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CHAPTER 1
INTRODUCTION

Because of the energy crisis, many areas of building de-
sign must be re-examined. One such area concerns the heat
transferred to a building from electric lighting fixtures (lum-
inaires). Lighting is the source of the majority of the air
conditioning load in the interior of many coffice buildings and
is of major concern in almost all buildings. Therefore, a more
accurate analysis of the heat transferred from lighting would
improve the estimation of air conditioning loads.

A1} of the energy consumed by lighting, PT, is converted
to heat, but not all of this energy immediately raises the tem-
perature of the room or return air. Some of the energy does
gquickly enter the room or return air by convection from lumi-
naire surfaces., But a portion may be first transmitted to ple-
num air or surfaces above a suspended ceiling. The radiant
part of this energy must first be absorbed by a surface, heat
the surface, and then be convected to room or return air. As
a surface is heated, energy is stored according to the thermal
properties of the surface and then released as the body cocls,
This results in a time delay between the release of energy from
the luminaire and its appearance as heat to the room air, dp»
or heat to the total circulating air, Qs The effect of.this
time delay varies with room construction, lighting and ventila-

tion design, furnishings, and other conditions,
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In 1978, the American Society of Heating, Refrigerating,
and Air-Conditioning Engineers (ASHRAE) issued a request for
proposals for a more thorough analysis of the heat transfer from
luminaires. Part of the request reads as follows:

Data on heat release from lighting fixtures operating within a
building or structure has been available only in recent years
and then only for a partial sample of available lighting fix-
tures. In addition, the available data is not directly suitable
in its application for use in building load calculations by
either manual or computer methods. The data to be developed in
this project is vital in order to permit effective input into
building load calculations of the heat released by lighting fix-
tures.

In the Spring of 1979, ASHRAE awarded this project, RP-231,
to the Mechanical Engineering department of KSU with Dr. H. D.
Ball as principal Investigator. The project requires the com-
pletion of several tasks:

1. a) A literature search for works on heat release from

lighting.

b) A survey of lighting manufacturers for heat release
data and determination of the frequency of installation
of different lighting fixtures.

2. The development of a mathematical model to predict heat
release from all types of fluorescent fixtures, both to
the room and to the plenum, and comparison of its re-
sults with actual tests.

3. Establishment of a plan for parametric study of many
types of lighting and fixtures. The plan must be ap-
proved by ASHRAE,

4. Carry out this plan using the mathematical model.

5. Development of easily used tabular or graphical conden-



sations of the results.

OBJECTIVE

The objective of the present study is to accomplish the
second task. This thesis describes the development of a mathe-
matical model which simulates the transient and steady state
heat transmission from fluorescent luminaires. The literature
search section of the first task was accomplished as part of the
background and analysis for this study and the results of the

lighting survey are presented in Appendix A.



CHAPTER II
LITERATURE REVIEW

One nice thing about this project is the steady state re-
sults are automatically correct if the transient analysis is ac-
curate. It is unfortunate that the reverse is not also true,
for nearly all previously published works concerning heat trans-
fer from lighting deal with steady state analysis or testing.

Before 1955, there was little work done in the area of heat
transfer from luminaires. The most extensive article was by
Sturrock (69) in 1938. He discusses the heating aspects of in-
candescent lamps and describes the testing of several methods of
removing heat before it enters the room space. He alsc shows
the results of transient heating tests on room spaces with dif-
ferent lighting levels. Other papers located that concern
lighting heat transfer and predate 1955 have little results from
experiments or analysis (17,18,40,41,43,60). Instead, they are
descriptions of ideas to obtain more lumens per watt or ducting
air through lighting fixtures.

Changes came with the introduction of suspended ceilings,
recessed fluorescent lamps, and vented lighting fixtures. Be-
tween 1955 and 1965, many authors published articles describing
the benefits of these advances (4,7,22,59,61l). They discuss
many varieties of fluorescent luminaires, both vented and stat-
ic, and go into theories and estimates of the reduction in room

cooling loads possible using these fixtures. Spurred on by



these possibilities, several groups began testing the heat
transfer characteristics of fluorescent troffers. 1In 1962,
Mueller and Benson (53) tested a variety of supply and return
fixtures using a box calorimeter. They determined the amount of
heat ducted away, the amount that went into the plenum, and the
portion that entered the room over a range of return rates.
Sylvester(70) ran similar tests on a specific troffer two years
later. Ballman, Bradley, and Hoelscher (3) describe the use of
a box calorimeter and relate some of their results and calcula-
tions of heat to room, plenum, and return air at different flow
rates. Fisher, Roehr, and Smith (23) describe their findings
after testing an experimental troffer with a simple box calorim-
eter. to determine the amount of heat to return air at different
flow rates. Dally and Ballman (16) ran more ambitious tests
using complete calorimeter rooms with changes in the air supply
and return systems and the lighting load. 1In all five of these
papers, the results of steady state tests are presented and gen-
erally similar conclusions about the amount of heat going into
the room space and return air are reached.

In 1965, the Illuminating Engineering Society (IES) pub-
lished a five part review of work done in the area of lighting
and air conditioning (39). The first article gives background
material on heat production in fluorescent, incandescent, and
mercury lamps and the fraction of heat radiated and convected,
The next part describes how the different types of fixtures
transfer energy. The third section is focused on the interac-

tion between lighting and air conditioning systems and gives



estimates of the percentage of the energy entering room, plenum,
and return air for different systems, The last two articles de-
scribe methods for controlling lighting heat. The review also
contains an extensive list of references on lighting and air
conditioning. This review combines most of the work done up to
1965 dealing with heat from lighting and was incorporated into
the IES Lighting Handbook (33).

Henderson (26), in 1966, described the use of heat balance
equations to calculate steady state heat transfer from lights.
He used nine detailed examples to illustrate how this method
could be used under various conditions. This type of analysis
appears in many other articles written since then, mostly for
heating and air conditioning journals in an easily understood
format (20,44,45,64).

Much more testing has also been done concerning the heat
transfer from lighting. Boyer (8,9,10) conducted a series of
tests using a calorimeter room with changeable air conditioning
systems and wrote a few papers dealing with the results. In
one, he discusses heat transfer in interior office zones (8). In
another, Boyer (9) wrote about regions near the building perime-
ter. In a third paper, he writes on the radiant transfer char-
acteristics of room surfaces (10). With these papers, he gives
a clearer understanding of the relationship between air condi-
tioning and heat from lighting.

In Japan, Kimura (36) headed a group that tested the heat
transfer characteristics on many luminaire styles. Using a

small calorimeter room, they tested the heat removal by vented



air at different flow rates. They also used a lighting fixture
built with components that were shifted, removed, or replaced to
vary its design. Changes in lamp construction or the number of
lamp tubes affected the heat transfer more than changes in the
air flow path.

In 1968, Nottage and Park (55) used a calorimeter room to
conduct extensive tests on a lighting system. They determined
the amount of heat going into the room, plenum, and return air
as others had done. But they also measured temperatures and
heat transfer rates at numerous points on the luminaire.

Nevins, Straub, and Ball (54) published a paper on factors
affecting heat transfer in luminaires. They used a box calorim-
eter to measure the amount of heat to plenum air and to return
air at different flow rates. They also changed the size and
type of the fixture. They concluded that air flow routing is
important, but that similar designs will have similar heat
transfer characteristics. The type of calorimeter they used is
now recomended by both ASHRAE and IES for testing luminaires,

In 1970, O'Brien and Krumland (56) described their work
with mathematical modeling of luminaires. They measured the
heat and light transmission of two luminaire designs, Then they
developed a mathematical model to simulate the thermal exchange
of the test luminaires. They modeled a luminaire as separate
surfaces and used heat balance equations to calculate the tem-
perature of each surface. The model was also used to predict
radiant output. Overall, their model matched the actual re-

sults, except for some differences concerning radiant transfer.



The most detailed theoretical analysis of heat transfer
from lighting was by Sowell and O'Brien (65) in 1973. They
attempted to develop an accurate mathematical model and compared
the results with the data of the Nottage and Park (55) tests.
They divided the model into as many nodes as Nottage and Park
(55) had temperature measurement points., Sowell and O'Brien
(65) also had a complicated radiation analysis. The results
showed good prediction of general trends, but there were also
some major discrepancies,

Except for Sturrock (69), all works discussed so far have
dealt with steady state analysis. The only recent literature
concerning time dependent heat transfer from lighting comes from
the Canadian sponsored group of Mitalas, Kimura, and Stephenson.

In 1968, Kimura and Stephenson (37) described a theoretical
analysis of the transient aspects of lighting heat transfer.
They used a simple model, having one heat storing surface, only
a few surface nodes, and an arbitrary estimate of how much heat
is extracted from the fixture by the return air. The transient
nature was controlled by the floor slab with the response factor
method developed by Stephenson and Mitalas (67,68). Kimura and
Stephenson (37) concluded that transient cooling loads could be
modeled by Eq. (1) using only two experimentally determined
constants, A and B.

Bt (1)

qT(t)/PT = 1 - Ae
To obtain values for these constants, they constructed a
calorimeter room in which several types of light fixtures and

ventilation arrangements could be tested. In 1971, Mitalas and



Kimura (51) described the construction and some initial testing
of the room. Mitalas (48,49) published the final results of the
project in 1973. Mitalas (48) ran tests with changes in venti-
lation flow rates, furnishing, carpeting, and air supply and re-
turn systems. From the results, he decided the exponential de-
cay model of Eq. (1) was satisfactory. Then he approximated Eq.
(1) with an abbreviated series expression which allowed hourly
changes of lighting power. The equation is:

qT(t) = aIPT(t—At) + a2PT(t—2At) + b (t-At) (2)

197

The constant aq is determined from their test results. The
values for b1 are obtained using the mathematical model of
Kimura and Stephenson (37). The other constant is given by:

a, = 1 - bl -aq (-3

This method was a major advance in predicting the total
heat load from lights because it accounted somewhat for the
transient nature of the problem. But in the test room, only a
few of the many possible building conditions could be consider-
ed, thus use of the model is limited. Also, comparison of actu-
al test results with model predictions shows that Eq. (2) over-
estimates the total heat load for several hours after the lights
are turned on.

This thesis draws its theory mostly from the works of
Mitalas, Stephenson, and Kimura (37,48,49,51) and the paper by
O'Brien and Krumland(56) and the one by Sowell and O'Brien (865).
Results are compared against the test room transient results of

Mitalas (48). Comparisons will also be made with steady state

box and room calorimeter test results from other papers.



CHAPTER III

DEVELOPMENT OF THE MODEL

PRIMARY ANALYSIS

General Model Requirements

The purpose of this thesis is to design a mathematical mod-
el which may be used to predict the transient values of heat
loads A and dp - The model must also be flexible enough to use
in a parametric study of room and lighting conditions. To begin
the analysis, the results to be obtained and the factors that
might affect these results must be specified.

The model has to predict when and where the energy input to
the lights becomes part of Arp - To fit in with the present
ASHRAE calculation procedures, these predictions must be made at
least once an hour (1). In order that engineers can estimate

the necessary supply air temperature and flow rate, must be

IR
separable from Arp + The temperatures in the light fixture, the
plenum space, and at the ceiling surface are needed to further
validate the model. The radiant output of the lights is needed
as another check.

The model has to be adaptable to any room configuration
that might be used. Variables and conditions that could affect
the heat transfer from lights are:

1. Room spatial dimensions.

2. Construction used in walls, floors, and ceilings.

3. Conditions in adjacent spaces.

10
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4, Windows, furniture, carpeting, and draperies,

5. Room, plenum, lamp, and supply air temperatures.

6. Construction, lens material, coatings, ballast, and the

number of fluorescent tubes in luminaires.

7. Variations in lamp tube efficiency due to temperatures.

8. The ratio of lighting energy to floor area.

9. Supply and return ventilation arrangements.

10. Surface emittances and absorptances.

11. Leakage of air through suspended ceilings.

12. The amount of time lighting is on and off,

Changes in any of these areas can be accounted for by the
model described in this thesis.

The mathematical model will simulate the conditions in a
single building section similar to that shown in Fig. 1. This
building section is divided into three main parts:

1. Room - the basic occupied section of the model.

2. Plenum - the space above a suspended ceiling.

3. Luminaire - the lamp tubes, ballast, and lamp housing.

This specific building section is used because it is simi-
lar to a portion of many common office buildings. Most other
types of buildings can also be simulated by using methods de-
cribed in this thesis.

General Heat Transfer Considerations

The heat exchange analysis in this model is assumed to
apply to both heating and cooling operations. The wvalues of dp
and Ay can be linearly added in with other cooling or heating

calculations. It is also assumed that the values of Ay and dg
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are not affected by the size of other heat transmissions.

These simplifications are made in the present ASHRAE calculation
procedures for lighting and other heat sources (1). It is pos-
sible that the true relationships between different heat sources
are not this simple, but to model interrelationships between
different heat sources would be extremely complicated, and cer-
tainly beyond the scope of the present study.

Most of the initial concepts that form a basis for the
mathematical model apply equally to the room, the plenum, and
the luminaire. All three sections of the building model are
divided into many surfaces or nodes. In each section, the heat
transfer between surfaces is calculated using Euler's transient
finite difference method. And the same basic methods for radia-
tion, convection, and conduction heat transmission are used in
each section. These basic, shared ideas will be developed first,

The rocm, plenum and luminaire are each divided into sever-
al surfaces or nodes. Typically, the room section has separate
nodes representing the floor, the suspended ceiling, two pairs
of walls, the lighting fixture surfaces visible in the room,
furnishings, and the room air. In the plenum, there are nodes
for the suspended ceiling, the floor bottom, two pairs of walls,
ducting, luminaire surfaces, plenum air, and duct air. The lu-
minaire divisions might be lamp tubes, the lens, the ballast,
several strips of housing, and the lamp air. These surface di-
visions are shown in Figs. 2, 3, and 4.

"In the room, plenum and luminaire, each surface represented

by a node has all properties evenly distributed over its entire
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area. The properties of emittance, conductivity, specific heat
capacity, temperature, thickness, and density are assumed equal
at all points on a surface, BRadiant, convective, and conductive
heat transmissions are also assumed uniform over each surface.
Further, the properties of temperature, density, and specific
heat capacity are also assumed uniform for room, plenum, lumi-
naire, and duct air masses. These simplifications may need re-
vision for certain cases, but they will be used as a starting
point.

The calculation of heat transfer between the nodes in each
section is done by using explicit finite difference methods,.
First, a time interval, At, is chosen, during which all proper-
ties and heat transfer rates are considered constant. Then the
thermal energies transfierred into or ocut of each node by radia-
tion, convection, and conduction during At are summed to give
the net heat gain for each node. The temperature rise for a
node during At is equal to the net heat gain for the node divid-

ed by its thermal capacitance. The relations are:

ey = qijadlant + qijonvectlve + qijonductlve (4)
ay = Iq (5)
k
+
T. =T, + q./C. 6
VA B S TA (6)

After all of the new temperatures are found, the properties
that depend upon time or temperature are recalculated. The new
heat transfer rates are then computed and the process repeated.
In this manner, the mathematical model is marched along by in-
crements of At.

This is a standard predictor procedure, using Euler inte-
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gration, An improvement in model accuracy could be made by
using a predictor-corrector algorithm., Whether or not the im-
provement in accuracy would be sufficient to justify the addi-
tional computation cost (which would be substantial) will be in-
vestigated in a later phase of the project.

The size of the time period, At, affects the accuracy be-'
cause nonlinear heat transmission and heat storage are better
approximated when a smaller time period is used. But the time
period cannot be reduced just for better accuracy, because a
smaller time period requires more calculations,

Care must also be taken to insure stability when using
transient finite difference methods, If the time period is too
large or the heat capacitance of a node too small, temperatures
may fluctuate wildly from period to period. To have a stable

system, inequality (7) must be satisfied at all nodes.l

C. /(K . + H, .
At < | 3/(; Kj E kg)} (7)

DETAILED HEAT TRANSFER ANALYSIS

Radiation Heat Transfer

Radiation transfer is calculated using the total exchange

factor method of Hottel and Sarofim (28). The relation is:

_ == 4 4
ay = 5;Sbte (1,7 - 1) (8)

1

“There should also be scome nonlinear radiation factor in
the denominator of inequality (7). This would insure stability,
but would also require a At smaller than necessary (19)., Be-
cause radiant exchange within a building section is small, ine-
quality (7) is sufficient. Although radiation from lighting is
large, its transfer does not depend upon surface temperature,
thus it does not affect stability (24),
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§3§k are called the total exchange factors. They are func-
tions of room geometry and surface emittances only (28). Be-
cause surface temperatures are the only quantities in Eq (8)
that change over time, the calculations for radiation exchange

are simple, A description of the method used to find the Sjsk

factors is given in Appendix B.

Hottel and Sarofim's total exchange factor method is well
known, but it is a gray, diffuse model and thus requires several
assumptions to be made (63):

1, The temperature of any surface is considered uniform

over its whole area.

2. Radiation is uniformly distributed over a surface.

3. Air is a nonparticipating medium, equal to a vacuum.

4. Surfaces are gray: Sj = aj =1 - pj, and these proper-

ties are constant for the wavelength range under study.

5. Surfaces are diffuse, reflecting and emitting radiation

equally in all directions.

Fortunately, none of these simplifications will produce
large errors when this method is used to model a normal building
environment. The temperature and radiation for each surface
have already been assumed uniform in order to use the nodal ap-
proximation method. At normal building temperatures, air is a
non-absorbing, non-emitting medium (66), Carbon dioxide and
water vapor make small contributions, but these are insignifi-
cant at room temperatures, For carpet, wood, paint, glass,
plastic, and other non-metalic surfaces, the emittances and ab-

sorptances are nearly equal. Such surfaces also closely fit
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diffuse approximations (66).

A search of the literature dealing with the modeling of ra-
diation transfer showed that a diffuse, gray model would be ac-
curate enough. Several computer studies have been made compar-
ing diffuse analysis against models that account for specular
and spectral properties. A few papers show that sizable differ-
ences could occur between diffuse and more complicated models
(5,6). But other computer studies and all experimental results
reviewed show that diffuse models are as accurate as other types
when at similar temperatures and in the presence of at least one
diffuse surface (21,27,29,62,71,72).

One problem with this diffuse, gray analysis is that real
surface emittances are not constant for different wavelengths.
Surfaces at high temperatures have different emittances and emit
a larger portion of radiation at shorter wavelengths than they
do at lower temperatures. Also, lens materials such as glass
and acrylic are transparent to short wavelength radiation, but
opaque to longer wavelengths. But for most room materials, ra-
diative properties can be assumed uniform at wavelengths on
either side of the near infrared - far infrared division without
producing large errors. At room temperatures, surfaces emit
most of their energy in the far infrared range. But, when fluo-
rescent lights are on, they emit substantial energy at visible
wavelengths. To account for this, there are two sets of equa-
tions for radiation exchange; one is for long wavelengths, and
the other is for short wavelength radiation from lighting.

Convection Heat Transfer
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The transfer of heat by convection is modeled by using sim-
ilar equations in the room, the plenum, and the luminaire. In
all cases, heat is transferred from solid surfaces to adjacent
air spaces. The equation for convective transfer from a surface
to an air mass is:

qja o Ajtht(Tj - Ta) (9)

The wvalue of the convection coefficient, hj’ depends upon
many things., It is affected by the orientation and shape of the
surface or object concerned, the temperature difference between
the surface and the air, and the velocity of the airflow around
the surface. All of these factors came under consideration when

estimating convection coefficients,

Conduction Heat Transfer

The equations used to calculate heat transmission by con-
duction in room, plenum, and lamp surfaces are not as general as
the other equations used so far. This is because of the need to
account for heat storage by surfaces. Some surfaces have little
thermal capacitance, while other surfaces are heavy encugh to
store considerable energy. Thus there are two general groups of
heat conduction equations.,

Lightweight surfaces such as luminaire surfaces, ducting,
suspended ceilings, and windows have little thermal capacitance,
thus they do not store enough energy to affect the transient
nature of the problem, Still, conduction through these surfaces
is important. The values of their surface temperatures are also
important, Therefore, these surfaces are treated with simple

finite difference or steady state methods. Because each type of
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1

surface is different, slightly different methods are used in
each case. The detalls are given separately in later sections
of this chapter.

The other group is comprised of heavy surfaces such as
floors, walls, and large furnishings. These surfaces may need
much time before they approach equilibrium with their surround-
ings. This is the main reason for time delayed heat release in
buildings. Therefore, an accurate method is needed for calcul-
ating the rates of heat storage and release from these surfaces,

The method used must meet several requirements besides ac—
curately estimating heat storage: it should give good estimates
of surface temperatures for radiation transfer analysis; it
must be amenable to changing energy imputs; the calculations
should not require too much computer time, The two methods
which seem to fit these constraints are the transfer function
method and the transient finite difference method.

The transfer function method is a convenient method of
using a computer to calculate the transient thermal characteris-
tics of surfaces (50,67,68)., with this method, the heat going
into a surface is modeled by a time series of pulses, These
pulses are then multiplied by response factors, which account
for the transient nature of heat release, The weighted pulses
of past time intervals are then summed to produce the total heat
release during the present time interval, The response factor
method is easy to use, but all heat transfer relations are as-
sumed to be linear,

The explicit finite difference method is also a handy meth-
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method of solving dynamic heat storage problems (15,19,25)., The
partial differential equations of heat conduction are approxi-
mated using volumes and temperature differences of finite size,
The accuracy of the model improves as the size of the volume
units decrease., This method may require more computer time than
the transfer function method, but the calculation of heat stor-
age is only a small part of the present problem (50). When the
two methods were compared, they appeared equally accurate (15,
35).

The explicit finite difference method was selected for
three reasons:

1. It can be used easily if conyvection coefficients vary,

while the transfer function method becomes more compli-
cated (50),

2. It does not require the assumption that all heat trans-
fer relations are linear,

3., Similar finite difference methods are already used in
this mathematical model, thus offering a possibility of
simplified equations when the model is made into a com-
puter program.

With this finite difference method, a surface is modeled as
shown in Fig. 5. The surface is divided into several layers of
equal thickness, the number of layers depending upon the thermal
capacitance and conductivity of the material, Each layer is
modeled as a node in the middle of the layer. The temperature
of the node is the mean temperature of the layer. The flow of

heat is assumed to be one dimensional. The conductance between
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two nodes is:

Kjk = kKA(N - 1)/W (10)
The thermal capacitance of an interior layer is:

C = AcppW/(N - 1) o)
The expression for heat conduction between any two nodes is:

qjk = I{J.k,fixt(,’li'.j - Tk) {12)
The temperature of each node is incremented by using Egs. (4),
(5), and (86).

The surface layers are modeled half as thick and with half
the thermal capacitance of the interior layers and the node is
located at the surface., This leaves the conductance to the
next node unchanged. The reason for the half layers at the sur-
face is to give the correct temperature for convective and radi-
ant heat transfer. The correct steady state heat transfer rate
is also obtained by using the smaller surface layers. While the
interior nodes transfer heat only by conduction, the surface
nodes also exchange energy by radiation and convection according
to Egqs. (8) and (9). Because surface layers have only half the
thermal capacitance of the other nodes, while the sum of the
conductances to the surface nodes has not been reduced by half,

system stability must be checked only at the surface layers for

this type of model.

SPECIFIC COMPONENT ANALYSIS

So far, the basic theories and equations used in this math-
ematical model have been formulated, Several assumptions were

made to simplify the analysis. The model has also been divided
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into three parts: the room, the plenum, and the luminaire,

And the basic equations for radiant, convective, and conductive
heat transfer have been stated, All further analysis is builz
around these foundations. The room, plenum, and luminaire sec-
tions each have different conditions and components that require
special approaches. The rest of the mathematical modeling in
this thesis describes each component individually.

The Room Section

The first part of the building model to be considered in
detail is the room. Accurate models must be designed to simu-
late room air, conditions in adjacent areas, carpeting, furni-
ture, draperies, and windows. Another area that must be ana-
lyzed is the calculation of convection coefficients.

The room air is assumed to be maintained at a given temper-
ature by a perfect air conditioning and heating system., It is
not necessary to include calculations for heat storage or worry
about stability considerations for the room air, For now, the
supply air and the room air are assumed to be perfectly mixed as
soon as the supply air enters the room. The supply air tempera-
ture is equal to the room air temperature less the gquotient ob-
tained when the room load, g is divided by the heat capaci-
tance of the supply air.

The situations existing in adjacent rooms or air spaces are
major variables. In a model of the type shown in Fig, 1, it is
often assumed that the adjoining spaces on all four sides as
well as above and below are identical to the modeled building

section. This permits the assumption that the center layers of
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the walls are adiabatic and that energyv leaving through the
floor above equals that which enters through the floor below.

For the present study, a different method is used. Equa-
tions are supplied which describe the heat absorbed by the outer
half layer of the walls, of the floor, and of the ceiling. To
model a room surrounded by six similar areas, the outer layer
heat absorbtion values are set equal to the amount of heat
transferred at the corresponding inner layers, But this method
is flexible, because the outer layer heat inputs can be set to
simulate any desired conditions in adjacent spaces.

Carpeting can alter the transient thermal response of a
room and must be accounted for by the mathematical model. This
is done by modeling it as another layer above the floor as shown
in Fig. 6. This layer is equal to a half layer with its node
located at the top surface. The finite difference equations are
similar to the regular ones. The conductance to the top floor
node is calculated using the thickness and conductiyity of the
carpeting.

Tables, chairs, counters, shelving, and other furnishings
can affect ag - Such items are modeled as slabs composed of sev-
eral layers and treated by finite difference methods. An exam-
ple of a table and its model is shown in Fig, 7. The conduc-
tance between nodes depends upon an estimate of the average con-
ductivity and thickness of the item, The convection and radia-
tion energies transferred to this type of model are assumed uni-
form and each surface receives half of this heat. No conduc-

tance to the floor through legs or stands has been considered.
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Figure 6., The Carvet liodel.

Actual
Table
L) LV
. Surface
Node

yf”’/” | (Others

Below)

Model . Layers

Figure 7. A Table Model.
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This is a simple model of furnishings, but dp is mostly affected
by changes in furniture mass, surface area, and material proper-
ties, and these items are accounted for by using this model.
Draperies and other lightweight furnishings are treated
differently. Such items do not have enough thermal capacitance
to be stable over a reasonable time period. It is assumed that
these surfaces quickly reach thermal equilibrium, so that the
radiation which they absorb is convected to the room air instan-
taneously. Thus, their temperatures are set equal to the values
needed to convect this energy to the air. The equation is:

Tj =, #4 qj/(Ajtht) (13)
where qj equals the radiation to lightweight surface j that is
convected to the room air,

Windows are another type of lightweight room surface.
Glass 1s transparent to short wavelength radiation, but opaque
to long wavelengths. To make the total radiation exchange fac-
tor calculations work correctly, the emittance must equal one
minus the reflectance. Therefore, short wavelength emittance
for transparent surfaces is given by:

B, = 1 - Py = Tg + ay (14)
This emittance is used in radiation calculations to find the
amount of short wavelength energy that goes into the glass. The
fraction of this energy that is transmitted through the glass is
equal to T divided by the new B The rest is absorbed by the
glass. The long wavelength calculations are all normal. The

sum of the absorbed energies is assumed to be convected away,

with half going outside and half being convected to the room
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air., The window is assumed to be at equilibrium between the in-
side and the outside air temperatures. The temperature drop
from one side of the glass to the other is so small that the
window temperature is assumed to be the same on hoth sices.
Then the equation for the glass temperature is:

Tg = (Toho 4 Tihi)/(hO + hi) (15)

The estimation of convection coefficients is one of the

most uncertain areas of this mathematical model. A literature
search showed that most equations for buoyant convection coeffi-
cients were obtained from experiments using larger temperature
differences than are common in rooms (11,14,47,58,73). But most
of these models are similar, the formula being:

ho=a(lty - 1,)P (16)

where: 0.28 £ A

In

0.48 for heat flow up

0.22 < A £ 0.38 for vertical walls
0.15 £ A < 0.22 for heat flow down
0.25 < B < 0.33

One paper was located that showed the results of experi-
ments done with low temperature differences (73). The values
for A are 0.83, 0.50, and 0.38 respectively. The value for B is
0.12, except for heat flow down, where B is zero. It was decid-
ed to use these last values for A and B in the initial modeling
at least.

Another factor that can change the convection coefficients
is the air movement. The method used here is to estimate a mean

alr velocity, which depends upon ventilation rate and supply
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outlet design (46). This value is then used in a standard con-
vection coefficient equation for laminar flow, which is:

Nu = 0.664Re'5Pr'33 (17)
and assuming the air is at 80 F, the equation for a forced con-
vection factor becomes:

h = 0.0115(V/L)"° (18)

These forced convection factors are small at room air ve-
locities. One method of accounting for both buoyant and forced
convection is to sum the values from Egs. (16) and (18) for the
total convection coefficient (2). This combined equation method
is how room convection coefficients are approximated in the

mathematical model.

The Plenum Section

If the building section has a suspended ceiling, the heat
transfer for plenum components must be analyzed. The luminaires
are often recessed into the plenum, causing much of the thermal
energy from lighting to be first transferred to plenum surfaces
or the plenum air mass. After these masses are heated, they
transfer increasing amounts of heat through the suspended ceil-
ing and the floor above until the entire system reaches steady
state. Also, the use of vented plenums can cause much of Arp to
be picked up in the plenum. And the operating conditions of the
luminaires, ﬁnd thus their efficiencies, depend upon'plenum tem-
peratures. For these reasons, the analysis of plenum components
is just as detailed as the analysis of room components.

Several sections of the plenum analysis are modeled as they

are for the room. Conduction transfer through walls is modeled
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using the same method. The same equations are used for long
wavelength radiation transfer. Because the lights shine into
the room only, the short wavelength analysis is not needed in
the plenum. The convection coefficients for plenum surfaces are
calculated with the same equations as are used in the room.
Values for the mean plenum air velocity are assumed to be the
same as the room if the plenum is vented, but zero if a static
plenum is modeled.

Most of the differences between the methods used to model
plenum components and room components result because of stabili-
ty considerations. From stability analysis of several types of
walls and floor slabs, a time interval, At, of 0.5 hours seemed
appropriate. But similar calculations on suspended ceilings,
luminaire surfaces, and ducting resulted in maximum time periods
of 0.025 to 0.05 hours. This meant ten to twenty times as many
iterations would be needed. And it was felt that these surfaces
are critical enough that steady state analysis would not be suf-
ficiently accurate.

To obtain accurate results and still keep computer time to
a minimum, the computer program is divided into two main sec-
tions. One part is for heavier surfaces and the other is for
nodes with small heat capacitances and is processed five to ten
times as often as the first part. During the shorter time in-
terval, At', the temperatures at heavy surface nodes are con-
stant, while the lightweight nodal temperatures change, Energy
exchange from lightweight to heavy surfaces is summed for each

smaller interval, then put into the standard time period section
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of the program. There was still a large increase in the amount
of computer time used.

Much of the heat in the plenum eventually passes through
the suspended ceiling to the room. To correctly analyze convec-
tion and radiation from the ceiling surfaces, a good idea of
their temperatures is needed. The ceiling is therefore modeled
as shown in Fig. 8. The model is a two layer slab with nodes on
the surfaces and finite difference methods apply. By doing
this, the surface temperatures and the heat flux through the
ceiling are correct.

The temperature of the plenum air mass changes considerably
and this affects both Qg and A But the plenum air mass is
often too small to be stable even when using the shorter time
intervals. Initially, the plenum air was given an even smaller
time period and the air temperature was changed several times
while the temperatures of other plenum surfaces remained con-
stant. But this required more computer time and a more compli-
cated program.

What this actually yielded was an approximate numerical in-
tegration with air temperature as the only variable in the equa-
tion during the interyal. The actual integration could be done
easily and take much less computer time. As the plenum air tem-
perature changes during At', it passes through a mean value, Ta
The plenum surfaces would transfer the same amount of heat to
the plenum air at this temperature as would be transferred using
an exact solution.

The air can now use the same time period as other light-



32

weight plenum surfaces, The equation for convection transfer to

the plenum air from all plenum surfaces is:

= LA h At'(T, = T 19
Q. jAJ JAt ( i a) (19)
The equations for Ta are:
= TA.h.: = .h.T.; 83 = 20
S1 = zAsh;; S2 = 1A;h,T,; 83 = §2/81 (20)
Z = slat'/c_ (21)
Z

T = 83 + (T, - 83)(1 - e “)/Z { 227

a

These equations work equally well for both vented and stat-
ic plenums. The heat capacitance of the air in Btu/%R equals
0.018 times the volume of the air in fts. If the plenum is
static, the air volume equals the plenum volume. If the plenum
is vented, the air volume is either the plenum volume or the
volumetric flow rate per time period, whichever is larger.
Derivation and use of this mean air temperature method is de-
scribed in Appendix C.

Besides luminaire surfaces, the only other items in the
plenum of any concern are ducts. The ducting will usually have
a small surface area and very little heat capacitance. There-
fore, steady state analysis can be used without much error. The
model used for ducting is shown in Fig., 9. The total thermal
transmittance (U-value) for the ducting is obtained from test
results from Lauvray (38). The outer convection coefficient is
calculated by Eqs. (16) and (18) with A equal to 0.22 and B
equal to 0.33. These values are used because there will probab-
ly be a sizable temperature difference., The conductivity is a

property of the duct material. The relation for the total ther-

mal transmittance is:
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UAi = 1/{(tho) + (W/kA) + (1]Aihi)} (23)
where: A = (Ai + AO)/2
From this, the unknown, inside surface convection coefficient
is:

hi = (l/Ai)/{(l/UAi) - (W/kA) - (l/hOAO)} (24)

The expressions for the temperatures at the inside and ocutside

duct surfaces are:

Ty = TD + (T, - TD)(U/hi) (25)
= T - 7 2
T, = T, + (Tp - T,) (U4 )/ (h A (26)
TD is the mean duct air temperature as it passes through the

duct. This temperature is obtained with analysis similar to
that used for mean plenum air temperature. The mean duct air
temperature is:

Ty =T, + (Ty" - T,)(1 ~ e %))z (27)
where: Z = hiAi/(0.0ls X air flow rate)
The amount of heat convected to the duct air is:

dip = hiAiat’(Ti - TD) (28)
Radiation and convection from the outside duct surface to other
plenum nodes are handled normally. Because most ducting has
low values of thermal conductance, all net radiant energy ab-
sorbed by the ducting is assumed to be conyected to the plenum

alr.

The Luminaire Section

Because the luminaires are the source of all energy in the
model, they get more attention than other objects. Luminaires
are divided into many nodes, as shown back in Figs. 2, 3, and 4.

Nodes visible in the plenum eschange radiant and convective en-



35

ergy using the same equations as other plenum surfaces. The
convection coefficients are calculated using the same equations
as for ducting. The calculations for heat transfer by surfaces
visible in the room are the same as for other room surfaces,

Within the luminaire, there is both long and short wave-
length radiation transfer. Long wavelength transfer is handled
normally, using Eq. (8). The emittances and areas of the sur-
faces are included in the §;§k factors, as shown in Appendix B.
But short wavelength radiation originates only from the fluores-
cent tubes and depends only upon the efficiency of the fluores-
cent tubes and the power to the lights. From this, the expres-
sion for the exchange of short wavelength radiation from light
producing surface j to surface k is:

q = PSTS?S—kAt'/(ajAj) (29)
Note that the emittances and total exchange factors are for
short wavelength radiation.

Short wavelength radiation to the lens is treated much as
it is for windows. The emittance is according to Eq. (14). The
amount of energy transmitted is also proportional to Ta divided
by the modified Eg But the rest of the energy is absorbed by
the lens, not immediately convected to adjacent air masses.

The radiation transmitted through the lens is the amount of
short wavelength radiation that enters the room. This becomes
the value for PS in Eq. (29), which is then used to calculate
short wavelength radiation transfer within the room. The lumi-
naire lens is the emitting surface for these calculations. The

" lens is modeled as diffuse, but directional properties of the
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luminaire can be accounted for by altering the view factors when
the short wavelength total exchange factors are calculated.

Because of the smaller dimensions and large temperature
differences, the convection occuring in the luminaire cannot be
modeled using the same equations as are used for large surfaces.
Eq. (9) is still used, but the convection coefficients to the
air are hard to obtain. Most of the work done with convection
in small spaces has dealt with surface to surface transfer. 1In
this model, because of the complicated geometries of the lumi-
naire and the unknown flow paths, the heat transfer is calculat-
ed from surface to air.

Because the fluorescent tubes are the most important sur-
faces in the luminaire, they are studied first. With natural
convection, the relation modeling the heat transfer from a hori-

zontal tube is:

Nu, = 0.53(Gr Pr)"2° (30)
d d
and using air at 100°F, the convection coefficient reduees to:
aq . 258
ht = 0.25{(Tt Ta)/d} (31)

With vented luminaires, there is both buoyant and forced
flow factors affecting the convection process. Three papers
were reviewed on this subject, and from these, the best model

is (32,52,57):

2,,.25 wi
Nud = {1 + (Grd/Red )} (,Red /2) (32)
and with a reference temperature of 100°F, this gives:
h, = 0.0097{(v%/d?%) + 207(T, - T, )/d}"2° (33)

In Eq. (33), V is the velocity of the air through the lumi-

naire. This velocity is approximated by the luminaire flow rate



divided by the luminaire cross section area.

No relations were found for convection in complicated en-
closures. But convection is basically dependant upon the fluid
motion of the boundary layer. With static luminaires, the air
movement is controlled by the temperature difference between the
air and the lamp tubes, because they are the hottest surfaces,
For vented luminaires, the controlling factor is the flow veloc-
ity. The convection coefficients for the other interior lumi-
naire surfaces are therefcre set equal to the lamp tube convec-
tion factors. The program will be tested to check the conse-
quences of these assumptions.

The remaining mode of heat transfer in the luminaire is
conduction. Each surface is assumed to have a node right in its
center, as shown in Fig. 10, The thermal resistance between
nodes is equal to the resistance from one node to the mutual
boundary plus the resistance from the other node to the bound-
ary. The conductance is the inverse of the total resistance.
Finite difference methods are used in this case, also. The to-
tal heat conducted into one node is:
qj = inkAt‘(Tk - Tj) (34)

One node that depends greatly on conduction transfer is the
ballast. The ballast is often enclosed by other surfaces and
also receives about 20% of the total energy to the luminaire.

If the conductances to the surfaces that surround the ballast
are incorrect, the ballast temperature is likely to be very ab-
normal. Therefore, these conductances are adjusted until the

correct ballast temperature results.
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The temperature changes in the luminaire are straightfor-
ward. The changes of the surface temperatures are calculated
using Eqs. (4), (5), and (6). The calculation of the change in
lamp air temperature is done with the same method as is used for
plenum air.

The last items in the lamp to be modeled are the operating
characteristics of the fluorescent lamp tubes. The total energy
consumed by a fluorescent tube varies with the tube wall temper-
ature, as shown in Fig. 11. The amount of light produced also
varies with tube wall temperature. These two curves will be
modeled with mathematical equations that fit in the operating
range. A fraction of the total input to the luminaire (about
20% with 48 inch tubes) is lost to the ballast. Of the remain-
ing energy, around 25% leaves the fluorescent tube as short
wavelength radiation. The remaining energy is absorbed by the
lamp tube wall, which heats up and radiates, convects, and con-
ducts the energy away (33). The expressions used for lighting

analysis are similar to these:

P = Prated(O.S + 0.2 Sln6{0.0393(Tt - 520) 1) (35)

Py = 0.2P (36)

Ptotal = P + Py LAT)
B . ey B

P_ = 0.1P .41 + sine{0.397(T_ - 525) - 0.89})(38)

All of the constants and the shape of the curves may vary with
the type of the fluorescent tube.

Most of the components and interactions important to the
transient analysis of lighting heaf transfer have now been math-

ematically approximated. Some things have been missed or by-
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passed by this model, but nearly any consideration can be model-
ed by building upon methods described in this thesis. A FORTRAN
computer program was built which uses these equations and meth-
ods to describe the transient heat transfer within a building
section. The program in Appendix D was designed around these
equations, but also includes some changes that were inserted

after comparing the model results with experimental results.



CHAPTER IV
COMPARISON OF MODEL PREDICTIONS

Once the computer program was running correctly, compari-
sons between the model predictions and data from previously
published experiments were made. The only transient experimen-
tal results found in the literature concerning a full-sized cal-
orimeter room with fluorescent luminaires were those of Mitalas
and Kimura (48,51). The physical characteristics of this calor-
imeter room were used as input to the computer program and com-
parisons were made for several different ventilation arrange-
ments and flow rates and for furnishing changes. Several other
papers were used to compare temperatures and heat release from
specific nodes for Mitalas (48) did not publish such data (8,10,
36,54,55). These later papers are all concerned with steady
state analysis only, thus the model was run until the wvalues
under consideration also reached steady state before these com-

parisons were made,

MODELING MITALAS' CALORIMETER ROOM

Sketches of the calorimeter room used by Mitalas and
Kimura (48,51) are shown in Figs. 12 and 13 which are taken
from reference (51). The calorimeter room was intended to simu-
late part of a large office space in a multi-story building with
identical offices above and below. The room dimensions were 10

by 14 by 9 feet high. Above this was a suspended ceiling and a

42
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3.5-foot plenum space. There was a 6-inch concrete slab for the
floor and another such slab above the plenum. This top slab had
a layer of heated water on it to keep its surface at the same
temperature as the room floor. The room was lighted by six re-
cessed luminaires, each containing two 40 watt fluorescent lamp
tubes. There were six more luminaires below the floor slab to
simulate a similar plenum space below. The walls were 4-inch
thick styrofoam slabs covgred with thin plywood. The insides of
the walls were covered with highly reflective aluminum foil and
the outsides of the walls were in contact with air at the same
temperature as the inside wall surface temperature. This con-
struction was done in order to imitate a much larger office
space where most of the lighting energy reaches the floor,

The input data were based on a simplified model of the .cal-
orimeter room as shown in Fig. 14. Instead of modeling the ex-
tra floor slab above the plenum and the lighting below the room
floor, the heat entering from under the floor was assumed equal
to the heat going up from the plenum. The outside of the walls
exchange heat by convection with air at the same temperature as
the inside wall surface temperature, It is assumed that the
aluminum foil on the inside of the walls reflected about 80% of
the short wavelength radiation that struck it, most of which was
absorbed by the floor. Because the total exchange method is a
diffuse analysis, corrections were made to the short wavelength
§E§k factors to account for the specular walls. No corrections
were made for long wavelength radiation because all of the room

surfaces are at nearly the same temperature, The ducting, lumi-
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naire design, carpeting, and furniture are not described in de-
tail by Mitalas (48), thus the modeling of these components is

based only on estimates or guesses.

INITIAL MODEL COMPARISONS

After all of the input programming was done, trial runs
were made to check surface temperatures, energy transfer, and
other parameters to make sure the model was functioning reason-
ably. Three 20-hour runs were made, using an air flow rate of
100 efm ( 17 cfm per luminaire) and the results for some of the

important items are shown in Table 1.

Table 1.
RESULTS OF INITIAL STEADY STATE TRIAL RUNS

Type of Ventilation

Parameter Static Plenum Return Plenum Return Lamp &
Return Plenum

Lamp Tube Temperature 134°F 131°F 116°F

Lens Temperature 99 °p 9Q7°F 91°F

Housing Temperature 100°F 96°F 88°F

Lamp Air Temperature 109°F 106°F 93°F

Ballast Temperature 141°F 138°F 131°F

Heat to Room Air 85.3% of Pp  62.4% of P 41.3% of P

Heat to Return Air 0.0% of P 30.0% of P 45.7% of P

Comparing these values with data published by Nottage and
Park (55), Lim (42), Nevins, Straub, and Ball (54), and Fisher,
Roehr, and Smith (23) indicated that most of the predicted tem-

peratures are within reasonable values and that the general
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trends between different types of ventilation arrnagements are
also satisfactory. The predicted ballast temperatures were uni-
formly low, therefore the thermal conductances between the bal-
last node and other luminaire nodes were decreased until pre-
dicted ballast temperatures reached 150°F to 165°F at steady
state. These changes caused very little differences in any of
the other values, except for a slight decrease in the predicted
temperatures of the nodes in contact with the ballast. The pre-
dicted fractions of lighting input energy convected to room air
or exhausted from the plenum compare fairly well with values
from tables in the ASHRAE Handbook 1977 Fundamentals (1).

The transient behavior of the model was examined next.
Figs. 15 and 16 are the predicted transient temperature curves
for several surfaces. 1In Fig. 15, it can be seen that the tem-
peratures of the luminaire surfaces level off after only two
hours, except for the ballast, which takes about four hours to
level off. The heavier surface temperatures continue to rise
even after ten hours, as shown by the plenum air temperature in
Fig. 15 and by the other curves in Fig. 16 (Note the difference
in temperature scale between Figs. 15 and 16). After a few
hours, the luminaire surface temperatures change much less than
the other surface temperatures, thus it appeared that transient
calculations for these nodes could be discontinued except during
four hours after the lighting is switched. A test was made to
examine this idea, but a 10% lower value for Qp was obtained
after 16 hours when constant luminaire temperatures were used,

so the idea was abandoned.
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The effects of changes in At, the standard time period, and
At', the lightweight surface time period, were also investigat-
ed. While changes in At' were unimportant, it can be seen in
Fig. 17 that using a smaller value for At caused Arp to change
significantly during the first two hours after lighting power is
changed. In subsequent programming, half sized values of At
were used following lighting changes.

More detailed test runs were made to determine the varia-
tions that could occur if changes were made in ventilation ar-
rangements and air flow rates, if different values were assumed
for the convection coefficients, and if carpeting or furniture
were present or not. Three basic ventilation arrangements were
chosen:

Case A - Return through a side wall grill

Case B - Return through the ceiling plenum

Case C - Return through the luminaire then the plenum
In all three cases the supply air was from a ceiling diffuser.
The standard flow rate was 100 c¢fm and the standard convection
coefficients were obtained from the corresponding equations
specified earlier in this thesis. For the standard runs, no
carpet or furniture was modeled. The room air temperature was
set at 81.7°%F because this was what two graphs of the test re-
sults from Mitalas (48) showed. The results of computer runs on
these three standard cases are shown in Fig. 18. The supply air
temperature is dependent upon the amount of heat from lighting
that enters the room air before it is ventilated away, and for a

time period At, this is given by dp - The total cooling or heat-
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ing locad depends upon the total energy from lighting that is
picked up, both before and after the air leaves the room, which
is called A The total energy used by the luminaires during
the same time period is called PT' The terms qR/PT and qT/PT
are thus the fraction of the lighting energy used that enters
the room space and the fraction that must be absorbed by the air
conditioning system, respectively. 1In Cases B and C, where the
return air is vented through the plenum, qT/PT is larger than in
Case A, where a static plenum is modeled. But qR/PT is larger
ior Case A than the other two. Case C has the lowest qR/PT
value because much of the energy is convected to return air in
the luminaire before it can enter the room space.

The effects of different convection coefficients and venti-
lation flow rates were investigated for each of these three
cases. The room, plenum, and luminaire convection coefficients
were multiplied by 0.5 and 1.5, for each space separately. The
ventilation flow rate was changed to 50 and 200 cfm in other
computer runs. Table 2 is a listing of the percent variations
from standard values that were produced when each of these pa-
rameters were changed. The size of these deviations may be pic-
tured by comparing them against the +5% variation curves in Fig,
19,

The largest variations in all three cases were caused by
changing the room convection coefficients. Case A was most af-
fected, as dp comes only from room surfaces in this type of mod-
el. Case C was least affected because much of dp is picked up

as return air passes through the luminaire. Changes in the ple-



TABLE 2

% CHANGES IN qT/PT FOR TRIAL RUNS

Time |% Changes from Standard Values
Room Condition Variations|hrs. Case A Case B Case C
Ventilation flow rate is 5 +2% -11% -13%
0.5 times standard 10 +1% -7% -8%
20 0 -3% -3%
Ventilation flow rate is 5 -2% +14% +18%
2.0 times standard 10 -1% +8% +9%
20 0 +3% +3%
Room convection factors 5 | -27% -15% -12%
are 0.5 times standard 10 -22% -12% -11%
20 -15% -6% -6%
Room convection factors 5 +18% +9% +8%
are 1.5 times standard 10 +13% +6% +6%
20 +7% +2% +3%
Plenum convection factors B +4% 0 +7%
are 0.5 times standard 10 +2% -1% +3%
20 +1% -1% +1%
Plenum convection factors 5 -1% -1% -3%
are 1.5 times standard 10 0 0 -1%
20 0 0 0
Lamp convection factors 5 0 0 0
are 0.5 times standard 10 0 0 0
20 0 0 0
Lamp convection factors 5 +1% 0 0
are 1.5 times standard 10 +1% 0 0
20 +1% 0 Q




56

02 8|

ol

¥

‘unusd 0T1e1S -

V 8sBO - 9AJIND pdepurig 9yl 03 peaaeduo) &nﬁ\m& utr aiueyp %GT Jo ordwexiy uy 6T 2anTd

SHNOH ‘INIL
21 ol 8 9

_

_

p4DpuDLS

e

| | _ ~

abuoyd 9% G T




57

num or luminaire convection coefficients resulted in only small
differences. This might seem suprising, especially in Cases B
and C, where the convective transfer to return air is a large
part of Arp- Examining the mean temperature method for calculat-
ing convective transfer to air masses shows why the heat trans-
fer is somewhat independent of convection coefficients when the
air is flowing through a plenum or luminaire. As the air flows
through such a volume, it is heated and its temperature rises
towards an equilibrium temperature, following an exponential de-
cay path. If the thermal capacitance of the air mass is small
compared to the amount of surface area it contacts, then the
temperature of the air mass will quickly approach the equilibri-
um value, whether the convection coefficients are large or not.
Because the amount of heat transferred to the air mass is pro-
portional to the final temperature of the air mass, and this
temperature is close to the equilibrium temperature independent
of the convection coefficients, then the heat transfer will be
nearly the same. Changes in the flow rate have a much greater
effect because this also changes the heat capacitance of the air
mass. The analysis in Appendix C may help some in understanding
this process.

The predicted variations in qT/PT due to changes in the
ventilation flow rate were much larger when the plenum of lumi-
naires were vented. In the static plenum condition, the only
changes resulting from higher ventilation rates are slight in-
creases in room convection coefficients. But in Cases B and G,

the ventilation rate is related to the mean plenum temperature.
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As the plenum temperature is decreased by higher ventilation
rates, more energy is convected to the plenum air and removed,
increasing A

The changes in luminaire chatacteristics after 20 hours as
the return flow rate through vented luminaires varies agrees
well with previously published steady state experimental re-
sults. The predicted fluorescent tube temperatures shown in
Fig. 20 are very close to the average values obtained by Nevins,
Straub, and Ball (54) and also follow the data of Nottage and
Park (55). The model predictions of the exhaust air temperature
in Fig. 20 and the input to lighting predictions in Fig. 21 were
used to calculate the amount of heat convected to return air,
also shown in Fig. 21, along with the range of values Nevins,
Straub, and Ball (54) found by testing. Although the model pre-
diction for heat to return matches the predicted range closely,
it should be noted that Nevins, Straub, and Ball (54) measured
the temperature difference between the air entering the lumi-
naire and the air leaving their box calorimeter. Even though
the calorimeter was well insulated, a small amount of energy
passed through the walls of the calorimeter. Also, the calorim-
eter temperature at low flow rates was higher than at high flow
rates, which gives a larger temperature difference through the
calorimeter walls at low flow rates. Both of these factors in-
dicate that the model predictions of heat transfer to return air
is even better than shown in Fig. 21.

The transient changes in qT/PT that result when furnishings

are considered in the model are shown in Figs. 22, 23, and 24.
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The general trends are similar for all three ventilation models.
The addition of a carpet layer to the model causes qT/PT to be
higher during the first five hours, then become less than the
standard curves for the rest of the test. The early increase in
qT/PT is caused by the carpet layer heating up and convecting
heat to the room quicker than the bare slab. But after five
hours, energy starts reaching the room by conduction from the
plenum below. However, this energy flow is reduced when carpet-
ing is present because of the insulating qualities of carpeting.
Case B is not affected as strongly as the other two because its
plenum temperature is slightly lower. Much smaller changes re-
sulted when furniture was modeled, but because Kelles (34) de-
termined that furniture might have some appreciable effect, fur-

niture considerations have been left in the model.

COMPARISON OF MODEL PREDICTIONS WITH MITALAS' TRANSIENT TESTS

Because the model predictions seemed reasonable, the next
step was to compare the transient experimental results of
Mitalas (48) against model predictions under similar conditions.
The experimental calorimeter room tests were done by letting the
room come to steady state, then turning the lighting on until
the room again reached steady state, when the lighting was
switched off. Heat transfer measurements were taken from a few
hours before the lights were turned on until two days after the
lights were turned off. The actual results were not presented
in the paper. Instead, Mitalas (48) approximated the results

with Eq. (2) which is repeated here:
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qT(t) = alpT(t-At) + aZPT(t-zﬁt) + b (t-4t) (2)

197

The different values of a ag, and bl and the corresponding

1’
test conditions are listen in Table 3, taken from Mitalas (48).
The main problem with comparing the model predictions against
the values obtained from Eq. (2) is that this equation is a
truncated series, which results in overestimated values for
qT(tl during the first few hours after the lighting is switched.
This deviation is shown in Fig. 25, which is redrawn from a
graph in Mitalas (48).

Mitalas (48) also stated that he produced values for a; ac-
curate to +0.03 and for bl accurate to +0.005. For the same ex-
periment, Test 18, the values for qT/PT were calculated using ay
and bl with their error limits and the adjusted equations are
bounded by the dashed curves in Fig. 26. The differences shown
in this graph should be considered when comparing the predicted
values to other graphs of these fitted equations. While the
magnitude of qT/PT differs a lot, the slopes of the three curves
are nearly the same. Thus, the model predictions may be accu-
rate, even if they are not extremely close to the fitted equa-
tions, as long as the curves have the same slope after several
hours.

All but two of the room configurations listed in Table 3
were simulated using the computer model. Tests 9, 10, and 11
and Tests 20, 21, and 22 were not modeled because the supply air
entered the room through side slots on the luminaire and the ac-

tual configuration is not described by Mitalas (48). The furni-

ture was guessed to be a wood table and chair and two empty fil-
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ing cabinets. The carpet properties were guessed to be those
listed for carpet and rubber pad in Chapter 22 of the ASHRAE
Handbook 1977 Fundamentals (1). The results of the computer
predictions of qT/PT for each of the other tests, along with the
corresponding equations Mitalas (48) fitted to the experimental
results, are graphed in Figs. 27-36. The model predictions are
well below the fitted equations during the first few hours, but
as the time increases, the differences between the pairs of
curves lessens, which follows the trend of the experimental re-
sults as shown in Fig. 25. There are two model predictions that
deviate from this pattern, Tests 7 and 8 in Fig. 31 and Tests
14-17 in Fig. 33. The reason is that the initial estimate of
the carpet conductivity was too small. This was adjusted from
0.81 to 1.60 Btu/hr-ft°-°R and the results are shown in Figs.
37, 38, and 39. The curves in Figs. 37 and 39 are still not ap-
proaching the fitted equations of Mitalas (48) as they should,
although increasing the carpet conductivity more would bring the
predictions closer to these fitted equations. But the predic-
tion shown in Fig. 38 is slightly high, and any further increase
in carpet conductivity will increase this error, though not as
much as the model prediction for Tests 14-17 will be improved.
Fig. 35 is a comparison of model prediction and the fitted equa-
tion of Mitalas (48) when a 2-inch slab of styrofoam was placed
under the carpet. The properties of the styrofoam can be esti-
mated more accurately than the carpet properties from the given
information, yet the styrofoam has little mass and can be model-

ed as very thick carpet. In this case, the model prediction is
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much closer to the fitted equation, even though other conditions
are similar to those of Figs. 33 and 39.

During this testing, it was noticed that the carpet heat
capacitance is often too small for the carpet temperature to be
stable when using the general time period. To use the smaller
time period, At', for carpet calculations would have required
the computer program to be extensively rewritten. Therefore, a
mean temperature method, similar to that described in Appendix
C, was incorporated into the carpet calculations. Although this
method solved the stability problem, it is not entirely satis-
factory because radiation equations, which are functions of tem-
peratures to the fourth power, had to be linearized.

The accuracy of the model was also checked when the lights
are shut off. Figs. 40 and 41 are.comparisons of model predic-
tions and the fitted equations of Mitalas (48) for Tests 4 and
26, respectively, when the lighting is turned off after 20
hours. The behavior of both model predictions is very similar
to the corresponding curves in Figs. 29 and 36, indicating that
the model works as well under lights off conditions and also
that the model is generally working as it should.

Next, the model prediction was checked over a simulated
5-day period. The lights were on for the first 9 hours, then
off for 15 hours for each of 5 consecutive 24-hour periods.

This was meant to model a response similar to what occurs in an
office building used during a 5-day work week. The 5-day model
predictions and the corresponding fitted equations of Mitalas

(48) for the room conditions used in Test 4 are shown in Fig,
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42, Only the results from the first and third days are shown
because the results from the second day are only slightly below
the third day results and after that, there was hardly any
change in either the model predictions or the fitted equations.
The model predictions followed the behavior of the fitted equa-
tions closely and there were no problems with ocillation or sta-
bility from day to day.

The majority of the comparisons of qT/PT between the model
predictions and the fitted equations of Mitalas (48) shown in
Figs. 26-42 are in good agreement. But for the tests using a
static plenum and static luminaires, Figs. 26, 32, 34, 35, 38,
and 40, the model predictions do not become asymptotic with the
fitted equations until much later in the tests. Mitalas (48)
used an equation which cannot follow a steep curve for a few
hours and a flatter arc afterwards. To calculate the time con-
stants 2, 25, and bl’ Mitalas (48) did not use the cooling
loads measured during the first few hours, thus he may have
missed some exponential terms that decay after a few hours.

When the luminaires or plenum are vented, much of the heat going
into Qp comes from luminaire surfaces, which reach equilibrium
very quickly. If the plenum or luminaires are not vented, all
heat going into Arp must be convected from heavy room surfaces,
which have much longer thermal time periods. This is the reason
for the large differences between the fitted equations of
Mitalas (48) and the model predictions during the early hours of
the tests when there are no vented luminaires or a vented ple-

num.



87

ve

‘4 388 - uny snonutrjuopn Awvq-§ N.H_.Hom_m%mm PJI{ pue 3811 a3 hom
uotiendy poelyTd (g#) SBTEIT! pue UuoT1oTpaad Topoyl woay “4/D ro uostaeduoy *gh 2aniTg

SHNOH ‘3IWIL
o] 21 6

pJ€ — uoljpnb3l

fo@ pi€ — uoypipasd
Ao@ sil - uoiyonb3l
ApQ 3sa) — uoydipasd

_ |

paypd™ T T

pajid— 7T
1#pon

80

60

ol



88

A factor that has not been considered and could increase dp
slightly is the supply air coming out through a ceiling diffuser
or high wall grill. This air is blown across the ceiling and
causes extra heat transfer to the room by increasing both the
convection coefficients and the temperature differentials near
the ceiling. Obtaining an equation for the average increase in
these factors is much too complicated an undertaking for this
thesis, But, an approximation for this specific situation was
made to show how this problem could be handled, Chapter 30 of
the ASHRAE Handbook 1977 Fundamentals (1) concerns space air
diffusion., Fig. 43, which was drawn from Fig. 2 of that chap-
ter, shows the air flow conditions in a room with a ceiling
diffuser, ASHRAE (1) describes the primary air as being deliv-
ered directly from the supply duct and having velocities greater
than 150fpm, ASHRAE describes the total air as:

«o.principally influenced by the primary air and is of relative-
ly high velocity, but less than 150fpm, with an air temperature
generally within 1°F of room temperature, The total air is also
influenced by the environment and tends to drop during cooling
and rise during heating. The total air is not subject to pre-
cise analytical treatment,

From Fig. 43, it appears that most of the total air is near
the ceiling. If it is assumed that all of the supply air flows
within a foot of the ceiling before diffusing into the room, a
mean air velocity can be calculated. This velocity can be used
in Eq. (18), along with a length parameter equal to the mean
room radius, to calculate an increase in the ceiling convection

coefficients, If it is also assumed that the experiments this

sketch was derived from were done at steady state, then the
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supply air would have accounted for the full energy load. But,
when a transient condition is considered, the supply air temper-
ature differs from the room air temperature in proportion to
qR/PT° Thus the temperature of the total air could also be as-
sumed to be a fraction of 1°F different from the room air tem-
perature as given by:
T, = T - 1°F(ag/Pp) (40)

The primary air has a temperature that differs from the room air
temperature much more than the total air temperature, but the
primary air covers only a small portion of the ceiling, Still,
the presence of this primary air may mean the ceiling is con-
vecting to air at an average temperature more than 1°F different
from the room air temperature. The velocity effects of the pri-
mary air have already been accounted for, To see what effects
considering such a model produces, Cases A and B, which were
discussed earlier in this chapter, were run with an increased
ceiling convection coefficient and with 1°F and 2°F maximum
temperature differences for Eq., (40). The results are shown in
Figs. 44 and 45. From these results, it appears that the supply
air has an important effect on the transfer of lighting energy.
It also appears that the effect is greater in the case of a
static plenum, TFurther investigation of this problem and meth-
ods of modeling it will be made later in this research project.

There are some other characteristics of the calorimeter
room of Mitalas (48) that were not considered or could only be
guessed at, and errors may have resulted because of this, The

walls of the experimental test room were lined with aluminum
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foil to reflect most of the light to the floor, but aluminum
still absorbs about 20% of the incident short wavelength radia-
tion. If the foil and the wall were not in good thermal con-
tact, most of the energy absorbed by the foil would have been
quickly convected to the room air, The ducting is another room
component which is not described well by Mitalas (48), and its
surface area and U-value had to be estimated. Comparing Figs.
28 and 29 and Figs. 27 and 36 shows that the fitted equations
used by Mitalas (48) differ during the early hours of the tests
much more than the model predictions, even though the main dif-
ference is the presence of insulation around the ducting., The
surface reflectances, especially those of the luminaire surfac-
es, were also unknown, as was the transmittance of the lens,
Because the range of values for these properties is not large,
the surface characteristics were probably well estimated. But
the amount of light to the room will change with even small

differences in these properties.



CHAPTER V

CONCLUSION

From the comparisons shown on the previous pages between
the model predictions and both steady state and transient exper-
imental results, the author feels that a mathematical model of
the type outlined in this thesis can be used with good accuracy
to describe the actual energy transfer from lighting. The sur-
face temperatures predicted using the model follow the trends
obtained from past testing. The results obtained using the
mathematical model also compared well with tests when the flow
rates through the luminaire were changed. And most importantly,
the model predictions were close to the fitted equations of
Mitalas (48) for transient analysis, in many cases being within
the accuracy of the equations themselves and almost always ap-
proaching the slopes of the fitted equations,

This model is also flexible enough to be used to predict
the energy transfer from lighting for almost any circumstance.
The basic program allows for a large variety of conditions to be
modeled by changing the input only. Some changes, such as light
performance, supply air temperature, and convection coefficients
can pe accounted for by inserting the proper equations. Any
other problems with specific room conditions can be handled by
using the methods outlined in this thesis.

For these two reasons, accuracy and flexibility, this model

fulfills the reguirements ASHRAE specified and should be used to
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analyze the heat transfer from lighting for ASHRAE Research

Project RP-231.
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CHAPTER VI

RECOMENDATIONS

There are three tasks remaining in order to complete

RP-231:
L.

Establishment of a plan for parametric study of many
types of lighting and fixtures,

Carry out this plan using the mathematical model,
Development of easily used tabular or graphical conden-

sations of the results.

This author would like to offer several suggestions that

may help the work on these later parts of the project:

5 19

The number of variations in the different parameters is
quite large, but limiting the need for accuracy may re-
duce the complexity of the problem.

A very thorough investigation should be made into the
energy consumption and transmission characteristics of
each type of luminaire studied, especially in relation
to temperature.

Some changes or additions to the program may need to be
made to account for air leakage through suspended ceil-
ings, side slots on luminaires for supply air, and
other specific conditions.

The effects of different supply air arrangements will
have to be modeled to some degree.

The heat transfer during the first few hours after the

96
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lights are switched should be closely modeled, both for
better air conditioner sizing and better heater sizing.
The performance of lights as they age might cause high-
er loads and thus should be investigated.

The final results should remain useful for many years
and thus must allow for some increase in efficiency and

new developments.
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APPENDIX A
LIGHTING FIXTURE SURVEY

One of the requirements of Research Project RP-231 is to
conduct a survey of U.S. and Canadian lighting fixture manufac-
turers to obtain heat release data and to determine the frequen-
cy of installation of various types of lighting. A letter was
written to explain the project and ask for a response in three
areas:

1. Any information on heat release tests run on company

products.

2. Any other information or references concerning heat re-

lease from lighting.

s Ah opinion as to the frequency of installation of dif-

ferent types of lights and lighting fixtures.

This letter was sent to 130 U.S. lighting fixture manufac-
turers and responses were received from 16 companies. Ten of
the replies were short letters explaining that the company had
no access to heat release data or testing. Some of these ten
letters did contain information about the frequency of installa-
tion of different lighting fixtures. Several also expressed in-
terest in the outcome of the project. Six of the replies con-
tained substantial information, including company heat release
test data, articles concerning heat release tests, and pamphlets
describing the line of luminaires the companies produced. All

of the heat release testing was done using box calorimeter tests
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and the results were in graphical forms following thé IES recom-
mendations. One of the companies also conducted transient '"cold
start" tests using a box calorimeter. These replies also con-
tained estimates of present and near future lighting installa-
tion frequencies. In a few of the letters, it is mentioned

that the U.S. Department of Commerce would be the best source of
information on lighting shipments. From the reports in the

Series: MA-36L, Table Al was made.

TABLE Al
SHIPMENTS OF ELECTRIC LIGHTING FIXTURES

Quantities in 1,000 units
For the years 1973-1977

COMMERCIAL & INSTITUTIONAL 1977 1976 1975 1974 1953

INCANDESCENT

Surface or Pendant 2,945 2,260 2,141 1,846 1,844

Recessed 9,554 6,515 6,245 7,838 7,568
MERCURY & OTHER HID 338 253 230 185 133
FLUORESCENT

Recessed air handling 1,320 1,181 1,411 1,965 1,647

Recessed nonair handling 7,291 6,687 6,958 8,594 7,025

Striplights 8,641 8,040 7,779 8,295 7,371
Plastic wraparound 3,865 3,321 2,826 3,233 2,781
Surface and Pendant 1,117 1,257 973 1,241 1,083
INDUSTRIAL
INCANDESCENT 1,271 1,267 1,409 1,150 966
FLUORESCENT 4,958 4,662 4,202 5,241 4,187

MERCURY & OTHER HID 797 620 631 327 641
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Letters identical to those sent to the U.S. manufacturers
were sent to 33 Canadian companies. Only three replies were re-
ceived and none of these had any heat release data. In one re-
ply, Statistics Canada is mentioned as a source of information
concerning lighting sales, but when this was followed up, all of
the sales figures were in dollar amounts instead of number of
units. In another reply, the Canadian Standards Association and
in particular the CSA Technical Committee "Tecpole' dealing with
the performance of lighting equipment is said to be a good
source. A member of the Technical Committee, Mr. G. E. Mulvey,
of Mulvey Engineering Limited, wrote a letter with some general
information as to practice in Canada. In particular, Mr. Mulvey
included the paragraph:

Our general objective is to provide lighting in office oc-—
cupancies of less than two watts per square foot and we have
some projects where the energy input to the lighting System 1is
close to 1% watts per square foot, while still maintaining a
good productive visual environment. To be specific regarding
sources and their zcomponents, those of us who are sensitive to
energy conservation objectives are avoiding the use of incandes-
cent sources whenever possible and relying on mercury, metal
halide, or high pressure sodium for point sources, and fluores-
centlamps for general office and school lighting. The standard
warm white or cool white 4-foot fluorescent lamp is the prefer-
red lamp and is usually operated from a standard ballast (rather
than solid state, although these will be here soom, we hope)
with voltages of 120, 240, 277, or 347 volts.

Another letter was sent to 87 architecture and engineering
firms in the U.S. to obtain further information that might help
decide what type of data and format would be most helpful for
lighting load calculations. In this letter, the project is de-
scribed and three requests are made of the firm contacted:

1. Information regarding the method used to account for

lighting in heating and cooling load calculations.
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2. How the present method of lighting load calculations

could be improved.

3. An estimate of the frequency of installation of various

types of lighting fixtures and lights.

Eighteen companies sent replies, none more than a page or
two long. Only two of the companies replying state that they
account for energy from lighting in any way in their heating
load calculations. The others assumed that the maximum heating
load could occur when the lighting is off. The methods used to
calculate the cooling load caused by lights ranged from assuming
all of the lighting energy goes to the room load, to following
the procedures recomended by ASHRAE. Many of the companies also
said they used manufacturers data to determine what percent of
the lighting energy is picked up in the room and what percent in
the plenum.

About 60% of the companies indicated that the methods they
were using to calculate the load from lighting seemed adequate.
The replies expressing dissatisfaction with present methods
stated that the available analysis covers only a few types of
lighting and that the fraction of the load picked up in the ple-
num needs more complete analysis. One reply requested that any
new procedure not be more complicated than the present methods.

The estimates of the use of different light fixtures and
lights followed the same general trends as shown in Table Al.

In commercial and office installations, the breakdown is: flu-
orescent 80 to 90% with 90% recessed, the ballance being high

intensity discharge and a small portion incandescent. In indus-
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trial installations, the breakdown is: 60 to 80% suspended flu-
orescent with the rest being high intensity discharge and HID

usage increasing rapidly.
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APPENDIX B
TOTAL RADIATION EXCHANGE FACTOR COMPUTATION

The equations used. in this thesis to calculate the total
exchange factors for radiation transfer were taken mostly from
a short paper by Ishimoto and Bevans (31). They outline a sim-
ple matrix inversion procedure for finding script-F factors,
which are related to total exchange factors by:

Sk = ggkAj (B-1)
Ishimoto and Bevans (31) contains a few serious errors, which
have been corrected in the equations that follow. The script-F
expression for the net radiation transfer between two surfaces
per unit time is:
a5y = A‘?’k(oT - BT (B-2)
If the view factor, ik’ is the fraction of the energy emitted
per unit area of surface j that goes directly to surface k and
the radiosity, Jj’ is the total radiation leaving unit area of
surface J, both emitted and reflected, then the radiosity equa-
tion for an n surface enclosure is:
n
TAy = Ajechj4 * o5 L Fudidy (B-3)
If this equation is applied to all surfaces in an enclosure

and expressed in matrix form, the result is:

B 4]
Rl ~P 1 11)'..(—91Fj1),..(—panl) JlAl elAlch
4
o F Ve (1m0 F. ). (=0.F M la.al = lc.aor. -
( pJolJ) ¢ pJgJJ) ( QJonJ) 3% 58591y (B=4)
4
- " - s
f pn*ln)” o ( pnan), (1=0 F ) -J A_ g A oT |




110
If the value of UTj4 is set equal to 1.0 and all of the
then all energy in the

other temperatures are set equal to zero,

enclosure must originate at surface j and the equations are now

in the form:

—

Using Gauss-Jordan reduction,

calculated from the above equations.

from surface j,

pa By der - Fagd o 8 F g0 0 i Eady o

0 DU 4 [ 0 S DU (- B J.A, e A, B-5
( 93‘13) ( DJ_JJ) ( pJ.nJ) 584 3 (B-5)
£~pnF1n),..(—onan)...(l-pnanl _?nAQJ B O_

the radiosity values can be

the radiosity at surface k is given by:

Because all energy comes

Ay = a Jy A /oy (B-6)
Combining Eq. (B-2) where aTj4

equals 1.0 and Tké equals

zero with Eq. (B-6) and the assumptions that %y equals € and P
equals one minus € gives:
‘zgk = e T A4 (1-e ) (B-7)

Because the energy emitted from surface j must be subtract-

ed from its radiosity, Egs. (B-6) and (B-7) become Egs. (B-8)
and (B-9) respectively for transfer from j to j.
vy = A . : ; -
U35 = e38;5005 —e5)/ey (B-8)
. = (J, - e.)e.A./A.(1l-€. -
E (J5 = eg)e 8 /851 LB-23
Using Eq. (B-1), the total exchange factors can be express-
ed as:
Sjsk = EkaAk/(l~ek) (B-10)
S.S. = (J. i .e./(1l-¢. -
%5 T Uy = ey)iye /(e y) (B-11)

This process, from Eq. (B-4) to Eq. (B-11) must be done n

times, set equal to 1.0,

each with a different oTj4 to calculate
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the complete §3§k factor matrix. But this matrix depends only
upon areas, emittances, and view factors, thus it has to be cal-
culated only once for each section of the building under study.
The temperature values do not affect the calculation of these
factors because the product sjAchj4 used in Eq. (B-4) is dimen-
sionless.

The view factors, ij, used in this procedure were hand
calculated. Most of the room surfaces are rectangles, either

perpendicular or parallel to each other, and because of this,

the calculation of the view factors is very manageable.
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APPENDIX C
MEAN TEMPERATURE CALCULATIONS FOR AIR MASSES

The heat capacitances of plenum, luminaire, and duct air
masses are usually so small that the Euler finite difference
model is unstable when using a time interval that will suffice
for other nodes. Therefore, a method was needed to either ap-
proximate the model or devise another model that is stable. The
first method used was to iterate the sections of the program
concerning heat transfer to these air masses several times while
2ll other properties remain constant. Although this system was
not used because it was awkward and used too much computing
time, it led to another method. Because only the air tempera-
ture is changing during these iterations, the convection equa-
tions can be combined and integrated, producing a simpler and
more accurate model.

If an air mass is surrcunded by ﬁ surfaces at wvarious tem-
peratures, and the surface temperatures can be assumed to be
relatively constant during a time interval, 4t', then the tem-
perature relation for well circulated air is:

dT, = I dq. /C (C-1)
Because energy enters the air by convection only, the equation
for the differential energy coming from surface .j is:

dqja = (Tj = Ta)thjdt (C~2)
If these two equations are combined and rearranged, the result

is:
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dTa : (82 - TaSI)dt/Ca . (C-3)
wh : 81 = I h,A, and 82 = § h A.T,..
ere P jo1 37373
Eq. (C-3) can be integrated over the time interval to give:
1,7 = (82 + (1,81 - s2)e” S /Cy e (C-4)

The change in the air temperature can be obtained with Eq.
(C-4), but the amount of energy convected at each surface cannot
be found. As the air temperature increases according to Eq.
(C-3), it passes through some mean value. If this mean air tem-
perature is used for the entire time period,At', the total ener-
gytransferred to the air is the same as could be obtained using
Eq. (C-4). And, because the convection transfer equations are
linear, the heat transfer at each surface is also correct if
this mean temperature is ised for the entire time period. Egs.
(C-1), (C-2), and (C-3) can be rewritten using a mean air tem-

perature for the whole time period and this gives:

5 n
Ty =Ty = .ilqja/ca (C-3)
. = (T, -T_)h_ A.At" -
a4y, = (T; ~T)h A (C-6)
+ _ = .
Ta - Ta = (82 - Ta)at /Ca (C=-7)
Solving for the mean air temperature, Ta’ gives:
s , -+
Ta = (82/81) - (Ca/Slﬁt )(Ta - Ta) (C-8)

Substituting Ta+ from Eq. (C-4) gives Egs. (20), (21), and (22),

which are restated here.

83 = S2/81 (20)
Z = slat'/C, (21)
T, = 83 + (T, - 83)(1 - ¢ %)z (22)

If the plenum or luminaire is vented, a similar analysis is

used. The air mass that flows through the space during At' is
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pictured as a series of slugs of air that each stay in the
space for a proportional part of At'. This results in Eq. (27),
which is identical to Eq. (22), except that the initial air tem-
perature is the air temperature as it enters the space. Also,
because the mass of the air passing through the space depends on
At', Cabecomes proportional to At' and the new equation for Z
is:

Z = S1/(0.018Btu/ft° X air flow rate) (C-9)
For air flow through ducting, there is only one surface node,
and comparison of S1 and S2 will show that S3 reduces to the in-

side surface temperature, Ti’ as shown in Eq. (27).



I-Tnput wvariable;

Symbol

ABSORB

ADR
ADS
AL(I)
AP(I)
AR(I)

CAPL(I)

CAPP(I)

CAPR(I)

CAPRUG
CLAMP

CNP(I)

CNR(I)

CNRUG

COND(I,J)

CPLNM

CPP(I)
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THE LIGHTING ENERGY TRANSFER COMPUTER PROGRAM

Symbols Used in the Program

Meaning or Use

Fraction of
absorbed by

Inside area
Inside area
Area of
Area of
Area of

Thermal capacitance
surface I

Thermal capacitance
plenum surface I

Thermal capacitance
room surface 1

Thermal capacitance
Thermal capacitance

Thermal
surface I

Thermal
surface I
Thermal conductance

Thermal conductance
I to J in the lamp

Thermal capacitance

short wave energy
windows=

£
ol tg

of return ducting
of supply ducting
lamp surface I

Plenum surface I

room surface I

of lamp

of a layer of

of a layer of

of the carpet

of lamp air

conductivity of plenum

conductivity of room

of the carpet

from surface

of plenum air

Specific heat capacity of plenum

E-~Equation given by user describes variable,

I E Units
T ook
I £t

I gt

I ft?

I ft2

I ft?

I Btu/°R
Btu/°R
Btu/°R

I Btu/°R
Btu/°R

I Btu/hr-ft-°R
I Btu/hr-ft-°R

I Btu/hr-°r

I Btu/hr-°R

Btu/°R

I  Btu/lbm
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Symbol Meaning or Use I E Units

surface I

CPR(I) Specific heat capacity of room I Btu/lbm
surface I

DELT Lightweight surface time period I hrs

DELTT Counter for summing DELT hrs

DENP(I) Density of plenum surface I lbm/ft3

DENR(I) Density of room surface I lbm/ft3

DT General time period hrs

DT1 Base wvalue for DT hrs

DUP General dummy e

ELS Short wavelength emittance of I  cemememmemeee———
luminaire tube or bulb

ERS Short wavelength emittance of @ I  ccemmmaeea_o
luminaire lens=t_ + o

S s

F Dummy for FLOWR or FLOWS fts/hr

FLOWR Return air flow rate ft3/hr

FLOWS Supply air flow rate fts/hr

HDR Convection coefficient inside Btu/ftz—hr—°R
return ducting

HDS Convection coefficient inside Btu/ftz—hr—°R
supply ducting

HL(I) Convection coefficient of lamp Btu/ftz-hr-oR
surface I

HOS Convection coefficient outside Btu/ftz—hr—°R
of window

HP(I) Convection coefficient of plenum Btu/ftz-hr-°R
surface I

HR(I) Convection coefficient of room Btu/ftz—hr-°R
surface I

HRSON Time lights are left on hrs

I,7,X,L,M,N General counters
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Symbol Meaning or Use I E Units
NDAY Days since tThe run began days
NDAYS Days the run lasts I days
NLP(I) ?umber of layers in plenum surface =  ——=—cem—mm———-
NLR(I) Number of layers in room surface I =  ——-cmmmmmmeaa
NL1-NL5 Lamp surface section numbers I e :
NOL Luminaire option number I o
NOP Plenum option number I Sl i
NP1-NP4 Plenum surface section numbers I ———————
NR1-NRS Room surface section numbers I ee————————
NUMBER Counter to write every 4th DT = = = —ccemmmmm——eo
PB Power to the lamp ballast E Btu/hr
PINPUT Energy to the luminaire per DT Btu
PLS Short wavelength power from a B Btu/hf

light producing surface in lamp
POWER Power to a lamp, excluding ballast E Btu/hr
PRATE Rated power of a luminaire I Btu/hr
PUD General dummy 0000 seeeeeer———e
QDR Energy from return air to ducting Btu
QDS Energy from supply air to ducting Btu
QLAMP Energy to lamp air Btu
QL(I) Energy to lamp surface I E Btu
QPLNM Energy to plenum air Btu
RP(I) Energy to plenum.surface I E Btu
QROOM Energy to the room air before it Btu

leaves the rcom space
QR(I) Energy to room surface I E Btu

QTOUT Total energy to the air while in Btu



Symbol

QX,QX1,QX2

Q(I)
RAD

RADT
SIG

SSLS(I,J)
SSLT(I,J)
SSPT(I,J)
SSRS(I,J)
SSRT(I,J)

Sl

S2

S3
T, TT
TBAR

TDR

TDS

TIME
TIN
TLAMP

TLP(I,J)

Meaning or Use

the building section

Energy dummies

Energy to layer I of a surface

Short wavelength radiation
through a luminaire lens

Sum of RAD for all lamps during DT

Stephan-Boltzman constant

16}
n

n
e

[#5]
.

for long wavelengths in lamp

| W
[ors
47]
[

o
93]
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SiSj for long wavelengths in room
Sum of total convection coeffi-
cients of all surfaces around
an air volume
Sum of(temperatures X total
convection coefficients)of all
surfaces around an air volume
S2/81
Temperature dummies

Mean effective temperature dummy

Return ducting inside surface
temperature

Supply ducting inside surface
temperature

Time after lights are turned on
Temperature of air entering room
Temperature of lamp air

Temperature of laver J of plenum
surface I

119

I E Units

for short wavelengths in lamp I

I

for long wavelengths in plenumI

for short wavelengths in room I

I

Btu
Btu

Btu

Btu
Btu/ftg—-hr—aoR4

Btu/hr-°R
Btu/hr

°R



Symbol Meaning or Use I E Units
TLR(I,J) Temperature of layer J of room °R
surface I
TL(I) Temperature of lamp surface I E °R
TOS Temperature outside of window I °R
TOUT Temperature of air leaving the °R
building section
TPLNM Temperature of the plenum air °R
TP(I) Temperature of plenum surface I E °R
TRANS Luminaire lens transmittance I e
TROOM Temperature of the room air I °R
TRUG Carpet temperature °R
TLUPLY Supply air temperature as it °R
enters the building section
T4 Dummy for 4th power temperatures °R
UDR Return ducting thermal transmit- I Btu/ftg—hr—oR
tance(includes film coefficients)
UDS Supply ducting thermal transmit- I Btu/ftz—hra°R
tance(includes film coefficients)
VLAMP Volume of a luminaire I ft3
VPLNM Plenum volume I £
WP(I) Thickness of plenum surface I I ft
WR(I) Thickness of room surface I T £t
XLAMPS The number of luminaires T e i
X(1) Energy to outer boundary layer E Btu
of surface I
ZDR Return air weighting factor = commmmmmo——
ZDS Supply air weighting factor = = = —cemmm—m———o_o
ZA,ZC,ZD, Dummies for area, specific heat, Units match
ZH,ZK,ZN, density, convection coefficient, original
ZW conductivity, number of layers, properties

and thickness respectively
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Numbering of Surfaces
The surfaces in the room, in the plenum, and in the lumi-
naire each have a number of properties. To keep track of which
property value goes with which surface, the surfaces are given
integer numbers. These numbers are grouped into sets of surfac-
es that undergo similar operations in the program. And the last
number in each of these sets is input into the program to desig-
nate which operations are applied to each set of surfaces. The

divisions are listed below:

Room Surfaces:
1 - Ceiling
2 - Floor

3 through NR1 - Walls

NR1+1 through NR2 Heavy furnishings

NR2+1 through NR3

I

lightweight furnishings

NR3+1 through NR4 Windows

NR4+1 through NR5 Luminaire surfaces visible in the rocom

[

NR5 - The luminaire lens

Plenum Surfaces:
1l - Ceiling
2 - Floor
3 through NP1l - Walls
NP2 - Supply ducting
NP3 -~ Return ducting

NP3+1 through NP4 - Luminaire surfaces in the plenum



Luminaire Surfaces:
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1 through NL1 - Light producing surfaces

NL1+1 through NL3 - Surfaces receiving light

NL4 - The luminaire lens

NL4+1 through NLS - Surfaces not receiving light

NLS - The ballast

If one set of surfaces has no members, the final number of

that set is given the same number as the final number of the

previous set. For example,

heavy furnishings, then NR2

if NRl equals 5 and there are no

also equals 5,

Lamp and Plenum Options

Different types of ventilation arrangements are defined by

the value of the Lamp Option Number (NOL) and the value of the

Plenum

Option Number (NOP),

Lamp Option Numbers - NOL:

1 - Static lamp or luminaire

2 - Return through the lamp or luminaire

3 - Supply through the lamp or luminaire

Plenum
1

2

Option Numbers - NOP:

No plenum

Static plenum

Return through the

|

Supply through the

plenum

plenum



Computer Program Flow Chart
Dimensioning
Read input data
Format statements
Initialize constants and temperatures
If there_is no supply duct....¥Yes

:

Find supply air weighting factor-2D3
| -

—
i e ee

9]

If there is no return duct....fes -

N | e
o)

Find return air weizhting factor-ZDR
{

Set plenum air volume

Set plenum air capacitance-CPLNM

Set lamp alir capacitance-CLAMP
|

Rename room surface properties

Find number of layers in surface

If surface is too lightweight and is also
the ceiling surface veesles

123



124

Set layer properties

Y s ;
Set lightweizht ceiling properties

e o

If there is no plenum....fes

-q‘—L.Z-o..

Rename plenum surface properties

Find number of layers in surface

#

Set layer properties

—

[
Initialize layer temperatures in room

If there is no plenum....¥es

@]

—
e e m e e

Initialize layer temperatures in plenun
Le

T**———ﬁ'Start of total program loop

| |

If lights have been switched on or off within
2 hours, use half sized zeneral time period

Initialize heavy surface heat values and other
constants

Set heavy surface convectlon coefficlents

Start of lightwelght surface loop

Calculate energy consumption by lighting
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'

Set lightweight surface convection coefficients
Initialize lishtweight surface heat values
Initialile lamp air temperature

Find mean lamp air temperature

Calculate convecticn to lamp air

If supply luminaire, heat added to 3ROCII

Calculate convection from lamp surfaces to room air

[
Calculate short wavelength radiation to lamp surfaces-

If the surface 1s the lamp lens, also store value a%t
RAD

f

Calculate long wavelength radiation exchange in the
luminaire

Calculate long wavelength radiation exchange from
room lamp surfaces

If there is no plenum....fles

“s e

—_-——
o

Calculate long wavelength radiation exchange from
lightweight plenum surfaces
L

Calculate conducticn exchange in the luminaire

Calculate the fraction of RAD that is transmitted

Calculate short wavelength radiation to room
luninaire surfaces
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If there 1s no plenum....les -

T me eas

Ko

Initialize plenun air temperature

Find mean plenum air temperature

Radiation to ducting goes to the plenum air

Calculate convecticn to plenum air, change temperature

If return plenum, add heat to QTCUT

If supply plenum and no supply lamp, add heat to JRCON

If there is no supply ducting....fes = |
No
|
Calculate convection to supply air-If there is no
supply 1?minaire, add heat to QRCCil-change temperature

If there is no return ducting....Yes o

No

Initialize return air temperature

Calculate convection to return air-Add heat to JTOUT-
change temperatures

']
If the deiling 1is not lightweight....Yes -

‘——’-l:/—:-u-
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v . o o :
Calculate convection from ceiling to room air [
Calculate conduction through the ceiling

Calculate long wavelength radiation from ceiling in
room

Calculate long wavelength radiation from ceiling in
plenum

Calculate short wavelength radiation to celling in
room

Change C?Eling temperatures

-

Total luminaire surface heat loads

Calculate energy to lizhts not ziven off as short
wavelength radiation, add to lamp tube heat values

Calculate energy %to the ballast
Change luminaire surface temperatures

Set temperatures of luminaire surfaces visible in
room or plenum

A Increment DELTT

NOswesIf DELTT is less than DT

Fluoesas
o
99}

Increment TILNE

e e

Calculate mean carpet temperature



128

Calculate convection to room air

Calculate long wavelength radiation exchange in room

If there is no plenum,...¥es S

:
L ]
No

Calculate long wavelenzth radiation exchange in plenun

R —

Calculate short wavelength radiation exchange in
room-If there are windows, correct for transmissiocon

If there is no carpet....YeS—— >um

T

NO

l Calculate conductlon for carpet

—

Set bcunj;;y conditions for heavy room surfaces

Correctr¥or half size surface layers

If there are no inner layers for surface....les-—

“

@]

Calculate conduction between layers
A=

If there is a plenum, set eiling and floor
temperatures equal to boundary values of room surfaces

le-Set surface temperatures equal to top layer
temperatures

\ If there*is a carpet, reset floor temperature
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\

If there is no plenum....¥es o

-
PP I Y

Set boundary conditions for plenum surfaces

Correct for half size surface layers

If there are no inner layers for surface..:.YeS—sm

Mo

Calculate conduction between layers
V'

—

Change layer temperatures

Set surface temperatures equal tec surface layer
temperatures

If there are no lightweizht room surfaces....les—s
o] o

o

4

i

deat to lightweizht surfaces goes to JR0OCH, and set
temperatures

|

If there are nc windows....ies i

hiesase

—d

Calculate heat to QRCOII and window temperatures

[

GTCUT = QTCUT(from plenum) plus JROON

Calculate supply alr temperature
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Print output every Yth interval only

oS, , .. LFf TIIZ is less than 24 hours

Sy s ew

o

(o5}

Increment MDAY

If NDAY3 is greater than limit....Yes ————=3TCP

Set TIIE e

e ¢

qual to zero




w———==THKIS PRCCFAM CALCLLATES THE TRANSFER CF LICKTING ENERSY.
DIMENSICN AR(LS) p2P (LBl 2 L0150 yNLF(LE) yANLF{LS) s CONGILSy a8 )y CAPLILE
L1)sCNR(15),CNPILE) o WR (15} amP{13) 4 CENARTLE) fCENFULE) yCFRILE) SCFRULLG,
LSSRT(154151,)55RSU15415) 4538 T (L5415) 38S5LT(15,15),55L3115,15)1,C(151,
LX(L15) yQRIULS) 4 QPILE}yQLILE ) TR(LE) TP CL1Z) o i 18) o TLR(LEWLIBI 4 TLF(LE,
115) HR(L5) yHP(L5) oL {15),CAPR(15)yCAFP(LS)
REAG(E,2C) NGP)NCL,NCAYS
REAC(5 920 INRLsNR2 yNR2 yNR4 yARSyNFLoNF 2o NP2 gNP 4y NLLE $NLZ2 JNL34hL4 MLE
READUS 426 )PRATE yFLCAZ (FLORK yTRCCM yTLEFRSCN, VPLAN yVLANMP , CAPRLGCAR
1UG
READ(5+27)UDSsUCRJALS yACK s TRANS yAESCREWCT1 ) CELT s EFRSYELS s ALAMPS LS
REAC(5,22) (AR{L])+I=140hRE]
REAC(5+23) LAP([)y1=1,hFal
REAC(ES,2&) (AL(L) 4I=1,AL5])
CC 50 I=1,NRS
30 REAC(5425) (3SRT(1,J)4d=1sNRS}
M = NR4 + 1
CC 51 I=¥4NR5
21 READ({E,25) (SSR3(1,4d) ,u=1,NRS)
CC 52 I=1,hP4
52 REZAC{E,25) (SSPTUI,dhu=lhF4)
CC 53 I=1,NL4
53 REAC(5425) (SSLT(1:d}sd=1sNi4)
CC 54 I=1.NL1
54 READI(5425) {(SSLS{Isdi.d=1ehL &)
DO 55 I=14NL5
55 REAC{5,26)(CONC(T3d)sd=14NLE]
READIE 286 (CAFLII), I=1l,AL3)
READI(S5,21) (CNR(I)el=1,NR2)
READ(S5,21) (CNF(I},I=3,NF3)
REACUZ,21) (WRIUL)y I=1,NRE)
FEAC{54210 (wP(1)y [=34NF2)
REAC(ES,21) (DEANRIL), I=Ll,NR2)
REAC(E,21]) (DENP(1), I=3,NPL)
READ(5,21) {(CPR{1}, [=l,NRZ)
REAG{54211) (CPP(I}y I=24AFl)
C=——=—FEAVY SURFACE CCNVECTICN CCEFFICTENT ESTIMATES
READ(5424)(HR(I) s I=1,NR2)y{FP{I)sl=1,NF3)
20 FGRMAT (2015)
¢l FCRMATILCF1Ca4) .
22 FCRMAT(LlFll.3])
23 FCRMAT(LS5FS5.1)
24 FORMAT(15FS.3)
25 FCRMAT(LLIFT.3)
26 FORMATILSFS5.2)
T FORMAT(12Fe&.3)
28 FORMAT({10FB.1l)
¢9 FORMAT(' ')
30 FORMAT{3Xy'TIME" o SX 4y "FINPUT " 44Xy "CTOUT "o Sy "QROUM P EX, "RAUT ! 4E 3,01
IPLNM® (SX 'TLAMP® 32X, %% TL RCCM" 2xs%% TCTELY)
31 FORMAT (' TEMPERATLRES UF NUN—-LUMINAIRE RCLCHM AND FLEMNLNM SULRFACESY)
32 FLORMAT (¢ TEMFERATLFES CF LUMINAIFE SURFACES')
we====INITIALIZING SCME VARIJABLES ANC StTTING CCASIANTS.
TRANS = TRANS/ERS
SIG = 1.714E-C(CS

NOAY = 1
NUMBER = 1
TIME = 0.

0O 100 I=14NRS
Lo0 TR{I} = TRCCM
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CC ICES [=1,NP4

15 TR(I)} = TRCCM
D3 11C I =1,NL5

LlJ TL(I) = TRCOM
TLAMP = TRCCM
TPLNM = TRCCM
TSuUPLY = TRCOM
T0S = TRCC¥
TOR = TRLCCY
TCUT = TRCCM
TIN = TRCLW
TAUG = TROCM
{CS = 0.
SdR = (.

L—————FINCINC THE SUPPLY AIF wzlGnTING FACICR = 20¢

IFINFL JEQe NF2) CGC TC 112
N = NPz
CUP = (APIN) + ALCS)/2Z.
HIS=(1e/ALS) /{1 1la 7 ILOS2ACS)={nFINIZLELE 2CAFIR) )+ L/ (FBINISAP MDD
PUC = KDS * ACS/(.01E * FLOWS)
I05 = [(le = EXP(=FLCJI/FLL

Li2 CONTINUE

u—-——FINCING THE RETURM A1F WEIGRTING FACTCR - ZCR
IF(NP2 .ES. APF3} GC TC L1232
N = NP2

CuP = (APIN) + ADF)/Z.
RER=(1./2CR)/ (1o/ (UCFRACRI=(wP[NIZ(ELP #CAPINII+ L/ {HPINI=APINEY]))
PUD = HDR = ACR/{.ClE€ # FLLwE)
ICR = (la = EXPI{=FLC)I/PLLC
113 CONTIMLE
—FINCING THE HEAT CAPACITY CF PLEMLF £IR = CFLLV
IF{ACP «LT. 2.5) [UF = VFLAM
IF(NOP .EQC. 3) CUF = FLOwWF = CELT
IF(NGP .EQCs %) CUF = FLCnS * DELT
IF{VPLANM «GTa DUF) CLF = wPLANM
CPLAM = QUP * .01¢
L=====FINOING THE HEAT CAPACITY CF LAMF AIF - CLAMF
DuP = VLAMP
IF(NOL «£Qs 2) CUF = FLOWR * CELT
IF(NGL <EQ. 3} DLF = FliwE * CELT
CLAMP = DUP * LQ1E&
L==——=-LAYER SIZING FCR FERVY KTLM SULFRFACES

(%)

NL = 1

CC 129 I=1,NR2

IH = RR(I)

W = WR{I}

Zh = AR(I)

D = DENR(L)

IC = CFR(I)

IK = CARILT)
===—=THE SLRFACE [S DIVIOEC IMTC N FULL LAYERS

N= (o5 % ZH®IW/2ZK) * (SQAT(l. + ZK32C*IC/(.5 & ZF#lR % OT1l})= la}
w=====CNLY CEILING NMAY FAVE N<Ll,y ELSE FRUCLRFANM MALFLNCTICNS

IFCIN JLT. .95} ANC. (I JLT. 1.£2)) CL TC 11
Zil = FLCATUN)

CNRII) = IK = ZA # IN/Iw

CAPRIUIL) = 2A = Zw % 1L * IC/IN

(===——=SETTING VALLES FCF LICRT CEILINGS



.5

113 N = 2
CAPRUL) = ZA * Zh » JC * Z({ =
CNRIL) = IK * ZA/In
PUC = CAPRILI/(ZA # FF{L) + CNRIL1)]

IF(PUS «GT. DELT) GC 1C 12C
CAPR{L) = CAPR(Ll) * Z.
CNR(1) = C.

120 CCNTINUE

(===—LAYER SIZING FCR FEAVY PLENUM SURFACES
w=====3E SURE ALL NCDES ARE HEAwY ENCLGH

IFINCF EQ« 1) GO TG 131
00 12C [ =3,AF1
ZH FPLIY
in wF(I1)
ZA AP{I)
0 CENPLI)
L CFPILI)
X CNPLT)
N= 1.5 % ZFr*IW/ZK} ¥ (SeFT(l.
IN = FLLCATIN
CNPL{I) = ZIK * ZA 3 IN/in
CAPP{1) = 14 *= 2w * 2L & IC/IN
ALP (1) = N
130 CONTINUE
131 CCATIMLE

[T T T R 1]

1~

LT 129 I=hl,hR2
A = NLRILI) + 1
CC 128 J=1.h

129 TLR(I,J) = TRCCM
IF(NCP EGCe. 1} GO TC
CC 139 I=2.APL
N = NLPIIL) + 1
CC 139 J=leh

135 TLP(1l,J) = TRLCOM

Ly3 CONTINLE

1s%

v IKPIL#IC/(LE

INITIALIZING LAYER TEMPERATURES

L==——=—199 BEGINS THE TCTAL FRCGRAM LCCF

o 0T IS5 HALF AS LAKRCGE JLET AFTC"
T = CT1
IF(TINE oLT. 1laG) CT =
PUD = RMRSCN = L1
CUP = HRSCMh + 1.9
IFL{TIME .GT. PLD)
== INITTALLIZING VALUES
0C 15C 1l=1.hR4
SRil) .= C.
IF(NCF <EQ. 1}
DC 16C TI=14NP1
loQ CP(1) = Q.
lel QROCK = C.
CTOUTY = C.
RACT = Q.
DELTT = C.Q001
FINPUT = C.
me===HEAVY SUFFACE CCNVECTICN CLEFF
"

{TINE

<AND .

150
GC TC 161

=EQUAT IONS MUST BE INSEsTED TC MAICE

FUwER ChAAGES

«3 % CT1

«L1a. LLF)) LT =

ICIENTS
SULRFACES

VR = 2C. * FLOWS/ER(Z)

YP = .2

HR{l) = .Cl1l5 * SCRT{WR/G6.) + .38

FRIZ2) = LC115 #* SCRT{NVRE/ta) + L83 * (o1 + TR(2)

* IF%2h %

ST~

«5 * CT1

- TROCMI®*,12

I

138



HR(3) = Cl1l% * SCPTI(VR/G.) + <350 * {.1 + TR(3) ~ TRCOCMI¥*,i2
FRU4) = Cil5 #* SCRT(wn/39ed + 50 % (o] + Tr(4) = TRCLM)I*%.12
HRI(5) = .0L15 # SCRT(VR/3a) ¢ .20 % (a1 + TR(5) = TRICM)*%,.5
RP{Ll} = +C115 * SCRI(NVP/EL) + o3€E

FP{2) = L0115 * SGERTI{VP/G.) + .2

LFLTP{2) oLTe TPLNNM) FF(2) = FPLZ) + 839 (L4TPLAP=-TP(2))**,12-.28
FPL3) = L0L15 #* SCRT(WP/4u) + 50 * (LLI+AES{TRI3)=TFLANM))*%,12
HP{4) = (CL1S * SCRTIVF/0e) + o5C % (J1+AESITP{4)-TFLAM) 2%, ]1Z

200 CUNTINUE
gm===—200 BEGINS THE LICFTAEIGFT

«2 % SIN{(TL(}) -

SURFACE SECTICA UF THE PROGRAM

SIMLLATE LLFINALRES

E20.) # LCZ292))

337 * SQRT(OIL{L) - E234) = L2394)l/(x

COMVECTICA CCEFFICIENTS
MATCr SULRFACES

«3( *
«3C *

{l+AESITF(S)=TFLANM} }x%,33
Lol +AESITP G )-TELAM) j%x, 22

TLANF] % 4.)3%,25

SURFACE FEAT VALLES

wm====RESETTING THE LAMF CLIFLTS
=== EQUAT TCNS NMUST EE TNSERTEL TJ

FOWER = FRATE * (.4 4

IF(TIME .GT. HRSCMN) FCWER = (.

FCWER = PChER/XLAMFS

P3 = .Z ¥ PCREF

PT = PLWER + FE

PINFLT = [FT * CELT % XLANFS )+ FIMPUT

PLS = .1 % PRATE 2 (1. + SIN{.

1LAMPS & FLCAT (ALL})

IF(TIME .3T. HASCMN] PLS = Q3.
=———RESETTING LIGFTWEIGHFT SURFACE
=——==EQUATICNS MLST BE IASERTEC TC

FPL5) = JG115 * SERTUNVE/Z.) +

HP(6) = .0LL1S & SCAT{VF/i.) +

FPLT) = FPLE)

FPIBY = FPIB)

HP(S) = RF(a)

FP(10) = +F(6)

HLIL) = .25 = (.1 + 2ES(TL{L) -

FLI2) = FLI1)

FL(3} = HLLL)

RL{4) = FL(L)

FL{5) = FL{L) * 1.5

HL{&) = FL(1]

FLITY = FLIL)

HLI3) = RL(1l) * .S

FLIS) = HLI1) * .¢
o——===INITIALIZING LIGFTREIGFI

IFINL «EC. 1) oL 1C 2C7

SR{L} = C.

CAL1) = C.

U7 K = NRG + 1
LC 206 [=K ;NRS
266 QRI(1) = Co
K = NP1 + 1
C2 2C8 I=K.NP4
408 QPILI) = C.
CC 209 I=1,AL5
£99 QL{I) = C.
===—=CCNVECTICN
IFINCL .EC. 2) TL2FF =
IF{{NOL .EQ. 3] «AMC.
IF(INCGL oECo 3) oENCa
1 = C.
82 = 0.
CC 21C 1}
Cup =
31
210 &2

TRLCM
(NCF
(NCF

=1,NLS
LI} *= ALCT)
S1 + CUP

Sz + TL(I)

+ DLUF

«hEa
+EGQ.

EXCHANGE TC LAMP AIR

41)TLANMP
4))TLAMP

1IN
TPLAM
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L35

$3 = £2/81

PUD = S£1 * DELT/CLANF

TEAR = 53 + [TLAMF = £2) 4 (1le = EXP{=PLO))/FLD
CLA¥P = C,

CU 215 I=14NKLE
Cx = (TBAR = TLAI)) * kL) % CELT #* 2LI{I}
eL{I) = CLII) + C»
2L5 GLA¥P = CLAMP = (1
TLAMP = TLAMP + CLAMF/CLAMP
IFINCL .EZ. 3) <RCCM = QKCLM + (TLAMF - TELPLY) * CLANMP
=== (ONVECTICN FRLM LEIMF SURFALES TC FLL¥ AR
K = hR4 + |
CC 220 1 =KyMhRS
axl = AR(I}) *= hR{1} ® (TRCCM = TE{IJ)) * [ELT
GR{1) = Cca{i) + Q»l
220 GCRACCM = (QFRCCM - CXx1
==SHORT WAVELENGTF FAZIATICN cACFANCGE IN TEHE LAMP
CO 230 d=1lyNL4
Cx = Ca.
CC 231 I=1,NL1
231 QX = X + PLS % SSUS(1yd) * LELT/CELE #* AL(IN)
w—=—==RAD = LIGhT ABSCREBEC INTC THE LEMS
IFtJ <EQe NL&) RAL = QX
230 QLtd) = QLLJ) + C»
{=—==—_0ONG WAVELENGTF RACIATION EACHANGE IN THE LANMP
CC 245 I=1yNL4
X1l = C.
T = TLIID)
T4 = J*TeT=7
CO 240 JsIgNL4
IF(J +EC. [) GC TC 24C
T = TL{J}
CX = SSLT{lsd) * SIC * (T4 = TeT72T#T} % DELT
QL{J) = CLiJ] + §>
WXl = QX1 - GX
240 CCATIANLE
£45 GL{L) = QLI + Q)!
LCKG mAVELENCTE KACTIATILA FRCM LAMP SLRFACES IN TFHE RCOM
N = KR4 + ]
LS 2EZ I=NyMRE
Xl = Co
T = TR}
14 = T#T#747
CC £5C J=1,hRS
IF{J «CE. 1) CO TC z:C
T = TR{J)
QX = SSRT(L,Jd) * SIG % DELT * (T4 = 1#7+7x%7}
CRIJY = CRIJ) + CX
GX1 = Qx1 - Qx
259 CONTINUE
255 QRII) = CR{I} + Cx1
Ww—==={0NG WAVELENGTR RACIATILN FRCM LIGhTWEICFT PLENLM SLRFACES
IFINGF LEC. 1) GC TC z&&
N= NPl + 1
£0 245 1=A,hP4%
Gxl = C,
T = TP(T})
14 = T#T#T*T
CO 26C J=1:NP4
IF{J «CE. I} GC TC 2&C

[

Tk
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T = TP{J}

CX = SSPT{Isd) % ZIC % CELT % (T4 = 1272747)
QPIJ] = QPF(J) + G

CX1 = QX1 - (X

o6l CCONTIMUE
205 GPUI) = QPLLI) + Q)1
Zoab CCNTIMNLUE
I e CONDUCTICA EXCHANCGE EETWEEN LAMF SLKFACES
CC 275 I=1,ANLE
Xl = C.
T = TLIL}
CC 270 J=14AML5
GX = CCADUT ,J) * CELY & (1 - TLEJGD!
CXx1l = (X1 = QX
270 QLiJd) = CLtJ) + Qx
£T3 QLT = QLU + Q21
(m—==—CGRRECTING FGR LIGFT TRAASMISSICA
RAD = ITRANS * RACL
RACT = RALT + RA[ * XxLAMPS
CL{AL4G) = LL{AhL4) - RIC
L—=——==5H0RT WAVELENGTkR FADIANT EXCHANGE EETWEEMN FOCM LAMP SLRFACES
N = KR4 + ]
PUD = XLAMFS * RAL/(EFS * AR(ARS))
CC 277 I1=A,NRE
277 QR{I} = QRII) + SERSIMS,1) * FUL
Cew—==PL ENUM AIR SECTICA
IF(MCF .EC. 1) GC TLC 299
F = Ca
IF{KLF -EC. 4} F = FL{RnS
T = TSUPLY
IF(INCF LEQ. 3) #N[. (NCL LEQC. 1)) T = TRLCW
IF{INGP +EQe 3) oANDs (NCL oEQe 2} 1 = TLAMF
TPLAM = (T 2 F #» [ELT + TPLNM 3 (VPLAM = F * DELTI}I/VPLAM
iF{IF # TELT) GT. VFRLAKM) TELNF = 7

=m=e—=r INCING THE MEAN PLENLM AIR TEMPERATLRE
£l = (.
52 = Co.

CC 280 I=1,NP4
JuUP = HPELL) * APLII
51 = 51 + [UP
299 t2 = £2 + TP{I) #* CUF
83 = §52/51
FUD = 51 * LELT/CFLMY
TBAR = 32 + [TPLhM = £2) # {l. = EXF(=-FLCJ}}/FLL
L===—CCNVECTICN TG TrE FLEMUM 2IR
CPLAM = (.
IF{NP2 .GT. NPLl} CQPLAN
IFINP3 .GTa NP2} CFLAM
CO 282 1=14NP4
X = [T2AF — TPLIl} # FF{]) » APL]1) 3 [CELT
CPII) = CP{I) + >
CPLAM = CFLAM - Q2
232 CCATINLE
TPLAM = TRLNM + CFLANM,LFLAM
IF{NCF 4EQ. 3] QTCUT = CQTLUT + (TFLAM — TRLOM) # CELT * F * oL
IF({NCP JEJe 4} oAMI. IMNCL «EC. 1}) QRCLF = CRCGLM + (TPLAM - 7
LLELT * F = L0l8
Lw==—=SUPPLY AIF CCAVECTICH
IF{NP2 +EQ. NPLl) CC TC 2SE

CPLNM + CP(NPZ)
CPLANM + (F(AP3)

Hn

ie
] #



= TCS + (TSLFLY = 1Ls) % ZLC3
[T - T1DS)

T
SbSs =

TIN = TSUFLY -~

IF(NCL -ECQ. 3)
T + {TPLNY = T} » LLS/FCS
= TPLAM = (TFPLAM = T) = ALS # LLS5/LRFINFZ)

T0S =
TP NP2
298 CONTIN

)
UE

*# FDS # ACS #» Jelld
SCS/(FLCmS * LLULE % LELT)
QRCCV = oRCCM - (CS

L~====RETURN AIR CCAVECTICHA
EC. NPZ2) CC 1C 255

IFINPZ
IF{NCL

-

«EC. 21

IFINCL «MNE. 2)
T = TCR + (TT =
(T = TCR) = FCR # ALK = CELT

IT = QOR/{FLCwF * (18 * L[ELTY)
(TCUT = TRCLM} #* FLCWR # ,CLlE * [CELT

COR =
TOUT =

ZTQUT = CTCUT +
TDR = T + (TPLAM = 1} # LLR/hLR
= TPLAM = {TFLNM = T) #* ALR * LOR/(RF(NPZ)

TPINP2
235 CCNTIN

]
LE

TT = TLAMP
TT = TFCLH
TCR) * ICR

{=====LIGHTWEIGFT CEILING SECTICN
C. 1} GC TC 2&S
{—————CCNVECTICN TC THE RCCH

Zo4 T = TR{1l)

IF(N]L

CX1l = AR(])

<E

* HR(1) # LELT #(TRILF - T}

QROCM = QRCCM - (>l
L====—CCNIUCTICN ThRU TFE CEILING
0X2 = {7 = TP(l)) * CELT * (ANA(L}
CxXl = QX1 = GQx2
(—————RACIATICN TC THE FCCM SULRFACES

T4 = TaT#T31

CO 285 J=2,NR4

X = SSRT(1l,Jd) # SI1C # DELT # (14 - 1*#7*7371)

T = TR(J)
SRUJI = CRILJ)
<85 GX1 = QX1 - Qx

o

1= TP{1)
Téd = THTHT2T

DO 28¢&

J=24NF1

1= TPLJ)

GX = SSPT(lsd)

qPitdl
246 QX2 =

Cxl =

1FICARIL )

TR(1)

248 TR(1])
IP(1)
239 CCNTIN

L=——==TOTALS FCR CORRESPCALCING LAMP -

+

Cx

RACIATICN TC TFHE PLEMLM SURFACES

* SIC 3 CeeT * (T4 = 13T*T47)

= QP{JY + (2

Cx2 - Cx
{———=—SHCRT WAVELEMNGTF FACIZTICA, FEAT TCTALS, ANL IANCREM

* AP (NP2

= AF(NF3))

AENTATICH

GX1 + SS5RSUANRE,1) * XLAMPS *= RAC/(ERS #* AR(MREZ)}

LE

Y

.0C1) CC TC 2kg

TRELY + (CR{1) + QX1)/CAFFRILL]
TP(1) = TP(L) + (CP{Ll} + JXZ)/CAPK(1)
GC TO 28S

TREL) + (CROL) + QP(1) + QX1 + <xZ)/CAPRILI]

TR{1)

(——=—==MATCHLAG EGLATICANS »LET 2E INSERTLL

LLL2)
CL(3)
QL({4)
CL(6)
cLt7)
CL(8)
I TCTALI

=

hw d n

G

Lz}
LL(3)
GLia)
CLIb
L7
cL(gl

+

4+

+

QPIT)/XLAMPS
CFIBI/XLANMPS
CFISI/XLAMPS
CFLE)/XLAMPS
CF{SH/XLAMFS
CFLLIC)IZXLAMPS

THE ENERCEY TC LICGHFT TUEES Cr EULES

RCCM CR PLENUM 3SUFFACES
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PUC = FLCAT(NLL}
CC 281 I=1.AL1
241 QL(I) = CLUI) + (FCwER/PUC - PLE) * CELT
~-—ENERGY TC THE BALLAST
QLINLE) = QLIMLE) + PE * [CELT
C——==w==[NCREMENT ING THE LAMF SURFACE TEMFERATURES
DO &S5 I=LlyhL5
295 TL(I) = TL(L) + QLIL}/CAPLLL)
L====m—RESETTING ThE CCRFESFCNCING LAMF - RCCM Ck PLENUM TEWMPERATURES
wo=m==MATLRING EQLATILNE MLST BE [ANSERTEL

L%

PET) = TL(2)
1PLE) = TLIZ)
TPIG) = TLI4)
TP{el = TL(&)
TR{S5) = TL(T)

TR{10) s TLI3]
DELTT = DELTT + DELT
IF{CELTT LT« LT) GC TG 2C0
w=e===START CF THE ANChA=LLNIMAIFt SECTICM CF THE FRCGRAWM
TIME = TIME + CT
L==—==FINDING TFE MEAN CARFET TEMPERATLERE
IF{CAPRUG .LT. l.2) GC IC 3l2
T = TR{2)
PUD = C.
Cur = G.
CC 310 I=Nl,hEk4
L=—e~=—RADIANT COMPONENTS ARE LIAcARI[ZEL
310 PUC = PUC + 35RT(].2) % SIC # T#747
B0 211 I=h1l,AF4
TT«= TR(I])
311 DUP = CUF + SSFT(I,2) # 31C * TT#T7747T477
S1 = AR(2) #* KR(2) + CAhRLe + PLC
S2 = AR{2) #* FR(2) * TRCCM + CNRLC % TLR(zs1) + CLP + ZSRS(NRELZ)
L ® RADTI/{AR(NRS) * ERS) + QR(2)
53 = 52/51
PUD = 51 * CT/CAFFUC
TR{2}) = $2 « (T = £2) % {1, - EXF(-FLCJ)/FLC
TRLG = TR({2)
312 CONTIALE
w———-=CCNVECTION EXCHANEGE IM ThHE ROOM
CO 300 I=Al,NR2
GX = AR{I) * RR(L)} * LT & (TRCCM = TRi1)}
SRII) = QRILI} + CX
3u0 QRCOM = QRCCE - (>
LCNG wWAVELENGTF RACIATICN EXCZRANGE IN THE RCCVH
0C 325 I=M1.hF4
XL = C.
T = TRII)
T4 = T*T*T*T7
L0 32C J=I.NR4
IF{J .EQ. I} GC TC 32C
T = TRUJ)
CX = SSAT(I.J) *= SIC % CT *= (T4 - TaTaTHT)
CRIJ) = GRIJY + O
Cxl = QX1 = QX
540 CONTIMLE
325 QRIEI) = QR{1) + Qx1
(= LONG WAVELENGTH RACIATICN EXCRANCE IN TFHE PLEAUN
IF(NOP L EG. 1) GL TC 24¢
CC 345 I=hl,ANFl
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T = TPLI}
To = T4Ts7e7
DG 34C J=I,AP1
IF{J .EG. 1) GC TC 24¢
1= TF(J)
X = SSPT(I,Jd) * SIG * GT # ([4 - T#1#1%1}
CPLJ) = CF(J) + Cx
axXl = ¢x1 - G»x
340 CGNT INUE
345 CPUI) = CF(I) + Cx1
346 CONTINLE
G=—==—SHCRT WAVELENCTF FACIATICN EXCHANCE IN THE RCLM
PUD = RAGT/IERS * AR(MRSI)
CL 37C I=M1,NR4
Cx = SERS(NR5,I1) * PLIL

(==—==CGRRECTING FCR TRANSMESSICN THRU WIANLCAS
IF{l .GT. NR3}) CX = {x = AE25(HE
370 QR(I) = QRI(I) + Q>
—————kEZAVY ROCM SURFACE CCANCJCTION SECTICHA
(=====(ARPET CCACLCTICA
IFICAPRUG LT+ lo.) GC TO 44
GX = (TLR(241) - TRUG) * LT # CNRLC
QRUG = QR(Z) + QX
CR(Z) = =QX

TRLG = TRLG + QRULCG/CAFRLG
TR{2) = TLRI(2Z:1)
4J4 CCNTINLE
(=====SETTING BCUNGARY CCACITILAS
L=————EQUAT ICNS MUST BE IASERTEL TC SIMULATE ZCUNCARY hEAT TRAN
x2(1) = CP{1)
X(2) = QPl2)
M = ALE{3) + 1
X{3) =5 * OT = AR(2) » {Tk{(2] = TLRI(2,¥))
X{a) =,9 * CT # AFR{4) * (TR{3) = TLR{4;M))
e LAYER TCMPERATLRE CHAMGES
LC 41C [=Nl,NR2
M = ANLER(I)
h=M+ ]
PUC = CNRU(I)
{———BCUNKLCARY LAYERS ARE FILF A5 THICK, SC CCUELE FEAT VALLES
Q9fl) = (QR(I) + [ILR(1,2) = TR{I)) * CT * PLLI * 2.
SIN) = (X(I) + (TLRUTIsM) = TLeutlsh)) ¢ CT = AUC) % ;a
w=====CCNDUCTICN ANC INCREMENTATICA
IF{M .LT. 1.5) CC TO 43u
CC 42C J=2.M

1

x

[72]
n

K=J~-1
L=J+1
420 Q(J) = (TLRU1,K) + TLFR{I,L} - 2. % TLR({I,J4)) * CT * PLC

430 CCONTINUE

CC 44C J=1,M
443 TLRUL,J} = TLR({I+4) + QUJ}/CAPRL])

IF[{NCF LCT. la5) «ANCo (1 oLTe Z2.5)) TPUI) = TLRIL.N)
410 TRII) = TLRI{I,1]

IF{CAPRUG «CTe L1 TRI(2) = TRLG

(===—=CLONCUCTICN IN HEAVY FLEALM SURFACES
IF(NDP .ET. 1) GL TC 4es
{=——=—SETTING TRHE CCUNCARY CCACITICNS
L===—=MATCHING ECQUATICONS MLST dE INSERTEC FCR 2CUNCARY FREAT LCACS

CEILING ANC FLOCR ALREACY LONE IN THE RCLCM SECTICA
M = NLP(3)] + 1

%



X(3) = G % AF(3]) = (7 =
X(4) = .5 = AFP(4} = L1 =
=—===—LAYEF TEMPERATURE CHRANGES
LG 460 1=3,AP1
M = NLPLI}
N=¥23+1
PUD = CANP(I1)
=—==—=BCUNCARY LAYEKS ARE FALF A3
Qll) = (GPITI) + (TILF(I,2) -
QIN) = (X{I) + (TLP(I4¥) =
o——===CCANCLCTICN ANC INCRENMENTATI
IF(M «LTe 1le5) GL TC 4Z0
CC 470 J=24¥
K= J-=-1
L=4J+ 1
470 Q{Jd) = (TLPLI,K) + TLFiL,L)
430 CONTINLE
CC 49C J=1,N
420 TLPIT ) = TLPILI,u) ¢ CUJ)/
400 TPII) = TLPLI, 1)
445 CCNTIMNLE
wo=—=—=THE HEAT 10 LIGHTWEIZFT SLR
IF{NR2 .EC. NR2) CC 1C £1C
h = KNR2 + 1
GO &GS I=N,NR3
TRUI)Y = TRCCM + SRLTIZLARLE
539 GROOM = QRLLM + CF(1)
510 CONTINUE
(=—=—=HEAT TRANRSFER TFFL W IMACCa3
IF(NR3 .EQe NR4&) GC 1C 51F

M o= AR3 ¢+ ]

DO S14 I=¥F,NR& )
QROCM = QROGM + QFR{I) * L&
1+1./HCS)

5i4 TR(L) = (T0S * HCS + JRCCWM

5153 CONTIANLE
— TOTALS ANC CLIPLT
CTOUT = QTCUT + GQKECCH

("

S+ AT0§ =

£(2) = TLF(2,M))
RA3) = TLF(4,4¥))

THICwks SC DCLELE HEAT VvALLES
TP{131 % CT * BJC) # Z,
TLP({Lyn)) * LT * FUC) % 2.
Ch

= 2. % TLP(Llyd}} # 0T % PLS
CapPPI(1I]
FACES CCES TC TrRE RCCM AR
}o* FRII) * CT)

TRCC¥) * ARLT)

= HE(L))#(RCSE + KE(L))

# CT/{l./REL1}

L=====ENERGY TC RCCWM ANL TCTAL AS A $8CE CF RATEL LIGRTING

GX1 = CRCOM/IPRATE * [1)
CX2 = CTCUT/(PRATE * (T)

L=—===SLPPLY TEMPERATLKE CALCULAT
TSUPLY = TRUOM — CRCCM/IFLO
IF{NUMBER .NE. 4} .CL TC 838
WRITE(E,2C)

ICNS AFE VARIRELE
wnS * C1 » ,C1l8)

WRITE(€521) TINEZFINFLT,QTCUT, CRCCAAACT, TPLAM, TLAMP 40X 14042

WRITE(£,31)
wRITElE,22)
WRITELE,32)
WRITE(€522) (TLIL)s1=140LE)
WRITE(6+29)

(TRUI)s I=1eNRA)

p LTPLI)e1=14NP2Y

NUMBER = C

668 MNJUMBER = NUMBER + 1
IF(TIME LT. 23,93 GC TCL 189S
KOAY = NCAY + |
1IF{NCAY .CT. NCA¥YS) CL TCT 956
TIME = C.
€0 TC 19

546 STCP

END
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ABSTRACT

The purpose of this thesis was to develop a mathematical
model that could be used to accurately simulate the transient
transfer of lighting energy. The model was built around a
transient finite difference analysis of a building section that
was divided into many surfaces. The calculétion of radiation,
convection, and conduction heat transfer was done using basic
equations, but it was not oversimplified. The model was devel-
oped into a computer program and the results were compared with
previously published transient and steady state experimental
data, The computer predictions closely matched the experimental
data, both for steady state and for transient situations. The
predictions appear to be accurate enough and the model flexible
enough so that more complete analysis of the transfer of light-

ing energy can be accomplished using this model.



