© 2002, American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc. (www.ashrae.org).
Published in ASHRAE Transactions 2002, Vol 108, Part 1. For personal use only. Additional distribution in

4495 (RP-1052) either paper or digital form is not permitted without ASHRAE’s permission.

An Analytical Verification Test Suite
for Building Fabric Models in Whole
Building Energy Simulation Programs

Simon J. Rees, Ph.D. Dongyi Xiao Jeffrey D. Spitler, Ph.D., P.E.
Member ASHRAE Student Member ASHRAE Member ASHRAE
ABSTRACT Neymark 1995], BRE [1988], and the |EA [Bloomfield et al.

Validationand verification of wholebuilding energy simu-
lation programs can be attempted by a combination of exper-
imental validation, intermodel comparison, and verification
using solutionsto analytical tests. An effort has recently been
madeto devel op a comprehensivetest suitefor analytical test-
ing of the building fabric models of such programs. The test
suite consists of a series of sixteen tests covering convection,
conduction, solar irradiation, longwave radiation, and infil-
tration phenomena, as well as ground-coupled floors. San-
dardized documentationfor each test casethat includesresults
for one or more sets of test parameters along with the deriva-
tion of the analytical solution isincluded. In addition, source
code used to implement the analytical solutions and a user
interfacethat drivesthiscode have been devel oped. Thispaper
discusses the objectives and design of the test suite and gives
an overview of each of thetests. Results obtained fromthe use
of the test suite with an existing building energy simulation
programare presented and show its utility in verifying correct
operation and diagnosing problems with such programs.

INTRODUCTION

Building energy analysis programs are, by the nature of
the processes they seek to model, complex and require
detailed input data involving many parameters. Demonstrat-
ing the validity of results and diagnosing deficiencies in the
calculation method or its computer implementation can be
correspondingly difficult. The need for some form of valida-
tion of building energy simulation codes has been long recog-
nized. A number of attempts have been made over thelast two
decadestoidentify suitablevalidation proceduresby anumber
of organizations (e.g., NREL [Judkoff et al. 1983; Judkoff and

1988]), but no standard procedures have been universally
accepted despite the proliferation and increased use of such
programs.

Itisfirst of al helpful to definewhat wemean by theterms
verification and validation in this context. We make the
distinction between the code verification and validation
following the definitions given by Boehm (1981) and Blottner
(1990). They described verification as* solving the equations
right” and validation as “solving the right equations.” Three
types of test methods applied to whole building energy simu-
lation programs, in which results from one code are compared
with results from other sources, can be identified (Judkoff et
al. 1983). These are experimental data, intermodel compari-
son, and analytical testing. Of these approaches, analytical
tests are most abstracted from the full complexities of rea
building simulation problems, but they offer the most certain
form of reference or “truth” model with which comparisons
can be made. Being slightly abstract in nature, they may be of
least interest to the end user of simulation codes, but are argu-
ably the most useful tothe code devel oper inthat they offer the
clearest path to the diagnosis of specific problems with the
algorithmsor their implementation. Intermsof our definition,
such tests should probably be thought of as primarily verifi-
cation tests.

Intermodel comparisons of results from annual energy
analysis codes have been attempted by a number of groups.
One notable attempt has also been made at devising asystem-
atic diagnostic tool based onintermodel comparisons (Judkoff
and Neymark 1995). A further type of intermodel comparison
can be identified, which consists of a large number of test
cases (of the order onethousand) where certain parametersare
systematically varied. Such a study using “design day” cool-
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ing load calculation methods has been completed as part of
ASHRAE research project 942-RP (Rees et al. 1998; Spitler
and Rees 1998).

In any type of test, where results of a given code are
compared with data from another source, three things are
implicitly tested, each of which may contribute to the overall
“error” in the resullts.

e Theinterpretation of the input data
e Themodel(s) or algorithm(s)
e The computer implementation of the algorithm(s)

Where test specifications have to be interpreted in some
way by auser intheformation of theinput datafor aparticular
test program, differences are likely to arise from differing
interpretations of the specifications. This has been shown in
the past on several projects (Allen et al. 1985). Fortunately,
these problems can be minimized in the case of analytical tests
dueto the simplified nature of the building zone specifications
and the possibility of using idealized zone constructions.

Analytical tests are (partly by necessity) simplified in
nature and should usually be designed to allow only one
particular feature (of the building zone model in this case) to
betested at atime. Thisshould allow the ability of the codeto
model particular featuresto be verified on one hand and iden-
tification of particular model componentsor algorithms asthe
source of any problems on the other. (The term analytical is
used here to mean a mathematical model of reality that hasan
analytically determinable solution for a given set of parame-
ters and boundary conditions.) As noted above, in testing a
building energy analysis code, it is both the underlying algo-
rithms of the code and their implementation that are tested.
Inadequaciesin both the algorithmsor intheir implementation
(code bugs) can be the source of discrepancies. It isnot possi-
ble to test the algorithms without implicitly testing their
coding. Therefore, developers can use analytical tests as a
diagnostic tool to find bugs in the implementation as well as
verify the operation of the various component models.

An analytical verification test suite for building fabric
models in whole building energy simulation programs—
ASHRAE research project 1052-RP, sponsored by TC 4.7
(Spitler et al. 2001)—has been developed to help verify the
ability of whole building energy analysis programs to model
various aspects of heat transfer through the building fabric.
Thetests areintended to be used in support of ANSI/ASHRAE
Sandard 140-2001, Sandard Method of Test for the Evalua-
tion of Building Energy Analysis Computer Programs. The
test suite existsin threeforms. In thefirst place, the tests exist
asaset of documentation that definesthe test zone and model
parameters necessary to perform the test and includes one or
two sets of test results for given sets of parameters. Although
documentation in itself might adequately define a suitable set
of test cases, software that implements the analytical tests has
been developed in two forms. This software isfirst available
in the form of Fortran90 subroutines that were used to calcu-
late the analytical test results as they appear in the documen-
tation. This source code can be compiled and used by

ASHRAE Transactions: Research

interested users and devel opers. Furthermore, a user interface
to the Fortran90 subroutines has been devel oped asameans of
conveniently running the tests on personal computers. The
principal advantage of the test suite software being available
tousersisthat parameter values(e.g., convection coefficients)
other than those used in the documented tests may be used to
calculate specific analytical solutions.

Thispaper outlinesthe development of theanal ytical tests
and the implementation of the test suite software and summa-
rizestheinitial testing results from an in-house comparison of
BLAST to analytical solutions. Conclusions and recommen-
dations are also presented.

THE TEST SUITE

The test suite consists of sixteen individual tests, each
with the objectiveto test the ability of abuilding energy simu-
lation program to model a particular heat transfer phenome-
non. Thetest isapplied by comparing the output of the energy
simulation programto betested with theanal ytical solutionfor
aspecial test zone. The data to be compared may be asingle
zone load, heat flux, temperature, or hourly loads over one or
more days of output. In this section, the organization of the
tests is described first, some general concerns relevant to
several of thetests are discussed, and the individual objective
and analytical model used in each test are explained.

Organization of the Tests

Thesixteenindividual tests of thetest suite are organized
into groups relating to particular heat transfer phenomena as
follows:

Groupl - Convectionand conduction
Group2 - Solar gainsand shading
Group3 - Infiltration

Group4 - Longwaveradiation
Group5 - Miscellaneous

In reality, convective heat transfer occurs at all building
surfaces. Although it is possible to eliminate radiant effects
fromboth analytical solutionsandinthetest program by selec-
tion of suitable surface properties, it is not generally possible
to eliminate convective effects so conveniently. Consequently,
convective heat transfer isinvolvedin nearly all thetest cases.
Thismakesitimportant that the steady-state convectiontest be
carried out first and itsresults analyzed prior to completion of
the other test cases.

A completelist of test casesisgivenin Table 1. Each test
is given an abbreviation for convenient referencing in the
documentation. Group oneis concerned with testing the abil-
ity of the test program to model convective and conductive
heat transfer—both steady-state and transient. Three transient
conduction caseswith different boundary conditionsand driv-
ing temperature profilesareincluded. Group two isconcerned
with solar radiation on both opague and glazed surfaces. These
tests are intended to test the program’s time, solar position,
glazing, and shading models. Group three is concerned with
infiltration and group four withinternal and external longwave
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TABLE 1
Organization of the Test Suite
Test Test Title Abbreviation
Group
Group 1 Steady-State Convection SSConv
Steady-State Conduction SSCond
Transient Conduction— Tcl
Adiabatic Wall
Transient Conduction— Tc2
Step Response
Transient Conduction—Sinusoidal Tc3
Driving Temperature and
Multi-layer Wall
Group 2 Exterior Solar Radiation— ExtSolRad
Opaque Surfaces
Solar Radiation— Glazed Surfaces | SolRadGlazing
Solar Radiation—Window Shading | SolRadShade
Solar Radiation— WinReveal
Window Reveal Shading
Solar Radiation— IntSolarDist
Internal Solar Distribution
Group 3| Infiltration—Fixed Infiltration Rate | Infiltration-1
Infiltration—Stack Effect Infiltration-2
Group 4 Interior Longwave Radiation IntRad
External Longwave Radiation ExtLWRad
Group 5 Internal Heat Gains— IntHeatGain
Convective and Radiant
Ground Coupling— GrdCoup
Slab on Ground Floor

radiation. Tests associated with internal gains and ground
coupling arein group five. It is acknowledged that the limita-
tions, both in fabric models and input data structure, of some
programs will mean that not all tests can be applied to every
building energy simulation program.

TEST SUITE DESIGN

The tests are designed so that, whenever possible, they
may be useful to and used by program users—not only by
developers. To this end, the following design principles were
adopted.

32

When possible, the tests require only simple output typi-
caly available to program users. These include annual and
monthly heating and cooling loads and annual and monthly
peak heating and cooling loads. However, for many tests,
hourly output is also required.

Besides the unique weather files developed for this
project, the tests, for the most part, require only simple input
typically available to program users. This has been done by
providing the user with software implementations of the
analytical solutions through which users can enter custom
parameter values.

e Test as few phenomena as possible with each test to
expedite identification of specific problems.

e The tests are ordered to expedite identification of spe-
cific problems.

One of the concernsin the development of the analytical
tests and the devel opment of the associated software has been
the verification of their derivation and implementation. The
verification has been attempted by a combination of the
following methods:

* manual checking of derivation by other individuals

»  checking against existing published solutions

e checking the computer implementation against pub-
lished results

»  cross-checking one test implementation against another
for similar boundary conditions and parameters

e checking against results from other computer imple-
mentations

The way in which these methods have been applied to
each of the tests has depended on the availability of other
sourcesof solutionsand implementationsin each case. Further
details can be found in the project final report (Spitler et al.
2001).

The Test Zone

In order to make each test specific and help diagnose
problems, it isnecessary to minimizethe number of heat trans-
fer paths (and, hence, the number of modelsinvolved) in each
test. Thisrequiresthe use of test zonesthat arerather different
in their construction and specification from normal building
zones. Considerable familiarity on the part of the tester with
the operation and data requirements of the program to be
tested is therefore required.

The test zone common to most of the test casesis a cube
shape of 3x 3x 3m (9.84 x 9.84 x 9.84 ft) internal size. The
surfaces that are exposed or adiabatic vary from test to test.
Windows may or may not be present, depending on the
specific purpose of each test. Only in the tests dealing with
internal longwave radiation, internal solar distribution, and
the second infiltration test (IntRad, IntSolarDist, and Infiltra-
tion-2) is the aspect ratio varied. It isassumed in all the tests
that the zone air has no thermal mass. Thisassumptionisoften
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made in whole building energy simulation programs. If the
zoneair isinfact modeled with thermal mass, it may be neces-
sary for the user of thetest to modify the zone geometry so that
the air mass is minimized (i.e., change the depth to be very
small).

Convection Coefficients

In developing analytical solutions to building heat trans-
fer problems, one would like to identify a “truth” model for
each heat transfer phenomenon that might be applied, given
certain assumptions. In the case of convection coefficients,
there is no one universally acceptable “right” coefficient or
correlation. However, most convection correlations used for
exterior and interior building heat transfer should bereducible
to theform

h=A+C(T,-T.)", (1
where
h = convection coefficient, W/m?K (Btu/h-ft?);
A = constant, W/m?K (Btuh-ft?);
C = congant, unitsvary depending on n;
n = exponent non-dimensional;
T, =  surfacetemperature, °C (°F);
T, = artemperature, °C (°F).

For example, inthecorrelation for external surfacesgiven
by Yazdanian and Klems (1994),

2 2
h = JIC(T-T)Y 3 + 1aV2r, @)
where C, = 0.84 for Sl units and constants a and b depend on

wind direction. Inacorrelation likethis, thewind velocity can
be zero so that the correlation reducesto

h = 084(|T,-T.)"°. ®

Inthiscase, A, C, and n of Equation 1 can be specified as
0.0, 0.84, and 0.333, respectively. In the test suite software,
users are given the opportunity to enter convection correla-
tionsby specifying coefficients A, C, and n asdefined in Equa-
tion 1. Thisisimportant, as convection correlations adopted
by different energy simulation programs are not standardized.
However, for the analytical tests involving transient conduc-
tion, it is not practical (in derivation of the solution) to use a
nonlinear convection correlation and a constant convection
coefficient must be set.

Surface Properties

In anumber of the tests, it is necessary to eliminate the
longwave and/or solar radiation from the interior and/or exte-
rior surface of the zone. This requires careful specification of
the zone surface properties in the test program input data. It
may be possible to achieve these goals in more than one way,
depending on the exact input data requirements. A common
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approach would be to set solar absorptivity and longwave
emissivity for the relevant surfaces to zero (for numerical
reasons it may in practice be necessary to set a very small
number such as 1.0 x 107%).

Solar Data

Arriving at testsinvolving solar algorithms, and data that
can be considered astruly “analytical,” is problematic. Thisis
because of the empirical nature of all models of diffuse solar
radiation. In view of this, all of the solar radiation testsin this
seriesinvolve only beam (direct) solar radiation. In each of the
solar radiation tests, it istherefore necessary that diffuse radi-
ation and radiation reflected from surroundings be eliminated.
The wesather files, accordingly, only contain data for direct
normal radiation at ground level only.

Each of the solar radiation testsinvolvesthetesting of the
program model s associated with calculation of solar position.
Rather than generate reference data by use of an algebraic
model (of which there are several), reference data have been
obtained for four sites (Atlanta, Boston, Chicago, and Los
Angles) and two dates (August 21, 1999, and June 21, 1999)
from the U.S. Naval Observatory (USNO 2001).

THE ANALYTICAL TESTS

Each test in the test suite has a particular objective in
terms of which heat transfer path or models of the energy
simulation program are to be tested. The basis and assump-
tionsfor the analytical modelsto realize these objectivesvary
with each other accordingly. The basis for each of the analyt-
ical models and the assumptions made in applying these in
each group of testsis outlined in the following section.

Test Group 1: Convection and Conduction

The steady-state convection and conduction tests in this
group are designed to find the response to a steady difference
in dry-bulb temperature between the inside and the outside of
the test zone. The heat transfer is only by convection at the
inside and the outside surface and by conduction through one
or more surfaces. This requires suitable choice of surface
properties to eliminate longwave radiation. Steady-state
results are ensured by making the zone fabric massiess. Asin
most energy simulation programs, the heat transfer isassumed
to be one-dimensional. In the steady-state convection test
(SSConv), the external surface consists of a single homoge-
neous layer. The thermal resistance of this fabric is made
negligible to ensure that the heat fluxes are most sensitive to
convection at theinside and outside surfaces. The steady-state
conduction test (SSCond) issimilar except that thefabricisto
have significant thermal resistance and may be a multi-layer
construction. Asnoted earlier, itisnot usually possibleto carry
out any zone heat transfer test without invoking the program’s
convection models (at least using the regular datainput mech-
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Figurel Driving external dry-bulb temperature profiles used in the transient conduction tests: (a) a stepped profile used in
tests TC1 and TC2, (b) the sinusoidal profile used in test TC3.

anisms). Consequently, the steady-state convection test—
although seemingly trivial—underlies all the other tests.

Three transient conduction test cases are included, each
using different profiles of the driving external dry-bulb
temperature, and each with rather different analytical solu-
tions. Thefirst and second tests (TC1 and TC2) use a stepped
external dry-bulb temperature profile, as shown in Figure 1a,
and involve a single-layer homogeneous fabric construction.
Thethird test uses asinusoidal external dry-bulb temperature
profile, as shown in Figure 1b, and alows multiple-layer
fabric constructions. In these tests, the response in terms of
zone load and wall surface temperatures is examined.

The first transient conduction test case (TC1) requires
application of an adiabatic boundary condition at the inside
surface of thewall. After each step changein external temper-
ature, the external surface temperature should show a first
order response and return to equilibrium with the external
temperature. The external surface heat flux should be seen to
return to zero as the surface temperature returns to equilib-
rium. This type of response is shown in Figure 2. Thistest is
essentially the same as that used previously in the testing of
building energy simulation programs by Bland (1992).
Although several forms of the analytical solution exist for this
test, we have used that given by Incroperaand DeWitt (1990).
Details of the analytical solutions to the transient conduction
cases are given in acompanion paper (Reeset al. 2002).

The second transient conduction test case uses the same
stepped external dry-bulb temperature profileto drivethe heat
transfer as the first test. The boundary conditions are rather
different in that convection occurs at both the outside and
inside surfaces, with the inside dry bulb being kept constant.
Consequently, a linear temperature gradient develops across
thewall asthe steady stateis approached sometime after each
step changein external temperature. Unlikethe adiabatic tran-
sient test (TCL), the transient change at the start of each step
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Figure2 The analytical response in surface temperatures

in the transient conduction test case TC1. The
temper atures are nondimensionalized.

isinfluenced by the previousstep—theinitial conditionsat the
start of each step being different. The analytical solution is
correspondingly more complex. The form of the analytical
response at the first step in external temperature is shown in
Figure 3.

The objective of test TC3 isto find the response to sinu-
soidal changes in outside dry-bulb temperature when the
insidedry-bulb temperatureisheld constant at the mean exter-
nal temperature. The analytical model for thistest isbased on
the solution of the one-dimensional transient Fourier heat
conduction equation for a multilayer slab with convective
boundary conditions. Solution of this analytical model by
complex representation of the temperature and use of matrix
methods (Pipes 1957) allows treatment of multiple homoge-
neous wall layers.

Theresponse to the driving temperature is that the inside
surfacetemperature varies about the same mean asthe outside
but with reduced amplitude and aphaselag. The zoneload has
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asimilar phase lag with the driving temperature. The size of
the reduction in amplitude and phase lag is dependent on the
layer material properties. Theinsideheat flux can be described
using a“decrement factor” and phase lag in the same way as
in the Admittance Method load calculation procedure
(Holmes and Wilson 1996) as follows:

qi(t) = UfAT sin(o(t—0)) (4)

where U is the overall steady-state conductance (W/m?K
[Btu/h-ft?]), f is the decrement factor (nondimensional), AT is
the amplitude of the periodic outside temperature (°C [°F]), @
isthe period of the excitation divided by 27, gisthetimelag
(hours), and t is the time (hours).

Test Group 2: Solar Gains and Shading

A total of fivetest casesinvolving external solar irradia-
tion are provided as part of the test suite. These range in
complexity from a case of solar irradiation on an opague
surface to solar irradiation on a glazed surface with multiple
shading devices. A simple internal solar distribution test is
aso included. The performance of each of these tests is
assessed from the hourly load predictionsover asingleday. As
only direct radiation data are present in the wesather file and
diffuseis set to zero, it is, first, the ability of the program to
calculate the angle of incidence on the building fabric at each
hour of a particular day and, consequently, the incident solar
flux that are tested.

The ability of thetest program to predict the normal solar
fluxesisfirst tested with an opaque surface (test ExtSolRad).
Theanalytical valuesof normal solar flux are calculated using
the same solar fluxes that are written in the weather file and
using values of solar azimuth and elevation angles from U.S.
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Naval Observatory data, tabulated every ten minutes of the
test day. Angles of incidence in the analytical solution are
calculated using an orthodox vector analysis. Inthisfirst solar
test, aheat balance at each surface of thefabric and onthezone
air iscalculated using the same assumptionsasthe steady-state
conduction test, except that an additional termispresent inthe
outside surface heat balance due to the solar flux. No long-
wave radiation at either surface is considered. The fabric is
massless so that it can be assumed that the zone load isinstan-
taneous.

The basic test for glazed surfaces (SolRadGlazing)
involves a single pane of clear glass. By assuming a single
pane of clear glazing, it is possible to avoid the complexities
of specular coatings, interpane reflections, and radiation and
derivean analytical solution using aconventional optical anal-
ysis to find the transmission and absorption of the incident
solar flux at each hour (Duffie and Beckman 1991). The glaz-
ing is assumed to be highly conductive so that it would be at
auniformtemperature. Thisallowsaheat balanceto besimply
calculated on the glazing to find the therma conduction
component of the zoneload. Theinside of the zoneisassumed
to be totally absorbent of incident solar fluxes so that reflec-
tion and retransmission of the solar energy does not haveto be
considered.

Two tests—Test SolRadShade and Test WinRevea—are
provided to assess the ability of the test program to deal with
basic shading effects. The objective of the first shading test
(SolRadShade) istotest thetreatment of semi-infiniteexternal
shading over aglazed surface. The shading is said to be semi-
infinite in that it has afinite depth (from the face of the zone
exterior surfaceto itsfront edge) but isinfiniteinthedirection
parallel tothewall surface. Threetypesof window shading are
considered—semi-infinite horizontal fin, semi-infinite verti-
cal fin, and acombination of both semi-infinite horizontal and
vertical fins.

Theanalytical calculation of transmission and absorption
of solar radiation in all of the shading test cases is modified
from the SolRadGlazing test simply by the reduction in effec-
tive glazed area by the casting of shadows from the shading
devices (thereis no diffuse irradiation). Shadow geometry is
calculated using published shading geometric relations
(Rodriquez and Alvarez 1991). Shading devices are assumed
to be completely opaque and nonreflecting. No radiation is
exchanged between the glazing and shading devices. The
window reveal test (WinReveal) issimilar to the other shading
test except that the window can be shaded by both sides of the
reveal aswell asthe top. Thisis geometrically the same as a
combination of two vertical and one horizontal semi-infinite
fins.

The last test in Group 2 (IntSolarDist) is intended to
assessthetreatment of internal solar distribution (i.e., how the
test program redistributes solar energy that has entered the
zone between the different internal surfaces). A small window
on one surface of the zone is used with both horizontal and
vertical shading applied. The dimensions of the window and

35



N
(a) \ - Sun’s rays
\ R. /
\ ho
v T /
\ /
\ /
- \ /
& N
o5 PN/
o MmN
S LA
£ A
on \\

/ / \\
massless / \
adiabatic — / \
surface / N

/ \
| I Sun’s rays
'Y

(b) A R, ; Sun’s rays
/
<>/
/
/
/
= /
g A /
ot 4 /
2 II.‘: /
=t i
« Y
y,
/
/ heavyweight
/ adiabatic
/ surfaces
w
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shade and the depth of the zone are arranged such that no beam
radiation should fall on any surface other than the wall oppo-
site the window at any time of the day. By making the wall
opposite the window lightweight and eliminating internal
longwave radiation, the zone load corresponds to the instan-
taneous solar gains through the glazing. By making all other
surfaces in the zone heavyweight, it should be possible to
determine whether or not thetest program isredistributing the
solar gainsto other surfaces. If solar gains are redistributed to
the heavyweight surfaces, the peak zone load will be corre-
spondingly reduced and the energy redistributed over the day.
Accordingly, when the test program is set to explicitly model
direct irradiation within the zone and no internal solar redis-
tribution, the program zone loads should match those calcu-
lated with this test solution. Transmission and absorption of
solar radiation and the effect of shading are calculated in the
sameway asthe SolRadShadetest. Thetest zone geometry for
thistest case is shown in Figure 4.

Test Group 3: Infiltration

Two tests are included in the test suite in which the only
zone load is due to infiltration of outside air. Zone loads due
to infiltration can be calculated analytically simply from the
product of the mass flow rate and the difference in enthal pies
of theincoming air and the air at the room condition. What has
tobecalculated intheanalytical solution (andimplicitly inthe
test program) arethe massflow rate and enthal piesat different
psychrometric conditions. In the first place, it is the test
program’s ability to carry out the necessary psychrometric
calculations that is being tested.

The difference between the two infiltration testsin group
3(Infiltration-1 and Infiltration-2) liesin theway that the mass
flow rate is specified. In the first test, the mass flow rate is
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simply specified as afixed volumetric flow rate at the outside
conditions. The results therefore depend only on the
program’sability to find the correct air density (to get the mass
flow rate) and the enthal pies at inside and outside conditions.
Inthe second infiltration test, the flow isdriven by stack effect
between openings at high and low levels in the zone. In this
test the zone geometry is altered to 3 m (9.84 ft) wide X 3 m
(9.84 ft) deep X 10 m (32.81 ft) high. A steady-state calcula
tionismade of the massflow through two simple orifice open-
ings at high and low levelsin the zone. The flow is assumed
to be driven by the difference in stack pressures due to the
differencein height between the two openings and the differ-
enceintemperatureinsideand outsidethezone. Theanalytical
solution can be found by calculating a neutral pressure level
and by knowing the characteristics of the orifice openings.

Test Group 4: Longwave Radiation

Two separate tests have been devel oped for the testing of
treatment of internal and external longwave radiation. In each
case, it is assumed that the surfaces are gray and isothermal.
Radiation is treated in a single waveband using exact view
factor-based methods. In each case, the air is assumed not to
participate in the radiant exchange.

The ability of the test program to deal with longwave
radiation at externa surfaces is examined using a test zone
with a single horizontal surface that is assumed to exchange
radiation only with the sky (test ExtLWRad). It is also
intended that thisfabricisamasslesssurface so that zoneloads
can be assumed to be instantaneous. A single sky temperature
is specified and the net steady-state heat balance on theinside
and outside surfaces of the roof is calculated, assuming one-
dimensional conduction through the roof, to find the surface
temperaturesand resultant zoneload. Using thistest, the sensi-
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tivity of the zone load predicted by the test program to the
external longwave emissivity can be evaluated.

Theinternal longwave radiant exchange model of the test
program can be evaluated by examining the zone loads and
surfacetemperatures predicted with zone geometries of differ-
ent aspect ratio and different surface emissivities. Thisisdone
in the second test in group four (IntLWRad). In this case,
energy enters the zone through one external surface by
convection from the outside air and conduction through a
massless wall and enters the zone by convection to the room
air and radiant exchange with all the room surfaces. Conduc-
tion through the lightweight wall is treated by a one-dimen-
sional steady-state analysis. The radiant exchange calculation
method adopted for this test is that given by Stefanizzi et al.
(1988).

Theaspect ratio of thetest zoneischanged by keeping the
external wall afixed 3 x 3m (9.84 x 9.84 ft) and extending the
length of the adjacent walls of the zone. As the aspect ratio
increases, so doestheinternal surface areaof thezone. The net
radiation from theinside surface of the external wall increases
with aspect ratio as the external wall radiates to alarger area
(effectively less radiation returns to this surface). The analyt-
ical prediction of response to different aspect ratios and
surface emissivities is shown in Figure 5. Previous work has
shown that internal longwave radiation models differ in how
they areableto respond to changesin zone aspect ratio and that
thistypeof testisarobust test of such models (Stefanizzi etal.
1988).

Test Group 5: Miscellaneous

Two further tests included in the test suite deal with
response to internal gains and heat transfer through slab-on-
grade floors (denoted as IntHeatGain and GrdCoup). Internal
gains are considered as a combination of radiant and convec-
tive heat fluxes. The convective portion of the gainsis rela-
tively easy to deal with—both in simulation programsand in
theanalytical solution—inthat such gainscan be added instan-
taneously to the heat balance on the room air. The responseto
radiant internal gainsis dependent on the thermal mass of the
zone, assome portion of theradiant energy will bestoredinthe
roomfabric. If theradiant gainiscyclic (e.g., scheduled on and
off over aday), thisstored energy isreleased |later. The analyt-
ical solution to this problem is therefore derived from a
consideration of transient conduction through the zonefabric.

The boundary conditions are rather different in this case
than the other transient conduction testsin that al the surfaces
are assumed to be adiabatic (at the outside surfacesthat is) and
have aradiant flux and convective boundary condition at the
internal surfaces. Asin current energy simulation programs,
we assume that the radiant gains can be treated explicitly asa
flux at the zone surfaces and are not associated with red
surfaces at which aheat balance could be calculated. Astothe
distribution of fluxes within the zone, we assume the radiant
fluxes are distributed to each surface of the cube equally. All
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of the zone fabric is assumed to be of the same homogeneous
single-layer construction and afixed convection coefficient is
applied. Inthetest, the heat gains are simply scheduled on for
a 168-hour period, and then removed.

Although most energy simulation programs have only
simplified methods of dealing with heat transfer from ground-
coupled floors, in the interests of completeness and in the
expectation that such programs will become more sophisti-
cated, we have included an analytical test that deals with this
mode of heat transfer.

In thistest, the response to the three-dimensional steady-
state heat transfer from a ground-coupled floor is assessed.
Theanalytical solution adopted for this caseisthat devel oped
by Delsante et al. (1983), but it uses the calculation method
given by Davies(1993). It isassumed that thethermal conduc-
tivities of the slab and the soil are equal so that the floor and
the ground can be treated as a uniform semi-infinite solid. As
shown in Figure 6, the floor is rectangular of areaL x B and
is bounded (but not penetrated) on each side by four equal
width external walls of thickness W. It is assumed that the
effect of thewallsisto changethe ground/slab surfacetemper-
ature linearly over their thickness (the walls have a finite
conductance but its actual value is unimportant). The ground
surfacetemperatureistaken to be the same asthe deep ground
temperature. The inside air temperature is held constant and
the inside floor surface temperature calculated. Heat flux to
thefloor isviaasingleconvectiveresistance only. All surfaces
of thetest cube are adiabatic except the floor, and no windows
are present.
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Figure5 Zone load variation with zone aspect ratio and
different surface emissivities. The emissivities
are: Casel, external surface0.9, opposite surface
0.1, other surfaces 0.3; Case 2, external surface
0.9, all other surfaces 0.1; Case 3, all surfaces
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The Test Suite Software

Although each of the analytical solutions can, in princi-
ple, becalculated “by hand” (with acalculator) or with theaid
of aspreadsheet, the tests have been implemented in the form
of aseries of subroutineswritten in Fortran90. These, in turn,
have been compiled as dynamic link libraries (“*DLLS") that
can be called from an interface. The interface allows usersto
easily enter custom values of thetest parameters. The software
basically takestheinput test parametersand runstheanal ytical
test and produces a result file along with an accompanying
weather file. The interface has a number of convenient
features, such as unit conversions, and alows saving of
custom parameter values. Output of thetest resultsisdesigned
tobeeasily read into aspreadsheet, and weather file output can
beineither TMY 2, WY EC2, or IWEC formats. Theprocedure
by which each test isintended to be carried out can be summa-
rized as follows:

1. Choosethetest parametersand enter theminto thetest suite
software.

2. Runthetest suite software and save the results and weather
file produced.

3. Setuptheinput for the program to be tested to comply with
the test specification.

4. Convert theweather fileto the necessary format for input to
thetest program if required.

5. Runthetest program for the test zone with the test weather
file.

6. Compare and analyze the program results and analytical
test results.

If it is convenient to run the test suite software, the tests
may be run with avariety of parameter values; otherwise, the
tests may be run using the parameter values and results given
in the documentation.
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THE TEST DOCUMENTATION

The value of the test suite is heavily dependent on the
quality of thedocumentation. It isimportant that the documen-
tation be clear and unambiguous if differences in results due
to different interpretations of the test conditions are to be
avoided. The documentation is designed to follow a common
format for each test and so that the documentation for each test
islargely self-contained. The function of each section of the
documentation can be summarized as follows.

Objective: This sets out the aim of the particular test in
terms of which heat transfer path or submodel of the energy
simulation programistobetested. It also summarizesthebasis
for the test and any assumptions made.

Analytical Model: This is provided to summarize the
basisof theanalytical model anditsassumptions. It also shows
how the analytical model is being applied to represent the
behavior of the test zone.

Zone Description: This sets out the definition of the test
zone to be used. Particular geometric, construction, and
surface propertiesmay be specified. Any heat transfer pathsto
be eliminated may also be specified.

Test Parameters. The particular parameters relevant to
thetest are given in this section of the documentation for each
test. In addition, the parameter values used to get the results
published in the “Results’ section are tabulated. The input
screen from the test suite softwareisillustrated in this section.

Test Results: Results of applying the analytical solution
for oneor more setsof test parametersaregivenintabular and/
or graphical form. These have been generated using the test
suite software.

Analytical Solution: Thederivation of theanalytical solu-
tion that forms the basis of the test is given, along with any
assumptions and limitations.

References: References are given at the end of the docu-
mentation for each test. These are the references relating to
either the analytical solution or parameter values that have
been cited in the documentation for that test alone.
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TABLE 2
Differences in Zone Load Between the BLAST
Program and Analytically Calculated Loads for the
Convection and Conduction Cases

TABLE 3
Differences in Zone Load Between BLAST and
Analytical Result for the Solar-Related Cases

It is hoped that the test documentation will be used in
support of ANSI/ASHRAE Sandard 140-2001, Sandard
Method of Test for the Evaluation of Building Energy Analysis
Computer Programs.

EVALUATION OF THE TEST SUITE

The development of the analytical test suite was planned
toincludetwo stages of evaluation so that any problemsin the
analytical tests themselves, and the documentation, could be
resolved beforeits general release. First, evaluation was done
“in house” by carrying out the whole test series with one
particular wholebuilding energy simulation program, BLAST
(1995). Second, thetest suitewas evaluated “ blind” by athird
party using the EnergyPlus program. Feedback from both of
these eval uation processes was used to improve the test docu-
mentation and software. A brief summary of the test results
using the BLAST program follows along with a discussion of
the principal problems found.

Summary of the Internal Test Results

A summary of the results of the steady-state, transient
conduction, and convection tests found with the BLAST
program aregivenin Table 2. The differencesin zoneload are
calculated from the difference at a given hour divided by the
peak zone load. The steady-state tests show very close agree-
ment with the analytical solutions. It was important to estab-
lish that the convection coefficients stated in the BLAST
documentation wereverified by thetest resultsbefore continu-
ing withtheother tests. Theresultsfor thetransient conduction
tests were very reasonable. In these cases, the greatest differ-
ences in results are found when the zone load is initially
applied. Resultsfor test TC1 are not givenin Table 2, asthere
is no resultant load in this test. In this case, surface tempera-
tures were examined and found to be different by a mean of
0.1°C (0.18°F) and a maximum of 0.5°C (0.9°F).

A summary of the results for the second group of tests
(solar gains) found withthe BLAST programisgivenin Table
3. The loads calculated by the test program showed the same
trends as predicted by the analytical solutions, and thelevel of
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Test Mean percentage M aximum per centage
Test Mean percentage | Maximum differencein zoneload |differencein zoneload
differencein per centage ExtSolRad 1.88 401
zone |load differencein
zone load SolRadGlazing 1.85 4.23
SSConv 0.11 0.11 SolRadShade 242 6.16
SSCond 0.06 0.06 WinReveal 3.01 5.82
TC2 First stage 0.98 5.13 IntSolarDist 2.69 7.62
Second stage 1.95 13.40
30000 + 100000
TC3 1.60 294
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Figure7 Analytically calculated zone loads and those
predicted by the BLAST program for the internal
heat gain test.

error appears acceptably small. Usually, the maximum error
was found in one hour that BLAST did not show any load,
while there is a very small load calculated in the analytical
solution. Thetest program hasthreeinternal solar distribution
algorithms of different complexity. As expected, the results
only match closely with the analytical solutionfor theinternal
solar distribution test when the position of the “sun patch” is
explicitly calculated.

Two of the tests performed with the BLAST program
gave disappointing results. These were the internal heat gain
test (IntHeatGain) and the internal longwave radiation test
(IntLWRad). In thefirst of these tests, the zone load response
was noticeably slower than that predicted by the anaytica
solution (with peak error of 12.9% of peak load and mean of
2.3% [see Figure 7]). In the internal longwave radiation test,
the zone loads predicted by BLAST did not show the same
sensitivity to aspect ratio and surface emissivity as predicted
by the analytical solution.

Satisfactory results were obtained for the BLAST
program with the external longwave radiation test, with a
maximum difference in the steady-state load of 2.53% for the
emissivities tested. To carry out this test with BLAST, it was
necessary to use the program’s detailed external convection
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model, which is not enabled by default. It was also necessary
to find the detailed convection correlations used in this mode.
Thiswould not be easy for many users, asthisinformation is
only available in a draft technical report (Walton 1981). It
should also be noted that two of the tests—those concerned
with infiltration by stack effect (Infiltration 2) and ground-
coupled floors (GrndCoup)—were beyond the scope of the
BLAST program and so results for these tests cannot be
reported.

PROBLEMS DIAGNOSED
DURING INTERNAL TESTING

In carrying out the tests with the BLAST program, trials
with several tests revealed a number of difficulties in using
BLAST. These arose mostly from lack of documentation of
some features or erroneous documentation. In one case, an
error in one of BLAST’smodelsis suspected. These findings
may be of interest to general users of the program as well as
users of the test suite.

Convergence Criteria

Poor results were initialy obtained for the first transient
conduction test (TC1). It was subsequently found that these
could beimproved considerably by changing the convergence
criteria used by BLAST. The convergence criteria used by
BLAST aredescribed in adraft technical report (Walton 1981)
and are defined in terms of maximum allowable heat imbal-
ance, maximum difference in zone temperatures, and a limit
on the total number of iterations allowed. Figure 8 shows the
difference in results obtained when using different values of
the convergence parameters. The results obtained with the
default convergence criteria show poor agreement with the
analytical solution. Inthiscase, thereisadifferenceof internal
surface temperature of 4.33°C (7.8°F), with 97 hours out of
100 hours having a difference of more than 0.5°C (0.9°F).
After selecting morestringent convergencecriteria, theresults
from the program can be seen to be much closer to the analyt-
ical solution results. In this case, the maximum difference in
internal surface temperature is approximately 0.5°C (0.9°F),
with 80 out of 100 hours having a difference less than 0.2°C
(0.36°F).

Infiltration Calculations

Significant differences were found between the steady-
stateload calculated by BLAST and that of the anal ytical solu-
tion in the first infiltration test (Infiltration-1), where afixed
infiltration rate is specified. It appears this deviation comes
from an error in the air density calculation used by BLAST.
The air density is calculated in the program using standard
ideal gaslawsfor air, in which it is necessary to employ agas
constant. Examination of the BLAST source code reveaded
that avalue of 0.003235 was being used for the inverse of the
gas constant for air. Thisimplies a value for the gas constant
of 309.1 Jkg-K (0.0789 Btu/lb-°F). This number should be
much closer to avalue of 287 Jkg-K (0.0686 Btu/lb-°F), which
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would apply at room temperature. The source code al so shows
that the value of specific heat of air used by BLAST is 1004
Jkg-K (234.0 Btu/lb-°F). Using the BLAST air density and
specific heat, hand calculation of the zone load result for this
case confirmsthe value output by the program, which is 5810
W (19,823 Btu/h). The analytical solutionis6304.7 W (21510
Btu/h).

Vertical Shading

Comparison of the BLAST results for the solar shading
test case (SolRadShade) with the analytical solution initially
showed poor results. It was found out that there appearsto be
an error inthe BLAST user manual regarding the syntax used
to specify avertical wing. Under “Wings and Overhangs’ in
the BLAST user manual, the following input syntax is given
for avertical wing:

“WITH WINGS(usn1, usn2)”

where “usnl” is supposed to be the depth and “usn2” the
height of the vertical wing. The correct shading effect was
only found with the arguments (or the definitions) reversed,

“WITH WINGS(usn2, usn)”

The resulting zone loads, when using the syntax as it
appears in the BLAST manual, are shown in Figure 9 for a
vertical wing on the right side of a south-facing window. In
this case, only a very small shading effect is observed. This
might be expected with awing that isonly 0.6 m (1.97 ft) high
at the bottom of the 3 X 3 m (9.84 X 9.84 ft) window. Using
the aternative syntax—reversing the arguments—can be seen
to give results that agree well with the analytical solution.

Dependence on Weather Data Period

It was noted that the BLAST resultsfor the external solar
radiation test ExtSolRad show good agreement with the
analytical solution while specifying the weather tape for only
asingleday (August 21) in BLAST input file. However, devi-
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Figure8 Inside surface temperature response for test TCI

using different convergence criteria.
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window.

ation does occur when aweather tape period of more than one
week isspecified. Thereason for thishasnot been determined.

Weather Data Processing

In order to complete the testsinvolving solar irradiation,
it was necessary to modify the weather data processor (WIFE)
used by BLAST. Without modification, the weather data
processor “fixes’ the“error” of having no diffuseradiationin
the weather file. Diffuse irradiation is set to zero in the test
weather files so that loads are only induced by direct irradia-
tion. It isacknowledged that thiswould be a problem for most
users and may be an issue with other test programs.

CONCLUSIONS AND RECOMMENDATIONS

An analytical verification test suite for building fabric
models of whole building energy simulation programs has
been developed. The test suite consists of a series of sixteen
tests covering convection, conduction, solar irradiation, long-
waveradiation, andinfiltration phenomena, aswell asground-
coupled floors. The test suite consists of standardized docu-
mentation for each test case that includes results for one or
more sets of test parameters along with the derivation of the
analytical solution. In addition, a source code used to imple-
ment the analytical solutions and a user interface that drives
this code have been devel oped as part of the ASHRAE 1052-
RP project.

In the development of the test suite, effort has been made
to ensure that the documentation is clear, that the analytical
solutions are correct, and that the software is usable by real
testers. Thishasbeen aided by both in-house and “ blind” third
party testing of the documentation and software.

The value of developing and using atool such asthistest
suite has been shown through testing of an established build-
ing energy analysis program. Although the program in ques-
tion hasbeen in the public domain for morethan twenty years,
problems in the program’s documentation and models were
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diagnosed by using these analytical tests. The test suite has
also been found useful in the development of the new Ener-
gyPlus program through the third party testing carried out
during this project. It is intended that this test suite will
become a useful tool for the development and diagnosis of
problems with building energy simulation programs of the
future.
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