e))

95,¡ - À5" . 55 . (3¡ - oc) - A<v " v5 . o5 " 8". eLn (30(¡+ 4)J

- (54.6) . (0.rs)(2r - s.e) - [ sz.e (0.07)(0.3)(1r.¿) sro (30(= + a¡]

- 126 - 16.3 sla (30(ã + 4)J

rn sr=-ry, Ehe eonEhly heac rosses oi che f fve base=enE seg=cn!.s ere:

gr , - 7.2 (ZI - 9^ _)-r- 9rã-

92,r. - I 12 - 93 arn ( :O (: + 8))

93,= - tsl - 93 srn (30 (: + 7)J

g4,, - 265 - 7L sra (30 (a + 5¡1

95,. - t26 - 16 sfa (:O (a + a)J

The average heac loes values for Ehe five base=enc segE¡encs for each oonch or- Ehe year,che coc¿l baeeænc average values, and ghe annual everãge vslues for eacr seg=enc are rlgcedLn T¿b. A-t. :

¿1e snnual averege heac loss rece u8a 762 H. ile annual heac loaa (eie=ry) É=oa Ehet¿hoIe þ¿6pæ¡¡ r¿ould be

E, rZ x 7lo - 6ít75 kLr¡ - 24 G.;
t000

A's a -,i:er of lnceresc, che ¡easureC anC c-:Ic::l¡:eC vaLues are pioc:eJ ln Flg. À-ighe 
=e

Curve (l) - ¡easured energ;¡ cansu:=c:on

curze (l) - slnuaolaal pover curve obcal'led uelng cre:esgurec ene:;¡ values
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4.55 2-D ISOPARAMETRIC THERMAL SOLID

Ìhis ìsooaí3metric thermal element can Ðe used as a brexial plane element or as
an axisynne:ric :ìng eiernenÌ with a ìwo-dimensional ihernaì concr:ctìon caoabi iity.
Ïhe eiemeni îas:cur nocal coints wrÌh a singie oegree cf í'9-.ls-, temDerature, at
each node.

The elemeni is apol icable to a two-dlmensional, steacv-state or transient,
Thermal {KAN=-i) anaiysis. -ihe element can also ìomcensare for nass transDorl heat
f low from a ccnsìànt veloci ty fielcj. If the model containing the i sooarametrrc
temDerature glere:ìt is also to be analyzed structural ly, :n9 element si¡oulo be
reolaceÕ Dy an ec!ivai:nt structural element (suc¡ as Sii¡42), see Section 2.21.
Thermaf-Stress ?:oceÕure. A simi lar element, wi th mro-sice node caoabi I ìty {STIF77)
is oescribeo in Section ¡.77. A simi lar axisyrmetric eienent wñich acceots
nonaxisyn'meirrc iceoìng (STIF75) is described in Secrion ¿.75.

An option exists ttat allows the element to mode{ nonirnear steady-state fluid
1'low througn a Dcrous rnecj ium. i,lith this option the ther::rai parameters are inîerpret:
aS analogous fluiC fiow carameierS.

4.55.1 Input Data

Ïhe gecmetry, nodal point Iocations, face numbers. loading, and the cooroinate
sysiem for the eiement are shown ín Figure 4.55.1. The elemeñt is defined by four
nooe points and the orthotropic material prooert ies. 0rtholrooic material di rections
corresooncj to the element coordinate directions. The eler¡ent coordinate system
orientalion is as oescribed ìn SecÌion 4.0.12. The speciíic heat and the density mav
be assigneo any'/alues for steady-state solutions. Prooer:ies not input defaurt as
describecj in Sec:ion 1.0.2. An average internal heat generation rate may be aool iec
to the element. Al I of the element lateral surfaces have convection capabi I iiy and
are numbered as s¡own i n F i gure 4.55. 1 .

KEYCPT(1) cefines the procedure for evaluating a ternoerature dependent fi tm

coefficient. The nonl inear porous flow option is selectec wi th KEYOPT(g)=1. iTith
this option ternoerature boundary conditions (input with the NT co¡¡mand) are
interpreteo as pressure, and heat flow bounoary conditions (input with the HFLoll
cor¡mand) are inrercreted as mass flow rate (mass/time). A sunmary of the element
parameters is given in Table 4.55.1. A generaf descriotion of element input iS given
i n Sect i on 4.0.2.

4-55.2 Output Data

a) Printoui - The solution printout associated with:he element is in iwo forms:
1) the nooe temoeratures are included in the overall nocai ÌemDerature solution
printout, and 2) the elerrent printout is as shown in Tabte a.55.2. Nodal heat flows
can be printed with the (RF cor,rnand. For an axisyrprnetric analysis the face area anc
the heat flow rate are on a "per raoian" basis. Heat fìewing out of the element is
considered to be ¡osi tive. lf KEYOPT(9)=1, the stanciarc thermai butput should be
interpreted as the analogous fluid flow output. The elemeñl cuiDut directions are
oaral lel to the element coordinate system. A general oescrrption of eiement prrntout
is given in Seciion a.0.3.

b) 2csr Data - lhe oost data associatec with the elemenl is snown below. Ihe
iata are ivritten on Fi le12 if reouesled, as desc:ibeo in Sectìon 4.0.4.

ST I F55
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.1 TGSUIi
2 TFSUV

3 vOL
4 FACE NO.

5 AREA(1)
6-7 FACE NODES ( 1 )

8 HFTLM(1)

Items 5 through ii íor each
through 42 are zero un I ess

-O TAVG(1)
1O TSULK(1)
11 I-ìEAT RATE(1)

"2-35 
4-11 @ (2,3,4)

36 TOTAL PR GRAD

37-38 PRESS GRAD(X,Y)
3-A MASS FLUX

Íace a re zero un I ess convect I cn
KE'IOPT(-o) = 1.

40 'I.OTAL VELOCITY
11-42 VELOCITY(X,Y)
,13-44 TG (X , Y )

45-16 TF ( X, Y )

:----------

is present. Items 36

4.55.3 TheorY

The ternperature distribution for this element
solution oí the fol lowing eouation (for the piane

oc 1èI*u èf *u lfl =?-tt 4l .f--p 'àt x àx Y ¿Y àx xx àx àY

where i p = density (Yreight (or Mass)/Volume)

r^ = ccpcif ic heat (Heat/Yleìght (or l"tass)*Deg)"p

k = thermal conductivity (Heat/Length*Tìme*Deg)

ö=internalheatgenerationrate(Heat/Volume*Time)

v = velocity for mass transport option (KEYOPT(8)>0 only)

For the axisynmetric analysis the equation (for constant k values) is of the form:

oC ({*r, àT*r èf) =t' p ¿t x àx Y ¿Y xx

- lr 
^¿1*41 ) +k 9-]'*

àx¿ yy ày¿

where the x-axis is in the radial direction and the y-axis is in the axial dìrection

The temoerature functions used for the element are bi I inear as described in

Section 2.55 of the ANSYS Theoretìcal Manual (Ref. 5). A 7xZ lattice of integration
points is used for the numerical (Gaussian) ìntegration procedure.

For the nonlinear porous flow option (KEYOPT(9)=1), see Section 4.70'3 with any

reference to the Z terms ìgnored for the analogous flow paranreters'

4.55-4 Assumptions and Restrictions

The element must not have a negative or a zero area' The element must I ie in a'

X-y plane as shown in Figure 4.55.1 and the X-axis must be the radial di rection for
axisynmetric problems. Àlso, u*isynmetric structureS should be modeled in the +X

quadrants. Ä triangular element may be formed by defining dupl icate K and L node

numbers as desci'iUeã ¡n Section 4.0.9. The soecific heat is evaluated at each

i s obta i ned f rom the numer i ca I

analysis):

(k èIt * .ö

YY ¿Y

,I ¿t

x àx
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in:egr-at lon pctnt
oí eìeñìenis.

121

Ìo aiioiv ícr abruDÌ cnanges is:lcn as neiting) wit¡in a ccarse grìc

if the thernai e:e.,ient is to be replaced oy a STiFa2 sii-ucIu!-ai eleäeni with
sul.:ece stresses reoues:eC, the ther,nal elene¡1 s¡ould Þe orrenteo such that íace '1

and/or f ace 3 ìs a f r-e9 suríace, see sect tan 2.?':. A í¡-ee surÌace of the e ieÍrent
(i.e., not adjacent to anolher element anc noi subjectec to a oouncary ccnslraint) :s

assi.jjìec to be acìabalic. Thermal tíanSientS navrng a íine rnlegi-ation time step anc

severe thermai gracjient at the surface wi ll aiso reQuire a f ine nesh at the suriace,
see Seciìon 2.21. l'liÌh the mass transport oDÌion, temoeratures s¡ould be specifìeo
alcng the enti re inlei bounoary to assure a siaÞle solution'

(cr Axial)

X (or Radial)

Figure 4.55.1 2-D lsoparametnc Thermal Solid

Heat flow oul of the elemen! is posilive

ST I F55
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Structurãl FJlnt

G€ñeralizêd i',4a9s

@w

STI F2 1

i noo6 3-D soacg
ñ^tr, rrv rrv rlt

ÊOTX. AOTY, ROTZ

Struciutai 2-D Lira

Spar

,/

STI F1

2 nocss 2-D soace
DOF: UX. UY
Features: F.R. S

EIâs!lc 3eåm

-/

STI F3

2 nodes 2-D sÞace
OOF: UX. UY, ÂOTZ
Fgaturas: R.S

Plas¡lc Bêam

_/

ê1rct1

2 noões 2-D soac8
DOF' UX. UY, ROTZ
Features: P,R.S

Tapêrðd
Unsymmetric Bôam

-^
./ 

t.

bb

STI F54
2 noées 2-D space
DOF: UX, UY, ROTZ
Features: R,S, Oftset

nodes.

Structural 3-D LJn6

STI Fl O

2 nocâs 3-D sÞac6
DOF: UX. UY. UZ
Fsalures: F,S.G

Tonsion-Only SÞar

STI F4

2 nodes 3-D sÞacs
DOF: UX. UY, UZ.

AOTX. ROTY. ROTZ
Features: R.S

EIåstic Bêãm Thln wall€d Plastlc
Beam

STI F24
2 nodes 3-D sÞace
DOF: UX. UY. UZ.
EOTX. EOTY. ROTZ

Features: P.R.S,
Arbltrary cross-s€ctlon

Ta pered
Unsymm6trlc B6am

b

STI F¿4

3 no6€s 3-D space
DOF: UX. UY. UZ.

BOTX. ROTY. AOi
Featuros: R.S. Offse

nodas.

S Þa¡

STIFB
2 nooss 3-D sÞacs
DOF: UX. UY, UZ
Features: P.R.S

STI F] 6

2 nodes 3-O space
DOF: UX. UY. UZ.

aoTX. ROTY. ROTZ
Features: R.S

Elastic Stralght Plpo

STI Fl 7
4 nodes 3-D space
OOF: UX, UY. UZ.

ROTX, ROTY, FOTZ
Features: R.S

Elasrlc Plpe Tee

STI F1 8

3 nodes 3-D soace
DOF: UX, UY. UZ.

ROTX, ROTY. ROTZ
Features: R

Curv€d Plp€ (Elbow) Plastlc Stralght Plpe

STIFzO
2 nodos 3-D spac€
DOF: UX. UY. UZ.

ROTX. ROTY. BOTZ
Featurss: P.R.S

Plastlc Elbow

êJ
STIF6O

3 nodes 3-D spaco
DOF: UX. UY. UZ.

ROTX. FìOTY. RO:
Features: P.R

lmmersed Plp€

clt ÊE ô

2 nod6s 3-D space
DOF: UX. UY. UZ.

BOTX. ROTY. ROTZ
Features: R.S. WaYe

Structuraf 2-D Solld

Axlsymmetrlc
Harmonic Stress Solld

STIF25
4 nodes 2-O space
DOFr UX. UY. UZ
Features: S

Trlangular Solld

ST]F2
6 nodss 2-D space
DOF: UX. UY
Fsatures: P.R.S

lsoparametrlc Solld

r*a
STI F82

I nodes 2-D space
DOF: UX. UY

Features: P,Fì.S

lsoParametrlc sol¡d

STIF42
4 nod8s 2-O space
DOF: UX. UY
Featurss: P.R.S

P=Ptastictty.R=LarçeDellecllon.S=StressStiffBnrnç,G=G€ometricNonlinearity

Fìgure 4.0.1 Element TYoes

cr trr¡trÀlf qtr¡ tr¡/lTlô¡\l
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I i struc:ural 3-o solld i

Àxrsymmetrtc I i¡yperetasttc scrto |lsooa=-*. -\
F,armonrcstresssolldl I I

---,^\ I ' å-Atffiil-1 lf.:1\1Ï*_\ ILA | ryv++l 
I

sriFe3 I.t',,t |"'to'
I ncces 2-D soace i I noo". 2-D soace I I nooes 3-D sÞace'

DCF: UX. !Y. uZ I oor, ux, uv I oo;, ux uY Uz

Fearurss: S I Features: Rubber-like I Features: P.R S

I mat enals I

.nrsotroÞrc Solld

ffi
l.ç--\)q-<y

3 nocês 3-D soace
ñ^É. ttv rtv t¡?

Features; S. R. Anrso-
trogrc or crystallino
matenals.

ie rnlo¡c¡¿-S¿ir.l

n
fr--t-\L.' \/r>-¿/

E noces 3-J scace
3OF: UX. UY. UZ

=âri, '.oê t

Ccnc:ete. rocx.
f iÞêrg!ass. ccmÞos
etc . materråls.

Hvpêrolastlc Solld

n
LÞ

S TI F86
I nodes 3-D space
OOF: UX. UY, UZ

Features: Rubber-llks
malerlals.

Lay€rod Solld

n
Y-J- Í t I/:_YÀL- \'/(--<y

STI F4 6

I nodss 3-D soace
DOF: UX. UY. UZ
Faatures: R.S

srlF8s IsÏF92
5 nod6s 3-Ð sÞace I to noo". 3-D soace
ooF: uX, uY. uZ I OOr, UX. UY. UZ

Featurss:P I Features: P,R.S

Crack T]p Solld I Totrah6oral So¡ld lsoparametric Sotlo

STIF95
20 noóes 3-Ð soac
DOF: UX, UY, UZ
Featuras: P.F.S

Slruc?ural 2-D Shell

Axisymm€tric
Harmonic Stress Sh€ll

lÌn
\¿

5Tl F61

2 nodes 2-D spaca
DOF: UX. UY. UZ.

ñu r¿
Features: S

Plastlc Axisymm6trlc
Sh€ll wlth Torslon

,ìIq
sTtF5t

2 noées 2-D spaco
OOF: UX. UY. UZ.

ROTZ
Features: P.R.S

Structural 3-D ShBll 
I

Quadrilateral Shôll I

STI F63
4 nodss 3-O spaca
DOF: UX. UY. UZ.

ROTX. ROTY, ROTZ
Featurss: R.S

Plastic Sh€ll

sÎF43
4 nodes 3-Ð space
DOF: UX. UY. UZ.

ROTX. FOTY. FOTZ
Features: P.R.S

hY
STI F4 1

4 noõês 3-D soace
ÐOF: UX. UY. UZ

Features: R.S.G.
Cloth-type srruciL

lsoÞaram€tric Shell

-,\
-/ 

L\--

\. -/Y
STI F9 3

I nodês 3-O spaca
OOF: UX. UY. UZ.

FOTX. FOTY. ROTZ

Features: P.R.S

Layered Shell

STI F9 1

I nodes 3-O soace
DOF: UX. UY. UZ.

ROTX. FOTY. ROTZ
Foaturas: R.S.

1 6 layers

Lâyerêd Sh€ll

sTr F99
I nodos 3-O space
OOF: UX. UY. UZ.

FOTX. ROTY, ROïZ
Features: R.S.

1 00 layers.

P=Plaslic¡ty.R=LafgeDêftection.S=StressStlffening,G=GeometrrcNonlineanty

Frgure 4,0.1 Element Types (conlinued)

EI-EIVlENT SELECT]ON
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:5ermal Po¡il iSermal !i.¿

Thermai Bar

STI F32
t -^.ôê ,-¡ c.¡.o
i^Ê -=À¡Þ

ihermal 3ar

S IIFJJ

2 no6es 3-D ssace
DOF: TEMP

Ccnveciicn l-ink'.!mced Thermal

: ncoe 3-C s¡ace
DOF: lÊlvlP

RaC¡ation Link

2ttt
tjt

STI F3{
2 nodes 3-D sÞace
DCF.;=MP

STI F3 1

I ÊÃ-ôê î-¡ c-r-ó

DCF: TEf,4P

i
lf

t: Larçe Dellecilon. S = Stress Sl¡ffenrnç. G = Geomel::c Nonlinearily

Fìgure .1 .0.1 Eiemenl i,:es (ccntinueC)

lhermai 2-Ð Solìd

rsoparametr¡c
Thermal Solid

^--4r\/t/t
1----r

SiI F55
J noÕes 2-D soace
DOF: TEMP

ì hermal J-u 5olro

-

isoparamêtrlc
Thermal sôlld

n
LÞ

STIFTO
I nodss 3-D soaca
DOF: TEMP

Ax¡symmelrlc
Harmonic Thermal
So l¡d

Õ
/l_l \-4: -\

sllr/5
J noces 2-D sDåce
DOF TEMP

lsoparam€tric
Th€rmal Solid

,/t\
/ \\q

STI F87
'10 nodes 3-D spacê
DOF; TElvlP

Triangular Thermal
So lid

^.t\æ

STI F35
6 nodes 2-D scace
DOF: ÌEMP

lsoparamet ric
Therrnal So¡¡d

FAffi-)w4
STI F9O

20 nodBs 3-O slace
DOF: TEMP

lsoparametric
ihermal Solid

È--4tb
t--A

STIF77
I nodes 2-D space
DOF: ÌEMP

Thârmal Shell

""*r"-",*Ouadrilateral
Thermal Shall

,H\^
-//\-dl

€tt Étt

4 nodÊs 3-D space
OOF: TEMP

Axisymmetric
Harmonrc Thermal
Sol¡d

--í-\\ \--c-7)Ii I/Ir- Ivâs
STIFTB

I nodês 2-D soac:
ñ^É. 1=t¡Þ

--ffi-
Transient Fluid Flo'
Tharmal Plpe

â

STI F66
2 nodBs 3-D soac€
DOF: PRES. ÌEMF

Contained Fluid

STIF79
.1 nodes 2-D space
DOF: UX. UY

Ax¡symmetric
Harmonic Conta¡ned
FIuid

STIFS.I
4 nodes 2-D spaca
DOF: UX. UY. UZ

Conta¡ned Flu¡d

STI FEO

I nodes 3-D s¡ace
ÐOF: UX. UY. UZ

lsooarametr¡c Flu¡d
Fìow

STI F1 5

4 ôodes 2-O sÞace
DOF: VX. VY. TEMP.

IHts 5

lsooarametric
Acoust¡c Fìuid

ffi/r--L\LlV
STI F3O

I nodes 3-D soac
DOF: UX. UY, UZ

PHÞ5

P = Plasrrcrry.

Er =\rc\rT c=i = ^::a\Àt
Lt-¡YrLrrr !!--J¡'v¡r
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fiec:rrc

Therñat-:ìectric
L¡n e

ihermal-Siectric
Soliõ

Þ i¡tt/
-1 ôcées 2-D scace

^ô- 
î=\4Þ \/ôr 7

Multi-lield Solid

5 trrÞ
I nocies 3-O sÞace
ÐCF; UX. UY. UZ.

TElviF. VOLT, N4AG

Thermal- -iectnc
q^li¡

LSOCafame(rrc
f"4açnetrc-lhermal-
electric Sol¡d

20 ncoes 3-D soace
OCF: i3ì,1P, VOLf.

MAG

, â^.ôc 1-|l cñâ.Þ

uu-. r-¡vr-, vuL¡

Mulli-l¡eld Solid

ÞIITìJ
é nodes 2-D soace
DOF: UX. UY.TEMP

VOLI. MAG
Features: F . S

Spring-Oamper

STIF14
2 nodes 3-D space
DOF: UX. UY. UZ.

ROTX. ROTY. ROTZ
PRES. TÊMP

Nonlinear Force-
Deflect¡ôn

5 | llÞ5
E nodes 3-Ð scace
DOF: TEI¡P, VC|-T

Te t rah edral
Multi-f ield Solid

'10 nodes 3-D soace
DOF: UX. UY. UZ.

TEMP. VOLT. ¡,4AG

Features: S

lnterlac e

2 nodes 2-D space
DOF: UX. UY
Features: G

Surface gffecl

> ttro
tr nodes 3-O space
DOF: UX. UY. UZ.

TEMP
Fealues: ñ.J

lnterface

2 nodes 3-O soace
DOF: UX. UY, UZ

Features: G

Ccntact Surface

3 nodes 2-Ð sÞace
DOF: UX. UY

Fearur6s: e.G

Suoerelement

> | trfv
up ro 3000+ DoF

2-D or 3-0 spac:
OOF: Any
Features: Matrix c'

slandard ANSYS

elemènls.

Spec:alty I

+

2 nodas 3-D space
DOF: UX. UY, UZ.

ROTX, ROTY, BOTZ
PRES. TEMP

Features: G

R6volut€ Jo¡nt

> | ¡trl
5 nodes 3-D space
DOF: UX. UY, UZ.

ñ(JIÃ. ñUIT. ñUì¿
Features: H.q

Figure 4.0.1 Element iypes (ccntinued)

Multi-f ield

Control I Comb¡nation

STIF37 I STIF4O
4 nod6s 3-D space | 2 nodes 3-D sÞace
DOF: UX. UY. UZ. I DOF: UX. UY. UZ.

ROTX. ROTY, ROTZ. I ROTX. ROTY, ROTZ.
PBES. TEMP I PRES. TEMP

Features:G I Features:G

Stlf lness, Mass or
Damping Matrix

l+l+l
Fffil
[-rTTT-t

> ttrll
2 nodes 3-O space
DOF: UX. UY, UZ.

ROTX. ROTY. ROTZ

Dynamic Fluld

Þ I lrJð
2 nodes 3-O space
DOF: UX. UY, UZ

P=Plasticity,R=LargoDeflection.S=StressSl¡ffening.G=GsometrtcNonlineafrty

êÉr -^-r^ÀlÈLËlvrtrr\ | òtrL=,e n\Jt\
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tn a thermal analysis, we often want to determine the total amount of heat loss or
galn across a structure or tlrrough a porlion of tlre structure*. This total heat flow
may be obtained by integrating the local heat flux over the entire surface, as
shown below:

total heat flow

. This procedure is not restricted lo a steady-state analysis, however, it is presented here becauseit is required for your steady_state exercise.

HDN-S221 Chapter 4 Steady_State Anatysis

= t (hear ftux)
af ea

or

q= {, o"dA,

x d(area of surface)



ln ANSYS, we can perform such integration using the posTx path commands.
Let's evaluate the total heat flow integral for a 2-D problem. Four steps are
required:

'il . Define the path (LPATFå command)

2' VIap heat fluN onto the path by interpolation (pÐEF command)

3' lntegrate heat flux ove r area associated with the path to obtain total
heat flow (PCAå-C command)

4. å-ist and display total heat flow (pvåEW command)

DN-S221 Chapter 4 Steady-State Analysis N){



Step 
.X . Define ttre patlr (LPAThg command)

LPATII ,I5 ,23

DN.S22 I

2-D model

Clrapter 4 Steatly-State Analysis

heat flow

l.J
co



The å-PAT$-å command defines a path through a model to be used in subsequent

path calculations.

l-Jp to 10 node numbers used to define
two nodes listed consecutively (NODEI
deterrnined by linear interpolation.

LPAT'hü, NODE1

ffSote: The path operations discussed in îhe following steps cannot be performed

in non-Cartesian coordinate systems.

NODE2

DN-S221

NODE| O

a path. The path between
and NODE2, etc.) is

Clrapter 4 Steady-State Anatysis

t\)\o



Step 2. Map heat flux onto the path by interpolation (PDËF command)

PDEF, I NT'R, FLUX ,'I'FY

DN_5221 Chapler 4 Steacty-State Analysis

heat flow

(}J



pÐEF, INTR interpolates nodal or element data along the path.

PÐFF, INTR, LAA , Lab2

Arbitrary label to be

assigned to the

resulting path item.

frVote: The number of heat flux points mapped (by llnear interpolation) onto the

path = 48x (N-1)+'l where N is the number of nodes def ining the path.

Item to
" Label"

DN-S221

be interpolated along a path:

of postdata item (heat flux

component) as defined by the

ST'HESS command.

Chapter 4 Steady-Slate Analysis

(/)



Step 3. tntegrate heat flux over the area associated with tlre path to obtain total

heat flow (PCAtC command).

PCALC, I N'fC, FLOW, FLUX, S

-Pathdislance,s,isautomaticallycalculatedbyANSYS'

..,¡ ¡ e1" I

t=1

Clranler 4 Stearly'Slale Analysis

heat flow

(,)
1..)



PCALC, INTG integrates a path item with respect to any other path item

Integration equation is
LabR = FACTI x/(Lab1 d(Lab2))

PCALC, INTG, LabR, Labl

Arbitrary label to be
assigned to the result.

DN-S221

Lab2, FACTI

Factor used in INTG

equation (defaults to 1.0).

Labeled path items (as

defined by PDEF command)
to be operated on.

Chapter 4 Steady-State Analysis
u)



Ohjective:

lllustrate tlre series of

total heat flow for the

/ POS'I'r

STRESS,l'FY,55,40
SET

/PNUM, NODE, I
NPLOT

LP^T¡l ,15,23
PDEF,IN]'N,FLUX,TFY
PCALC, I N'I'G, FLOW, FLUX, S

PVI EW, PLOT, FLOW, FLUX

o

POSTI patlr commands required to determine the

2-D problem above.

Brings in item 40 (TFY) for STIF55 elenrenLs

s

+

*

*

*

Displays no<Je numbers needed for paLh

De f i nes pa blr f rom node I to notle 2

InLerfiolal,es 'I'F Y onto paLh att<1 cal ls
InLegr-aLes FLUX wilh respecL to S and

Displays FLOW and FLUX

DN -S22I Chaptcr 4 Steatly-Stale Analysis

def ini L ic¡¡r

it "FL[rx".
calls it "F'LOw"

u)
.À
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(q=: àø: ic=cì^ã ;';k.:::.=-;

li:s i:ie ieii:re --::e
-^; -^^i -La rrÊ:< :q

noiei geomer::// na:er:-a! Ð:3Ðe:--:es
Õe í' :led .

1 Y. -Y'
/r:'"ie,tsÄ-SAI€NT MOD:! 3ELOW GRÀDE - N:ï 

"/ERSiONI qôf ' qi
Sd!r, | - I r-

;;;i-; ,r,)-.2 smp, dens,1 ,20,Q9 - 5*'-t, c' 1' 653- 
^ ^ 

* ccnc:ete ¡rocr
;;,il;;;)',o.azaz ; {iino,ciens,2,i.!6L4 smP, c,2,L)Ql * voic :orn
;;,;;;;i, o.:3 smf , "änt, 

3, :5?9 Srnpr c, 3,8-99 * compac--eci sravei
;;: t;;; Á', z .z sn'i, ¿ens , !,?499 smP, c, !, 6?1 conc:ete wa j'l
;¡;k"r;s, r.:s s;¡;ãens)s, r¿go smp,c,5,!11 unfrozen soii
;;;k;:<; 6',2.83 s;ir;cens, 9,?9a siap, c, 6,890 Base claci
;;;i;.; 1',0.Q21 smp,cens ,'Ì ,?i^^ sn-o,c,'Ì,r2:\0- * warr insuration

^1,:."",8; 
0.43 s;¡;."nt, q't?99 smP, c,8'!990 * Drvwall-

;¡, k;"; g, r. iis smp, ¿ens ,9,!920- s*p, c,9, 600 ^ " concrece pire
;¡;k;;;rô,o.czg sti,cens,r'0,42-5 snp, c,lo,L2Lo " scvroraom j-ns'

-- r-"" rl Ôooo " Snow

äE;ffii; i;',í'.i- ,*0, Gens, L2,-L'eo sm-o, c, L2,L119 - Îrozen soir - zo:

;b;k;.;i3;1.2 ^p','c,!3,r11Q --- " arozen soi! - zone 2

K','4t1.saz,-.lqa sK,5,1.658,-.341 sK'6'1'81',-'314
K 1. ì Rl.-.496 9K,8t1'658,-.496 5K,9,-':.52'-'496
i; tó; -".isz',-'.ísz sK, 1i, -1'938,- -':.2 sK, 1-2, -E'09'-'L52
'1 '? -q nq n SK,i4,-7.938,0 SK,15,-1 '862,0L\r -J I e. v r I v

K,!6, -7.846, C'\',!;2 si,2,3 s!,3,4 sL,4,5 si,5,6 sit6t1 sl'718-
1',a',g si;9;10 si;r0,11 sr,11,12 sl-,12,13 sr,13'14 sr'15'14
i,r!,r6 sl ,!6,\ si,14,11 sr,i6,1l sl,l,10 s)',2'9 5r'3'8
l,5t 8

lssel ,,I8,2i,1 Slci'rs,ail ,,4,3 SlsalI
Isse1,,5,1,! Sfia=åi,,ZZ $IsaseI,,il/13,1 5)-sasel"17 Slcivs'all"1 5Is¿

Icivs,l6,,5 siãvs, i0;,5 Sidvs ,\,,L Srcivs '9"! Srcivs '2"5
Icivs,8,,5 siavs',!4,',3,2 $1dvs,1,,3,2 SLcivs'!5"2 $lcivs'3"2

;ål;î' 5"t, !2e,99, ,2 sa,13 ,L4,rL,'i2 samesh,l- - sels:ze' 99

al t:-l tL4, i5,I8 $amesh,2 SeIsize,99"2
a,!6,L,1ô,ii Samesh,3 5a,!,2,9,la Sa¡nesh'4
a,2,3,8,9 Samesh,5 Selsize'99

^1, 
3, 4,22,21 Samesh, 6 sersize' 99 ' ' 2

o u,5,6,1,8 $ameshrT

* Define vcid forn:

K,L1 ,7.658,-.648 sK,18,7.51 2,'.648 sK'i9'-'301 ',-'648
i',2Q, -.304, -. ¡oq sK; 21, -i . as, -.3c4 tKt 22, -l ' 938 ' - ' 301

l-,8,17 Si,17,l-8 SL,lb,19 Si,i9,2O SL,20,2l SL,2l'22 S\',\L'22
L,lL,2L si,Lo,2Q Si,9,19 5L'8,18
Issel,,25,2'7,\ $idl's,aLI,,5 Slsall
lssei',',29,33,! $isas,,23 Slcivs,4I\,,2 SIsai!
livs,28,,1- Sl-ivs,26,,L Slcivs,24,,!
ma:,2 ba,:1 ,lQ,2Q,21 $amesh,8 5a,10,9,!9'20 Samesh' 9' et 9,8,18,19 Samesh,10 Seislze,99

_ 
;i ,2g',3Q,2g Samesh,1L Sai,33,23,2a' samesir' 12

r raFi-ô ^^¡ñia-¡c t-ar¡cl:tç -:r¡ç*-
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LV\-t =Jt t.

mat/ 4 Ça,22,2'7,28,2-a
a,13,12,30,3i
a,34,33,14' 13
aI,11,29,52

* Def:ne right wali:

>e,lNtltt¿ft¿a sanesn' 1'1

Samesh, 1 6 $a, 12 ,2?,29,3Q Samesa, L7

Samesir,lE Sa, i3,3I,32,34 Samesh, !-9

Sa¡nesh,20 geIsize,99
Samesir,2l

c --¡ai I ?;4.r.8:rrr lJ

Sanesi,:5

I ¡ê'ino ìo=: .;a-l:

,-=.- -- ora -^ ¿r ,-0.456 5k,29,-8.!67,-0.304k,2i , -1.938 | -0.4:b 5Kt ¿ö, -5 ' rc t

i,:0,-a.iãl',-0.t52 sk,31,-3.15?,0 sk,32,-E'L61'0'622
L ?? -? o1f, n 6,?2 Sk/34,-8.09,0.622
l',;;',2;'';i',ï:rs 5\,2's,ze çL,2s,30 5r,30,3L sr' 31' 32 st'32'34
l',1i',lq sl,¡r,ii si',30,i2 sL,29,22 sL,i'2,22 sr'13'34 si'34'33
i!."f , ' 43,45,! Slsasel , ,1I ,52,\! SlCvs 'alL' ' i Slsal-I
j-civs,46,,2 Sl-ci'¡s,4g,,2 Slcivs,5A"2 Sicjvs'42"2
Idvs,51,,2 Slcvs,1' ,,2 Siovs,53, '2 Sìivs '54t t!

k,35,;-.658, -0.8 5k,36, t ' 88?, -0'8 Sk' 3? '1 '881 ' -0 ' 648

;;ãB;r.aar',-a.496 sk,39,?.881,-0.314 sk/ 4c,1'88i'0'622
x, q:.,1 .6'.8,0.622 s'Kt42, ? '81,0'922
ï,iì, 3s si,35,36 s:-',36,31 sl,3?,38 si,38,39 sl-'39'40 slt40t42
l',i:', qt $r; 41,5 sL,42,6 51, ó,39 si,7,38 s!'L1 '31
L,1 | L1
isseI ,,51,39,I Slsase!,,55 SisaseI,,68 SIdvs 'aL!" 1 $IsaÌl
lssel- , ,65,61 ,L Slsasel , ,56,61 ,5 Sìcvs, aIL' ' 2 9isalI
iã;;;'60, ,2 bt.iltt,64,,2 srdvs,63,,2 sldvs,62, 'r
a!,1,23t68Samesir,2ZSelsize,99t,2Sa,1?'31'36'35Samesh'23
a,1 ,38,3i I 11 Sanresh, 24 Sa, 6, 3 9,38,1 Samesh' 25

â',q2,Á0,æ,ø Samesh,26 s4,41,42,6,5 5amesh,2?

* Deiine insulation ari cirYwail:

k,46,-1 ,s62,0.622 sk,15,-1 .846,Q.622 sk,44,1.5ô6,0.622 Sk,43 |1 .582,0.622
!,4'o,33Sl,46,15Sf,qS,qeSI,45,i65I'43'41$:''43'4SL'44'435i'44'3
iâ";; 69,,3t2 5rcivs,il,,2 5rcjvs,io,,2 srcivs,12"2 sìivs ''13"3'2
iOrrr,15,,2 51cvs,14,,2 Sldvs,16,,2
Ãã., i iâ,:: ,46,¡i,1'a- sanesh,28 smat, I 5a,46,45'!6'L5 $amesh' 29

ffi;; ; ;;; ;ã', Àí',4 ,4 sarnesh, 30 sma-', 8 sa' 44 
'l 

43 ' 
Ã' 

' 3 samesir' 3l'

" Deírne baseclac:

k,1'? | -8.243, -0.304 Sk, 18 , -8.243 5k, 49 ,'8 '213' C ' 0633

t,io, -á.áq3',0.432 sk;si,-8.243,0.622 sk'l?,1'?63'-0'648
1, <" " oÁ'ì sk,54,1.963,0.063 Sk/55t1'963'Q.432
Lt -¿l t . )vJ

^'^1k,5br l.yaStQ.6Z-
L',41',29 sr,48,¡7 Sr,49,48 Si,50,49 S1,50,51 Si'51'32 Sr'50'32
l',a9',3t sL,sz,31 sL,32,53 sr,53/54 sl/55,54 sr'56'55 sr'56'40
1,55,40 sr,54,39
lssel, , ?? SIsasel , ,82,34, ! Slcvs , aLI , ,3,2 SIsall-
1"t=, 1'8,,2 Sld'¡s ,19t,': Slcvs,gO,,2 Sicvs '8L"!
lsseI, ,85 $l-sasel | ,9A,92,i Sicivs , aL]., ,3,2 SIsall
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-j-..s, ô6,, 3 s.c"'s,?-,,'-
:.¿--, 6 Sa,,:.), j2, 3'', :i

aL,-Í,44t11 ,-ô'
al/ 82,83,8i
a\, ?2, 8J, 8 6, a'., a3,49
- ,^ l: </ ìCéllVl¿JlJ-t"
-1 1^ oÔ 91dL I tw I e ¿ | '

- Def ine s;Yroloam ,ç 95avei:

r, sr, -8.846, -0.152 Sk,58, -8.846, -0.2153 Skf 59, -8 ' 695 ,'O '162
k',6Q',-8.556',-0.456 Sk; 61,-E.256,-0.156 5k,62,-8'256,-0'304
k,63,-E.256,-4 sk,64,-8'151t,-3.999 Sk/65/-7'938,-3'999
k,66, -1 .85, -4 sk, 67,8.553 , -a.i5? sk,6E' 8 ' 553' -0 ' 2i5
i,69,8.39r | -o.162 sk, ?0 ,8 -21 8, -0 ' I $k,71,1 '918, -0'8
k',ir',i .éta, -0. e qe sk, ?3 ,'l '91 8, -4 sk,74 ,1 '88'7 ' -3 '999
k,15,?.658,-3.999 Sk,76,1 -512,-4
!',4g',51 5i-,51,58 Sr,38,59 Si,48,59 Sr,5?,59 Sr,59'60 Sr,60',6i
L',6!,62 S\t62t41 S\,62,59 S1,61/63 çr,63,6! Si'64'65 Sr/65/66
l,',)a',aa ç!,26,21 s!,2g,6! 5r,28,64 sL,21 ,65 s\,23,16 sr,?6'75
l',1s',14 sL,'i4t13 sr;?1,73 sr, ?1,36 sr,35,23 si,35,75 sl-, 36,74
t',sà',lz s\t12,1! st)r:.,r0 $1,?0,69 sr,69,12 5!,54,61 $r,6?' 6E

r,68, 69 Si,53, 69 5]r-,61 ,69
l-dvs, 93,,3,2 51ovs,96,,3,2

<-:-rc iî ; :';"c ;: '
--¿"5t ¿-t t+

.--^^; îî C^ì êi -- :CJd..ic::./ -¿ -=aa--=t ¿¿

19,34 S::.es;:, f 3
a --^^; a Ivd:rtgJl¡, J-

SamesÌ'l , 35 Seis:ze ,99, ,2
îr¡ac¡ ?Á îoicizo-1Q¿C..'=¿t-t t ¿ a-+-¿.--l ¿ ¿

. ---^: ?ri 4:.i= >ll r J /

SisseL,,|Q4,I08,2

SLcjvs t91 | tl $Idvs,94,,L Slovs,95,,t
Slcivs,LO2,,2 SIdvs,99,,2 Sldvs,LC1,,3
Sl-sasel,,1l-O,i!9,9 $Isasei,,i\2tL2Qt4l-civs,98',3 Slcivs,100,,3

lsseI,,103t!L!t4
J-dvs, aIJ-,, 8, 4 SIsal-1
Isasel,,113,LL1,2
Icivs, aIJ-,,2 SIsall
lcivs, !24t,3 Sldvs,L25,,3
ldvs, L21,, L sldvs,!28,,i

5 l s a s e I , , 1 0 9 , 1 1 8 , 9

$iivs,aLl,,1 Slsal-.L Sissel-,,:-05,1I4t9
Slivs t!2!t,3 SLcvs,L22,,3 Sldvs,L23,,3
Sicvs,L26,,3, 2Siivs, !29,,3, 2$Icivs, 130,, i

eLsize,99,,2
mac,10 Sa,49,48,59,51 Samesh,38 Selsize,99' 

al ,91 ,95,94 $amesh,39 9elsize,9'q, tz
mat,5Sa,48,4'.,,62,59Samesh,40Sa,62,6i,6Q,59Samesh'41
mac,9 Selsize, b9 Sal,l'0L,'7T,43, 109, Lo0 Samesh' 42 SeIslze '99"2

a,6!,28,64,63 Samesh,43 Sa,28 t21,65,64 Samesh' 44

a,21t26,66,65 $amesh,45 $eIsize,99
a,22,2!',iá',t, $arnesn, ¿6 Sa,18 ,L1 ,35,23 $amesh' 47 Seis j-ze 

'99' '2
a,23,35',15t16 Samesh,48 Sa,35 t36t14t15 Samesh' 49

a,36,1!,13,14 Samesh,50 Selsize'99
ai-,85 ,12!,\22tILi t51 Samesh' 5i

nat/3 $el-size,99",2' 5a',12,69,10,1! $a¡neSir,52 Sa,53'69,12,52 Sanresh,53

iììä.iio ;;,;;;;t-,âs',iz sa¡nesh, s4 ielsize, ee saJ-, 130 ,L2'7 ,I28 Sanesh' 55

' Define surrounding soil:

kt11 , -20.963 | L.432 5k, ?8, -9,0 ' 519 sk,79 , -20'963,0 '432
r, go, -9,0.432 sk,8L,-20.963,0.23'7 Sk'8?,'9-,0'23'1
i',ez',-4.:s,0.23'7 sk,84,-20.963,0.043 sk,85'-?,0'043
k; B¿; -B.35, o. oc: sk,8? , -2o.9qJ'-0.152 sk,98, -9, -0 ' !52
k,89,-8.846,-1 sk,90,-2Q-963,-15 $k,91,-8'556,-5
k,92, -8.846; -r5 $k, 93, -7.85, -!5 sk, 94, -? ' 85, -5 ' 5
k,95,-7.5,-0.8 5k,96,-0.456,-4 sk,97 t-Q'456'-5'5
x, gg, -0.456, -15 sk, 99 ,1 -51 2,-5.5 Sk, 100 ,1 '512' -!5
x, roi,8.553; -15 sk/ 102 ,8 '218,-5 5k,103,20 ' 963' -i5
r, ioq, g. ss¡, -i.3 sk;105 ,8.1 , -0.\52 5k, i0 6,2C ' 963' -0 ' 152

r, ior, e. r, o.043 sk; 108, 8.7, c.043 sk, !09,2Q ' 963' 0 ' 043

r, iic ,8.!,0.231 sk;l:-r, g.l ,0.231 Sk, il-2,2Q '963'C '231
r, ii:',8.1,0.432 sk, LL4 ,2Q.963,0 '432 sk, i15/ 8 '7,0 '516
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'{."â.)^ âáî-' !1-2

-,5C,;8 S-,:C,5C S:,.:1,ê2 a-,?6,aa S-':5,--5 S-,::,:i3 S-,-:a,::'-
- :^t :^c .: :n ¡? i' la ÂÁ .' <: a: :^ -c
-t-!ttLvt ,-t-er¿- --t--- -t--t:-i )-t2\t-'Jt i:¡ tÓ¡ t )-¡év¡;j

-,82,31 5i,35,84 Sl,a6,A: S-,39,90 s\,)i,92 Sì,94' 93 S'-,9..,98
!,99,i00 si,l02, tcl- si,\a1, i03 si,1c5,ic6 sl-,i08,1C9 51,1-1,1i2
I,ii3,ii4 Sì,1-15,li.ia S'-,1,-,19 Si,r-3,3C Si,L:5,ii3 Si,:i6,iid- S!,i9,Ei
:, 80, E2 Si, !i3, ::: S'-,'- :4,':'-2 Sl, Ei, 3 1 S'-, 92, 35 S!, 83, Za S:, :i0, 10;
i,ill-,i08 si,!!2,109 s\,aa.,ô; si,a:,E8 si,ô5,5i sÌ,raE,6i sr,Lc8, i05
i,109,106 sL,8i t90 S:-,6E,89 Si,iC5,iC1 Si,106,103 Sr,90,92 5i,39,9i
r, i04,102 si,103, i0i sL,92,93 Sr,91,9! Sr,:02,99 Sr, i01/ i00 SL,93,98
r,94,91 Si,56,96 SL,95,24 5i,16,96 5i,99,9i Si, i00,98 SI,95,66
!,66,94 5l-,96,91 Si,76,99 Si,9i,63 S1,73,!02 5r,60,89 Si,6i,89
r,10,]-04 sLt1L, i01 si,51 ,88 S1,61 ,L05 Sr,24,96 5Lt26,95
IsseI,,I3L,138,1 Slivstai!,,3,2 SLsalI SIssel,,l39,I4I,2 Sldvs,al-I/,3,2 $isa-
Lssel-,tLA-Ot!42,2 SicivstalItt2 SLsall SIssel,,L43, 159,i Slcivs/a1l-//8 SIsa.
Isse] ,,\6A,!61 t1 SlcivstaLI"3 SisalI $Issel,,I68t11 9t! Sldvs,a\!,,2 Sl-sa.
Ìssel, , 180, L83, i Slcivs, aIL, ,3 SIsaII SIssel , ,I84,L8'7 ,! Sl-dvs , a!!, ,2 SIsa
lssel,/l-88,!9!,1 Slci'¡sta!!,,2 $l-sal-I 5l-ssel ,,i92, 198,! Sl-civs,aJ-j-,,5 Sisa
lcivs,l99,,8 $Issel,,200,202,L
J-civs,al],,2 SIsaLI SlsseL,,2A3,2C8,i SIC'¡s,all,r3 Slsall
J-civs,209,,2 Slcivs,2!0, ,2 Sl-ivs,2!l ,,8 Sidvs,2!2,,!
maE,lL SeIsí2e,99,,2 Sa,1 

'1 /78,80,79 Samesh'56 Seisize,99
aL, l3:.,t32,!6i $amesn,57 5a1,135,I62,L36 Samesh,58 SeLsize,99,,2
a, 115, i16, lL4' 113 Sainesh, 59

maE,/ 12 Sa,?9,8Q,82,81 Samesh, 60 Sa,80'50,83,82 Samesh, 6!
a,55,1i3,111, Li0 Samesh, 62 Sa' 113,1!4tLi2,111 Samesir,63

mat/ 13 5a,81,82,85,84 Samesh,64 Sa,82t83t86'85 Sameshr 65
a,1l-0f 111,108,107 5ainesh, 66 $a, l!!,M,109, 108 Samesh, 67

nat/14 Sa,84,85,E8,87 Samesh,68 Sel-size,99
a,85,86,49,5i Samesa,69 Sa, !0?' i08,61,54 Samesh,70
elsize,99,,2 Sa'108,109'10ó'105 Samesh'?1
efsize,99 SaJ., i75,L16,209 Samesh,72
aL,139,80,1 40,L1 0 Samesh, ?3 $aI, I 4!tL1t,142,88 Samesh,74
aIt111 ,]-'1 8,2L0 Sanesh,75

mat., 5 $aI,209,94, 95, 98,2Q5, 181 Samesh, ?6 SaI, 2Q5,99'206 Samesh, 77
aI, 104, 105, 10 6,2QQ,189,203 Samesh, ?8
aL, 2Q2, 113, 114, 115, 204, I90
amesh, 79 $aI,L23,20'7,2Q8 Samesh, 80 Sal-,20'7 tL24,L28,L21,2\0,t82
amesh,81 5aL,L01 t2!2,L99 Samesh,82 SeIsize,99,,2
at8'l' t88,89,90 Samesh,83 5eIsize,99 5a,90,89,91,92 Samesìr,84
a,89,6ir63,9! Samesh,85
elsize,99,,2 Sa,91,94,93,92 Sanesn,86 SeIsize,99
a,26,25,24,95 Samesir, ST

elslze,99,,2 Sa,95,24,96,66 Sanesh'88
a,66,96,91 ,94 Samesh, 89 Sa, 94,9i, 98, 93 Samesh, 90
a,24,23,16,96 Sanesh, 91 Sa, 9'a,16,99,91 Samesh, 92
a,91 r 99,1.00,98 $amesÌr,93 Sa,99,LAz, 101,100 5amesh,94
a,!02t13,'7!,!04 5elsize,99 Samesi:,95 Sa,102,104,I03,101
amesh/ 96 Sa' 104' 105' 106' 103 Sanesii,97

fini sh
/ eci
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a^^- À^;

a---.,-r' r-
I see:aiuk. :::a::

:11-S :::e
\{:rr 1 AÂo
. -$f

:ie Icei icr:re basemen: nccel::on
t-99C.

:äsuie
kcc,C Strer-,5 SEunif/5 snsel,!,-!5 Snc,alr/cenÞ/6'l

nal I
E:ne/ O S !-e?r¡1¡ ¡Q Slssel-, ,8!,89,8 $is¿sel, / 131, i35' 4

Isasei ,,L43, 159,l6 Sicws:-, aL!t22.62,6.5I Slsall sl-sseL,,L,2,!
lsasef , , i6 Slsasel- , t12t-7'o,4 SÌcvsi' al-l/ iC' l8 ' 3

Isail Siwrite *l.sËePL
time, 601800 5iEer, 1 , ,-\ Slssel- , t8L,89,A Slsasel , ' 131,135,4
Isase!, t!43,!59,L6 Slc'rsf , ai|,22.62,L8.1 SÌsaII Sissel , t!,2t!

Isasel, , l5 Stsasel | ,12,16t 4 Si-cvsÍ' aLf / 10/ 18.3
lsail Slwrite *I.sceP2

t.!me/l-209600 $ite=,1,,-! 5lssel,,81,89,8 Slsasel,,!31,135,4
lsasel , ,!43,!59,L6 $lcvsf ,al-I,2L.53, 16.8 9IsaII 5Issel I t]- ,2t!

Isasel,,16 Slsasel , ,12,16,4 Slcvs:, al-l-, 10, l8 ' 3
lsail- Siwrite *I - s-"eP3

time/ 1814400 Site:, ,-,,-L $Issel ,,8I ,89,8 Sisasei,,131,135,4
Isase!,,L43,159,16 Slcvsf,all,22.62,L0.84 sIsaLl SisselttLt2,!

lsasel, ,16 SIsasel , ,12,-16,4 Slcvsf, aII, l0' i8 ' 3

Isall- $lwrlte *I. sceP4
tìme,24!g2OA Siue:,1,,-L SIssei,,81,89,8 Sisasel,,131'135,4
lsasel-,,L43,!59,L6 Sic'¡s:-,aLI,24.12,I4'08 Sl-salL SIsseI, t!,2tI

IsaseJ-, , l6 $Isase1 , ,12,16,4 Sicvsf , alf , 10' 18 ' 3
lsall Slv¡rite "I's.'ePs

-uime,3024000 $iEer,1,,-L SlsseL,,8!,89,8 SLsasel,,13l,135,4
lsasel,,!43,L59,L6 Slcvsf,afI,LS-43,13.33 Sisall SlsseI,,I,2,L

Isase!, ,16 Slsasel- , ,12,16,4 Sicvsí' alf,10' l8 ' 3
l-salL Slwrite "I.steP6

tine,362880O Sicer,1,,-L $lssel,,81,89,8 5Isasel,,!3I,L35,4
Isase.L ,,L43, 159,16 SLcvsf ,aII' l7 .9,t'7.64 SIsaII $issel, ,Lt2,L

Isase], ,16 $tsasei , ,12,16t 4 Slcvsf , all-,I0' 18 ' 3
Isalt Slwrite il. stePT

t. l-me, 4233600 $!ter, 1 , ,-L $Issel-, ,81,89,8 Slsasel-, , I3l-,!35t 4

l-sasel- , ,!43, 159,16 Slcvsf , all,25, 18.4 SIsa!] $issel, ,t,2,!
Isasei, ,16 $Isasel , ,12,16,4 Slcvsi-,4LL,10,18 ' 3

Isait $lwrj-te "I ' sÈePB
iiine,4838400 Si-.er, 1 , , -i SIssel, ,81,89,8 Slsasel-, , 131,135,4
l_sasel I tL43, 159,16 Sicvsf , aILt26-9,2L.8 SlsalL slssel-,,It2tl.

Isasel, ,16 Slsasel- , ,'72t'| 6,4 Slcvsf , aLl, l0' l8 ' 3
lsall $lwrice *I.s¿eP9

tiine/5443200 Siter,1,,-! Slssel,,8!,89,8 Slsasei,,L3!'t35,4
lsasel ,,L43, 159,16 Sicvsf , eL!,26.9,22.L4 SisalI Sissel-, 'L,2'llsasel,,16 S.l-sasel-,,12,'1 6,4 Sicvsi,al-I,10'18'3

Lsall Slwrite tI. ste-Þ10
E:rne/6048000 Siter,1,,'L S1ssel,,81,89,8 SLsasel,,131,!35t4
Lsasel , ,I43,159,16 Slcvsi-, aII,20 ,20 -94 SIsaII Sissel,,I,2,1

Isasel, , 16 S1saseL , ,12,1 6,4 Slcvsf, all, 10,18 ' 3

l-sall $iwrite *l.s-'ePll
ciine,665280O $iter,1,,-\ Slsset,,8L,89,8 Slsasel,,131,I35t4
IsaseL t,i43,159,16 Slcvsf,a1t,13.l5,2l-.i1 SLsall sisseI,,I,2tt

Isasel, ,16 $Isasel, ,i2t16t 4 Sicvsi' al-I,10' 18 ' 3

LJiisSr¡:>

_ J -r-uu sJ I
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: . ..-: ---Â---= 
-.>-=--¿:>di-

a'^--: c' f o c î'c:ccì : ì' 'aa
:::e,.¿:.a-r.- )i--ëLt tt-- i-::=-¡¡J-¡J)¡) tt-r-t'¿'l

-sase:..l;3.--a9,:a Sl:-;s:,¿:'-,2C,24.->1 Sisal- Slssel,,-,2,
lsaseì,,-5 Sisase.,,ì2,1$,i Slcvs:-ral'rl0'13
isal-l- Siwrl;e -L.s-'ePi3

-rnÊ ri:?¿n0 Siie:, ,- t t-': Slssel,,e!,89,3 Sisasel ,,!3L,:35,
ì -a¡aì ì r'? ¡ ic 1. Qì¡:'c-.- :ìf ,2C,2!.46 $lsaii 5issel,,!,2,
->C)C:tt--jt-¿tltw 

Y'e'¿-l¿-

Isasel, , :6 Sisase.L , ,i2,16,4 Sicvs:, alJ-, 10 ' i8isal-I Slwrit.e -1. scePi4
c:!Tre/ 8461 2OO Site=,i, , -'! SIsse1,,81,89,8 SIsasel,, L3l-' 135,
isasel | ,i13,).59,16 Sicvsf , alf ,L1 -32,2i-.13 Sisal-1 Sisse!, ,L,2,

i g¿5gl , ,16 Sl-sasel , ,12,'Ì 'o,4 Sic'rsf , al-l-' i0' l-8
IsaLì Sl'n¡ri¿e *I.s:ePl5

--!T.e/ 90?2000 Sicer, 1 , , -i Slssel, ,81,89,8 SIsaseI, , 131, 135,
lsaseL t ,!43, 159,16 Sl-cvsf , aIt,19.9l ,20 '1 SIsal-L $lssel- , ,L,2,

Isasel, , 16 Slsasei , ,12,1 6,4 sicvsÍ, aIL/ 10 / l8
IsaiÌ Slwrite 'I. srePl 6

E.lme,9676800 $icer,1,,-! $l-ssel,,8L,89,8 $lsasel,,l31,135,
l-sasel I tL43, i59, 16 Sicvsf , alL,23 -L6,18.2 $isall- Sissel , ,I,2,

lsasel, , i6 $lsaseL t t12,16,4 $icvsf , aìf / 10,18
lsall $Iwrite "1. sEeP1?

4

L

1

4

I

time,10281600 $iter,1,,1 SlsseÌ,,8Lt89,8 SIsase],,131,i35,4
Isasel , ,!43, 159, 16 Sl-cvsf , aII , L1 .5, 19.3 SIsall SIssei , , L,2, L

lsaseJ-, , l6 SIsasel , t'7?,'76,4 $lcvsf , all, 10' i8 - 3

lsall Slwrlte *I.s-'ePI8
lsaìl
afwrite
fin i sh
/ Lnpu--,21
finl sh
/ eof
5 rename filel2 . ciac file3 9 . cat
$ansys44a
/prep7 Sresume Skrstri, l8

nal I
Snsel-, y, -15 Snt, aLI, temP, 6.1

4

:

4
'l

t.ime, 10886400 5iter,7, ,0 SÌssei,,81,89,8
l-saseI,,l43,L59,!6 Slcvsf,aI1,23-L6'16

lsasel,,16 SlsaseL t t12,16,
Isa1t Siwriie rr

tirne,11491200 Siter,7,,0 Slssel-,,8I,89,
.Isasel, ,143,159,16 Slcvsf , ali- ,!1 .'l ,L4.9

Isasel,,1.6 $lsasel, t12t16,
lsall $Lwrite r l

'uime, f 2096000 Siter,7, ,0 Slssel, ,8I ,891
lsasel,,!43,159r 16 Slcvs:, aIL,26.1 tL4.48

Isasel,, L6 Slsasel- | t12t'76,
lsall $Iwrite rr

tine, i2700800 Siier,7,,0 Slsse] | ,8L,89,
IsaseI,,L43, 159,l-6 Slcwsf , aLL,26.8' 10.58

Isasel,,l6 $lsasel- | t12t16l
l-sal-I Siwr:-'e tì

t.ime,13305600 Sicer,7,,0 SIssel, ' 
81,89,

IsaseL,,I43,159,l6 Slcvsi,aÌf ,24-38,11.6
J-sase!,,16 Slsasel,,12,16,
lsalL SlwriÈe tì

iime, f 39l-0400 $icer,7,,0 Slssel , ,81 ,89,
l-sasel I tI43, 159,16 S ìc'¡s f , aIl, 20 . 83,''l

51sasel,,13l,135' 4

SLsaLl SIsseI,,L,2,
4 Slcvsf, all, 10, 18.3
. s-.ep19
I Sisasel,,131,135'

S IsalI SisseI , , L,2, !
4 Sic'¡sf,a11,10,i8.3

c- an2 ô

8 Sisasel ,,!3L,L35,a-
SIsalI SIsseI,,L,2,t

4 Slcvsf,all-,10'18.3
. s-.ep21
8 Sisasel,,i31,!35,4

S IsalI 5 issel , , L,2, i
1 Si-cvsf , a.ì-I, 10,18 ' 3

e- sa))

8 Sl-sasel, , 131 ,!?5,4
SIsalL Sl-sseI ,,L|2,!

4 $icvsf, aI],10,18.3
. scep23
I Sisase1.,,131,135,4

SlsaIi- SisseI ,,L,2,1
4 $lcvsi,all,10,18.3

e- o¡) ô

8 $Isasel,,!3!,L35t4
l-saseIr r l6
r5drI

:ime,14515200 9iLer,1,,Q

SIsasel I t12t'1 6l
C L,- I ! ^ r l+lwt:L=

Þrsser,,öLtöil
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- -t" -=c': :'-'-ci ::-,'-?.3=,3,23 Sls=-- S-sse-,,'-,2,"
-:=Se- t t --J | -:t | -a

lsaÀe-, , -ó Slsase- , ,:2'16' 4 Sl:"'s:' a-l' :0''-3 ' 3

lsall Sir+rl:e *l ' sreP23
.-¡.^^nn ci--- ? ^ q:^^^1 :1 çC q (ìc:c=ì ''3'-,134,4

s:...=r---¿wvvv 5I:e:tlttu J:55e:ttQLtr¿te

rc¡<aì .ì¿3.i59.16 Sic"'s:,ail,18.59,1'11 5lsaii Slssei"!'2'l
'--isaier, , -¡ Slsasel- , ,-l?,16' 4 Slc"'sÍ' ali' i0' :8 ' 3

Isall Siw::';e *1's-*eP25

::ie/:5?21800 
-Si::: ,1,,X Slssel,, E:' 89' 3 sisasei ' ":3':'!35'1,^-¡aì ¡r'r r<c 16 Slcvsf,alL,19.55,5.15 Sl-sall Sissei,,\,2,j-

-sq>Ë:t t:-)'"í'tàè"r,,'-e s:-sasei,,:2,16,1 5l-:"'s:-'arl''c':E'3
isall Slwri:e rl's:eP27

frre- I 63296C0 ii=.=,i,,0 Sissel,,8!,E9,8 Slsasei I t!3l- ,135' 4

i.=::; "-;;'.- i =c. ' 6-- ii.tsf . aIl ,22-3r,1i.11 $lsall- sissei , ,",2' I
| | ' 'r ' --isãier, 

, le $lsasel I t12'16' 4 Slcvsi' all' i0 ' 
18 ' 3

Isall Sl-write *1' steP28
l--in€,16934400 Si:e:,7,,0 SIssei/,81/ 89' 8 SisaseL" l3f i35' 4

ii-rä:-,,143,i59,!6 bictsf,ail-,20'4,-5'!- SìsarL slssei"!'2'r
IsãieI,,:-6 Sisasel, t-12'16t4 Sicvsf'aIl-'10'18'3
Isal1 Slwrj-te *I ' sceP29

tirîe, 1?539200 Sicer, ?, ,0 SIsseI, , El-,89' 8 5lsasel ' '!3L'!35' 4

ì c:qc 1 . ,1 4j.159. L6 bi.tsf, ail ,22'35, -' O?3 SIsalL SÌssel ' '\t2'L'--Ísuiei,, rO Sisasel | ,12,16t 4 Slcvsi-' aII' l0' l8 ' 3

Isali SLwrice *Ì ' sieP30
!.!me,18144000 S!:er ,1,,1 SIssel,,8I,89,8 Slsasel" l31' 135r 4

isasel- , , L43, 159, 16 $Icvsf , aIL ,24 '45, -lO '2 $Isal l- SIssel ' '7- '2 ' t
isãiei, , i6 $Ìsasei , ,12'16t 4 Sicr¡sf' all' 10' 18 ' 3

l-sall- Slwrice *I ' sceP3l
afwrite
f!ni sh
/ ingut,21

/ eof.
(ranrma fi ìa1?

5ansys44a
/prep1
re sume
krstr-L,31
mp/ kxx, t2, .3
mprkxxrt1r.19
nsel, yr -15
naLl

. ciat :iie40 . dat

time,l"8?48800 9iter,i,,0
lsasel t,!43,159' 16

Isasel, , I6
IsaII

time,19353600 Sicer,
IsaseL,,!43,L59,!6

lsasel,,
Isall

'"line,199584C0 $icer'
Isasel- , , !43, 159' l6

't 
,

Isasef, i6
Ìsall

Elme, 205æ2A0 S i'-e:, ,- ,

Isasel , , L43, L59, I6
fsasel,, !6
IsalI

time,2l-168000 Siie=,7,,0
IsaseI,,!43,L59,16

isasei, , 1 6

Smp, iens ,12,1490 Smg, cr 12t!'7'7-9
S*Þ,ci"ns,f:.,SOO Smp,c,11,5OOO0O *fcr decl-dec31/89

SntralIrtemPr 6.l

1
Slwrite *I.sceP32

, O SÌssel,,81,89,8 SIsaseI, ,L3].,I35t 1

Slcvsf,aiI,i?'2,-g-6 SisaII SIssel"i'2'L
5Isasel,,12,16,4 Slcvs:-,all/10'18'3

S lwrite " )- . sce93 3

, O SlsseL, / 81,89, E Slsasel,,131 ,I35' 4

$jcvsf,alI,L6.i,-i0.2 Sisall SIsseI"!'2'\
5Isasei,,i2,16,4 5icvsf,all,t0'18'3
Slwr!ce *l.sceP34

,0 $Issel,,81,89,8 SIsaseI,,L3Ltl35t4
Slcvs:,al1,21 .8,-9-1 SlsaLI Sl-ssel ,,I,2'\

SIsasei" , t12t16,1 Slcvsf , alI, 10, 18 ' 3

5 IsseI , ,8!,89,8
SIcvsf, aLL, 19.52, -!!

Slsasel , ,12,'1 6,4

Slwrite *I.sceP35
5isseI,, El-,89,8
.1-----5 -r I aa 1 -: -
II(-VS-t6LL¡1L.-t '''-

Sl-saseI I t12 t16 | 1

S isasel | | L3L, L3'>, 4

Sisall SIsseI,,!,2,
S lc'¡s f , al I, 10 , I8 . 3

5l-sasel,,131,135,4
SisaIl SIsseI,,L,2,'-
S.:-cvs;-, aII, 10 r 1E.3
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(:nc.r<.44:

rè sunre
i---- -- '2C
Ã:JL-et Jv

mp, kxx, l-3, .3 Smp, dens, 13, 1490 SmP, c, L3, 1170

niel,y,-15 Snt,alL/¿enP/6.1
nal l-

t.lne, 211'72800 $iier, ?, ,0 $ìssei, ,8L,89,8
Isasel/ / 16 SIsasel, t12t16,4
Isall $lwrite -I'sieP3?

time, 22311600 $ite=, ?,, O SIssei,,8L,89,8
lsase: , ,!43, 159,16 Sl-cvsf , aJ-l ,22 '21 , -23 '6

Isasel,,16 $isasel I t12'16t 4

IsaII Slwrj-te *I 'steP38
tlme, 22982400 Siter,7,, O S1ssel,,81,89,8
Isasel , t!43, 159,16 $icvsf , all-,21' 5' -33

lsasel,,l6 $Ìsasel, t12t'76t4
Isall- $Iwrite *I'sceP39

r-:rne, 23581 2QO 5iter, ?, , 0 Slssel, , 81, 89, I
isaså1, tL43,159,16 Slcvsf,al},21 '5t-20'1

Isasel,,l6 $lsasel-,,12,16,4
lsall Siwrite 'l- ' s:eP40

I c: I ì
- E- --: - ^d!Wl ILË

f i-ni sh
/ lnpuc.,21
fini sh
/ eof
Srename fiIeL2. dat fiIe42. dat

:sail
:5¿:-
¿i;r:---e
f: n:- s ¡:
/ 

--Leçt I L 
'

fl:lisi:

Srenane f.lLe!2. cac ::-le4i ' ia¿

Sansys44a
/ prepl
resume
krst:t, 40
inp, kxx,!4, .3
nsel I y, -15
naI I
tine, 24192000 Siier, ?, , 0

lsaseI , ,!43, 159, 16
Isasel, r l6
IsaIl

t.ime, 241 96800 Slter, ?,,0
l-sasei I tL43,L59,L6

Isaselr r l6
I sall-

iime,25401600 Siter,7,,0
lsaseI , , L43, 15 9, 16

IsaseI, , I 6

IsaII
time,25006400 Slter,7,,0
IsaseI t,!43,!59,L6

fsasei,,15
ì c:ì ì

Smp,Cens,L4,L490 5mPrc,l4tL110
$nE, al-l / cemP, 6 ' 1

:ñ r-a=ñ <, / v !

S lsasei , , I3L, I35, 4

5ìcvsf,alI,10,L8.3

Slsasel-, / 131,135,4
sl-saII Sl-ssel,,L,2,!
Sicvs;, all, 10,18,3

SlsaseI, , 131,135, 4

SIsaiI SlsseL,,L,2,!
S!c'¡si, alJ-,10,18,3

Slsasej-,,131,135' 4

Slsali SlsseI,,I,2,I
Sicvsi, all, 10,18.3

o for feb90

SlsaseI,,131/ 135f 4

SIsall SIsseI, tLt2,!
Slcvsi, all-' 10,I8.3

5!sasel, ' 131,135,4
SlsalI SIsseI,,!t2,!
ÞICVS:/ AJ-Lr lU/ lð. J

Sisasel,,131,I35,4
sIsall- SIsseI , t!,2,L
SIcvsf , al-I, l0' 18.3

SisaseI,,L3I,l35,4
SIsal-l SIssel,,!t2,!
Slcvs:, al.l-,10,18.3

SIssel, / 81,89' 8

Slcvsf, aII, 1 9.23, -11 . 9
$lsaseL t t12t16,4

S lwrit.e * J- . steP41
Slssel-,,81,89' I
Sicvsf , all-,21-.81' -10.9

Slsasei , ,-72ti6t 4

$iwrite Èl.sieP42
Slssel-, r 81,89,I
Sicvsf , aLL'22.21 r-20

$lsasel I t12,16,4
sLwrit.e *I.sieP43

S Issel-, , 81 , I9, I
$icvsf, alI, 23.5, -13. 6

SIsaseI I t12,16,4
$Iwrite *1. sceP44
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t:é::
e:w:i:e
il¡:isir
I 

-:.ev¿ | 1 t

f :ni si'r

S:e:':a¡ne ::-e,2 . ia: ::ie1i . :a--
(:ncrrcd4¡

-:.,,;-
r--^-*- À À

mp/ kxx/ i2, 1.35 Srnp, oers , i2, \490 $np, c, L2 t11 1A

*p, kx*, I4 / L.35 Smp, cìens t!1, !499 Smp, c, l4 / I770
nsel/ y¡ -I5 Sn-u, all, tenP, 6.1
n: I I

tÍme/ 266i!2Q0 Siter, 7, , 0

lsasel-, ,L43, 159' 16
I crcaì l a
-JsJe-, | - 

v

i- saI l-

cime/21216000 $icer,1,,A
lsasel, ,I43,159,16

Isasel, r 16
lsaII

tirre,2'782C800 Siier,l,,A
IsaseI , ,!43, 159,16

I c¡cal 1Á¿JqJur, / !v

IsalI
clme, 28425600 5iter, r-, , 0
lsaseI , ,I43, L'>9,16

IsaseI, l5
IsaII

time,29030400 $iter,7,,0
lsasel , , L43, 159, 16

lsaseJ., , i 6

IsalI
time, 29635200 5iter,7,,0
Isasel,,!43'I59,L6

l-sasel, , l.6
Isa]l

time,30240000 $iter,1,,0
IsaseI,,!43/ 159,16

isaselr r l6
l- sall

time,30814800 Si¡3¡,7,,C
Isasef , , !43, !59, L6

Slssel,,81,89,8
S lcvsf, a\L,23 .42, -!0 .l

SIsaseI I t12t16t 4

Slwri-"e *1. sceP45
SÌssel,,81,89, E

S lcvsi-, al-I, 28. 62, -2.2
$isasel | ,12t16,1

S lwr j-te * I . sE.eP4 6

SIssel, r 81,89,8
Sicvsf, alL, 26. 33, -i. 66

SIsasel , t12t16t 4

SIwrite *l.sceP47
$1sseI,,8I,89,8
S I cvs f , a I I , 11 . 69 , -1 . 91

S Ìsasel , ,12,1 6, 4

Slwrite tI. s¿eo48

Slssel,,8l,89,8
Sicvsf, aIl, 24.a3, -.5?

Slsasel-, ,'12,'76,4
Slwrite *I. s;eP49

SIsse},,81,89,8
Sicvsf, all ,2!.6,'2.1

Slsasel- , ,'72,'7 6, 4

Slwrite "I.st.eP50
SIsseI,,81,89,8
Slcvsf , aLL,2'1 . C3, -.61

5IsaseI , ,12,16,4ê1..-r- , sceoSi{¿wl:Lç :.

SIsseL, r 81r 89,8
SIcvsf , all-,29'9.18

* fcr nar90

Çlc:qeì 1ì'.'l?q.4
t l -J1t ¿r¿l

$isaIl Slsse!,,L,2,!
Slcvsi, aiI, i0, 18.3

SLsasel, , 131 ,L35,4
StsaiI SIssel ,,\,2,!
$lc.rsf , aII,10, 18.3

SIsaseI/, I31,135,4
SlsaII SIssel-,,L,2tL
Slcvsí, alf ,10,18.3

Slsasel-, / 131'I35' 4

Slsaii Slssel ,,I,2,!
Sicvs:-, aII, 10,18.3

ofor ag:iI90

ÞISaSeItt:SL¡LJ-¡4
S Isali S l-ssel- , , !,2, !
S icvs i, al- l-, 10 , 18 . 3

SisaseI | , LJLt LJ)t q

SIsalI SIssel , tL,2,\
Slcvsf , aI1, 10, 18.3

SIsasel,,131,L35,4
SIsall $lsseL,,L,2t!
$Icvs:, all,10,18.3

Sisasel,,131,135' 4

$IsalI SlsseI,,Lt2,!

lsalI
a ¡write
finish
/ ingut ,21
finish
/ eof
Srename f ilel2. ciat f lle44 . ciat
Sansys44a
t FLvY t

resume
krs-.rcr 48
mp/kxx,13,1.35 Smo,iens,13,!490 Smp,c,13,\ii0
rnp, kxx, LL , 9999
nse], y, -15 Snc, aII, -"enP, 6.1
naI I
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t -c

isal:
aiw:ite
finr s h
/ :npu-.,2i

S:enane i:ie:2, le-. :::e15. ia-'
Sansys44a

.à s r*e
*=t¡5t-r 52
np/kxx, \2, .8 Smo,ciens,12,L49Q $mp,c, L2'L110-
*p,kxx,13,1.2 SmP,dens,13,1490 Smp,c,13,1"?70

^p,k**, L4tL2 Smp,ciens,l4,l490 Smp,c,!4t1110
--ar ,, -r< SncraII/Cenp/6.11lÞglr Y/ !J

nalL
-"ime,3L449600 Siter,7,,0 Sisse],,81,89,8
lsasel ,,!43,!59,!6 5l-cvsf ,aJ-I,17 -94,3.44

lsasel, , 16 Sisasel- , ,'ì2,16t 4

l-sali Siwrite 'I. sceP53
t j-rne,32054400 5iter, ?,,0 SIssel,,81,89,8
lsasel , tL43, 159,16 Sicvsf, aI!,2I ' 9,5- 08

lsasel,l6 SIsasel t,l2,'76,4
Lsalt Siwrite *I.sceP54

t.irne, 32659200 Siter,7,,0 Slsse!,,81,89,8
Isasel | ,I43,!59,'-6 Slcvsf , aLL,23.81,6.68

isasel, , l6 Sisasel I t12t16,4
IsaII Slwrite 'l.steP55

Èine,33264000 Siter,1,,O 5issel,,81,89,8
lsaseÌ,,I43, 159,16 Slc'rsf ,aÌI,l'9-92,'1 -86

lsasel, ,16 Slsasel- ' t12,16,4
Isall- S lwrite 'I - sceP5 6

tlrne,33868800 Siter, ?,,0 $lssel,,81' 89,8
]sase.L , ,L43, 159, l6 SIcvsf , all,28 .68'L5.14

Isasel, ,16 Slsasel- , t12t16,4
IsaII SIwrlEe tI 'steP57

time,34473600 5iter,7,,0 $Issel,,81,89'8
lsasel , tI43, 159,16 SIcvsf, aLL,2!.82,t6 'L2

lsasel, / 16 $lsasel , t'72,'l 6,4
Isall Slwrite 'J-. steP58

c:me,35078400 5iter,7,,0 Sissel,,81,89,8
Isase],,L43,L59,!6 Sicvsf,al-I,21.!'15.63

Isasei,, l6 Slsasel, ,12,16,4
Isall Slwrlte *L.steP59

time,35683200 Sltet,1,,0 SIsseLt,S!,89,8
Isasel,,!43,159, L6 Slcvsf, all, 15,L6.4

Isasel, ,16 Slsase!, ,12,16,4
Isali Slwrite *I.sceP60

time,36288000 Siter,7,,0 SIssel, / 8L' 89,8
lsasel ,,!43,I59,!6 Slcvsf,al-l-,15.31,19'l

Isasel,,l6 Sl-sasel I t12,16,4
Lsall $Iwr j-te 'I. sreP61

time,36892800 $ice:,?,,0 SIsse!,,81,89,8
Isasel ,,L43,L59,!6 Slc'rs!-,all,19.64,2t'41

IsaseJ-, , 16 $l-sasei, ,12,16,4
l-sall SLwrlte *I.s:eP62

::ne,3?49?600 S!:e:, ?,,0 Sissel,,8I,89, A

Isasel , ,!43, 159,16 Sicvsf, afl,1 6-1 t18 '01

-a

lSê:1

*for nay90-aug90

Slsasel,tl3L,!35,4
$lsall $lssel-, t!,2tL
$ic'¡sÍ, aÌ1, 10, I8.3

Slsasel t,!3L,135/ 4

SIsal-! SIssel ,,I,2,I
SIcvsÍ, ali, 10, 18.3

SIsasel-/ , 131 ,135,4
5Is¿il SIssel,,I,2,I
Slcvsi, aj-i, 10, I8.3

SIsesSfIrLJLt]-Jata
$Lsaii $issel,,I,2,\
Slcvsf, aLl,10, 18.3

S IsaseL, , l- 31 ' !35 ' 4

S IsaiI S l-ssel , ,I ,2,I
$icvsf, aIl,10' 18.3

5IsaseI', I31, I35,4
SIsa!L SIssel-,,L,2,I
Slc'¡sf , aI1,10, 18.3

$IsaseI,, I31, I35,4
SIsall SisseI I tl,2,l
Slcvsi, alL, 10, 18.3

S IsaseI , , I3L, L35 , 4

SIsaiI SIsseI ,,L,2,!
Sl-cvsf , al-l-, 10, 18.3

Sl-sasel,,131,\35,4
SIsail Slssel I tLt2t!
Slcvsí, a]i,10,18.3

Slsasel,,131,L35t 4

SIsalI SLssel I t! t2,t
$Icvsf , aL1, 10,1.8.3

Sisasel,,L3!,!35,4
$Isali Slssel-ttLt2ti
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. .:
lsaii

-!:r'e/ 3810210C SL-.2!,'-, ¡ a

:>¿>C-t I L:)t:Jrt -u
Isasei,, l6
Isail

;:ne/ 3810112C Si:e: ,i , , D

IsaseI , ,143, 159' 16
IsaseI,, i6
isal-L

-Lime' 3931200C 5icer, ?, ,0
lsasel ,,!43,':59,L6

lsasel, r l6
LsaIl

iime,399l-6800 Sicer,7,,0
IsaseI I tL43,t59,L6

IsaseI,,16
LsaII

time,40521600 $icer,7,,0
lsasel- , , L43, l5 9, 16

J-saseL, r l6
IsaÌL

time, 41126400 5iter, ?, , 0
lsasel, tL43,159,16

lsasel, , 1- 6

lsaII
tirne/41731200 Sicer,7,,0
lsaseI,,!43,159' 16

Isasel, , 1 6
1--r I
l5éll

time, 42336000 Siter, ?, , 0

IsaseI, tL43,159,I6Isasel, i6
lsa'l-i

.'---^' -a aa :J-5a5=rt t Lt Jt -

.ì'J-i-ê 'l.q:eP63
ê1^--ì Q1 ac q
?-:J=atra-lvrtr
^'^_.^¡ --' .r 1r i3.4Jl-rJLtC:ttLt.-Ll

Sisasel , ,'l 2,16,4
Siwrite "I. sceP64

Sissej,,8!,89,8
Sìcvsf , aII ,2!.26,18.2

Sisasel-, ,12,1Ç,4
Çìwrr-ô !' S¿gP65

SisseI,,81,89,8
Sicvsf , aIt ,L9.64,2')-.5'l

5isaseL, t12,'76,4
Çlu*ì-a î ì.S:eO66

$issel,,81,89,8
Slcvsf , aIi-' l8 ' 71 ,20.L4

SisaseI, ,12,16,4
SLwr!te *I.sceP67

Slssel , ,8!,89,8
S ìcvsf, aII,23.01 ' 18 . I L

SIsaseI I t12,16,4
5lwrite *J-.sreP6ô

S i s s e J- , , I 1 , I 9 , I
Sicvsf, aIl, l9 .L2, L8.1

SIsase!, t12t16,4
. Slwrite *I. s-reP69

5isse],,81,89,8
SJ-cvsf, aII, 31- . 4L | 2L. 8I

SIsaseI I t12t16,4
SIwrite *l.sceP70

SIssel,,81,89r B

Sicvsf, aIl-, 1 8 . 99, 20 .92
SIsasel , t'1 2,16,4

S Iwrite * l- . steP71

S isasei , , '-3L ,'-35 , 4

S isatl S issel | | !,2, \
SIC'¡sf,ait,10,i8.3

: 1?I 1?C Á
l:5d5€:t t:JLt LJJt 1

S IsaLl S ìsseI I t )-,2, L

Slcvsi,eIl,l0'18.3

SIsasei,,131,L35'4
SLsaIL SlsseL,,!,2,!
Þlcvsi, ar.].r rur rð. J

$IsaseI/ / 131,135,4
SisalL SlsseL t t!t2tI
$lcvsf ,411,10,18.3

SlsaseI, , 131 ,!35,4
5 IsalI S Issel | | I,2, L

$lcvsf,aII,l0,18.3
Slsasel,,131 t!35t4
StsaII $IsseI,,L,2,1-
Slcvsí, aIl,10' 18.3

Sisasel-,, i3Lr I35,4
SIsall $lsseL t tI,2,L
Slcvsf,aIl-,10,1-8.3

1r -

Sisaii Slssei,,!,2,!
9:Li>-¡C--t -et -r.-

I c= I I

afwrite
fini sh
/ inpur',21
finish
/ eof
Srename fiIel2 ' dat f!Ie4 6. dat
$ show c irne
Slogoff
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Cuantity Definition

a reçresston caeilic:efii: a csnsianl us¿a ic
defermrne Qr (Apoenorx c¡

ecutvalen! leexage afea

ncri'naltzgÕ leakaoe atea

a regresston ccefficleni: flow exDonent: a ccnsiant used
(o oerermrne EI-Â (APPenCix C)

ernotent alm0Spneflc pressure

¡nttrai í':essure ditference across the burldtng envelcoe
wrth tne fan(sl æj opera[ng ano se¿led

finel pressure ditference across the buiioing enve¡ooe
wr(n ihe tan{s¡ E! cperal¡ng ênd sealed

rneSsuf e3 Sressure ciflerence ecrcss the ourictng

envelcoe

ccrregted pressure difference acrcss tne Þutiding

enveroce

baromefnc oressure unoef re{ef€nce conc¡hcns
(101.325 kPat

c3rrecteo voiumetrtc arr flow rate rnlo ïhe building at

oulooor te$ ccnd¡nons

measured arr llow rate rndicated Þy ihe floYr measurtng

Cevrce oeiore any ccrrectlons ior th€ diffe¡ence ¡n the

ooera!¡ng temoerarure and the calibfallon lemoer¿rufe

ccfrecred arr flow rate (Appendix c)

¿sÌrn'ìe:ed ¿rr flow ra:e (Aooenorx C)

cafre!elton coerficrent (Aooencix cì

ç3s consie,ni íor ar (0.2S7C55 J g'K)

outcccr alr ierncSr¿lure

r::ieke atr tem0efelure at the Ían

rei¿rencÊ iernfergiure of outs¡ce en:Þtent alr (20'C)

cens¡ty oi a¡r ai :elerence conditlons

Si Unit

l,r¡ac eo¡¡¡¡. Ç=<¡:lfl

metre:

cenrrqetre:
meÌre'

kiiooasc¿rs

Pascåls

Pasc¿is

Fasca¡s

Pascais

kiioçascais

l¡r¡esjsecand

lilee's€cond

litreg second

iitreE seca:il

jouies. cram'Ke¡vrn

degrees CelS:us

decrees Cels¡us

oegrees Ceis;us

kiioora'n g n'l etrel
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ÂtF Fr-cw ccaãE:;ìcNs

D-1 G=NE3A!- Ï'.IEORY

--: -=:c :i3' arr licw :êi?s 12¡i tze- 
"c 

t¿ 
"tt?'"=':tt "ie 

.i'2r?r:'35 'i Alr :eîsii" i' r :3:w991

"^è .ctÞtÞ.." ¿f:c :::lcl'ãlicl :::ctllcns ¿n6

l ::ì9 !ncoor ¿lr lovrn' Out inrCLSn l¡e ilg¿Surrnc:evrcg ãnõ Ìle Cu"C3Or e¡r ñOVtnç !n iìíCtlcn lne ie¿x:

l'-jllclnc envelc:3 itLe alr iicw 3i inleresl)'

a. lil îess lìcw mg¿sur¡no ce'/¡c3s loflllcg

C-<1. rã (see A:cencrx E-l car' ôl

3¿::-.:se lne 331¡brãilon curve ircñ Aioenclx 3 was useg lo coi¿rñ Cq1 iron iìe îe¿surtrìc 3eYrc3 oui:ut:

'- = Ssln
Vp.

wi'ìere Í)c rs Î¡e c3irbrancn all cens:tY-

Tie lrue alr ïlcâ ra!: lnrcugn Ìne ñeasunñ-o oevrce ls

^J p,

'Anefg pr Is ine lnóoor alr oens;lY

Tnus C; = C,.1 / 5
Ye,

:. :cntrnurlv of mzss lcr comoressiÒle llow means

¡rC = :cns;ant

-r rìus. lne ¡n.i€axeçe alr flcw rele'

n - ^.glV - Vr -90

wnefe po ls r¡e oulooor ¿ll oenslly

?to:¡9¿r77-1.
a

a¿

Ñor¡llìglnccoranóoU:óoor¿tnìcssnerlcifessUresarees:¿c::¿ll.lthes¿me.T¡ìusìi.ìeIullccfrg::.'
C6 i3 ÇrvÊ C3 rSi

(,*.2;3.15i 1 / p: {'li - 2:3 1:r
C¿ = Cn ffi V pa ,q- ra.ir
:s'ìñe csrtecIÊé ou¡sloe vclumelr¡c arf flow fate lnlc:::e Þuric ¡ç ai gulccor lest :cnoillons' Ls

ts îhe f:le¿sLrec a¡r flow rale rnõlc¿'3ó Þy :ne llow rne¿5-r¡n9 cevrcg Þercfe any c:rrecton fc

c..erencglntneccerailngigmDer¿lufe¿néL.lecSllofãi.fnle-Êeraturg.!,!.?rornJal'õ.2..)

rs :i'ìe cula')r alr ten3eralure' 'C irorn c-: 5 1'1

rs iñ? rn33or arr ieî3efa:ufÊ' 'c irom 
'¿f 

'Ò2''

: ¡¡¿ 3¿¡i¡;!!on er iemci:¿ture "C' lrcn Accancrr 3

s ihe cailbral¡on ê:mosor 3r¡c pressure' 'Á"a' frcñ Ac:lencrx 3

:s:ne eñclenl at|ï. :rhgflc Þres:'rre' kPr

*îeíe Ca

C¡¡

-.
;.



(ti t 273.l5)

(tc " 27X 15)
^ _^ rb-2:3.15ì

(ti - 2;3. tSi

Oerrvrnç Qr for estrmaung ELA

Or = o"1 f Preo " ztttst

,ÂIR FLOW CORFECTIONS FOR CALCUT-ATIHG EtÁ

c¿. ês c€I€rmrned usrnç ì¡e iormura oeflvec,n c-l aoove rs

and Pa = 101 325 kPa and yreios Q¡ as foilows:

From 0- I.

r49
:Orrec:ed tO relerence Clno¡ttons Oi tr = ÌO = 20.C

Pa . (20+273.15)

101.325 (to +273.15)

101.325 (b + 273.15)

Thus:

Simpiiiyrng;

Qr=Qm
(to+273.fS)

(t¡ .2?a .l 5,

(t; + 273.15)

(tc +27a 15)

?c

4

ur-um
(to " 273.15)

G' ' 2?3-15)

QA + 273.15\

(tc + 273.1 5)10r .325

Note that thrs can be recuc-.d lo:

^/'æQr = Om \ / +- x ccnstant lor uty grven fan
V (t¡ * 273' 15)

where Q¿. Qm, b, t¡,'ç and P¿ and Pç êre âs defined in &1.

uÂN/CGSB-119.10-i. i5
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7 õ Determrnation ol ccñe!atton cceffic:ent - Acotv!n9 ìne 3rcceaufe ce9::;ceÕ In ,Åccelcrx c lo llg 13'.,

'óLa- .¡r ¿ --' ' c Ji :¡e :Cí11

^ - a /^ O\nvr - vl \s: ,

wnere: Or. Cr and Á1 P are as éeflned ß ae( 7 1.2

n tS :he flOw exCCnen! 3nd rS õrme'¿ìS¡OnleSS.

7.7 Cålculation ol Equ¡våient Leakage Area

7.7.1 T-ne Õensrry of arr at'rne reíerence ccnditrons of ç = 2g"e anõ Pr = 101.325 kPa. pr, rs:

t¿| R{tr'273.t51
wnete'. p1ìs rn unrts oi kgrmJ

R = gas ccnsiant for arr = 0.287055 Jlg'K

Pr = berometilc pressure unoer reíerence conoitrons (kPa¡

tr = reíerence temperature ol outstde amorenl alr ('C)

Therefore:
10t.325

= 1.29aQ97
28;C55 x 2-o3.:5

7.7.2 Caicuiate',he gcurvaien( IeaKãçe area. El-:.. !::ic :13 lnjll'wrrîg ecua¡on:

ELA = .¡Lr1 :5; !,'. Cr . lC¡'0.5

wnere El-A rs in unrls cf m:

p r ¡s the ¿¡r denslry at reÍerence conditions. as provrded in pu 7 .7 1

C¡ and n are delernìtned In accordance vnth pa¡.7.6.

îhe above eeuatton rs Þaseó on the assumottcn thal îhe ie¿kaçe ooenrngs ¡n '¡e buildirìg envelooe can ce c3rnl
ano fecresentec by a stngte sharp-ecgeo crtfice.

7.? Cålculat:on of Normalized Leakage Aiea

when the purDcse of the iest ¡s to ccmoã.re the ELq of d¡fferenl buildings. it ìs recommenced that the ncfm¿

leak¿qe area. Nt-A. snould Þe used. To carculate Nl-4. use the folloyilng equatlon:

E!-A
x l0 000

I Area ot rhe Suricrng 1

\ E¡ve;cc e )
where: Nt-A is rn unrts ol c;n3 m2

ElJ is ¡n unrts cf m:

Area of the guriCing Eivelcpe is rn un¡ts of m:

& TESÎ REPORT

8.1 The tesi repoñ srall :ncluoe the lcllowtng rñforriratton:

a. îhe n¿me ¿nC ¿¡cress cf ihe company wnrcn conduc:ed the tesî

b. The n¿me of tiì¡ i€Siêr

c. Tne accíess of tne build¡ng under test

d. The C¿tg ci iesi end tha crte c. ihe retorl

e. T.ne:ef ccnd¡tjons which incjude tne outdoor I'mF :aiure ¡n dec'?es Celsius, comments 9¡ ¡¡g wrnd si

iired;cn and var¡êÞ:'l/

í. A cesc::iticn cf ine ouric,:g enveloge

g. The ar:.: rn::uere ñe¡:-ôs of tt9 buiijing envelope

cA¡{/cGSa-1 49.1 S'll&6



r51
a - 'a Cc¡r,oletton ol lhe Ies¡ - Ålier :ne les::

e. '¿t:.c,re åtl :a3ls ,:3crrec n ¿:::f :¿lÎc3 {rl1 ;acre :.

c recce.l carnoers as necgssaJy:

c. re:rcnl i¡e :as Srrot ilclìi.

CåLCULåiIONS

Genera¡ OescrlPtlon

ïhrs r:e1toc gtves ãn gcurvatent Ieax¿ce aree (E:--A). ã C, value (oñen usea io aciarn forcao-arr clange rates) enc a.
a¡r ílc'# rãie wr"ì¡ciì are cSnsìan¡ lcr all iesi åmctenl ccnd¡l¡ons.

A P. C. and g, ¿¡s osrined as fo¡lows:

l! ? rs ihe cofrec:eé pressure difierence acfoss the curiõrnç envelcoe and rs rn unlts of Pa.

Cr rs å ccnsiant useC to determrne O¡.

C¡ rS a COnSiant used tO Oe!9rm¡ne El-A.

The rnethod descflbed In ìhrs st¿nderd sncuiC be usec lo óelermrne ELÂ, a :cnsient C¡ value ané a;r ciìanee rares. ''
the ¿c:u¿i oulsìde a¡r flow under tesl cond¡tions rs recurred. ¡t can Þe delerm¡nÊd us¡ng the lollowrng:

wnere: Q¿ rs ihe correc:ec Oulsrõe voiumetnc elr flow rate rnto the buriorng ,¡t outccor têsÌ conc¡t¡ons (Ls)

C. rs as def¡ñel aÐove (L;s)

Pa rs the arnorent atmosghertc pressure (kPai f rom pa. 6.1 .2

Ì6 rs lhe curcoor af lemoeratuíe ('c) frorn iaf . 6.1.1.

Oetermination cf the Area ol the Building Enveiope

Use inrenor dìmens¡ons wnen dele¡mrning the area of tne building envelcoe.

lnc:uce all çsilings lllat or sloornç). floors and wails (¡nciuo¡nç doors and wrnó0ws) that are ccfresoonérnçry ¿\erow

aSove ano aolecen( to unneated sJåces and spaces he¿Îeo lo less than 10'c. Fcr gxample, rnc:uce:

a. ceriings berow unneeted ailrcs ano roofs:

b. ì3.Senent flCarS And tioCrS above Unneet:C b¿S3ñen¡S lCr uñnea¡gC DonrcnS:Ììer-.Cí). Ceilars. C:f,dl SC¿C3S.:!tC

siÐr¿çe roorns. çãrages ;nd floors exÊcsed lo ihe amcrent envronrlenl s'üct ¿s ilocrs aDeve c:::cns. fl:c¡'s ::
aã',, wrncans eno flcors oi iurid¡¡g5 (or ¡eñs:ñefÊcí) succcneo acove gí¿ae.

c. extenor acove gf¿ée ano beicw grade watls afìc warls aciacent io unneatÊc tod¡ons cf Þesêfìì-'l'ìls. agil¿fs.3íew
so¿c9s. cctc siorêge roodìs. unn€3ted gorcnes. garages ano t'¿,¡w9!lS lo Þasefieflt gnlf¿nces.

the a¡ea cí tne Þurlding envelcce rs tne ioral ãre¿ ãí all eiicrbie cerlings. flcors e.jìé wells.

Deterrñinâ.-;gn of the lnterior Vo¡ume Enclcsed by the Buildlng EnveioDe - lt :s reaaenenceC uìal lne

rnteilCr vCtume enclcsed by tne Cuilorng envetoCe Ce aerermrnec ano recCrced, lnClUOe tne tc(al volume Oi e¡l rcorns

soecrf¡eC rn acccrÕance wttr par.6.1.3.

- 1.1

r 1.2

;.J

7.1

')1

' a.¿

-:3
-3

¡)

Cc.írec!¡on ol Air Flow Êeadings - Correat eact arr llow

cenÞr¿i,on ar¡' iemperet.,jres rn ecaSrcance wr¡n Accencir D.

Correction ol Fi'€siure Difference Fìead¡ngs - .:sing ihe
re¿OIi9. ¡1 Fm.

re¿ding for crf'lerences rn the ¡noccr. oulcccr anc

followrng equaton. carrec: eacr pressure orfie:'ence

4P= Áe^.l{c''-A!:!)

r01 325 {t6 - 273.15r

re {¿J r ¿/J.rÐl

CAN/iGSê'Í {9.10-lttê
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CatrihnaÉios¡ of EquÊprmemÉ"
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T'RANSÐUCER. CAT,M RAT ON

-€- Transducer #1
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l!()

300.00

250.

2c[.

150.00

TRANSÐUCER C,{LTtsR,AT TTd

0.380 0.965 r.555 2.202 2;789 3.436
Volts

* Transducer #2

100.

50.00

0.00
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Flow MeÉer Calihration Curve

Inches of Water
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