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ABSTRACT

Experimental Comparison of Three Heating Systems
With Respect to Heat Distribution
and Thermal Comfort

Martin Auger

Heating systems were compared based on experimenis performed during two heating
seasons. Measurements of air temperatures, surface temperatures, air velocity, relative humidity
and comfort are presented. Results are interpreted in terms of heat distribution and thermal comfort
produced by three types of systems: a zone convector and two central systems (forced air and
hydronic baseboard) Recent studies on thermal comfort research are reviewed as well as recent
expenmenis on comparison of heating systems The building and instrumentation used are brietly
described. Sections cover air temperature distribution observed in space and time, temperature
gradients, and estimation of comfort indices (Predicted Mean Vote, Predicted Percentage of
Dissatistied). In the end, suggestions and recommendations are made for improving the design and

control of the three systems.
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CHAPTER 1

1. INTRODUCTION

The following study compares the indoor environment created by three different types of
heating systems installed in a three storey apartment building located in downtown Montreal.
Experiments were conducted during an entire winter season and consisted in the measurement
of the physical parameters important for human thermal comfort name¢ly, air temperature, surface
temperatures, air velocity and relative humidity. The three systems were gas operated: a
conventional forced air system, an hydronic system and a new type of modular system. The main
objective was to compare the thermal distributions created by the systems in a medium sized

bedroom of the building and to rate these distributions according to thermal comfort criteria.

The discussion is addressed mainly to persons interested in indoor environment, comfort

studies, design and analysis of heating systems and building science in general.




1.1 General Problem Statement

In general, it is important for humans to use the best means available to at least survive
and, far better, to live comfortably within a certain geographical area. in particular, for cold regions,
this implies two main components which are an enclosure and/or a heating system. Eventually,
there will exist the problem of finding what are the best type of enclosures and the best types of
heating systems. Information on this subject can be obtained from previous theories or by

conducting new experiments.

Looking at them closely, enclosures and heating systems become two intimately related
research areas. The number of ways these areas can combine in the field is staggering. When the
number of different buildings, heating systems, weather conditions and types of different people
are taken together, it becomes difficult to answer questions si'ch as: What is the best building
and/or the best heating system? There is a need to select ar efficient approach, be it empirical,

theoretical or a combination of both to solve this problem.

This report is an effort to address this general problem from the experimenta! point of view.
By describing and analyzing actual cases of systems working a building, it is hoped that interesting
insights are possible to be discovered. These insights are necessary to improve the design and

analysis of heating systems in general.

Within this experimental framework, two main steps were necessary to obtain results

necesary to compare heating systems as they were installed in the building.

There was the collection of a large number of experimental data on the enclosure and the
environment created by the heating systems in an apartment building. This first part meant
recoraing air temperatures, air velocity, surface temperatures and relative humidity during five

months of a winter season.
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Second, the results were processed to establish heat distribution and comfort created by

the systems. This meant studying the measured parameters to establish their time and space
variations as well as their likely effects on human beings. It included understanding the physical

meaning of the data as well as their implications on thermal comfort.

The general problem faced and treated by this report was to establish the behaviour of the
systems, to describe how they functioned, to rate their performance and to test their behaviour and
this, for real conditions of operation. The analysis is based on building environement studies,

building science and recent studies on themal comfort for human beings.

1.2 Chapters' Description

Chapters 2 and 3 respectively provide background information on thermal comfort research
and test facilities. Chapters 4 to 7 contain the results obtained from the tests performed. Chapter

8 summarizes the results and ways 1o improve the heating systems are suggested.

Chapter two describes the results from the literature survey which preceded the actual test
period. You will find information on the existing thermal comfort indices and more specifically on
the predicted mean vote index (PMV) used for the evaluation of global comfort. Local discornfon
and global comfort will then be discussed separately. The curremt standards on thermal comfort
(ISO DIS 7730 and ASHRAE 55-81) will then be reviewed. Finally, a review of previous

experiments on comparison of heating systems will be performed.

Chapter three describes the test facilities, instrumentation and the data acquisition system
used. Information on the building's envelope properties is provided as a reference It is included

to show the applicability of the results, and may be useful to compare the results with results from
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other existing facilities or to apply the results ‘or design or simulation work.

Chapter four includes a description of the general test procedure used and the describes
the distribution of outdoor temperatures obtained throughout the season for each system. As can
be seen in Figure 1.1, analysis of the data was performed either for specific cases or for the whole

season.

The case approach consists in studying only a few days in depth in order to draw certain

conclusions on a particular point of interest.

The long period approach (whole season) consists in pooling together a large number of
days in order to obtain general statistics and identify trends for the heating season. Note that the

"seasonal” distribution is actually a subset of the winter season surveyed.

Chapter four also discusses four important aspects: the cycling patterns ot each system,
the room temperature distributions and fluctuations created in the rooms, and the systems'
response to low initial room temperatures. Information is based mostly on air and surface
temperature measurements. The general idea is to describe how each system cycles in time as
a function of different outdoor conditions and to establish the influence of this cycling on room
temperature distribution. Also, it is important to verify how temperatures were maintained with

respect to thermostat settings and to find how fast the systems can warm up a cold room.
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SEASONAL OUTDOOR

AND '‘NDOOR TEMPERATURE

DISTRIBUTIONS
{subset of the actual
winter season)

chapter 4

chapter 4
-------- whole

season
chapter 4
jmemmone- 1 case

chapter 5

e 2 cases

chapter 5

[-=emesen 1 case

chapter 5

season

Temperatures Data

heater temperature cycling

1 case-|----plane temperature
distribution

temperature fluctuations

average plane temperatures
temperature setting maintained

transient warming

temperature profiles and
gradients
1 case-|----relation between
heater temperature
and gradients

temperature profiles
with door opened
(hydronic and forced air
systems only)

temperature gradients
distribution

relation between gradients and
outdoor iemperatures

calculation of PMV, PPD, LPPD
indices

Figure 1.1: Analysis Performed for Each System from Outdoor and Indoor
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Chapter five deals specifically with temperature profiles. They are discussed in terms of

two specific cases (mild and cold outdoor temperatures) and trends in temperature gradients'
magnitude are observed for the whole heating season (see Figure 1.1). A relation between heater

temperature and gradients is also mentioned.

Chapter six concentrates on air velocity, mean radiant temperature and relative humidity
results. This chapter is included separately since measurements of these parameters was not as
exiensive as for the other parameters but, establishing the relative importance of these parameters

was necessary for comfort assessment.

Chapter seven, is devoted to thermal comfort assessment. This chapter contains a section
on PMV index calculations and a section where measured parameters are compared with
standards' requirements for iocal discomtort. For the PMV caiculations, results from measurements
using a comfort meter and the values of our measured parameters are compared. For the
comparison of the results with the standards, a table summarizing the relative performance ot the

systems is shown.

As can be seen, the study first describes the physical behaviour of the systems (chapters
4 to 6) and later links this aspect with the thermal comfort aspect (chapter 7). Recommendations
are being made in the end (chapter 8) 1o show how the systems could eventually be improved in

their design when both of these aspects are related.



1.3 General Remarks

The particular limitations of field measurements should be taken into account when the
results of this study are examined. As mentioned earlier, a large number of parameters could not

be controlled or modified (e.g: weather variations, neighbouring buildings).

However, as far as possible, measurements were screened extensively beforehand to
establish or limit the uncertainty created by these parameters on the results. Nevertheless, due to
physical fimitations, a certain level of uncertainty had to be accepted in the end in order to limit the

scope of the research.

in this sense, the text contains either a verbal description of the numerical results obtained
or interpretations of the phenomenon observed. Since interpretations are often subjective, it was
tried as far as possible to make them correspond to the information available. In certain cases,
however, due to the complexity of the field situation compared to the available information, certain
assumptions were made based on personal experience and results from similar studies. Some

results and their interpretation can still be debated until more tests are available.




CHAPTER 2

2. REVIEW ON THERMAL COMFORT RESEARCH AND COMPARATIVE STUDIES

This chapter describes the fundamental principles as well as the theoretical and
experimental background on which the present study is based. The material presented was
gathered for a literature review made at the beginning of the project and was used in the

preparation of the experimental set-up to identify the type of experiments to be conducted.

The review is divided in three main sections. The first describes the selection of a thermal
comfort index for global and local thermal discomfort. The second compares the cumrent standards
on thermal comfort. Finally, the third section reviews the experiments done up to now on thermal

comfort for rooms equipped with different types of heating systems.

The original literature survey dealt with the same topics but with more detail and also
covered other aspects such as energy conservation and the experimental procedures for evaluating
thermal comfort. The summary presented here does not include as much detail and is a shortened
version intended to cover only the most important aspects. Readers familiar with thermal comfort

studies may prefer to go directly to the iast section of this chapter.



it S

2.1 Evaluation of Thermal Comfori

The study of the indoor environment in terms of thermal comfort can be divided in two
groups with respect to the level at which the subject is dealt. First, for global comfont, an index can
be used to describe globally or generally the thermal environment. The index provides a rating of
the environment on a scale. This rating can be used to decide if the environment is acceptable or
not. Any index is limited by the number of variables it incorporates, there is a possibility that other
factors which are not taken into account will produce discomfort. Therefore, there is a second level

of inquiry aside from global comfort which is local comfort or what is better known as local

discomiont.

Inthe next two sections global comfort and local discomfort are treated separately. Indices
available for global thermal comfont are described first. More emphasis is put on the Predicted
Mean Vote (PMV) index and the Predicted Percentage of Dissatistied index (PPD) selected for this

study. The second section lists and describes important local thermal discomfort problems.

2 1.1 Global Thermal Comfort

Thermal comfort studies have been conducted since the beginning of the century. The
efforts of many researchers were focused towards establishing an index or a scale to measure
objectively and globally the subjective response of humans to their thermal environment At first,

these studies concentrated on direct and empirical indices

Direct indices are derived from the behaviour of instruments which respond to the same
thermal variables as humans. The readings from those instruments can be used as an index when
these are correlated with the corresponding human response to the same variables Examples of

direct indices are the dry and wet bulb temperatures [1]
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In order 1o improve predictions, empirical indices were later developed. Empirical indices
are obtained by systematically exposing subjects to different sets of thermal variables and noting

their response [1].

Empirical indices include more variables than direct indices and the variables are selected
to represent the different possible thermal environments likely to occur in the type of conditions
for which the index is developed. Examples of empirical indices are the "effective temperature”
developed by Houghten and Yaglou in 1923 and the "predicted four hour sweat" rate by MacArdle
(2]

Empirical indices can be of great use to predict thermal sensations but they do not take
into account the physiological mechanisms which produce these sensations. They require extensive

experimental studies with subjects before results can be used.

More recently, rational models of human thermal response have been developed based
on the heat transter mechanisms of the human body with its surroundings. They allow to evaluate
comfort without requiring subjects testing. Although other rational indices exist, in the following, the
Pierce (Gagge) two-node model, the Kansas State University mode! (KSU) and the Fanger mode!

are discussed briefly.

PMV and PPD Indices (Fanger Model)

The Fanger comfort model [3,4] is based on the "Comfort Equation” published in 1967 by
Fanger. This equation is obtained by writing the heat balance over a human body taking into
account the basic heat transfer modes of internal heat production (metabolism), work, heat losses
by evaporatior: and respiration, conduction through clothing, radiation and convection. For the body
to be neutral, the heat that is produced or gained must be equal to the losses with no heat stored.

When this condition is not met, discomfort occurs. Negative heat losses indicate cold sensation.
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The energy balance for a human being is written as follows at steady state:

S=M:tWzxtR:CtK-E-RES

where Heat storage or load

Metabolism

Extemnal work

Radiation heat exchange

Convection heat exchange

Conduction heat exchange (through clothing)
Heat loss from sweat evaporation

Heat exchange by respiration

=20

IMXOD
m
w

There are separate equations for each term in the heat balance eguation and each term
can be calculated separately in terms of air temperature (Ta), mean radiant temperature (Tmr), air
velocity (Va), vapour pressure or relative humidity (Pa or Rh), metabolic activity (M) and clothing
insulation (icl). Work (W) is a measure of the frictional losses due o body movements and can
usually be taken as zero. Other variables are necessary to take into account the features particular

to the human body (shape and clothed surface) and can be obtained directly from graphs.

In the heat balance equation, the expressions for surface temp rature of the skin and the
rate of body sweating had to be established. It was Fanger who quantifi=d their linear relationship
with metabolic activity using tests on individuals in tests chambers. This made possible the
calculation of the heat balance equation using only six variables. When all six variables
(Ta,Tr,va,PaM,lcl) are known, they can be introduced in the comfort equation to calculate the

magnitude of the thermal unbalance.

The magnitude of the therma!l unbalance is of no practical use # it does not reflect the
relative effect of a thermal unbalance on comiort which is a subjective evaluation In order to

accomplish this, a series of tests on thermal preferences o! subjects was made in controlied

conditions.
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The index thus derived is the predicted mean vote (PMV). It is expressed as follows [3]:

PMV=(.3036°"M 4.0276)'S

PMV gives value over the following thermal sensation scale:

PMV Sensation

+3 hot

+2 warm

+1 slightly warm
0 neutral

-1 slightly cool

-2 cool

-3 cold

The PMV index provides a rating for thermal sensation but is not suificient in itself to

assess indoor environments. A given value of PMV does not explicitly indicate how most people

will find indoor conditions except at the extremes values (cold or hot). The PMV index does not

include the natural variations in thermal sensation found for different individuals within a group.

Personal differences in thermal acceptance can be caused by tactors such as age, sex, race or

climatic adaptation.

Another index, the predicted percentage of dissatisfied (PPD), can be used to include

these factors. The PPD uses as a criteria for comfort that the PMV should lie between +1 and -1

(slightly warm to slightly cool). Within these limits, serious discomnfort does not occur.

The PPD is in fact a curve of the distribution of dissatisfied as a function of PMV. As can

be seen in Table 2.1, even at PMV of zero, there will always be a 5% of dissatistied. The best a

heating system can do at any time is to satisfy 95% of the people present.
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Table 2.1: PPD as a function of PMV

PPD
Cold Warm Total
PMV
2.0 76.4 0.0 764
-1.0 268 0.0 268
-05 9.9 0.4 10.0
0.0 25 25 5.0
05 0.4 98 10.2
1.0 0.0 264 264
2.0 0.0 757 715.7

For evaluating the overall thermal environment in a room, another index, the lowest
possible percentage of dissatisfied (LPPD) index can be used [3]. The LPPD index is calculated
using the average value of PMV calculated or measured at different points in a room. Then, the
points PMV’s are corrected by subtracting the room average PMV from their value and the
corresponding PPD values at each points are then caiculated. The average PPD for the room

obtained from the corrected PMV values corresponds to the LPPD value for the room.
In the comfort equation, the six variables for comfort have a different importance in
influencing comifort. For further discussion on the relative importance of each factor, refer to

Fanger's Thermal Comfor [3].

Other Rational Indices

Let us mention here two other rational models which have been developed after Fanger's
model. These are the Pierce (Gagge) Two Node Model and the Kansas State University Model
(KSU). Other models exist that consider more variables and nodes to represent human heat

exchange but the discussion of these other models is beyond the scope of the present study
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The Pierce two node model [5] was proposed in 1970 by Winslow, Herrington and Gagge

from the John B. Pierce Laboratory of New Haven. The model was developed to ameliorate the
original effective temperature scale (ET) developed by Houghten and Yaglou in 1923 without
repeating the long series of extensive test formerly done. The original ET overestimated the effect
of humidity in cool and neutral conditions and underestimated its effect in warm conditions. Also.

it failed to represent the effect of air velocity in hot-humid conditions.

The Pierce model represents the human body as consisting of two concentric
compartments, the skin and the core. Each compartments having its own thermal charactetistic.
It incorporates the fact that skin temperature is a good indicator of thermal sensation and comfort
in cold environments. At conditions where sweating occurs, skin wettedness is better for assessing

discomfort.

The energy balance used by the Pierce mode! provides an expression to evaluate the core
or skin temperature at any instant given initial conditions. The model also predicts the rate of
weight loss and skin wettedness. The prediction of thermal sensation is done by converting the
environment to a standard environment where a subject would have the same skin wettedness,
skin temperature and heat transfer rate. The expression for core and skin temperature are given

in integral form.

The KSU model (KSU) [5] was published in 1974 and improved in another version in 1877.
The model is the same as the Pierce mode! except that the equations for sweat rate and blood flow
are different. Also, it predicts the thermal sensation directly without the need to convert to a
standard environment temperature. The thermal sensation equation is ditferent whether the

environment is cold (Tggps-) OF warm (Tgepst)-

The three rational models consider similar variables and equations in their prediction of the

thermal behaviour of humans. For example, the Pierce model uses the same expressions as
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Fanger for calculating respiratory ksses. The expressions for radiative and convective losses are

also the same except that they are combined to obtain the definition of the operative temperature

A comparison of the models made by Berglund [5] shows that the models agree in their
prediction of thermal sensations when compared with Gagge and Rohles’ subject studies However,
the models agree better for conditions near thermal neutrality, and their predictions will diverge with

respect to one another as the thermal conditions are more severe.

The field studies contrary 1o the chamber studies have shown that the neutral temperature
is affected by both the general thermal experience of the subjects as well as by the outdoor
temperature. The general thermal expenience is related to the conditions in which the tests are
performed, for example factory work, tropical climate, etc. Also, due to the different rating scale
employed, results of field measurements have shown discrepancies between the predictions of the

different models as mentioned by Mcintyre [6]

Since we are interested in moderate thermal environments, the use of Fanger's model will
not introduce signiticant errors in the assessment of thermal comfort Also, Fanger's mode!l has
gained more acceptance since it can be readily used by consufting tables while the other two

require computers 1o calculate the equations which require numerical integration

There is no dispute however that rational indices have a greater accuracy than the direct
and empirical Indices for the amount of subjects testing they require Fanger's mode! has been
incorporated into an equipment (PMV-meter) which measures the environmental pararneters
(Ta,Tr,vVa) and gwes the comfort temperature, PMV and PPD The measurement of comion can
be better assessed with a comfort meter since the human heat exchanges with the environment

can be simulated directly.

The PMV, PPD and LPPD indces are therelore the necessary and suthcient 100ls 10

respectively predict people’s thermal sensations. determine the predicied percentage of dissatishoed
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which is expected to result from these conditions and finally assess the thermal uniformity in rooms.

2.1.2 Loca! Thermal Discomfort

Local thermai discomfort is another important part of thermal comfort. It deals with specific
comfort problems not necessarily incorporated in the comfort models and their related indices. The
thermal neutrality on the PMV scale is not a complete guarantee of a persons comfort since the
physical factors (Ta,Tmr,Va,Rh) can be combined in such a way that PMV is zero while in fact, the

conditions for the subjects are uncomfortable due to local discomiort problems.

Most important problems of local discomfort include asymmetric thermal radiation, draught,
vertical air temperature differences and warm or cold floors. This aspect of thermal comfort will be
reviewed and most of the discussion presented here can be found in summary works by Olesen

[7] and Fanger [8].

Asymmetric thermal radiation

Asymmetric thermal radiation is caused by surfaces which are either colder or warmer than
the rest of an enclosure. It is usually caused by cold windows, badly insulated walls or heated

ceilings or walls.

Asymmetric thermal radiation can be calculated using the difference between the radiant
temperature on either side of a plane element [7]. Vertical asymmetry is calculated for a horizontal
plane and horizontal asymmetry for a vertical plane element. The asymmetry is calculated using

angle factors between planes or angle factors between human beings and planes.
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Draught

Draught is an important cause of local thermal discomfort in ventilated spaces and especially
during cooling periods [7]. Draught is defined as an undesirable local cooling of the human body.

it occurs mostly in ventilated spaces with high air velocities or in spaces with high air infittration.

Sensation to draught is dependant on air temperature, air velocity and its fluctuations. Studies
have been done by Fanger and Pederson to establish the effect of constant and periodically
fluctuating air movements on comfort [8]. These studies showed that constant air flows are more
comfortable than fluctuating ones. However, the actual air fluctuations found in the field are

stochastic in nature and not periodical as assumed in the study.

Verttical air temperature dilferences

The differences in air temperature between the floor and ceiling can be an important cause
of local discomtort. Because of buoyancy, hot air tends to stay closer to the ceiling This effect is

particularly undesirable since feet are the first 1o be sensitive to lower temperatures

The important levels for comfont with respect to vertical arr ternperature differences are the
ankle level (0.1m) and the head level (1.1m) Venical temperature differences between these levels
can be up to 3°C for people performing sedentary work At this value there is a predicted 5%

percentage of dissatistied [7]

Warm or Cold Floors

Local discomfort can also be caused by 100 hot or 100 cold fioors  This is in fact a8 type of
local discomfort more important when dealing with radiart heating systems Usually. for a relatively

well controlled and insulaled room, these problems will not arise



—— B - Lt O R TTET ERTTR U R R R AT

18
The above list of local discomfort factors now completes the list of important factors to be
considered for a thermal comfort study and should be used with previous section on thermal

comfort indices.

A few more remarks on some points which relate more specifically o field rese arch should
be made. Some of these aspects are discussed before finally ending the discussion on comfort

indices and local discomfort.

There are a number of ways 1o establish thermal comfort and results are often dependant
on the methods used. For example, the outdoor temperature experienced before a person enters
a space can strongly affect the neutral temperature required for that person. This is partly due to
the fact that there is a behaviourial adjustment made by the person to the prevailing conditions
(e.g.: change of clothing, thermostat modification) These ditterences may have serious implications

on the cornfort criteria for design and control of HVAC systems.

Indices used to evaluate thermal comfort do not necessarily quantify the same aspects of
a person’s sensation. For example, using the method of dirict determination according to Fanger
shows no ditterence in preferred temperature with respect to age, race, sex, season or thermal
experience. This is not the case for chamber studies [6). The effect of the above mentioned criteria

deserves more attention.

Additional studies remain to be done on the impact of thermal comfort on work
performance and productivity [8]. The research In this area Is not straightiorward since the effect
of the thermal environment is difficult to dissociate from other environmental factors (lighting,
colours, indoor air quality). Also, the working environments can influence thermal sensations and
this Is why some differences are expected to occur between actual sensation of persons and the

comfort levels predicted for them.

In the next section, a review is made of the current thermal comfort standards. In the
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analysis of the data, this section and the next will be used for comfort assessment.

2.2 Standards on Thermal Comfort

Because of the extensive studies done on thermal comfor, various associations have been
able to set limits and guidelines for desirable indoor conditions. These rules and guidelines are

intended for designers of HVAC systems and authorities to evaluate or predict thermal comfont In

different situations.

The two most widely used and recognized standards on thermal comfort are the ISO DIS
7730 " Moderate Thermal Environment-Determination of the PMV and PPD Indices &ng
Specifications of the Condttions for Thermal Comfort-1984" [9] and the ASHRAE 55-81 "Thermal

Environment for Human Occupancy " [10] standard The requirements of each standard are listed

in Table 2.2.

The 1SO standard is based on the works of Fanger It uses the PMV and the PPD as a
measure for design and analysis of giobal thermal conditions. Local discomiort is aiso treated for
temperature asymmetry, temperature gradients, draught and cok! floors The same points are aiso

treated in the ASHRAE standard

The ASHRAE standard is based on the two node mode! of human thermoregulation
developed by Gagge and the effective temperature 1t also includes the results of Fanger when the

limits for operative temperature are set on the psychrometnc chan

The desired values in terms of humidny range. air movements ‘rmparature Cychng and

drifts are only implicd in I1SO 7730 The correct PMV 15 assumed 1o be w.« "t for the comfon of
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those parameters. If the PMV is in the desired range when any of these variables is considered

then the thermal climate is satisfactory.

The operative temperature ranges recommended by both standards are comparable. For
the ASHRAE standard, it is between 19.5°C and 23.6°C for sedentary, winter conditions. For ISO
it is between 20°C and 24°C for the same conditions.

The standards are often more conservative to insure that the thermal environments will be
acceptable. Even though the maximum PPD is fixed for the ISO 7730, the combined effect of the

local discomfort parameters guarantees only a minimum PPD of 20%.

Most of experimental setup was designed to accommodate the requirements of the
standards, but some differences occurred since measurements were not limited only to the points
recommended in the standards (occupied zone). In this way, both comfort and the physical

behaviour of the systems could be considered in more detail.




Table 2.2: Summary of ASHRAE and I1SO Specifications for Winter Conditions

Criteria ISO [9]

Indoor Such that PPD < 10%

Temperature or -0.5 < PMV > 0.5
or 20.0 < To > 24.0

Relative PPD < 10%

Humidity

Air Movement

Mean Radiant
Temperature

Temperature
Cycling

Temperature
Ramps or
Drifts

Vertical
Temperature
Gradients

Radiant
Asymmetry

Floor
Temperature

average Va < 0.15 m/s
PPD < 10%

Time weighted average
ot PMV and PPD is
within limits for

indoor temperature

Same as temperature
cycling

Less than 3 °C
between 0.1 m and
1.1 m levels

ASHRAE [10]

19.5 < To < 23.0, Tdp=16.7
20.2 < To < 24.6, Tdp=1.7
(comfort zone)

20% 10 80% but within
To comifort zone

Operative temperature
kept in comfort zone

For peak to peak variation
> 1.1 °C, temperature
change must be less than
2.2°Chour

Rates must be less than
0.6°C/hour with To less
than 0.6°C outside of
comfort zone and for
less than one hour

Less than 3 °C
between 0.1 m and
1.7 levels

Horizontal 10 °C maximum

Vertica!

from 19°C o 26°C
up 1o 29°C for floor
heating

smesccacssssncanencccsnanne

: 5 °C maximum

from 18°C 1o 29°C

21
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2.3 Previous Studies on Comparison of Heating Systems for Thermal Comfort

Previous studies which aim at comparing different systems for thermal comfort are ditferent
from this study for two reasons. The first reason is that most of them compared the systems in
steady state conditions. Second, in most cases, the test facilities were "ideal" environments

produced by environmental chambers and considered only one zone or room.

It is therefore possible to compare results with these studies in terms of the effect of
transient conditions. The outdoor temperature varies over the normal range found in a heating
season and there is an effect of all weather related parameters such as solar gains and infiltration
rates. The effect of having adjacent zones is another of thess factors which have a cyclical and

repetitive nature on the enclosure.

Recent climatic chambers studies as well as field studies are listed in Table 2.3 and their
results appear in Table 2.4. The measured parameters, the heating systems as well as the aim of

the experiments and where the tests were performed are shown.

The first experiment was described by J. Hannay et al. [11] and was conducted in a
climatic room at the University of Liege, Belgium. The aim of the experiment was to measure the
conditions governing thermal comfort and relate them to energy consumption for different heating

sysiems.

The second experiment was conducted by Olesen et. al in a climatic chamber at the
Technical University of Denmark [12). Again, the aim of the experiment was to compare thermal

comfort and energy consumption in a room heated by different methods.



R b et

mquv‘ e

23

Table 2.3; Heater Comparison Studies
Study Reasults
Hannay -no major discomfort for systems (PPD<10%)

~tamperature distr. not influancad by 1nfiltration
-no radiation discomfort for well insulated surfaces
-problems of compensation of window downdraft
-class1f. of systems not sama for comfort and anergy

Olasen

-all systems producad uniform environmaent (PPD¢12%)

-vartical temparaturs gradients less than standard

-rsdiant temparatura asymmatry less than 3.5 K

~highar radiant asymmatry with highar infiltration

-maan air velocities less than 0.2 m/s

-subjact rasponse indicates comfort problems with
radiator

Berglund

-thermal sansation of subjects similar for all the
systams evan though tha systems produced different
air and ragdiant temperatures
tharmal acceptability of 98X baseb. ,88X forced air

Michaels

~forced air distribution 1s bast with floor registers
-problem of high outlet temparatures, low outlet

velocity, high discharge levels (rad. & fan heaters)
-1sotharms plotted for the systams

Rohlas

-di1fferent thermal sensation for similar temperature
1ncreases
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Results of Heater Comparison Studies
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The experiment, performed by Berglund et al. [13), was different from the ones mentioned
above in its preoccupation with the control system Its purpose was to show the eftectiveness of

using the operative temperature as a single input for to controf the systems studied

The following experiment described was performed on heating systems instalied n aclual
dwellings in Melbourne [14] The experiments concentrated mainly on the temperature distnbution
obtained from ditferent heating systems as they were used by occupants For each system studied.

temperature distributions were determined by recording temperatures through a verical section in

a room.

The last experiment, conducted in Japan by Rohles et al [15] used human subjects in
measuring the comfort-producing effectiveness of space heaters dunng transient warming Tho
tests were conducted on three ditferent type of heaters, two of them produced natural convection
and radiation while the third was with forced convection only For transient phenomena, the type
of heating system was found to be an imponant factor and the salistaction of people tn irgnsient

warming 1s not dependant only on the rate of air temperature increase but also local discomion

considerations

All the studies described above have indicated that for local discomion. the type of heating
sysiems used 1s of signdicant imponance On the whoie, systems dd not procduce the sama type
of environment close 10 the main heat source For global or room comion systams performance

vare similar

A few other impontant research aspects can be mentioned brietly before conciuding The
studies described above conr.emrated mainly on comparison of heating systems in onmrolied
conditions and one rone only In acamon 1o the 1acCiors considered N those studiet suMme
consxderstion must be gven 10 the eftect of iMer 7one convecive haat exchange arvd dired tolat

rad:ation entering the buiding
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For inter-zone heat transfer, the estimation of the adjacent room temperatures is
necessary and depends on many factors. if the room Is surrounded by interior zones only, it
can be assumed that the temperatures everywhere will remain fairly constant. If some of the
adjoining rooms are perimeter rooms, the problem is more complex. !t is likely that important
convective heat transfer will take place between different zones.

Inter-zone convective heat transfer research has been reviewed by Barakat (16]. The
factors influencing this phenomena are the temperature difference between rooms and the
pressurization caused by mechanical systems.

The influence of inter-zone convection is determinant in analyzing or predicting the
thermal performance of buildings. The pure natural convection cases have been studied more
extensively. Work in this area is still in progress to account for multi-zone configurations, special

boundary conditions and combinations of mixed, natural and forced convection heat transfer

[17).

Another important factor in determining the indoor conditions is solar radiations.
Giaccone and Gianfranco have used a computer simulation to calculate thermal comfort maps
to show the influence of the internal distribution of hourly radiation on thermal comfort [18].
Solar radiation can be considered as uniformly distributed on all room surfaces or, as is the
case in nature, a light beam travelling within a room. The two methods will show great
differences in their estimation of thermal comfort.

Inter-zone convective heat exchange and solar radiations are only some of the factors
to be considered in a building and many more studies should be mentioned in the present
context. For example, there is the combined effect of weather related parameters (humidity,
wind velocity, solar radiations etc.), occupants' living habits (daily changes, activities performed
etc.); seasonal changes in envelope properties (due to snow cover, ground freezing, thermal

bridges), floor to floor conduction and convection; neighbouring buildings’ influence and so on.
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2.4 Summary of the Review

This review has provided necessary elements which can be used o analyze the problem

of comparing three types of hewating systems for thermal comion and some examples of

experiments done in the field.

The sections on human therma! comfort (2.1 and 2.2) will be used as a reterence In

chapter 7 to establish the performance of the systerns for giobal comfort and local discomfon

The last section on previous experiments (2.3) will be used in chapters 4 to 6 to compare
results with those of other studies Since few of the above studies had the exact same

experimental conditions as this one, the results will be compared whenever possible
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CHAPTER 3

3. TEST FACILITY AND INSTRUMENTATION

Although this section is mainly a description of the test facility and instrumentation, it
includes some calculations and a certain amount of data analysis which was required for the
determination of thermal loads and instrumentation accuracy. The aim is to describe where and
by what means the data were collected and mainly to cover aspects which will be necessary in the

following chapters.

There are five parts describing: the building's location and climate, the building's envelope
properties (thermal loads and inter-zone heat transfer), the heating systems {specifications), the

data acquisition system and finally, the instrumentation used for the tests.

3.1 Location and Climate

The three storey apartment building studied is located in the center east part of downtown
Montreal (45°30'N, 73°35'W) on a nerth-south street in a residential block of similar buildings The
buildings in the block are grouped in two rows separated by a small service alley (see Figure 3 1)
Most buildings in this zone are similar to the one studied in size (lotal of approximately 300m’ of

habitable space), the number of tioors and the presence of two side walls common with




neighbeuring buildings.

The climate surrounding the testing site is dominated by weather conditions characteristic

of the eastern part of Canada and by the micro-climale due to the urban location of the bulkiing

The winter climate of the Montreal region Is characterized by average daily termperatures
of -5.7°C, -8.7°C and -7.5°C for the months of December, January and Fabruary respectively for
data collected over a thirty year period at a downtown weather station {19] Extrome lows of 33°C
and highs around 10°C were also observed for these months i is also not uncommon 1o find two

consecutive days with outdoor temperatures oscillaling near these extremes

The 97.5% design outdoor temperature recommended by ASHRAE s 23'C [1] and the
number of degree days is 4471 [20] The concentration of buikdings near the she will influence
these general statistics and shghtly warmer tempe:2tures will be cbserved due 10 the presence of

heat sources from neighbouring buildings




<

Building

service lane

Street
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3.2 Bullding Layout and Envelope Properties

The envelope of the building had been improved belore the beginning of the test penod
since the original building dated back to the beginning of the century and needed somo
improvements. Most of the renovations consisted in improving the insulation levels in order 10 bring
them to modern standards and some modiications were meant {0 improve the layout of the internat

divisions.

The renovations were carried in a manner considered 10 be lypical of average currem
renovation practices in the sense that the changes in the envelope properties did not aim a!

creating a model building with state of the an techniques

The elevation and fioor plans appear in Figure 32 The building has a narrow facade
{7 6m) wide, and in depth i occupies most of the 30m deep tand with g 21m depth The tirst gng
second floors’ plans are shown wnh the locations of the tes! roorms used for this study The secorud
floor was similar 10 the third 11007 1n terms of room locations The tast rooms are reforted hete an

“comiont rooms” Their exact dimensions are descnbed later in the instrumeniation secton

Rooms are cated mainly at the fron ang on the nonh sxde of the buiding with the lving
room and kiichen located in a common space inthe comer Most rooms were complete!y Turniehod

The basement is a parially excavated unfinghed space with hoght varying from 1 1o 2 meters
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A general summary of R-vales 10r the different envelope COMPOnents Surrounding the tes!

rooms appears in Table 3 1. A percentage of error indcates and refiects the ditterences between
the planned and built work, and the properties of old matenals which remaining from the onginal

construction. Refer {0 appendix A for a more detailed descriplion of the surfacos andg their U vakioe

calculations

The relative location and name of the envelope components surrounding the “thormal

comiort rooms™ are shown In Figure 33 The names for the suriaces wil be used consisiety in

this study

The R-values of the envelope can be compared with some values suggested for Cokd
chmates (5000 to 6500 degree days) by the Canadian Morigage and Housing Corporation {20
Reference 32 suggests mmimum RS! values between 28 and 3 0 1or extenor walis and m o
case, values between 2 2 and 2 8 were cakulated For roofs minimum vakies between 4 6 arx)
50 are recommended and values between 4 8 and 58 were caiculaled Thetetore thete two
IMponant extenor envelope CoOMPONENts Can be $3:0 10 bo 8! relaltvely average lo.c's ot naytator

as mentoned earhier

Table 3 1 Summary of Surtaces U values

Sunace i value  Feumated | e
st (%,

E xtenor Wali 2 445 16

intenor Wali 0 403 8

Baok Wall 0 40) ]

Newghbnur W al 1 4% 6

Floor (1e!, cevs 3

Floor (2 3 1678 o

Cetling (3rg, £17¢ 8

Window ‘gians 0 441 .
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Based on the envelope’'s propenies, the thermal loads were calaulated 1or the comion
rooms only. The loads were caiculated to compare the first and third fioor and 10 evaluate how the

heating systems were sized with respect to demand

Results from thermal loads caiculated for the two comfont rooms appear in Table 3 2
These calculations are not meant 10 be used as exact reference Room loads 10 the third tioor
room are approximately 40% higher than on the first floor Note that infiltration rates tor each fioo!
are based on average results from tesis made by another research group using tracer gas method
[21] The calculation at the design outdoor temperature on the tirst tioor 1s Qifferent from the
caiculations at the other outdoor temperatures (lable 3 2) since for dessgn condiions 8 2°C
ditference in temperature between room and basement was iaken Standard assumpiions have

been made

Table 32 Conduction and infittation (senssble) Rooms Load Caicutations

Qutdoor Room Load (Watts;
Temperature
(*Cj 18! Fioor 3¢ F oot
21 0 0
11 190 310
1 a8 830
-11 570 955
-19 760 1270
-29 950 1900
-23 (Cesign)’ 964 1474

* Inchudns WRtrgtior. (senetie, 8 condict nsen PFPRW Wk habed

on 87 Change Do how (08 8% by Po bra! frur ot ' G arh i et Bue
INGOD! WMoerstree 8t 210 Londuttr Priagt enerw swrteme sy Lamg-
oo or Wyt oo wuiuiee 0 AMwerne rteee e el LARecvw
Wwreerstree

Note that room and floof et e GMeere boaryg rvr Calanated r 1t care we)

Results 10 OO 0T (BIUISION Dy 377150 Pl ot lved ¥ 170 (#1907 Howed Tha' 'w trra
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design load on the first floor was 40% higher than on the third floor [22]. R-values obtained by the
two groups were similar. However, the other group considered the basement and the first floor to

be one zone when floor loads were calculated.

To calculate the floor loads on the first fioor, the basement losses must be considered.
They are not considered when room loads are calculated since the basement is maintained at a

high temperature (close 1o 20°C) by the fumace of the forced air system.

Approximate calculations of the magnitude of heat transfer with adjacent zones by
conduction was estimated and the results are shown in Table 3.3. The ratio of all the heat losses
of a thermal comfort room to the adjacent zones over the total room losses of the room was

calculated for each floor.

The percent of the load which could be attributed to the heat exchange by conduction
between the comfort rooms and the other interior zones can be as high as 20%. This maximum
percentage is less important for the third floor (10%) compared to the first floor (20%) and, at low
outdoor temperatures the percentage of heat transferred between the rooms and the interior zones

is smaller (4% to 9%).

It these calculations are used to represent the actual situation occurring in the building,
then inter-zone heat transfer may be said to have a significant effect on rooms thermal balance.
This influence is sufficient to bring room loads to similar values on both the first and third floor. The
lower temperature of the basement can, for example, augment losses from the first floor room to
values similar to those for the third floor room. In this case, the difference between loads on the

two floors would be less than the 40% value mentioned above.
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Table 3.3: Estimated Percent of Inter-zone Losses for 1°C Ditterence Between Room and
urrounding Internal Zones

Outdoor (Intertor Zone Losses)®
Temperalure ~ eemeeeseeeessesien
(°C) (Total Room Losses)
%
18t Floot 3rd Floor
21 100 100
1 33 18
1 20 10
-11 14 7
-19 10 5
-29 9 4

* Intenor zones arcund the rooms were assumed 1o bo 8! 20°C commpared 10
room at 21°C Intenor zones are remamning of the apartment seoond Roor
neighbours and the basement for the Arst floor room

For the case of an actua! building establishing the complete heal balance s 8 very dficut
task and in the above, simpidied calkculations were made for heat exchanges in order 10 oblan o
relative value for the loads and the effect of iMter 20ne conduction It was tound thatl room loads
for the third floor can be up 10 40% higher. but with inter-zone conduction 1his difterence can be
smaller The caiculations were necessary 1o later explain some of the dfferences that may occur

between floors when systems are compared on dtterem 10018

3.3 Heating Systems

As mentoned eartier 1 lerme of the MEChanca! (HMOCe e of 1Yo tuikdry the'e moeo

three dterent types of hesting sytiomte studwd torced 8 hydrof and Muduis’ eytioma = e
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following, the technical characteristics of each heating systems studied are described briefly and
these specifications are related to the load calculations of the previous section. The thermostat's
location for the forced air and the hydronic systems is discussed after the specifications for the

three systems.

The systems were installed on different fioors of the building as shown in Table 3.4. Note

that two different heating systems could be run simultaneously on different fioors.

Table 3.4: Floor Location of Heating Systems

Floor System Location

1 forced air whole floor

1 modular 1st  thermal comfort room
2 modular 2nd  whole floor

3 hydronic whole floor

3 modular 3rd  thermal comfort room

Forced Air

The first floor was equipped with a conventional forced air system with natural gas as the
burning fuel. The brand name was the "Coleman Up-Flow (no. 2960-655) High Efficiency

Condensing Furnace”. The manufacturer’s specifications are shown in Table 3.5.

The furnace was installed in the crawl space of the basement. The distribution ducts
passed under the first floor with six floor supply outlets having their surface parallel to the ficor and
five retum grilles located at the bottom of the walls of the rooms. The dimensions of the supply and
return grilles installed in the comfort room appear in Figure 3.4-a. It had its return air recirculated

without outside air added.
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Table 3.5: Specifications for Coleman Forced Air Fumace

Input - 19045 W
Output 16848 W
Tempaerature nse 14-31°C

Design max. outtet

temperature 66°C
Max external

static pressure 012 KPa
Blower force 248 W
Thermosiat extemal

The forced arr system was equipped with both @ humidrty conitol and electronx fiter T he
humidiy in terms of percent was set on a dial located next 1o the thermostat For the dutaton of

the tests. the relative humidity dial was kept at 40%

The supply gnile of the lorced aw system Could be controfied utng the adustment a cordr!

knob on the front of the gnile This knob was et in 3 full open PCKn 1Gr the losts
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The maximum power output of the forced air system can be roughly estimated based on

the manufacturer ratings. Considering the maximum total output of the forced air fumace 10 be
divided equally between all the supply regisiers on the tioor, an average maximum oulput of
2800W per register is obtained. Taking for example 15% duct losses, the output would be close
to 2380W, and this is more than 40% required a! the design load (964W al design outdoor

temperature of -23°C).

Hydronic System

On the third floor a water boiler and @ pump delivered hot waler 1o baseboards in each
zones using a two pipe reverse return system The boiler served tor both heating and domestic hot

waler with control priorty 10 heating

In the course of the project, two driferent boilers were instalied with the rooms baseboards
remaining the same The brand name of the systems were "Glow Core, Unicore integrated Hoating
system (model UF 060)" and the "Celtic Hydro Therm (model 75F F) Wall Mount Bouer™ The
specilications for these two boilers are shown in Tables 3 6 and 3 7. the specifications for outpu!
compare with those of the forced air system The venting of the tlue s 15 made through an insulated

pipe in the basement leading directly to the outside through the exteror wall a1 the back of the
buiiding

Table 3 6 Speciticatons for Glow-Core Unicore

Input 17 580 W
Output 15 646 W
Pump capacty 015 s

ignmon P10220 electne paot
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Table 3.7: Specitications for Celic Hydro-Therm

Input 118 460 W

Qutput 115880 W

Pump capacity 1043 Vs

Ignition : piezzo-electric/pilot

The baseboards used in the building were from the Mark-Hot company and were standard
types of baseboards with finned tubes. Some were equipped with hydrostatic valves for individual
room control. The valves could be used to control the amount of water going through the finned
tube section. The heating for a room could be set individually using the valve’s dial on the front of
the baseboard which was scaled between 0 and 5. This valve was left at maximum dial position

when the hydronic system was tested.

A cross section of the radiator installed in the comfort room is shown in Figure 3.4-b. Note
that the return pipe for the hot water is located above the fins of the baseboard which is an unusual
configuration. This means that the water cannot be completely prevented from entering the
assembly and a certain amount of heat will always come from the radiator's retum pipe even with
the valves completely closed. Therefore, the baseboard of the system had to be insulated when

the modular system was tested in the room.

The manufacturer's specifications for the baseboards were used to calculate output ratings
for the baseboard installed in the comfort room and are listed in Table 3.8. Note that the
calculations consider the heat exchange rated for air entering the lower part of the baseboard unit
at 18°C. This is a value slightly lower than the value of 19°C measured in the field. Also, two
values of flow rates are listed. The flow rates and water temperatures measured by the other team
on heating efficiency were found to be at 0.1 Us average (1.5 gpm) and 100°C maximum

respectively.



Table 3.8: Specifications for Mark-Hot Radiator (comfort room 3rd tloor)

Output (W)
(Entering Air at 18°C)

Water Temperature (°C)

Fiow (gpm) 75 100
0.06 700 1200
0.22 760 1300

From the output ratings, the baseboard in the comfort room is found to be slightly
undersized with respect to the design load. The calculated load of 1424W Is slightly higher than
the maximum found in Table 3.8 for higher flow rates and water temperatures than those measured

in the field.

Modular System

The modular systems use natural gas as the buming fuel They are called modular
because each heating unn is installed in individual zones and the zones can therelore be controlied
separately. Each system must be located against an exterior wall because of the direct vent to the

outside (see Figure 34 ¢)

The selection of the temperalure for a zone is done by adjusting manually a knob on the
front of the system based on a numaric scale between 0 and 9 There are no temparature
indicators in the space, the user's adjustment is relative to the feeling of warrmtr or cokd Since the
system has a temperature sensor, 1 is supposed 1o maintain the tempeorature at the time the

adjustiment is made

There were two types of modular systems instalied n the buiding The system installen

on the second floor was an European mode! (Auer MV 130; whie 1n the rest of the builing a
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Canadian model called (Dettson CGM) was installed. The european system was designed to work
as a radiator (high surface temperature) while the canadian model was designed as a convector
(low surface temperature and increased heat exchange surface area). Only the Dettson model was

tested in the course of the present study and its specifications appear in Table 3.9.

Table 3.9: Specifications for Dettson CGM

Input 13370 W

OQutput 12650 W

Regutation : modulated for 0% or between 30% and 100%
Thermostat : incorporated to system

ignition : piezzo-electric/pilot

From its specifications, the modular system is more than sufficiently powerful to satisfy the
design load calculated for the first and third floor rooms. The 2650 W output is 2.7 and 1.9 times

higher than the calculated room design loads for the first floor and third floor respectively.

Thermostat and Cycling Operation

The three systems varied with respect to their thermostat and their cycling operation. The
thermostat control for the forced air and hydronic systems were wall mounted outside of the
comfort rooms while the control for the modular system was on the unit. The cycling of both the
forced air and the hydronic systems varied between on or off (no air flow or no water flow during
oft cycle period) while the modular system’s output could be null or varied between 30% and 100%
of the maximum.

The thermostat for both the forced air and the hydronic system was a Honeywell
Chronotherm with programmable night set-back. The thermostats were installed in the living room

area ("interior wall" of the thermal comfort rooms, see Figure 3.2) at a height of 1.5 meters
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During the course of the study, these thermostats were found to be rehable based on their
reaction to sudden changes in the set temperature When the temperature setling was varied, the
thermostats responded correctly by turning the systems on or off with respect 1o the temporature
read at the front of the thermostat (actua! rcom temperature for the thermostat) Short delays

lasting around 10 second preceded the actual tuming on or off of the systems

The control knob for the modular system was found 1o be slightly ditticult 10 use bu! afler
some experiments they were more reltable The problems occurred mainly at the beginmng of the
season when the outdoor temperatures vaned widely and i was diticult to hind the nght knob
adjustment Finally, the knob setting was selected 10 be around 8 or B0% for both fioors and tor

this setting, room temperatures were maintained around 21°C

3.4 Data Acquisition System

The interesting aspect of the present study was the possibility to mondor a large numbs
of data points over long perods of time To achieve this, an elaborate data acqQuisiton system

(DAS) consisting of diferent hardware and software componemns was daveloped and uted

A room on the second loor was selecied 10 become the data acquisftion rpom 10 receoive
the Input 1rom the sensors cables of the first anc third 100 (see Figure 3 5) of the buikding The
DAS room conained three hardware components a programmable data acquition eyetom

computer (brand name SAFE 8000, a personal computer and a communicatnn modem

The microcompuler was used 10 program the DAS for prelimeanary caltxate.n ared e etan

and stop the dala aoquiston program
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The SAFE 8000 was the main element in the system. All the inputs from the sensors were
connected to it. its program was capable of recording sensors’ output at raeqular and variable

intervals.

The modem was responsible for periodically sending data for storage to a VAX 11/785
mainframe computer located at the CBS. The frequency of information transferred depended on
the time rate at which information was accumulated. While the information was transferred (a

process which may require up to 15 minutes), hew data could still be gathered.

The information stored in a database could be accessed using either terminals or personal
computers linked to the VAX. Due to the large amount of information collected (accumulated
memory size of 86 megabytes for the whole proiect) and the speciic aspect of data to be analyzed,
most of the research was based on home-made softwares. These softwares developed by the
author performed among other functions the instruments location listings, statistical analysis,
graphical representations and batch processing. A briet description ol some of these softwares

appears in appendix B.
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3.5 Instrumentation

The instruments used for the tests can be classified in two groups with respect to their

Sensors.

The first category is the instruments from which a direct output was measured. In this
category are the thermocouples, the globe thermometers, the anemometers (air velocity) and

hygrometers (relative humidity).

The second class of instruments is stand-alone equipments which are instruments
equipped with a logic circuit able to processes the input value from sensors and output a numerical

value for the measured parameters. In this category are a climate analyzer and a PMV meter.

3.5.1 Thermocouples

Around eighty thermocouples were installed in each of the thermal comfort rooms. The
three main locations where thermocouples were installed were 1) the interior and extarioi room
surfaces, 2) a three dimensional grid in the center of the rooms and 3) in other zones in and out
of the building. Their exact locations in the thermal comfort rooms are shown in Figures 3.6 10 3.9.
The layout has been modified on certain occasions in order to vary the observation points from test

to test or for special experiments.
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For the grid, two types of posis were installed (identdied as lype A and B) Type A had

three thermocouples at heights of 08, 1 6 and 2 4 meters above the fioor while type B had s
thermocouples at heights 01 01, 06,08, 11,16 and 24 meters The 08, 1 6 and 2 4m lavels
were selected to divide the space between the floor and the ceiling in three equal portions while
the 0.1, 0.6 and 1.1m levels were related to the specrdications ot the standards on thermal comion

The grids were dentical on both floors

Locations of the thermocouples on surfaces had been seiected to geometncally divide the
surfaces into the largest possible number of similar sudaces The thermocouples located on the
surface of the heaters were located such that the surface and arr temperatures of the systems

could be measured

Thermocoupies were also located on the extenor surface of the window on the extencr
surface of the intenior wall, and on the outskde ol the window The thermoccuple for outside
temperatures were shielded with an aluminium cyhinder 1o protect agamns! direc! solar radiations,
Earlier measurements had shown the importance of shigkding the extenor thermocouple sinc e direct
solar radiation could raise measured outgoor temperatures by up 1o 10°C compared 1o actuai
outdoor air temperatures Also. surfaces’ thermocouples were glued using a tharmally congucting

glue

The thermocouples instalied a! the building were standard 1 type wih mamsfacturer
tolerance rated as = 1°C Experience with using aluminium cylingers 10 shield the 1ip of the
thermocouples being unsuccesstul, the thermocouples were left bare Tests showed that the

shielding methods available were not adequale thus this practce was abanooned

All the thermocoupies were read through 8 dethcated thermocoudie channe! ingast on the
SAFE which was efther muliplered or simple Around 80% of the thermveouplet were Qong
through a multiplerer { buMt 1rom a senes of electronk chgrt omMrolic” *, he HALE, wet one

multplerer per flocs In order 16 turther aucenamn the relatxity ¢! the themusCouples 10a5.1g8 twr.



simple tests were made.

The first test was for linearity and consisted in using a thermocouple calibrator to input
known values into the SAFE which could be compared with the SAFE’s output readings. The
response of the SAFE to fifteen input temperatures between 0 and 40.0°C was tested three times

for one straight thermocouple input and four times for each of the two multiplexer’s inputs.

The test for repeatability consisted in comparing the temperatures obtained from two
thermocouples located side by side. This was done for more than 50 measurements. Repeatability
is a measure of the performance an instrument to consistently provide the same output for the

same measured input. The repeatability, R, was calculated using [23]:

Re = 0.707 *t*S, (3.1)
where Re : repeatability of instrument
S, : standard deviation of the difference between the measurements

of two similar instruments measuring at the same time for n
observations

T : value of t distribution for sample size n

The results for the linearity tests are listed in Table 3.10. The values for the slope and the
intercept of the relationship between calibrator input and readings are shown for the three types
of input channels. The results show that the input/output relationship Is that of a straight line with

a slope of 1 for all the cases. The major differences occur In the value of the intercept.
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Table 3.10: Results for Thermocouples Linearity Test

Input Name Response Intgrcept
(°CrC) (°C)
Thermocoupie 1.00 19
Multiplexer 0.97 35
Multiplexer 0.98 -020

Calibrator Accuracy = + 0.25°C

For the ditferent inputs, the results indicate that the zero values may diffier by up 10 3 7°C
from one type of input to anothar. Although this difference 1s large. the test fiselt inciudes an error
due to the calibrator (manufacturer rating of + 0 25°C), #ts ink with the different inputs tested and

its stabilty in providing temperature outputs which was found to vary significantly In tims

Based on this test, it was established that for a given input, the linear retationship
guarantees a good response to temperature fluctuations, but the exact value of temperatures
measured could vary by up to 4°C from input to input Theretfore, the results which involved relative
comparison of temperatures, were restricted within a single type of input {thermocoupie of
multiplexer) or they were correcled based on this test Even though the values for repeatabiity may
vary within the season or for ionger penods, comparison of readings made one year apan showed

Iittle drift in the measurements when 1ested wrth the cahbrator

From the second test, the values for the repeatabiity of the thermocouples wore found to
be between 1 2% and 4% of reading values (0 8°C for worst case al 19°C) for seven lesis with a
total number of measurements ranging between 54 and 300 observations for each tast The
percentage is acceptable considering that repeatabilty was cbserved to change and was usually

on the lower sxde of the range mentioned

In addmion 1o testing the thermocouples. some rules were used 10 discard some of the

thermocouples These rules are based on the type of damages commonty found for thermocouplet,
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(dry connection, soldering of the tips, surface thermocouple not in proper location) and their
symptoms. During the course of the study, thermocouples readings characterized by the following

patterns were discarded:

- Unusually high or low temperature compared to average room temperature

distributions (e.g.: air temperature values at 40°C when average room is at 20°C).

- Cyclical response pattemns unmatched with global room patterns (e.g.: temperature
remains constant at a location while at another location 10 cm away variations of

4°C are observed).

- Discontinuous response patterns (e.g..thermocouples cycles between 0°C and
20°C).

The thermocouples which were found to be acceptable based on the above criteria were
used in the interpretation of data. The overall accuracy of the thermocouples can be stated to be
near = 1.5°C in the worst possible case based on the manufacturer specifications and the tests
performed. For relative values, the linearity of the response of the thermocouples is found to be
good with the condition that values from the same type inputs be compared (multiplexer with

multiplexer, straight input with straight input).

3.5.2 Globe Thermometers

The globe thermometers were hollow, black painted copper spheres of 15¢cm in diameter
with a thermocouple inserted in the center of the sphere. There were three globe thermometers

in each room. Their locations were changed during the tests.
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The mean radiant temperature is calculated from the temperature of the thermocouple

inside the globe as follows:

Tmr = Tg + k Va (Tg-Ta)® (3.2)

where: Tmr = mean radiant temperature (°C)
Tg = globe temperature (C)
Ta = air temperature (C)
Va = air velocity (nvs)
k =22(0.15/ D)°*

D = globe diameter (m)

The accuracy of the mean radiant temperature calculated from the globe thermometers is

dependant on the accuracy of the thermocouple installed in it and the estimation ot the air velocity

around it.

To calculate the globe thermometers accuracy, seperate terms must be considered. The
thermocouples can at best detect differences of 0.5°C and in equation 3.2, the difference between
Ta and Tg can therefore be inaccurate by 1°C due to this. Consider for example a case where the
air velocity is 0.1mvs then, in equation 3.2, the error due to the difference between Ta and Tg is
multiplied by 2.2*(0.1)°° which is 0.7°C. Then add another 0.5°C of inaccuracy due to Tg to obtain
an oveiall accuracy of + 1.2°C in mean radiant temperature as read from the globe thermometer
and, so far, repeatability (eq. 3.1) is not considered At 20°C, the error due to repeatability is 0.8°C

which brings the overall mean radiant temperature accuracy to + 2°C.
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3.5.3 Anemometers

The anemometers used for the experiments were temperature compensated
omnidirectional probes. Their locations were varied within the thermal comfort rooms for the

different test performed.

The specifications for the probes are shown in appendix C. Note that the accuracy of the
probes is dependant on the range of utilization as well as the direction in which the probe is
oriented. The calibration curves provided by the manufacturer were fitted to be used in the analysis

of results, and the error of the fits was found to be less than 0.003mvs.

3.5.4 Humidity Measurements

Humidity measurements were made using a humidity meter with analog output and a wet
and dry bulb mercury thermometer equipped with a small fan. The accuracy was estimated at +

5% relative humidity for both.

3.5.5 PMV Meter

The PMV meter is an integrating instrument which is used to evaluate PMV based on a
sensor designed to provide the same heat transfer properties as a human body with the

surroundings. The specifications for this instrument and its probe are listed in appendix C.

In addition to the PMV value, the meter could also display the operative temperature, the
comfort temperature; the equivalent temperature, the difference between the calculated comfort

temperature and the ambient temperature; and the predicted percentage of dissatistied (PPD). The
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comfort parameters for clothing insulation, activity level and vapour pressure were fixed.

3.5.6 Climate Analyzer

The climate analyzer is also an integrating instrument which can measure air and surface
temperatures, plane radiant temperature, air velocity and relative humidity Each parameter has

a specific probe. The spectications for the probes are shown in appendix C.

The climate analyzer is an accurate way of measuring comiont parameters, but for specific

locations only, and it was used for comparing with measurements obtained with other methods

3.6 Summary

The description of weather conditions, building’s surroundings and is plans plans can be
used 10 compare the results from this study with results from other studies The main point 1s that
the building is typical of similar buildings located in this area in terms of s dimensions, its general
surroundings and the envelope's thermat properties Resufts can apply up lo a certain extent 1o

many other residential buildings of this type

Thermal load analysis showed the differences between losses on the first and third tioor
and the importance of inter-zone conduction Losses have been calculated to be higher for the third
floor room atthough floor losses may difer depending on the temperature of the basement The
results from one tioor can be compared within reasonable mits for dtterent outdoor temperatures,

even though particular boundary conditions may ditfer
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From the description of the heating systems it was possible to identify some of the
ditferences which should be expected from their response t0 maintain temperatures in the room.
The interesting aspect is that the three types of systems differ in terms of heat distribution, heat

transfer modes and the temperature controls’ location.

The section on the data acquisition system showed the different components assembled
to perform data collection over a long period of time. Due to space limitations, the work on software
development was left in appendix B. t accounted for a very important part of the work needed to

obtain the data and process them, an integral part of the research aspect.

The last section on instrumentation showed the combination of instruments necessary to

obtain meaningful results, to crosscheck results and to obtain accurate measurements.

With this section completed, chapter four follows with the results obtained in the conditions

and with the equipment described in this section.




CHAPTER 4

4. OBSERVED OUTDOOR CONDITIONS, SYSTEMS CYCLING, GENERAL ROOM

TEMPERATURE DISTRIBUTION AND RESPONSE TO LOW INITIAL ROOM TEMPERATURES

In this chapter, the main concern is in understanding and establishing the physical
behaviour of the systems based on the measurements of temperatures in the thermal comton
rooms and for different outdoor temperature conditions The test procedure is described in the first

two seclions and the analysis is performed in the remaining three sections

In the tirst section, the general test procedure is described 1o show how the resulis from
this chapter and the following have been obtained The rotation scheme used to test the systems

during the season and the condrions at the ime of the tests are reporied

The second section consists in a brnief description of the outdoor temperature distributions
obtained from the dala collected during the heating season as obtained from the test procedure

listed in the first section All the cases later analyzed will be taken from this distribution
The next three sections descrnbe results obtained for a number of cases and concentrate
on a description of the temperature cycling of the systems, the temperature distributions obtained

in the rooms (atr and surface), and the system’s response 10 low initial room temperatures

The results for systems’ cycling behaviour are based on four diferent cases of outdoor
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temperatures selected for each system with the aim of using outdoor conditions typical of the range
observed during the whole heating season. The results and outdoor conditions are described in

detail for each case.

After having established the type of cycling produced by the systems, the third section will
describe the temperature distribution created. This section will first describe average room
temperature distributions using isotherms and the observed temperature fluctuations in time for the
same cases as for cycling. Then, the room air temperatures maintained throughout the season by

the systems are shown. The last part covers surface temperature distributions.

The last section of the chapter covers the more specific case of heating from low initial
temperatures for two conditions. The first, is the decrease in temperatures observed when the
systems are turned off. It is used to ascertain the effect of the enclosure on temperature
distributions. The second aspect is the ability of the systems to respond to low initial temperatures
to determine where and how fast heat is distributed by the systems when they start warming up

the rooms.

4.1 General Test Procedure

The general test procedure was designed based on some major and minor constraints. The
major constraints were to (1) account for the variability of the outdoor conditions, (2) obtain
comparative results between systems, (3) test a number of ditferent cases, (4) account for
differences in room and floor combinations of heating systems. Minor constraints included (1)
accounting for equipments failures or testing requirements, (2) optimizing use of the three or four
days which were available for tests during the week and, (3) working within the hmitations of the

DAS capacity.




To work within these constraints, the following general procedure was selected

1- Define a standard condition for operation of the systems in the two comfort rooms

2- Measure and record parameters for the standard condition for most of the season
and rotate times of operation of the systems each week. This is to obtain

widespread and similar distributions of outdoor conditions for the systems

3- For instruments linked to the DAS (considering the limitations of the DAS}), use a
15 minutes interval period for collection periods lasting more than two days, and

8 minutes for shorter periods

4- Measurements of relative humidity and air temperatures in the rooms are made

at the beginning and end of test periods using the wet/dry bulb thermometer

5- For some specilic experiments, the standard conditions are modified and changes

are noted in the experimental log book



The standard conditions described in step 1 are as follows for both floors:

-Thermostat fixed at a constant setting (21°C) for the whole floor,

-Direct solar radiations blocked by refiective cardboard panel 5cm away from

outside of the window and interior blinds partially opened,

-Door closed with air free to pass under (=240 cm? opening),

-No occupants, no furniture.

Following is a brief explanation of the purpose of these conditions , later referred to as the

"normal conditions", in this chapter and the next ones.

The thermostat setting of 21°C corresponds to air temperature expected to be selected by
occupants for energy conservation and comfort. it is corresponds to a PMV of -0.10 (between
neutral and slightly cool, PPD=5.2%) for typical indoor winter clothing, light indoor activity, air
velocity less than 0.1mvs, Tmr=Ta and 50% relative humidity. This setting was maintained

throughout the apartment and in the comfort rooms.

Solar radiation is eliminated in order to simplify the analysis and to concentrate on the
heating effect of the systems only. Outside radiation gains are important for comfort but vary
considerably intime during the season and therefore, the data available for comparing the systems
would have had to be screened to precisely evaluate this factor. If direct radiations gain had been
included, the outdoor conditions for each recording period would have had to be stated in terms
of outdoor temperatures and outdoor radiation gains which would reduce the number of days when

similar conditions would be available to compare the systems.
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Preventing direct solar radiations using the reflective cardboard panel on the outside was
done using a small space of approximately 5cm between the glass of the window. This aliowed the
natural convection prosess to take place. This way, the effect of a cokd window surlace could still

be included as one of the important factors influencing the thermal performance of the systems.

Keeping the door closed was important when two systems were working on the same floor
(torced air/modular or hydronic/modular cases running at the same time and) to limit the effect of
the heat produced in the rest of the apartment by the system not tested. This had the disadvantage
isolating the room for control (forced air and hydronic). For the forced air system, increases in the

pressure of the apartment outside the comfort room was thus partially limited but not totally.

The forced air and hydronic systems were slightly disadvantaged by not having their control
out of the comfort rooms, but the proximity of the thermostat was expected to suffice for the
thermostat to respond to demands similar to those required by the room. In actual case, the
thermostat used by building occupants would be located as was the case here and for these types

of systems

Condtions with no occupants or furniture in the rooms had the advantage of simplifying
heat distribution analysis. In any case, the distributions observed for an empty room can be
extrapolated up to a certain extent using some judgement to cover occupied and furnished rooms
The brief presence of researchers in the building at the time of the tesls was necessary to control

the tests and verdy the conditions but did not influence the measurements

As seen here, the above "normal conditions™ were defined and maintained in order to
sufficiertly restrict the number of variables involved in the problem to be able to compare the
systems using the steps mentioned at the beginning The "normal conditions™ were modified tor
certain cases and when changes were made, the nature of the changes was controlled and noted
The next section discusses the ouldoor temperalure distributions observed when “normal

conditions™ were maintained for each system




66
4.2 Description of Qutdoor Conditions Observed During the Heating Season

The three types of heating systems were studied for a complete heating season covering
the months of November 1988 to March 1989. Since only two heating systems could be studied
atthe same time, the observed seasonal outdoor temperature distributions at the time of the tests
ditfer from system to system and represent a part of the complete outdoor temperature distribution
of the season. These distributions are shown here and their averages are compared with climate

normais presented in chapter three.

A numerical summary of the outdoor temperatures which prevailed during the season at
the time of the tests performed in normal conditions on each system appear in Table 4.1 and in

Figures 4.1 and 4.2.

The outdoor temperatures data used are taken from the meteorological station at the
Montreal international airport [24] in order to compare the averages with the climate normals listed
in chapter three. Note however that outdoor temperatures measured at the house will be used later

on, since the airport's values differed (by 2 to 5°C) with respect to values measured on the site.

The distribution in outdoor temperature obtained at the time of the tests for normal
conditions are concentrated around 0°C for all systems but a higher percentage of the modular's
observations for outdoor temperature were above 0°C {55%) than for the forced air and hydronic

systems (23%).

For analysis, the outdoor temperature distributions obtained for the hydronic and forced
air systems are better as their distributions spread over a wider range with less days for which the

same outdoor temperatures were repeated.
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Table 4.1: Outdoor Conditions and Number of Observations at Normal Conditions of
Operation (88'-89' season, Mtl. Int'l Airport Weather Data)

FORCED AIR  HYDRONIC MODULAR 1ST MODULAR

3RD

MONITORING

hours 393 335 286 342

days 16 14 12 14
Tour (°C)
Maximum 9 5 17 17
Minimum -21 -18 -12 -14
Average -4 -3 2 1
Range 30 23 30 31
TO T
DISTRIBUTION,
(%) observed

< -10°C 17 22 4 6
-10 1o 0°C 60 55 42 39

> 0°C 23 23 54 55

.............................................................
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It the average outdoor temperatures observed during normal conditions are compared with

the averages mentioned in chapter three (section 3.1), it is found that the observed outdoor
temperature values on site were warmer than the clima. i1ormals for the same months. Observed
averages were above -3°C compared to the weather station’s maximum average of -5.7°C for
December, January and February combined and, therefore, the "seasonal” dist*ution of outdoor
temperatures of the tests can be said to be a distribution warmer than what is expected to be found

on the average for this region.

The outdoor test conditions presented in this section should be regarded as a reference
for the following sections and chapters where they will be referred to as the “"seasonal
distributions. A number of days and hours of information were not included in these statistics either
because the conditions were not as defined for "normal operation” or because some of the days
were used for checking instrumentation (calibration, repair, testing) or errors in the tests procedures

were found.

4.3 Description of System's Cycling

It is essential 1o first concentrate the discussion of the results on the system’s cycling
behaviour to obtain the basic operating features of each system since they will be reflected later
in the resuits for room air femperature distribution and comfort. Cycling behaviour includes (1) the
system's outlet and surface temperature changes (range and rate of change), (2) the general
cycling pattern and, (3) the variations in (1) and (2) with respect to different outdoor temperatures
cases. These are the three points discussed below based for several days of observation for each

systems, grouped into four different outdoor temperature cases.
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4.3.1 Description of Cases Selected

From the distribution of outdoor temperatures listed in the preceding section, and from a
review of the actual variations of outdoor temperatures observed for each day and each system,

it was found that four cases could be used to generally #nalyze and describe the cycling of the

systems. The four cases were:

Case 1: Average outdoor temperatures close to 0°C and remaining fairly constant.

Case 2: Average outdoor temperatures less than -5°C and remaining fairly constant.

Case 3: Outdoor temperatures rising from below 0°C to values near 0°C.

Case 4: Outdoor temperatures dropping from above 0°C to low values.

From these cases, the response of the systems to warm and cold outdoor temperatures (cases 1

and 2) and for cases of outdoor temperatures changing widely during a short period (cases 3 and

4) can be obtained. The first two cases are therefore for near steady state conditions while the

other two are for transient conditions.

Intermediate cases were also observed during the season but this selection has the
advantage to include outdoor conditions which were repeated for the four systems (possibility to
compare) and basing the analysis on statistics for specific cases (instead of the whole heating

season) provides more details.
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4.3.2 Results Obtained for Each System

In the following, the results obtained for each system are shown separately and compared
at the end. Before the results are discussed, the format of the information presented and some

points related to the measurement procedure are mentioned.

The results obtained from the analysis related to the four systems and each cases is given
in four statistical Tables (Tables 4.2 to 4.6) and 14 Figures (Figures 4.3 to 4.16). The statistics
shown in the tables are related to the outdoor conditions at the time of the tests, the temperature
of the air supplied by the heaters, and in addition to the average, maximum, minimum and ranges
of these temperatures, the maximum rate of change in air temperatures delivered, the sampling
time and the average number of cycles. The figures show the corresponding time variations in

outdoor, supply and surface temperatures.

Note that for the hydronic and the modular system (3rd floor) only three cases out of four
are shown. With the rotation in the operation of the systems, it was not possible to find days similar
to the other two systems for the case of a major rise or decrease (cases 3 and 4) in outdoor

temperature for these systems.

For the three types of systems, the "supply” and "surface™ temperatures have a slightly

different meaning:

Forced air:  Supply temperature measured at outlet of supply grille (thermocouple in
the air approximately 1cm away from the grille). No heater surface

temperature.
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Hydronic :  Supply temperature is the temperature of air measured between the top
and the front covers of the baseboard. Surface temperature measured on

the front cover.

Modular :  Supply temperature is temperature of air measured right above the grille
located on top of the unit. Surface temperature measured on front cover

of the unit.

The rate of temperature change is defined by the ratio of the diflerence in temperature
between two consecutive sampling points by the sampling period. Since the sampling period is
different from case to case, (being either 8 minutes or 15 minutes), the rate of temperature change
is a more relative and significant quantity than the absolute change in temperature. it incorporates
both the change in temperature and the actual! time interval used between readings. In this sense,
the difference in sampling periods will have less influence on the results for rates of temperature

changes.

The number of cycles per hour listed in the tables are the average number of cycles. These
are calculated by dividing the number of on-off cycles for a given period by the total number of
hours in the recording period. In some cases, when the maximum and minimum supply
temperatures were nol clearly defined in time, the number of cycles listed includes some of the
intermediate values of supply temperatures observed. Also, the average number of cycles does

include hours when data collection was interrupted.

With this information on the conditions of the tests and the format of the results, results
obtained for the forced air, the hydronic and the modular systems are discussed. For the systems,
the following parameters are discussed: (1) the system'’s outlet and surface temperature changes
(range and rate of change), (2) the cycling pattern, and (3) the variations in (1) and (2) with respect

to different outdoor temperatures.
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Forced Air

Let us first describe the operation of the forced air system based Figures 4.3 10 4.6 which

show the variations in outdoor, supply and return temperatures for the cases listed in Table 4.2.

i) Supply and Return Temperatures: For all cases, supply temperatures were between 20°C and

35°C (15°C range, 28°C averaye) with maximum temperature rise of 15°C between supply and
return. The temperature rise is therefore on the lower end of the 14°C to 31°C rise range rated by

the manufacturer (between inlet and outlet at the furnace).

Taking the maximum time rate of temperature change of the supply for the forced air
system, it can be seen that the increases during the on-cycles are similar to the decreases during
the off-cycie for most cases. For example, for cases 1, 2 and 3, the ratios of maximum increase
to maximum decrease are equalto 1.1, 1.0 and 0.8 respectively. This indicates that in general the

variations in supply temperatures are similar for on and off cycles.

ii) Cycling Pattern: The seesaw shape of the variations in supply iemperatures indicates cycles with

well defined maximum and minimum values of supply temperatures. The cycles in most cases are

repeated consistently during the period and do not vary in shape from hour to hour.

iiiy Case to Case Variations: For case 4, there were differences in the maximum rates of supply

temperature change and the cycling patterns observed.

In cases 1 to 3 the maximum observed increase and decrease rates of supply
temperatures were approximately the same but, for case 4 the maximum decreases was
significantly higher (approximately 35%). The higher decrease in supply temperature during the off-
cycle in this case has been influenced by the rapidly dropping outdoor temperatures (rate of 1°C/h)
which cooled the room after hour 12 (Figure 4.6). For the period outdoor temperature ranges in

the order of case « (T, range of 17°C), the maximum supply temperature rates of change can
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therefore be expected to differ between on and off period of a cycle but are otherwise similar.

Table 4.2: Statistics for Forced Air System

SAMPLING
INTERVAL (min.)

Ton (°C)
Average
Maximum
Minimum
Range

SUPPLY (°C)
Average
Maximum
Minimum

Range
Maximum Rates
(°Cin)

Positive
Negative

CYCLES/HOUR
(average)

Case 1

15

PNOO
WWo-

28.6
34.2
24.0
103

30
-28

1.2

Case 2 Case 3
8 15
-6.2 -23
-34 - 0.1
-9.0 -6.3
56 6.2
28.2 28.4
34.0 34.2
24.0 24.4
10.0 98
60 57
-62 -71
2.1 2.2

Case 4

[ ]
Ao
P = DI

255
33.0
200
13.0

26
-40

0.7
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The average number of cycles varied from 0.7 to 2.2 for these different cases and as
expected, the number of cycles increased as the average outdoor temperature decreased, but
some changes in the cycling patterns were observed for case 4. In case 4, the cycling pattern
changed when supply temperatures remained high for four hours (Figure 4.6 between hours 16
and 20). A definite change In the cycling paftern does not occur for the case of rising outdoor
temperatures (case 3, Figure 4.5). However, for case 3, the range of variation in outdoor

temperature is near 6°C compared to a 17°C range for case 4.
From the above points, the typical operation of the forced air system has been discussed
in terms of temperature cycling. It was shown that except for outdoor temperature changes in the

order of case 4, the operation of the system is fairly similar for different outdoor temperatures.

Hydronic System

The description of the operation of the hydronic system is based on Figures 4.7 1o 4.9
which show the variations in outdoor, supply and return temperatures for the cases listed in Table

4.3. As noted previously outdoor temperature for case 4 were not available.

i) Supply and Surface Temperatures: For all cases, the hydronic system operated with air

temperatures supplied between 26°C and 49°C, for a range of 23°C, and 30°C average. The
surface temperature of the baseboard followed that of the air with a temperature on the average
close to 25°C, less than the 30°C value for air, and varied over a 5°C range, compared to the 20°C

value for the air.

The ratio of the maximum rates of Increase to the maximum rate of decrease of air
temperature supplied by the hydronic system is 1.1 for cases 2 and 3 and 0.5 for case 1. This
shows that decrease and increase rates changed from case to case with lower rates of increase
at the warmer outdoor temperatures. Rates of change (increases or decreases) were observed to

vary between 34°C/h an 192°C/h.
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ii) Cycling Pattern: The cycling pattern for the hydronic system did not repeat itself consistently from
case to case. For case 1, the cycle remains constant in terms of the maximum and minimum
temperatures of the cycle but the period changes. For cases 2 and 3, both the cycling period and
the maximum and minimum temperatures of the supplied varied in time. The average number of

cycles was observed to increase with decreasing temperatures, ranging between 0.6 and 2.9

cycles/hour.

i) Case to Case Variations: Rates of supply temperature changes and cycling patterns were found
to differ from case to case.

When cases 2 and 3 are compared with case 1, it can be asked which is the highest, the
rate of increase or the rate of decrease of the baseboards’ supplied temperatures? Cases 1 and
2 indicate that the baseboard's temperature should increase and decrease at approximately the

same rate, while for case 1, the maximum decrease is two times higher than the maximum

increase.

This result can be explained mostly by the difference between the number of cycles
observed for the mild (case 1, Figure 4.7) and the lower outdoor temperature cases (cases 2 and
3, Figure s 4.8 and 4.9). In case 1, when the thermostat requested heat from the boiler (beginning
of the on-cycle), this water was allowed to cool during the off-cycle for at least twice as much time
as for cases 2 and 3. Therefore, more time was required to reheat the water to satisty the demand.
For cases 2 and 3, the water temperature remained high throughout the recording period since the
cycles were shorter and water in the system’s pipes were allowed to cool down shorter periods

before the on-cycle.



Table 4.3: Statistics for Hydronic System

SAMPLING
INTERVAL (min.)

T, (°C)
Average
Maximum
Minimum
Range

SUPPLY (°C)
(air)

Average
Maximum
Minimum

Range
Maximum Rates
(°C/h)

Positive
Negative

SUPPLY (°C)
{surlace)
Average
Maximum
Minimum
Range

CYCLES/HOUR
(average)

Case 1

15

OO
OhI

29.5
358
25.4
10.1

16
-34

257

28.2

234
4.8

0.6

Case 2

8

-8.5
-6.8

-10.5
3.7

Case 3

NNS A
(4, W, ¢4 )

314
403
26.0
143

192
-173

24.4
26.2
226

3.6

2.1
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The ditterent shapes of the cycles are also related 1o the cases observed just as the rates

of supply temperatures were For cases 2 and 3, the temperature of the supply is behavirg
differently in the sense that the cycle pattern is not just the same cycle repeated a certain number
of times. What is observed is peak and lowest cycle temperatures of supply being split between
three different levels The levels can be considered to be at high, medium or low temperatures of

operation

Case 2 illustrates this where, for example, the high, medium and low temperatures can be

approximaiely assigned a value of 45°C, 35°C and 28°C respeclively

A complete cycle can therefore be ascribed to the systems' supply temperature varying
between enher one of those vailues For example, a complete cycle can be between low and high,
low and medium or medium and high temperatures etc Even if in genera! this plateau can be
observed, thie data show that the cycling does not follow exactly those rules and other levels that

exist between the most frequent levels

From the discussion so far, the results for the hydronic system ditfer from those of the
forced air both in terms of the supply temperature vatues and the variations from case 1o case The
difference can be explained by the tact that hydronic system has a ditterent ability to provide heat

at different cycles duration and ditterent outdoor temperatures

Modular System

The discussion of the cases tor the modular system on the first tioor is related to Tabie 4 4
and Figures 4.10 10 4.12 Note that data were not available for case 3 The results for the modular
system on the third floor appear in Table 4 5 and in Figures 4 13 1o 4 16 Results for both floors

are discussed together since the systems behaved similarly

i) Supply and Surace Temperatures The modular system on both floors cycled with air
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temperatures between 36°C and 86°C for a 50°C range and on average near 50°C. The surface
temperature at the front of the modular were on the average ziose to 25°C and varied over a range

less than 7°C following air temperature variations.

The maximum rates of increase in supply temperatures were between 197°C/h and
260°C/h, and rates of decrease were lesser and between 144°C/h and 175°C/h. The ratio of rates
of increase to decrease in supply air were between 1.3 and 1.4 and from the figures it can be seen
that increases in heater's supply temperature were sharp while decreases were slow and followed
a relation of the type T,"e™, where T, would be the peak temperature, t the time and 10 a time

constant.

ii) Cycting Pattern: The cycles remained fairly constant throughout a period and were characterized
by a sharp temperature increase from minimum values to peak, and by slower drops following the
end of the on period. The average number of cycles for the different cases were less thar 1 cycle’h
with a slightly larger number of cycles for lower outdoor temperatures. The shape of a cycle as well

as the variations during a period are not significantly different from cases to cases.

iii) Case 1o Case Variations; From the data, only small differences were observed between the

operation of the modular system between floors and between the operation of the system for the

different cases.

The pattern for the cycling of the modular system on the third floor can be said to be
similar to that of the modular system on the first floor with supply and surface temperatures having
the same range and the same average values. The results for the third floor demonstrate that

results are similar and thus the description of the operation of the systems is double checked
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Table 4.4: Statistics for Modular System on 1st floor

Case 1 Case 2 Case 4

SAMPLING

INTERVAL (min.) 8 8 8
T, (°C)

Average 22 -6.7 3.2
Maximum 01 -37 01
Minimum -41 -7.7 -6 6
Range 42 40 6.5
SUPPLY (°C)

(air)

Average 474 502 48 6
Maximum 827 834 819
Minimum 359 362 363
Range 46 8 47 2 456
Maximum Rates

(°C/h)

Posnive 225 233 226
Negative -170 -177 -172
SUPPLY (C)

(surtace)

Average 24 2 247 24 5
Maximum 280 28 4 28 2
Minimum 225 225 226
Range 55 59 56

CYCLES'HOUR
{average) 06 08 07




Table 4.5: Statistics for Modular System on 3rd floor

SAMPLING
INTERVAL (min.)

Tou (°C)
Average
Maximum
Minimum
Range

SUPPLY (°C)
(air)

Average
Maximum
Minimum

Range
Maximum Rates
(°C/h)

Positive
Negative

SUPPLY (°C)
(surface)
Average
Maximum
Minimum
Range

CYCLES/HOUR
{average)

Case 1

8

ahob
ONN -

33 3
oMW

260
-190

NN

AN
oo

0.4

Case 2

47.4
85.6
38.9
46.7

241
-187

N DN
LR oW
oo

Case 3

89

Case 4

N A
mamOoOWw

46.1
859
392
467

251
-191

NN N
W OW
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One difference, however, is the lesser number of cycles on the third floor than on the first

floor. Note however that at the time of tests for the modular on the third floor, a certain quantity of
heat came from the baseboard of the hydronic system. Even though the baseboard was insulated
and the valves controlling the flow of water to the fins were closed, the return pipe located above
the fins remained at a high temperature (refer to section 3.3 for baseboard description). This
caused the heating load in the room to be reduced and consequently the number of cycles was

less.

Another difference between the behaviour of the modular system on the third floor and the
one on the first floor is the maximum temperature of the air supplied by the system. For the system
on the first floor, the modular system operated between minimum and maximum temperatures
which remained fairly constant throughout test periods. On the third fioor, the maximum air supply

temperature varied (peak of each cycle).

From Figure 4.13, the peak temperature was close to 80°C for the first three cycles, while
it was around 70°C for the two last cycles. The same variation in peak air supply temperature

occurred but was less marked for the modular system on the first floor.

The variation in peak air supply temperature for the modular system is typical of this
system and relates to the information of the manufacturer on the ability of the system to modulate
its output for 0% or between 30% and 100% of the maximum. In the cases presented, this system
functioned more often between a high minimum temperature (~35°C) and a peak temperature

(~85°C) without ever shutting itself off completely.

From the discussion, the modular system can be said to produce cycles which are
consistently repeated for the ditferent outdoor conditions observed and it operales at relatively high
air temperaiures of delivery. The system worked at high minimum temperatures with a number of

cycles per hour less than one. The results were comparable for both floors.
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4.3.3 Summary and Comparison of Systems' Cycling

So far, the systems' operation were discussed separately and in order 1o compare them.
Parameters mentioned earlier have been grouped in Table 4.6. A few cycles for each system are

shown on Figure 4.17 for comparison.

From the point ot view of the range of discharge temperatures, each of the three systems
occupy a category of its own where forced air, hydronic and modular systems can be said 1o
respectively belong to low, medium and high discharge temperature categories. It is interesting to

note also that the range of one category more or less ends where the next category begins.

For the hydronic and modular systems, the average surface {emperature (important for the
radiative component of heat transfer) are similar. This similarity exists for the range between which
the surfaces’ temperatures vary for both systems as well as the average surlaces lemperatures.
This result is surprising considering the much higher temperatures at which the rmodular systems
operate. The cover on the front of the heat exchanger of the modular system is therefore effective
in significantly reducing surface temperatures with its low conductivity plastic material a:wd the use

of reflective material on the inside.

Table 4 6: Comparison of Systems’ Statistics

SYSTEM Average Discharge Average Average
Discharge Temperature Surface Number of
Temperature Range Temperature Cycles’ Range
(°C) (°C) (°C)

Forced Air 28 201034 e 0710 2.2

Hydronic 30 26 to 50 25 06tc 29

Modular 50 45 to 80 24 041008
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In terms of cycling patterns, the modular and forced air systems provide cycling patterns

which are repetitive for a given period with well defined maximum and minimum femperature
supplied. The main difference is that the modular system is characterized by high rises followed
by slow decreases in supply, while the forced air system produces sharp increases and sharp

decreases in supply temperatures.

The hydronic system’s supply temperature cycles were less well defined than for the other
systems and had its cycling behaviour influenced by outdoor le’mperature conditions. For low
outdoor temperatures, the supply temperature of this system cycled between high, low and medium
values while for milder outdoor temperatures, the system cycied between high and low values only.
This difference is due to the inertia involved in heating and circulating hot water in the system

which is not as important for the forced air system and even less important for the modular system

The number of cycles per hour for the hydronic and the forced air sysiems are on the
average higher than for the modular. This is due to the fact that a cycle for the modular system is
not the same as a cycie for the other two systems and that the modular system has a high power
outpJt for the loads in the room The modular system is found to constantly deliver heat to the
room and therefore does not need to undergo as many "cycles" as the other systems. It is
surprising that for the case of rising outdoor temperatures (Figure 4.16, case 4), the minimum
temperature of the modular system on the third floor did not drop atter the outdoor temperature
was well above 8°C. This suggests a possible problem of overheating due to inadequate control
from the temperature sensor controlling the modular atthough we did not investigate here the

condilions elsewhere in the room.
in the present section, the operation of the systems have been studied and classttied for
ditferent outdoor temperatures values and it was shown that the three systems did not operate in

the same fashion when cycling is concemed.

With the results from this section, the behaviour of the systems were separated from their
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effect on the environment. In the following sections, the conditions created in the environment by

the different systems in terms of air temperature distributions and variations are discussed.

4.4 Temperature Distribution

In the preceding szction, the operation of the systems were described in terms of their
cycling over a certain period of time limiting ourselves to the mechanical components and
neglecting their effect on air temperature distribution and variations in the rooms. In the present
section, we will first describe the type of temperature distribution produced by the systems. Some
comments are made on the limitations in the calculation procedure required. Then, the air

temperature fluctuations and the surface temperature distributions will be discussed.

The analysis for plane temperature distribution will be performed for cases no.2 discussed
in the preceding section. The temperature distribution produced will also be discussed for the whole

heating season. Note that temperature profiles will be described in more details in chapter 5.

4.4.1 Description of Temperature Distribution Using Isotherms

in order to obtain a description of the temperature distribution in the rooms isotherms (or
isothermal surfaces) can be approximated for certain planes formed by the intersection of three
locations on the 3x3 grid of thermocouples (see figure 4.18). To describe the temperatures
throughout the room, the isotherms will be shown for five different planes for each system: three

horizontal (planes i,j and k) and two veitical (planes 2 and 5).
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The analysis of plane temperature distribution is somewhat limited by the experimental
setup in terms of the location of the peripheral points of the thermocouple grid close to the walls

of the room and, the distance (resolution) between grid points.

The peripheral grid locations (all locations except B3) were located close to the walis of
the room (see Figures 2.6 and 3.8) where specific boundary conditions occur [25). For example,
the grid locations close to the neighbour wall (locations B4, A4 and A5) were located only 40cm
away from this wall. Air currents flowing close to this wall are expected to be different from those
found deeper into the room. This region can be considered as a transiion zone between the
conditions at the surface of the wall and in the rest of the room. Since all the peripheral grid
locations are similarly located, using temperature measurements for these locations to interpolate

the room temperature distribution limits the results obtained for room temperature distribution.

In addition to the use of the peripheral grid locations, temperature distributions must be
interpolated between grid focations located 1.2m and 1.5m apart and with these two factors
combined together, the accuracy of the interpolations is further reduced. It would have been
necessary to use a certain number of additional temperature measurements close to the walls and
in between grid locations to determine the limits of the transition zone.

Taking these limitations into consideration we can nevertheless obtain a certain
representation of room temperature distributions using isothermal curves and isothermal surfaces
which show the variations of temperature throughout the space studied. The isotherms were
obtained using a graphics scitware (26] which performed the interpoiation of the different isotherms
given the data obtained for each case. The results from the isotherms represent some of the
possible contour lines that can be obtained from the data. A more detailed approach to
interpolation of isothermal curves was not required since only the relative differences between the

systems was sought.

As mentioned earlier, the temperature distribution is expected to vary within a given time

period and also during the whole heating season. It is not practical however, to plot isotherms for
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every single time a number of temperatures were measured and repeat this for all the days when

observations were made. Only the average distribution for a selected day was investigated.

The day selected corresponds to case no.2 already described in the previous section. The
data for the heate;s' temperature as well as the outdoor temperature for this case were listed and
plotied in the previous section. We therefore ask the reader to refer to Tables 4.2 to 4.5 for the
forced air, the hydronic and the modular systems respectively. The heaters' temperatures variations
and the outdoor temperatures appear in Figures 4.4, 4.8, 4.11 and 4.14 for the forced air, the
hydronic and the modular systems respectively. The second case was selected since relatively cold
outdoor temperatures prevailed for all systems, which also allows for comparison between the

systems

Forced Air System

Isotherms and isothermal surfaces for the forced air system are displayed on Figure 4.19
and 4.21 for values of temperatures averaged over the collection period (case 2 of previous
section). The measurement points used for the isotherms are shown on the graphs and the contour
interval was selected to be 0.5°C. Isotherms for planes 5§ (longitudinal) and 2 (cross section) are
shown in Figure 4.19 a) and b) respectively and in Figure 4.21 a), isothermal surfaces are shown

for planes i, j and k.

For the plane in the longitudinal direction f the room, (Figure 4.19 a) the forced air created
a distribution with air temperatures generally increasing from the lower left corner (front of window.
22.7°C) to the upper right comer (back wall: 24.2°C). The difference between the cooles! and

warmest points is approximately 1.5°C which is relatively small

Figure 4.19-b indicates a fairly symmetric distribution in the cross section of the room.
Decreases in lemperature occur close to the lower side of the neighbour's wall (temperature of

21°C compared 23.5°C close to the ceiling).
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From Figure 4.21-a, we can see the distribution of temperatures on horizontal planes at

0.8, 1.6 and 2.4 m above the floor. According to this figure, the variations of temperature within a
plane are found to be small. The location of the major variations are not the same for each plane
but they all tend to appear at locations close to the neighbour wall and the back wall. The
maximum range between maximum and minimum for a given plane is less than 1°C except for

plane at 1.6 m where the range is higher (2°C) considering the location close to the back wall.

If the planes shown in Figures 4.19 and 4.21 a) are considered together, the distribution
observed for the vertical planes is reflected in the horizontal planes as well. The most significant
planes are those of Figure 4.19 which show the increase in temperature from the front to the back

and, the symmetry in temperatures with respect to either side of the room.

The isotherms of Figure 4.19 a) compare well with the results obtained by Michell and
Biggs for a forced air system with floor diffuser [14], and for a larger number of points measured
The same type of stratification in the longitudinal direction were observed, although the system they

tested had a slightly higher supply temperature (40°C).

Hydronic System

The isotherms for the hydronic system were plotted in the same manner as for the forced
air system and the graphs appear in Figure 4.20 and 4.21-b. Note that for plane Figure 4.20-a, the
contour interval selected was smaller (0.2°C) to better show the thermal situation next to the

heater.

From Figure 4.20-a, the air temperature distribution is characterized by two main zones
if for the vertical plane perpendicular to the heater. The first zone is located near the heater and
is characterized by large changes in temperatures with height. In this zone, there are three
maximums around 22°C and two minimums around 21°C for ditferences of more than 1°C at

several points. The second zone can be identified by a relatively uniform mass of air at constant
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temperature (21°C) from the center of the room to the back. In this zone, temperatures remain

fairly constant throughout with almost no change in height or in other directions.

Note that the two zones of Figure 4.20-a are separated by a transition zone (contour at

21.3°C) which is located in the range between 0.5 m and 1.0 m away from the column nearest to

the heater.

The variations in temperatures for the ditferent horizontal planes (Figure 4.21-b) indicates
that temperatures remain uniform within the room except at the location close to the heater and
for the 2 4 m plane, a mass of warm air is located near the neighbour's wall. This mass of air is
not present at the other levels and may be due to gains from the neighbours although there were
no thermocouples on the wall at that location to confirm this The other levels reflect mostly the
significant etfect of the heater on the temperature distribution where the greatest variations occurs

at the 1 6 m plane and are not apparen! at the 2 4 m plane

Resutts published by Michell and Biggs [14] were similar to ours for the isotherms crealed
by what they call a "hot water pane! heater” and for a room approximalely twice as long as ours
The shape of their isotherms reflected the same distribution with two zones except that the

variations observed above the heater were not as wide

Modular Systems

The isotherms for the modular systems on the first and the third floor were plotted in

Figures 4 22 10 4.24 and the order of the graphs s the same as was used tor the other sysiems

The temperature distribution for the modular systems is similar tor both floors when Figures
for the ventical planes (Figure 4 22 and 4 23) are compared Difarences occur in the magniude
of the temperatures with temperatures on the third floor lower than on the first tioor Also with only

small ditferences. the temperature variations within the space occur (the contour hines). at the same
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locations. A major ditference is seen on Figure 4.23-a for the location near the hydronic heater
where, at the 0.8 m level, the effect of the heat provided by the return pipe of the hydronic radiator

is increasing the temperature.

Figures 4.22 and 4.23, describe the average environment produced by the modular
systems as being similar to that of the forced air system in terms of the distribution of temperatures
along the vertical plane perpendicular to the window. The temperatures increase from the lower
left portion of the graph (location close to the window) and increase progressively in the direction
towards the upper right (ceiling at the back of the room). However, the increase in temperature

from one point to the other is more important than for the forced air system.

For the temperature distribution at the vertical plane In cross section at the center of the
room (Figures 4.22-b and 4.23-b), in both cases, the effect of the heater is to produce a fairly
symmetric distribution with respect to the center of the room. This is slightly less evident for the
modular system on the third ficor. The symmetry would have been expected to be less than for the

other two systems with the modular systems located on one side of the room.

Using the graphs of the temperature distribution over horizontal pianes (Figure 4.24) the

temperature distribution of the two modular systems with height can be compared.

From Figure 4.24-b, the influence of the insulated baseboard of the hydronic system at the
0.8 m level where increases temperatures close to 2°C occur. This increase can be attributed 1o
the combined etfect of the hydronic and the modular system working at the same time since similar

increases were not observed on the first floor (Figure 4.24-a).
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For the other planes, the temperature within a plane remains fairly constant throughout.
For the 1.6 m plane (Figure 4.24), the maximum temperature occurs at the back of the room
(location A3) which was also the case tor the hydronic system (Figure 4.21-b). For the 2.4 m plane,
the modular system on the first floor shows no significant variation in temperatures for the 2.4 m
plane (Figure 4.24-a) while on the third floor, a major increase in temperature occurs in the region
close to the back wall (Figure 4.24-b). Note that for the hydronic system, such an increase near
the back wall was also observed (Figure 4.21-b) and therefore, the increase in temperature in that
region may not be specifically attributed to the effect of the system, but rather from the effect of

a probable source of heat {rom the neighbour wall or the region of the adjacent bathroom.

Summary

From the above discussion, it was possible to describe a general temperature distribution
which can be attributed to each system. However, in order to better compare them, the graphs for
planes 5 and 2 obtained earlier were simplified in Figure 4.25. This figure represents what we think
is a reasonable version of the isothermal plots obtained earlier for each system and convert the

temperature distributions in the rooms in terms of isothermal masses ot air.

From Figure 4.25, the modular system provides a highly stratified temperature distribution
within the room compared to the forced air and hydronic systems indicated by the larger number
of masses of air. This is accompanied by regions of higher temperatures in a direction close to the
ceiling and the deeper into the room. The difference in temperature along the plane parallel to the

heater shows symmetric increases in temperatures with respect to either sides of the rcom.
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The forced air system also produces regions of temperatures increasing from the window
to the back wall's ceiling (Figure 4.25-a), but the difference between the temperature of different
regions is smaller than for the case of the modular system and the sizes of the masses of air with
constant temperatures are larger. The temperature increase for the vertical plane paralle! to the

window wall (Figure 4.25-b) is symmetrical with respect to both sides of the room.

The hydronic system droduces a temperatures distribution which is slightly ditferent from
the other systems. The temperatures in a plane pemendicular to the window wall (longitudinal
section, Figure 4.25-c), the temperature distribution is characterized by three vertical masses of
air. A warm mass occurs close to the radiator, then a slightly warmer mass of smaller size occupies
the location deeper into the room and the rest of the room consists of a large mass of air with
uniform temperature. For the plane parallel to the window wall and at the center of the room (cross
section, Figure 4.25-d) a large mass of air occupies the whole plane with a smaller one on the

upper right side (close to the neighbour wall).

In terms of air temperature distribution, the hydronic system provides the most uniform
distribution both in the vertical and longitudinal directions neglecting the high temperature mass of
air close to the heater. Nevertheless, since this mass of high temperature air occupies
approximately 1.0 m of the room in the longitudinal direction, then this type of distribution can be

classified as less desirabie than for the forced air system.

Even though the forced air system produces slight gradients In the longitudinal direction,
the variations in temperature from point to point are small. Because it does not produce a marked
zone with high temperatures at the location close to the supply, the distribution it produces could

be termed as being more acceptable than for the hydronic system.

“he modular system produces a temperature distribution which is similar to the forced air
system except that the differences in the temperature in both the longitudinal and vertical directions

are higher. Accepting the hydronic system's concentrated mass of air at the radiator, then, the
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modular system ranks last in terms of uniformity. it is interesting to note that from the distribution
of temperatures on the horizontal plans described before, no significant increase in temperature
was found to occur near the supply of the modular. This indicates that most of the warm air

produced by the modular system is moved away from the immediate surroundings of the heater.

So far, the distribution of temperature in the rooms which were described are only
considering average distribution for a single period. It is not practical to cover all cases of
observations which occurred during the heating season and present here the different cases. We
must mention that the room air temperature distributions described here have been observed for
other cases, but with specific variations occurring from case to case. The analysis of plane
temperature distribution was somewhat limited by the location of the grids of thermocouples and

other cases are not discussed in detail due to those limitations.

4.4.2 Air Temperature Fluctuations

In the previous section, the temperature distributions produced by the systems was static
and considered only average temperature distributions. This section first describes the time
fluctuations of temperatures for the cases described in section 4.1 to treat each different cases in
detailed fashion and to deal with short period intervals. The second part covers fluctuations in room

air temperatures during the whole heating season for each system.

These two sections combined with the previous one will allow to verify if the average
temperature distributions are typical in general. Furthermore, more elements will be added to the
description of the systems in terms of the air temperature fluctuations which characterize their

distribution mechanisms.
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4.4.2.1 Observed Short Period Temperature Variations

in this section, the air temperature variations in time for the cases mentioned at the
beginning of section 4.2 are discussed. These cases are still used here since they cover a good

range of possible outdoor conditions likely to occur throughout a normal heating season.

Interms of temperature fluctuations, important points are: (1) the variations of temperature
between sampling time, (2) the rate at which these variations occur, (3) the range of temperature
maintained for a measurement period and, (4) the difference between the values of (1),(2) and 3

at different height.

For the variation of temperature in time, the change in temperature between two data
collection times can be used to estimate the change in temperature in time for a given system
(ATa) for short intervais and the rate of temperature change (ATa/At). Negative and positive rates
were observed to be of the same magnitude in the data, and only the absolute values of these

variations are considered.

The range of air temperature for the whole period for the different cases can be calculated
by taking the difference between maximum and minimum observed values to indicate how well the
systems are able to maintain a constant temperatura within the rooms. The actual value of the
temperatures maintained (setting) is of lesser importance. The systems, the outdoor conditions and
the enclosure properties are different in each case. The range is more important since it relates

to relative variations instead of an absolute value.
One location, location B3 was selected as being representative of the center of the room
and for this location two levels, 0.1 and 1.1 m, were selected. This location is only used as a

reference. The air temperature variations will be discussed later for other locations.

in the following, the results from these calculations were made for all three types of
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systems and for all the cases listed in section 4.2. The results for the forced air, the hydronic and

the modular systems discussed separately and then compared.

Forced Air System

The statistics for air temperature fluctuations at location B3 (0.1m and 1.1m heights) for the forced

air system appear in Table 4.7.

i) Variations between sampling times: The maximum temperature change between two successive
readings (AT) was always less than 1.0°C and on the averags it was less than 0.4°C for all four

cases.

i) Rates of temperature Change: Rates of temperature changes (AT/At) were as high as 6.3°C/h
(case 2) with average rates between 0.7°C/h and 3.0°C/h. The highest rates of temperature
fluctuations were observed for cases 2 and 3 (near 3°C/h average, for 1.1m height) compared to

the other cases (less than 1.1°C/h).

iii) Period ranges: The temperatures maintained during the period of the tests did not vary by more
than 2°C for all the cases and, if we exclude case 4, then the temperatures range observed for the
periods remained below 1.1°C, a relatively small value. The forced air system was less efficient
in maintaining constant temperatures for case 4 where outdoor temperatures dropped at a high

rate.

iv) Differences between 0.1 and 1.1 m level: For the four cases, the fluctuations observed were

generally higher at the 1.1 m level than at the 0.1 m level and temperature maintained at the 0.1m

level were on the average the same as for the 1.1m level.
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Table 4.7: Temperature Fluctuations Statistics, Forced Air (Location B3)

Case 1 2 3 4
Level (m) 0.1 1.1 0.1 11 0.1 11 0.1 1.1
AT max (°C) 0.4 0.6 0.5 0.8 0.5 1.0 04 0.7
AT/Atmax (°C/h) 1.6 1.1 39 6.3 19 55 1.6 2.7
AT avg (°C) 0.3 0.3 04 0.4 0.2 04 02 0.3
AT/Atavg (°C/h) 1.1 1.1 1.4 3.0 2.7 30 07 1.1
AT avg (°C) 231 233 227 230 227 230 218 219
T range (°C) 0.7 0.7 0.5 1.0 0.8 11 08 1.9

Hydronic System

The statistics for air temperature fluctuations at location B3 (0.1m and 1.1m heights) for

the hydronic system appear in Table 4.8.

i) Variations between sampling times: The maximum temperature change between two successive

readings was always less than 1.0°C with averages less than 0.5°C.

i) Rates of temperature Change: The room temperature fluctuations observed for the three cases
show that rates of temperature changes are less than 3.5°C/h with average rates between 0.7°C/h
and 2.0°C/h.

i) Period ranges: For all cases, the average temperatures at B3 were near 21°C and varied by
less than 1.0°C.

iv) Differences between 0.1 and 1.1 m level: For the cases listed, rates of temperature change are

equal or slightly higher at the 1.1 m leve! than at the 0.1 m level. Note that temperature range at
the 1.1 m level were higher for the fow outdoor temperature case (case 2) and indicates that as

the outdoor temperatures became lower, the temperatures in the room varied over a wider range.
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Table 4.8: Temperature Fluctuations Statistics, Hydronic (Location B3)

Case 1 2 3

Level (m) 0.1 1.1 0.1 1.1 0.1 1.1
AT max (°C) 0.3 04 0.2 08 0.3 0.4
AT/Atmax (°C/h) 1.2 1.6 1.6 19 23 3.1
AT avg (°C) 0.1 0.2 0.1 05 0.2 0.2
AT/Atavg (°C/h) 0.7 08 1.0 2.0 14 1.8
ATavg (°C) 209 210 209 21.0 204 206
T range (°C) 0.5 0.4 0.3 0.9 0.6 0.5

Modular Systems

The statistics for air temperature fluctuations at location B3 (0.1m and 1.1m heights) for

the modular system appear in Table 4.9 and 4.10 for the first and third floor respectively.

i) Variations between sampling times: The maximum temperature change between two successive

readings was always less than 1.0°C with averages less than 0.5°C.

ii} Rates of temperature Change: For the modular system on the first floor, the room temperature

fluctuations observed for the three cases mentioned earlier show that rates of temperature changes
are less than 5°C/h with average rates between 1.0°C/h and 1.6°C/h. For the modular system on
the third floor, results are similar with temperature changes less than 5°C/h with average rates

between 1.0°C/h and 2.0°C/h.

iii) Period ranges: The air temperatures at B3 were maintained slightly lower on the third floor
(~21°C) than for the first floor (~22°C) and, for all cases and both floors, the average temperatures
varied by less than 1.2°C. The range of temperature variations remained more or less constant with

differences less than 0.6°C from case to case.

Similar to the forced air system, the range of temperature for the periods was found to be
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higher for the case of the dropping outdoor air (case 4).

iv) Differences between 0.1 and 1.1 m level: For the cases listed, the average rates of temperature

changes are equal or slightly higher at the 1.1 m level than at the 0.1 m level.

Table 4.9: Temperature Fluctuations Statistics, Modular 1st Floor
(Location B3)

Case 1 2 4
Level (m) 0.1 1.1 0.1 1.1 0.1 1.1
AT max (°C) 0.7 0.6 08 0.6 03 06
AT/Atmax (°C/h) 1.3 1.6 4.7 3.6 1.1 3.6
AT avg (°C) 0.2 0.3 0.2 0.2 0.2 03
AT/At avg(°C/h) 1.3 15 14 1.5 10 16
AT avg (°C) 219 221 218 221 218 221
T range (°C) 0.9 0.9 0.9 0.8 06 1.0
Table 4.10: Temperature Fluctuations Statistics, Modular 3rd Floor

(Location B3)
Case 1 2 3 4
Level (m) 0.1 1.1 0.1 1.1 01 1.1 0.1 1.1
AT max (°C) 0.4 0.7 05 0.8 05 09 05 05
AT/Atmax (°C/h) 24 41 3.0 4.7 16 35 3.0 3.0
AT avg (°C) 0.2 0.2 0.2 0.3 62 03 02 03
AT/Atavg (°C/h) 1.2 1.4 1.2 1.9 09 1.0 1.1 1.7
AT avg (°C) 207 213 204 212 202 208 206 214
T range (°C) 0.7 1.0 09 09 06 09 0.7 1.2
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Summary

In order to compare the systems, statistics for room air fluctuations at location B3 are
summarized in Table 4.11 where the temperature fluctuations cases 1 and 2 are listed. The
maximum or worse values observed for those cases and for both the 0.1m and the 1.1m level are

included in the table.

Table 4.11: Comparison of Temperature Fluctuations (case 1-2, location
B3 0.1m and 1.1m levels, all statistics included)

System Forced Air Hydronic Modutar 1 Modular 3
AT max (°C) 0.8 0.8 0.8 0.8
AT/Atmax (°C/h) 6.3 1.9 4.7 4.7
At avg (°C) 0.4 0.5 0.3 0.3
AT/At avg(°C/h) 3.0 2.0 1.5 1.9
T range (°C) 0.7 0.9 09 1.0

The maximum and average changes in temperature between two successive sampling
times for the period considered showed that all the systems were similar with maximum changes
of 0.8°C and average changes less than 0.5°C. This indicates that for all systems, if periods of 15
minutes or less are considered, the temperature is not expected to vary by more than 1°C on the

average in cases similar to 1 and 2.

For the rates of temperature changes, the forced air system produces peak and average

rates of temperatures changes higher than the other systems (AT/At max= 6.3°C/h).
The modular systems produced rates of temperature changes which were on the average
similar to the hydronic system (close to 2°C/h) but the peak rates are more than two times those

of the hydronic system.

In terms of range of temperature maintained at B3, all systems maintained a constant
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temperature which varied by at most 1°C during the whole collection period. In this sense, the
control of the systems can be said to be accurate even considering the fact that the thermostats
for the hydronic and the forced air systems are not located directly inside the room. These

observations, however, concemn only location B3.

A general observation can be made on the range of temperature fluctuations observed for
the period. For all the systems, even though case 4 for the hydronic system was not available, the

range is expected to be wider for outdoor temperatures dropping (case 4).

Also, the rates of temperature variations are more a particularity of the systems than of the
outdoor conditions since the rates remained constant from test to test while outdoor temperatures
varied. In this sense, the higher rates for the forced air and the modular systems are expecied to
be always higher than those of the hydronic system. This observation could, however, ba better

examined by using more cases than were presented here.

In order to further describe the variations of air temperatures within the room, points with
variations significantly higher than at location B3 had to be mentioned here. These points for each

system are listed in Table 4.12.

For the hydronic system, at the location close to the baseboard (location B1, 1.6m level)
variations of up to 2.2°C between sampling times with a maximum rate of 18°C/h were observed.
As can be seen, the fluctuations increase with height. It is therefore evident that the low fluctuations
in air temperatures in the rest of the room have to be separated from those of the region close to

the baseboard if this system is fo be compared with the others.
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Table 4.12: List of Points with High Temperature Fluctuations

(cases 1-2).
SYSTEMS AND LOCATIONS AT max. AT/At max.
(°C) (°C/h)
Hydronic
B106m + 09 + 7.0
B108m + 13 + 10.0
Bt1i6m + 22 + 18.0
Modular 1st floor
all 2.4 m points
(B2 as an example) + 21 + 12.0
Modular 3rd floor
all 2.4 m points
(B2 as an example) + 29 + 18.0

For modular systems, on both floors, all the locations close to the ceiling were found to be
the most sensitive to temperature fluctuations. Changes in temperatures of up to 3°C and rates of
18°C/h were observed at these locations and location B2 was used as a reference. The high
fluctuations in air temperatures at the highest levels indicate that modular systems distributed most

of the heat at those levels.

For the forced air system no particular points of high temperature changes and rates were

observed anc most points varied within the values mentioned for location B3.

From the above discussion, based on a small number of cases, the variations in air
temperature observed were significantly ditferent from system to system. The foreced air and
modular systems had higher fluctuations in time than the hydronic system. For two systems,
regions with higher variations were found (modular: ceiling location, hydronic: front of the
baseboard). For all the systems, fairly constant temperatures were maintained at the center of the
room. In the next section, temperatures maintained throughout the season for all the systems in

the comfort rooms are discussed.
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4.4.2.2 Seasonal Variations

in order to generalize some of the observations mentioned in the preceding sections,
the average temperatures maintained in the rooms by the systems are investigated for the
whole season of measurements. These data will be discussed for the different planes shown
earlier in Figure 4.18 and in relation to the 21°C sefting which was supposed to be maintained
by all three systems.

The results for the variation of temperature for the whole season, with normal operation
conditions, are displayed in Figure 4.26 for the forced air and hydronic systems, and in Figure
4.27 for the two modular systems. The data represent the range, standard deviation and
average air temperatures In planes sections.

From the average room air temperatures, the temperatures maintained by the hydronic
and the modular system on the third floor were closer to 21°C than for the other two systems.

This difference in maintaining room temperatures can be attributed mainly to the
combined effect of the different locations of the thermostat and the differences in losses
between rooms on each floors. With the room isolated (door closed) and the thermostat outside
not influenced by the same boundary conditions, the temperatures maintained in the rooms

wore different from the set point depending on their respective heat losses.
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Because of higher :0oom losses on the third floor, the temperatures maintained in the rooms
were not as high as those of the first fioor. When the tests were performed, the thermostat on both
fioors were always showing a 21°C temperature and therefore this temperature (even though some
errors can be atiributed to the sensor of the thermostat) was maintained in the rest of the
apartment which was also verified by temperature readings in the rest of the apartment. Since the
room losses were high on the third floor, when the 21°C setting was achieved at the thermostat
location, the room temperatures were slightly lower. On the first floor, the lower losses from the
room compared to floor losses caused the temperature in the room to be slightly higher than for

the rest of the apartment.

Interms of the planar distribution of temperatures, the range and standard deviation of the
forced air and the modular systems are twice as high as those of the hydronic system. This
indicates that on the whole the hydronic system was a relatively "quiet" system with small
temperature variations in time throughout the season and reinforces the observations made in the
preceding section to the effect that the temperatures vary less in the room with the hydronic

system.

For the forced air system, temperatures in the room were maintained at an average near
22.5°C for the whole season with values ranging between 20.5°C and 25°C. From the seasonal
distribution, it is difficult to discern differences either in the vertical or the horizonta! planes
distributions indicating that the air in the room is well mixed. The average value of the temperatures
are centered between the maximum and minimum values which indicates that the distribution is

not slanted either way.

The temperatures maintained by the hydronic sysiem are the lowest maintained for all the
systems with values near 20.5°C. We observe the stan< :id deviation of the distribution is small,
less than 0.5°C for more than 1000 readings and that the average is located symmetrical between

the maximum and minimum values.
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interms of spatial distribution of the temperatures for the hydronic system, differences can
be observed between the averages of the planes perpendicular to the wall (planes 4-5-6) and the
planes parallel to the window wall. There is a decrease in temperature from plane 1 to plane 3, in
other words, temperatures in planes parallel 10 the window wall are warmer close to the radiator
and slowly decrease towards the interior of the room. The planes perpendicular fo the window wail
are generally warmer at the center than at the sides of the room. Although, differences are small,

considering the large number of poinis used, a general trend is visible.

As previously noted, the average air temperatures maintained by the modular systems are
lower on the third floor (near 22°C) than on the first fioor (near 21°C) Nevertheless, the
distributions shown in Figure 4.27 are comparable in ferms of the magnitude of standard deviations

calculated for the season (1.0°C for approximately 1300 observations).

in terms of the location of the average with respect to mimmum and maximum values of
temperatures, the average value for the modular system on the first floor is located nearer to the
minimum value and is not symmetrical as is the case for the first floor The high values for the third
floor were later found 1o be associated with the experiments performed early in the season, durning

the month of November when troubles of overhealing were observed

These problems with control for the modular system were probably caused by the presence
of the hydronic system functioning in the rest of the apariment In this sense, the data for the
modular system on the third lloor is biased for the range of planes temperatures The data tor the
first floor are more significative if these data are used, the average temperature vaned by 4°'C

between minimum and maximum values

From above, nt can be sax! that the trend of plane temperatures generally fotiows the
observathions made earhier on the general air distribution of the systems Also, in terms of the range
of average temperatures maintained in the rooms, the forced air and the modular system on the

first fioor, allowed vanahons of up 1o 4°'C compared 1o lower values of 3'C tound fof the hydrarc
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system than for the other systems. Temperatures on the first floor were on the average maintained
higher than on the third floor due to the differences in the building envelope characteristics between

the ftioors.

For the modular system on the first floor, it is possible to observe a definite increase for
the horizontal planes paraliel to the tloor reflecting the same results noted in section 4.3.1, and this
time for the whole heating season. Therefore, the modular system can definitively characterized
by major increases in temperatures in the vertical direction. For the planes parallel to the window
wall, there is an increase for the plane temperatures at the back of the room, near the back wall.
This was observed in section 4.3.1 as well. For the planes parallel to the side walls, there is not
a definite increase in the temperatures observed as one goes from the interior wall to the

neighbour wall.

From the above discussion, it can be seen that up to a great extent, the observations made
for the cases discussed in the previous sections on air temperature distribution in planes and
temperature fluctuations were also reflected in the general trends observed for each system for the
entire season. In the next section, surfaces temperatures distributions for the particular cases used

so far will be discussed.

4.4.3 Surface Temperatures

While mostly air temperatures were discussed in the preceding sections, surfaces
temperatures were not treated. Surface temperatures, although an important aspect of the indoor
environment, are treated here with less detail than for the air temperatures. Discussion is based

on the cases mentioned in section 4.2 without extending the analysis to the whole heating season.

The average and range of the surface temperatures for the cases listed in the previous

sections are summarized in Tables 4.13 to 4.16 for the forced air, the hydronic and the modular
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systems respectively. A graphical representation of these temperatures appears in Figure 4.28 for

case 2.

Forced Air

For the forced air system (table 4.13), the variations in surfaces temperatures from case

to case as well as the values of each surfaces temperatures are listed.

In terms of the variations from case to case, the surfaces temperatures remain
approximately within the same relative order. The variations of the window as well as the exterior
wall are the highest. They are direclly exposed 1o the outdoor elements. Note that for ali cases,

all the interior surfaces temperatures vary by less than 1°C for a given period

Interms of the relative magnitude of the different surfaces temperatures for a specific case,
the ceiling and interior watlls have the highest values of all surfaces. The neighbour wall assumes
values lower than the other walls. The difference between ceiling and floor temperatures Is
approximately 1°C for all cases. The difference between temperatures measured on the inside and

the outside of the window range trom 7°C 1o 10°C in different cases

The difference between the temperature measured on either sides of the interior wall show
that the side of the wall on the exterior of the room was signiticantly lower than on the inside for
the tirst case. Therefore, heat was transierred from the room 1o the rest of the apariment in that

case.
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Case

INTERIOR WALL
ianc!jacent room
WINDOW WALL
WINDOW

interior

exterior

NEIGH. WALL
BACK WALL
CEILING

FLOOR

230
22.2

219
18.0
85

231
232
235
223

05
09

0.6
08
1.6
02
05
06
03

227
221

217
17.0
54
226
228
232
220

Table 4.13; Surfaces Temperatures Forced Air, Case 2

Average and range

(*C)

3
05 228 06
10 220 10
07 216 07

1.3 176 15
3.4 79 56

0.5 226 08
09 229 08
07 232 08
05 221 06

217
21.6

206
180
1.3
21.7
219
220
211

131

09
08

14
25
101
0.8
07
09
oe
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Data for surfaces temperatures for the hydronic system are listed in Table 4.14.

Table 4.14: Surfaces Temperatures Hydronic System, Case 2

Case

INTERIOR WALL

in 216
adjacent room 214
WINDOW WALL 20.9
WINDOW

interior 16.0
exterior 8.5
NEIGH. WALL 20.8
BACK WALL 21.1
CEILING 209
FLOOR 215

0.5
0.9

1.5
23

0.6
0.6
05
04

Average %nd ranges

21.7
21.2

20.8
15.0

4.7
20.7
21.1
208
21.6

0.5
0.8

05
2.0
3.0
05
0.4
0.3
0.5

21.3
21.0

204
16.0
6.8
20.2
20.8
204
211

28
7.0

05
0.5
0.5
0.4

For the three cases listed for the hydronic system, the values of surfaces temperatures

remained almost the same from case to case except for the surfaces exposed to the exterior. The

surface temperatures of interior surfaces were all close to one another with 1°C variations between

them. Note that the ceiling and floor temperatures remained fairly close to each other, and that the

neighbour wall had slightly lower values than the rest of the surfaces.
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Modular Systems

Data for surtaces iemperatures for the modular systems on both fioors are listed in Tables
4.15 and 4.16.

For the modular systems on the first and third floor, again, most surfaces temperatures are
similar in magnitude with interior surfaces generally warmer than the others. The noticeable
ditierence is the larger difference between floor and ceiling termperatures for the modular system
on the first floor with the ceiling being on the average 2°C higher than the tloor. The diflerence for

the modular system on the third fioor is fess (less than 1°C difference).

Table 4.15: Surlaces Temperatures Modular System 1st Floor, Case 2

Average and Range

(°C)
Case 1 2 4
INTERIOR WALL
in 226 1.0 228 1.2 227 1.0
adjacent room 219 11 217 10 218 09
WINDOW WALL 217 1.0 216 14 217 10
WINDOW
interior 170 15 170 15 170 1.6
exterior 85 3.0 56 32 73 39
NEIGH. WALL 220 05 219 05 220 05
BACK WALL 224 0.9 224 07 224 06
CEILING 233 15 235 16 234 16
FLOOR 217 05 217 07 219 086
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Table 4.16: Surfaces Temperatures Modular System 3rd Floor, Case 2
Average and Range
(°C)
Case 1 2 3 4
INTERIOR WALL
in 223 1.2 24 1.1 218 1.1 223 1.2
adjacent room 214 06 213 1.3 214 07 214 0.6
WINDOW WALL 217 11 217 1.0 209 1.1 21.7 0.3
WINDOW
interior 155 20 150 3.0 160 2.6 15.0 25
exterior 75 40 52 5.9 98 6.7 6.6 5.4
NEIGH. WALL 210 06 209 0.7 204 0.6 21.0 0.5
BACK WALL 214 06 213 0.9 209 0.8 214 1.0
CEILING 22 22 224 2.0 214 2.0 223 2.2
FLOOR 217 05 215 05 212 05 21.7 0.7

For the modular system, the temperature of the location right above the discharge of the
unit were found to be on the average 2°C to 5°C higher than the rest of the exterior wall
temperatures due to the wamm air leaving the unit. This is the only location where significant
differences in surface temperature were observed and they are not shown on Figure 4.28 since

the overall air temperature of the walls were listed in that table.

Summary

Considering the small differences between the distribution of surfaces temperatures for the
cases studied, the typical surfaces temperatures for the different systems can be represented using
case 2 as an average distribution (see Figure 4.28). As we can see, the magnitude of the

temperatures are comparable for the same floor.

The first floor is characterized by generally higher values with lower floor temperatures,

higher ceiling temperatures, high interior walls temperatures and low extenor wall and window



temperatures independently of the systems.

The third floor is characterized by the influence of the systems with the modular system
raising ceiling temperatures. The neighbour wall on the third fioor is at a lower temperature,

indicating that heat losses there are important.

From the above, we can characterized the relative influence of the systems on surface
temperatures. The forced air system produces an environment with relatively high temperatures
and with the high ceiling temperature. All other surface temperatures assume more or less the
same temperature. The effect of the forced air system on the ceiling temperature can be said 1o
be iess than for the modular system on the same floor since the rest of the temperatures for the

forced air system are in the same range as those of the modular system except for the ceiling.

The hydronic system also maintains surface temperatures with interior surfaces warmer
and the neighbour wall temperatures relatively lower. The difference between floor and ceiling

temperatures for the hydronic system is not as different as for the modular system on the same

floor.

The modular systems, by comparing them with the other systems installed on the same
floor and for similar conditions, have created ceiling temperatures signiticantly higher Most of the
heat produced went towards the ceiling. The etfect was less important for the third floor, where the

ceiling {root) losses are high.

The distribution of surfaces temperatures for the diterent systems can be related 1o the
temperature distribution established in section 431 The eftect of low temperatures at the
neighbour wall are reflected in the distributions of room air temperatures for the hydronic and the
modular system on the third fioor in terms of disturbances along the side of that particular wall The

higher temperatures of the intenor wall have not been as signdicant as the ettect ot the warmer
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back wall for the cross sectional and longitudinal distributions respectively.

4.5 Systems’ Transient Response to Low Initial Room Temperatures

Another tool serving the analysis of the temperature distribution created by the systems,
as well as their intrinsic performance, Is the response to low initial room temperatures. Temperature
variations observed in cases when the temperatures in the room were aliowed to drop significantly

before the systems started lo operate are presented.

The tests consisted in allowing temperatures to drop freely in the room, and on the whole
floor of the building, with all the systems off. Then, after temperatures had reached a low value,
the systems were started with a set point of 21°C selected for startup. Experiments of this sort

were performed for the forced air, the hydronic and the modular system on the third floor.

The outdoor conditions at the time of the tests are shown in Figure 4.29. Note that the
outdoor conditions for the forced air and the modular system were the same. These conditions
correspond to very low outdoor temperatures compared to the rest of the season and can be
considered as exceptional. The day selected for the hydronic system is not as cold as for the other

two systems.

The temperature of the air leaving the systems are show in Figure 4.30 for all three
systems, The air temperature supplied when the systems are turned on are similar in range to the

temperatures described in section 4.1.

The forced air and the modular systems, were found to cycle at high rates after they were

turned on. This is due mainly to the cold outdoor temperatures at the time of the test and the initial
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low temperatures in the building for these tests.

The hydronic system responded by progressively decreasing the delivered air
temperatures. Note that for the hydronic system, par of the data for a similar test done on the

previous day appear on the graph. Each cases are now discussed separately.

Forced Air System

The airtemperatures at the 0.8 m level before and after the forced air system was turned
on appear in Figure 4.31. In Figure 4.31 a) temperatures at locations B1, B3 and A3 are shown
for the longitudinal section of the room, and locations in the cross section of the room (locations

B2, B3 and B4) are shown in Figure 4.31b).

For the first part of the test, the decrease in temperatures can be observed. In the
longitudinal section, locations closer to the window cool down faster than the locations deeper
within the room. Variations of temperatures in cross section are similar at all points. The ditferences

were small.

The air temperatures in the room for the torced air (Figure 4.31) were allowed to drop to
16°C before the systems was turned on. The observed effect in the room was a sudden raise
temperatures at all locations. No significant differences were found between the rates of

temperature increase either in the longitudinal or the cross-sectional directions.
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The forced air system took approximately 90 minutes (22:19:00 to 23:48:00) to bring the

air in the room from 16°C to 21°C (5°C difference) This corresponds to an average rate of
+3.3°C/hour. Afterwards, temperatures kept rising until they reached 25°C. This indicates that the
thermostat located outside the room still found the temperatures in the remaining of the apartment

to be less than 21°C and requested more heat from the furnace at that time.

Modular System

The decrease in room temperatures at different locations for the case of the modular
system show that not all points decreased in temperatures in the same fashion. As can be seen
from Figure 4.32 a), the temperatures in the longitudinal section (before 22:00:00) points are
warmer close to the interlor of the room (location A3) and becoma progressively colder closer to
the window. The difference is of approximately 1.0°C at the end of the cooling period. The
variations in the cross section show that the location close to the neighbour wall was approximately
0.8°C higher than the other locations. Some heat was gained from the neighbour's wall at that

location.

In terms of the time required to reach the desired setting, temperatures in the room took
ditferent times to reach 21°C for the 0.8 m height Temperatures at location B1, B2 and B3

increased at a rate of approximately 2°C/hour while location B4 (close to the neighbour wall) and

location A3, back of the room increased at rates of 7°C/hour an~ 10°C/hour respectively Note that
the rates for B1 location correspond to the temperatures maintained later by the system (near

20°C).
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Because the rates of increase for the locations B4 and A3 seem much higher than for the

other locations, the levels other than 0.8 m were checked in the data and were found to also have
high increases. The level of 0.1 m at location B4 was found to increase more in the range found

for locations B1, B2 and B3 (2°C/h).

Hydronic System

For the hydronic system, the outdoor temperatures at the time of the test were warmer than
for the other cases. The cool down periods shown for the hydronic system reveals the same
characteristics as for the modular system. This is for the cool down of points either In the

Iangitudinal or the cross section of the room at the 0.8 m level (see Figure 4.33 a and b).

In the longitudinal section, the points cool down faster closer {o the window than within the
room. In the cross section, the effect of the heat gained from the neighbour wall still keeps

locations in that region warmer (difference of approximately 1°C).

In terms of the warm up period, points away from the hydronic baseboard all increase In
temperatures in the same fashion and at the same rate. For the location B1, ievel 0 8 m, the 21°C
setting was reached in approximately 10 minutes for the two cases shown on the figure The

corresponding average rate of increase at B1 was caiculated 1o be near 20°C/h or higher

For the warm up at the other locations, the hydronic system raised temperature from 17°C
to 21°C in approximately 142 minutes (1 7°C/h) for the two cases shown in Figure 433 The
increase at the center of the room was shightly higher than for the back locations and similar In

cross section
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The transient pedormance of the systems for the conditions studied showed that the
systems vary significantly in the way they distribute heat 1o aftain the desired settings. It allowed

to find the Importance of the heat gained from the neighbour's wall on the third fioor.

For the cool down stage, the tests showed the importance of the heat coming from the
neighbour's wall into the room on the third floor. This indicates that the results in general for all the
cases studied on that floor will be influenced by that condition. The warming of the room by the
neighbours on the third floor is important for low temperature (modular case presented here) as

well as warmer outdoor temperature conditions {(hydronic case)

The modular system can increase the room temperature at a faster rates than the forced
air system. The difference is that the modular system tended t0 increase temperatures
nonuniformly. Although the effect of the enclosure is involved, the magniude of the ditference 1s

significant. The forced air system created a more uniform environment with the air well mixed

Although the hydronic system case was diferent its warm up penod 1s characlerized by
temperatures close to the baseboard increasing at @ much faster rate than for other locations in

the room

4.6 Summary

in the present chapler, different aspects of the system's operation were treated From the
information obtained, a good picture of the intnnsic behaviour of each sysiems and their difiarences

can now be obtained Points discussed have been summarized 1n Table 4 17
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CRITERIA FORCED AIR HYDRONIC MODULAR
CYCLING
supply temperature’
-average (°C) 28 35 50
-range (° 10 20 45
-max. rate of change (°C/H) 60 182 250
-description sharp breaks between slow rise and constant minimum
on/off periods, seesaw decrease for low close to 22°C, on
shape same for all loads loads and not well cycle rise to 80°C
defined max. & min. followed by exp.
for higher loads decrease
surface temperature:
-average (°C) no surf. involved 25 25
cycles per hour:
-average's range 0.7t0 2.2 0.6 t0 3.0 1 or less
-offect of low outdoor T increase increase increase slightly
TEMPERATURE DISTRIBUTION
horizontal
-location to location well mixed warm zone close to uniform
baseboard and uniform
elsewhere
-increases with height (°C) ~1.5°C ~3°C close to baseb. up to 3°C

~1°C elsewhere

vertical:

-longitudinal warmer from window warm dose to heater, warmer from window

to back and from fioor same elsewhere to back and fioor
. to ceiling to ceiling
-cross section symmetric symmetric symmetric
-room one zone two zone: baseb. and two zone: lower part
rest of room and higher part of room

TEMPERATURE VARIATIONS (°C)
center (0.1m and 1.1m);

-max. between sampling 08 08 08

-avg. between samplng 0.5 0.5 0.3

-for a period 10 09 1.0

-for the season 45 3.5 40
rates, center:

-avg. center (0 im and 1.1m) 3.0 1.9

difference 0.1 & 1.1m

-points with high variations

none or 1.1 higher

20
none or 1.1 higher

none or 1.1 higher

other than center none front of baseb. close to ceiling
SURFACE TEMPERATURES

-ratio ceiling/foor 11 0.97 1.0 3rd ficor

1.1 st floor

TRANSIENT RESPONSE
warming stage:

-room dlstn%ution uniform faster close to faster at back of

baseboard room
-rate (°Crh) 4 20 20 210 10




CHAPTER 5

5. DETERMINATION OF TEMPERATURE PROFILES

As observed in the previous chapler, the heating systems created higher temperatures
close to the ceiling. Atthough the relative importance of this phenomena was discussed, the actua!
increases of temperature with height were not precisely quantified. Therefore, in this chapter, the
results for temperature distributions obtained in the previous chapter are further studied Points
discussed include: finding the actual shape and magnitude of the vertical temperature profiles, and

tinding the changes in these gradients in time for short periods and for the whole heating season.

It is important fo determine the temperature profiles produced by a heater for both energy
conservation and comfort. High gradients means that heaters sends heat 10 the ceiling before the
occupanis can feel comfortable at their level The heater will finally heat both the top and the
bottom of the room, and in the process more energy will be used. Gradients must be limited to
reduce discomfort risks of the occupants (see chapter 2) and #t is important to determine within

what range they occur.
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As a starting point, note that the temperature distribution in the environment is mainly

dependant on the following parameters combined:

-Heating system behaviour and response
-Room response (room air transfer function)
-Controller or thermostat response (set point)
-Outdoor temperature

-Other factors

In a procedure, to correctly describe the temperature profiles produced by the systems, the

above factors must be included. The problem can then be formulated by the following questions:

1) What is the shape of the temperature profile produced by a given system at

different locations in the test room?

2) Can the gradients be related to the behaviour of the heating system in terms

of the magnitude and range of the heater's temperature?

3) What is the effect of modifying the enclosure’s configuration by opening the
door on the temperature profiles in the room? This question incorporates the
control aspect and the thermostat control response. With the room door
opened, the thermostat is also influenced by the conditions in the test room

near it.
4) For a given system, is the magnitude of the gradients observed the same,
irrespective of the value of the outdoor temperature at the time of the test or

are they related?

These questions cover only part of the problem of temperature gradients in the rooms.
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Even though there are other considerations, the analysis is limited to these questions in the first

place.

in the first section, the mathematical equations and the calculation procedure used later
to determine the typical temperature profiles created by the different systems are described.
Mathematical equations are based on first and third order least squares interpolation of

temperatures with height. The procedure shows how the data recorded were used to find the

values of maximum, minimum and averages gradients.

The second section gives the resuits obtained using the mathematical formulation to
determine the shape of the temperature profiles created by the systems. The case of the coldest
and of milder outdoor conditions observed during the season are used in order to describe
ditferences between temperature profiles obtained at cold and warmer outdoor conditions. For the
case of the coldest day, it will be determined it a simple relation between heater temperature and
magnitude of the gradients observed can be established. In the last part, the efiect of opening the

door on the temperature profiles in the rooms is treated briefly.

In the next section, results for the observed seasonal variations of the gradients are
discussed in order to obtain a more general idea concerning the temperature profiles for the entire
heating season (as described in section 4.2). For each system, the section demonstrates, the

alterations observed in temperature gradients as outdoor temperatures vary.

The analysis is structured so that the general problem of determining the temperature
profiles starts from the particular (questions 1 to 3) to the general (question 4). The sections are
structured such that these questions can be independently considered. In order 0 arrive at 8 more
synthetic representation of the behaviour of each system, these questions will be treated in the

end.
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5.1 Mathematical Representation and General Procedure

Temperature gradients are obtained by calculating the difference between the temperature
at a given level and the level below. If this difference is negative, it indicates a decrease in
temperature with height while a positive difference indicates an increase. Since the gradients are
expected to vary with height, a gradient between two points is not sufficient to describe completely
the gradients at a certain location in the room. Also, since the temperature at every points on a
vertical column cannot practically be measured. It is needed to use a function to interpolate

between points.

In this study, the following linear and third order interpolations were used:

a) Linear Interpolation:

T(y)=my+b (°C) (5.1)

where T(y) : temperature as a function of height y (°C).
y . height (m)
m : slope (°C/m)
b :intercept (°C)

b) Third Order Interpolation:
Tly)=ag+a,'y+a5y°+3,"y° (5.2)

where T(y) : temperature as a function of height y (°C).
y :heightin (m)
a, :fitting coefficients (°C/m")

The coefficients in equations 5.1 and 5.2 can be found using least squares approximation using
collected data at different heights in the room and at different locations. These calculations were

performed using available computer routines incorporated into home made programs [26].
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Using equation 5.1, linear equation is obtained which will be accurate if the temperatures
in fact increase linearly with height. On the other hand, if the gradients are not linear, equation 5.2

will provide a better estimation of the actual gradients.

The choice of the third order estimation and not a higher order was based on anterior
analysis of the data which showed that using higher order approximations does not significantly

decrease errors found in the calcufations and, third order estimation errors were on the average
less than 0.5°C.

The experimental set-up is such that at some grid locations, only two or three points are
available for temperature measurement. in these cases, the first order approximation is used, even
though, the gradients may in fact not be linear. This is because the results obtained for a low

number of points using ieast squares method with third order interpolation are not as meaningful.

To correctly represent the gradients for the case of transient conditions, the analysis must
include considerations of the time dependencies (in addition to the space variations of
temperatures). In fact, the temperature profile at a given location is changing constantiy as the

heating system cycies on and off.

To take into account the time varying aspect of the gradients over a test period, the

statistical quantities of maximum, minimum and average values in units of °C/m can be used.

The problem is how to determine these statistical quantities. If equation 5.2 is used then,
the maximum gradient at a certain time must be evaluated by solving the derivative of the equation
and finding its zeroes. There may be more than one. Therefore, several maximums expressed as

a function of height would be obtained.

On the other hand, equation 5.1 can provide a single value for the statistical quantities

sought. These quantities will not represent the exact values of the temperatures, but an
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approximation describing the trend of the observations. Nevertheless, considering possible
inaccuracies in the measurements, this method has the advantage of not being as sensitive to

errors in the measurements.

Considering the above remarks, it was decided to follow the following procedure to
evaluate the maximum, minimum and average temperature gradients (or temperature profiles) for

a given test period:

1) For the test period the coefficients of equation 5.1, m and b, are evaluated for
each grid point in the room at each sampling time during the test period (e.g.:

record temperatures 50 times during a day and find m and b for each time).

2) The slopes (m) obtained from 1) are examined to find the value of the maximum
and minimum slopes as well as their time of occurrence during the data coliection

period.

3) For the locations where there were more than one measurement point (B type
locations) the coefficients in equation 5.2 (a,,a,,a,.a,) were evaluated for the time

of occurrence of the maximum and minimum found in 2.

4) To obtain the average temperature profile, the data for the whole test period are
used to find the coefficients of equation 5.1 only for type A locations or 5.1 and 5.2
for type B locations (e.g: for 50 measurements during the period at B3, the
average temperature profile is based on the least squares approximation of 50

temperature readings at each of the heights measured at location B3).

The outcome of the above calculations is finally a first order approximation of the maximum
and minimum slope of the temperature profile with height during a test period are obtained. For grid

locations with four or more measurement points, a third order estimation of (he temperatures for
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the maximum and minimum cases is calculated. Finally, the average distribution of the variation
of temperature with height based on the observations made over a whole test period is obtained

(which is linear or of order three). A test period is usually close to a day in duration and always

more than five hours.

5.2 Temperature Profiles and Relation With Heater Temperature

In this section, data are analyzed for specific cases in order to establish the actual
temperature profiles when the systems operate in normal conditions of operation. Normal operation
is as defined in section 4.1 (door closed, window shaded on the exterior, thermostat fixed at a

constant setting of 21°C, no occupants, no furniture).

The first section reports results of temperature profile measurements over specific periods
for difterent ranges of outdoor temperatures (relatively cold and mild), shows the relation with

heater supply temperature and, finally, the variations in profiles observed when the door is opened.
The results presented in this section are limited to a small number of cases to better

describe the details related to temperature profiles evaluation. In the next section of the chapter

(section 5.3), the results on seasonal variations will provide a more general overview.

5.2.1 Temperature Profile at Coldest Observed Outdoor Temperature

The temperature profiles created by a given system must be determined at first for a
specific test period in order to first acquire a notion of their general shape and the range in which

they can be found. It was decided to select the period for the coldest day during the heating
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season on which data were collected to obtain an analysis for the worst possible case. This was
accomplished for each system while making sure that a sufficient data were available for the day

selected.
After the description of the outdoor conditions selected for analysis and the conditions
inside the rooms at the time of the tests, the results for the first order interpolation and the third

order interpolation of temperatures as a function of height are described.

General Description of Outdoor Conditions

Figures 5.1 to 5.4 show data which characterize the days selected for the forced air, the
hydronic and the modular systems on the first and third floor. Each figure show graphs of
temperature data for the outdoor environment, the temperature of the air supplied by the heaters
(as defined in section 4.2.2) and the floor and ceiling temperatures. The corresponding numerical

values are summarized in Table 5.1.

The days selected for the hydronic and forced air system are similar with a day
characterized by outdoor temperature raising from -12°C to -4°C until noon and remaining around -

5°C until midnight.

The days selected for each modular systems are similar to each other but warmer on the
average than for the other two systems. The day is characterized by outdoor temperature close
to -7°C with a progressive raise and fall between 8:00 and 17:00, bringing temperatures up to -4°C

for that period.

The average temperatures maintained on the third fioor by the hydronic and the modular
systems (20.1°C and 21°C respectively) were slightly lower than the temperatures maintained on

the first floor by the forced air and the modular systems (23.2°C and 22°C respectively).



| £ T NI . T -

156

The air temperatures maintained at the center of the room (table 5.1), remained fairly
constant during the day for all systems and varied over less than 1.3°C. The thermostat setting of
21°C and the average temperature maintained were the same for the modular on the third floor,

less for the hydronic system and higher for the forced air and the modular system on the third fioor.

The walls’ surfaces temperatures statistics (table 5.1) show that for all systems, the exterior
wall and the neighbour's wall were on the average the coldest. The interior and back walls were
generally slightly warmer thar the rest of the walls. For surfaces temperatures, an important note
must be made concerning the data used for the modular system on the third floor. it was already
mentioned in chapter 3 that with the presence of both the modular and hydronic system at the
same time in the room, the baseboard of the hydronic system had to be insulated while the tests

were conducted.

Nevertheless, because the return pipe of the baseboard was not passing under the floor

but over the fins, a certain quantity of heat is expected to come from that location into the room
even with insulation over the pipe. The temperature at the surface of the insulation was found to
be between 22.6°C and 23.9°C for the whole period of the test which is higher than normal but not

significantly.
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Table 5.1: Surfaces and Air Temperatures Statistics

SURFACE Forced Hydronic Mod. 1st Mod. 3rd
86 read. 86 read. 97 reed. 99 read.

HEATER

Average 28.4 441 50.2 474

Maximum 33.5 53.4 83.4 85.6

Range 9.7 9.3 15.6 12.7

OUTDOOR

Average -6.1 -7.1 -6.7 7.5

Maximum -2.0 -3.0 -3.7 4.1

Minimum -11.1 -12.1 -7.7 9.0

Range 9.2 9.2 4.0 49

WINDOW

Average 16.1 16.2 15.8 15.4

Range 2.4 3.8 15 3.0

EXTERIOR WALL

Average 216 195 20.4 205

Range 0.9 08 0.7 0.8

NEIGHBOUR WALL

Average 22.4 19.1 220 20.7

Range 0.6 05 0.5 0.6

INTERIOR WALL

Average 229 20.6 228 21.7

Range 0.6 08 1.2 0.7

BACK WALL

Average 22.6 19.8 228 209

Range 0.3 09 1.3 09

FLOOR

Average 22.1 20.3 21.7 215

Range 0.4 0.5 0.7 05

CEILING

Average 231 20.0 23.6 22.3

Range 0.7 1.0 1.8 2.1

ROCM

AIR CENTER 0.8 m

Average 23.2 20.1 220 21.0

Maximum 240 20.4 226 21.3

Minimum 22.7 19.6 21.7 205

Range 1.3 08 0.9 0.7
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Note that the data collection period for the hydronic and forced air system is equally
spaced at 15 minutes intervals while it is 10 minutes for the modular systems. Also, the data
collection was interrupted at some points which is visible from the missing data points on the

curves. The number of readings for each period is indicated in Table 5.1.

Interms of cycling of the systems, the two modular systems cycle on and off approximately
every hour with average supply temperatures around 50°C and maximums of 86°C. The hydronic
system completes on-off cycles approximately every two hours before 8:00 at temperatures
between 40°C and 54°C and then cycles less often as the outdoor temperature rises. The forced
air system cycles on and off approximately every hour at temperatures between 25°C and 34°C
and the cycling pattern, unlike the hydronic system, does not change as the outdoor temperature

rises.

Interms of floor and ceiling temperatures, the ceiling's temperature is higher than the floor
for all systems except for the hydronic system for which these temperatures remain close 1o one
another. The difference between floor and ceiling temperatures is following closely the cycling of
the modutar systems but for the fnrced air and hydronic, the ceiling and floor temparatures remain

fairly constant throughout the day.

As can be seen, for the cases selected, the outdoor conditions were different for the
systems (harsher for the forced air and hydronic systems) and general room temperatures

conditions were within the range of those in chapter 4.

Results from First Order Approximation

The linear profiles obtained for maximum, minimum and average gradients obtained from
equation 5.1 were plotted at each grid locations and appear in Figures 5.5 to 5.8 for the forced air,
the hydronic and the modular systems on the 1st and 3rd floor respectively. The levels at which

the temperatures were measured are listed in Table 5.2 and the results for the numerical values




163
are listed in Table 5.3.

Table 5.2: Temperature Measurements Ranges

Grid 1st Floor 3rd tloor
Locations
distances trom floor (m)
A1l 08-16 08-24
A5 06-24 08-24
B2,B3,B4 01-24 01-24
A2 16-24 08-16
A3 e 08-24
A4 08-24 08-1.6

For a better representation, the graphs are arranged such that each grid point is located

in the same order as they are physically located in the rooms and note that:

-The curves show the increase in temperature with height from the lowest point measured
and the value of the intercept (b) of the equation is not included in the graphs. The profiles

therefore represent the relative variation of temperature with height.

-Locations where an insutficient number of thermocouples were available for calculation

are not shown.

-The bottom scale for the temperature was usually kept between + 2.5°C except where the

data were outside of range.

-Although the curves shown extend up to 2.6m in height, the measurements were made

up to 2.4m high and the ceiling height is of 2.8 meters. Values higher 114n the 2.4m height

TN e Rl R S .
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are extrapolations.

- The maximum error is the maximum error obtained for a particular temperature at a
specific thermocouple location while the average error is the sum of the errors for all the
thermocouples at a grid location divided by the number of thermocouples at that grid

location.

The results indicate that the temperature gradients for the four heating systems are
different based on first order approximation. The hydronic and forced air systems produce gradients
which are less than one degree for all locations compared to the modular systems which can have
gradients up to 3.8 degrees, but have maximums of 2 degrees on the average. The results
summarized in Table 5.4 definitely show that the modular systems rank the highest for all

categories.

The values for the forced air system as listed in Table 5.3 indicate that ali locations have
more or less the same gradients at all locations. The locations at the back of the room have
minimums which are slightly negative. On the whole, the gradients are small compared to the other
systems. Also, the variation in time, represented by the standard deviation is also small (maximum

standard deviation of 0.2°C/m).




Table 5.3: Gradients’ Numerical Values Calculated from Equation 4.1

Grid

Locations

A1l

Maximum (°C/m)
Minimum (°C/m)
Average (°C/m)
St. Dev.{°C/m)
FIBa"nge (°C/m)

Maximum (°C/m)
Minimum (°C/m)
Average (°C/m)
St. Dev.(°C/m)
Range (°C/m)
A5

Maximum (°C/m)
Minimum (°C/m)
Average (°C/m)
St. Dev.(°C/m)
Range (°C/m)
B2

Maximum (°C/m)
Minimum (°C/m)
Average (°C/m)
St. Dev.(°C/m)
Range (°C/m)
B3

Maximum (°C/m)
Minimum (°C/m)
Average (°C/m)
St. Dev.(°C/m)
Range (°C/m)
B4

Maximum (°C/m)
Minimum (°C/m)
Average (°C/m)
St. Dev.(°C/m)
Range (°C/m)

Forced
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Table 5.3 (continued): Giradients' Numerical Values Calculated from Equation 4.1

Grid

Locations Forced Hydronic Mod. 1st Mod. 3rd.

A2

Maximum (°C/m) 09 0.6 38 -0.4

Minimum (°C/m) -0.1 -0.1 1.0 -3.2

Average (°C/m) 0.4 0.3 20 -1.4

St. Dev.(°C/m) 0.2 0.2 0.8 0.7

ggnge (°C/m) 1.0 0.7 28 28

Maximum (°C/m) 0.5 1.40

Minimum (°C/m) 0.2 0.18

Average (°C/m) 0.2 0.61

St. Dev.(°C/m) 0.2 0.30

Range (°C/m) 0.7 1.22

Ad

Maximum (°C/m) 0.4 0.9 2.0 220

Minimum (°C/m) -0.4 0.2 05 0.24

Average (°C/m) -0.1 0.3 1.1 0.94

St. Dev.(°C/m) 0.2 0.2 0.4 043

Range (°C/m) 08 1.1 1.5 1.96

Table 5.4: Maximum Values of Interpolations

Maximum Forced Hydronic Mod. 1st Mod. 3rd All
Values Systems
Maximum (°C/m) 0.9 0.9 38 25 3.8
Minimum (°C/m) -0.5 -0.8 0.3 -3.2 -3.2
Average (°C/m) 0.6 0.3 20 -15 2.0
St. Dev.(°C/m) 0.2 0.2 0.5 0.7 0.7
Range (°C/m) 1.0 1.1 28 28 2.8
Max. Err.(°C) 0.6 1.5 08 1.6 1.6
Avg. Em.(°C) 0.4 1.4 05 1.1 1.4
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The results for the hydronic system are comparable to those of the forced air system. The
gradients are uniform throughout the room except for location B1 where negative gradients occur.

The standard deviation at all points is also small (less than 0.3°C/m) for all locations.

The modular systems creae the highest gradients in the rooms on both fioors. Comparing
Figures 5.7 and 5.8 and also the values in Table 5.3, the results are similar for the 1st and the third
floor. The exception is location A2 where high gradients occurred on both floors (with different
signs). The maximum standard deviation (0.7°C/m) of the gradients during the recording period for
the modular systems is approximately two times higher than for the other two systems indicating

that the profiles vary more in time.

The above results are for a linear interpolation of the temperature profiles and are included
here to describe the temperature profiles for a large number of locations in the room. Note that
when the coefficients of equation 5.1 were obtained, the error in calculating the temperature at the
measured heights was calculated. As shown in Table 5.4, the maximum and average errors can
be as high as 1.5°C. This means that the profiles included so far describe only the general trend

in the data.

Results from Third Order Approximation

in order to obtain a better representation of the gradients the temperature profiles over the
measurement periods described above were found using equation 5.2. The results of the third
order interpolation are shown on Figures 5.9 to 5.12 for the forced air, the hydronic and the
modular systems on the first and third floors respectively. The numerical results are listed in the

same order in Tables 5.5 to 5.8. The tables include the errors found in the approximations.
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Forced Air System

From Figure 5.9 and Table 5.5, the following observations for the forced air system can

be made:

-There are two types of shape for the temperature profiles. The first one is an S-shape
increase of the temperatures (locations B1 and B2), and the second one is a near linear

shape (locations B3 and B4).

-The greatest increase in temperature occurs between 0.1m and 1.0m.

-The average and minimum gradients for all locations except B4 are close to 0°C/m.

-The maximum error for the interpolation over the entire period (table 5.5 ¢) is less than
one degree for all grid locations which indicates that the average temperature profile

provides a good description of the temperature profiles.

-The maximum error in the interpolation is less than 0.6°C for maximum and minimum with
an average error less than 0.5°C (table 5.5 a and b). This indicates that equation 5.2 is

sufficiently accurate.

-The temperature profiles are distributed over a wider range for locations closer to the

neighbour's wall (locations B3 and B4).

-The difference in profile at location B4 cannot be explained by the temperature of the
neighbour wall next to this grid location since the temperature of that wall is approximately

the same as for the other walls (see Table 5.1).




Table 5.5: Results for 3rd Order Interpolation, Forced Air

Table 5.5 a): Results for Maximum Gradients, Coefficients and Errors

B1 B2 B3 B4

a, 2201 2215 2231 223
a, 215 3.18 205 0.43
a, 144 -198 -084 048
a 036 046 0.16 -0.16
Max. Error (°C) 03 01 06 02
Avg. Error (°C) 0.1 0.1 03 0.1

Table 5.5 b): Minimum Gradients, Coefficients and Errors

B1 B2 B3 B4

a, 2254 2210 22.69 2465
a, 082 186 -0.11 -3.44
a, -0.34 -0.75 026 262
a, 003 006 -0.03 -058
Max. Error (°C) 03 0.1 0.3 0.2
Avg. Error (°C) 0.1 0.0 0.1 0.1

Table 5.5 c¢): Average Gradients, Coefficients and Errors

B1 B2 B3 B4

2, 2246 22.08 2250 2347

a, 149 284 036 -1.42

a, -094 -193 035 157
021 044 -011 -038

a
Max. Error (°C) 09 08 11 09
Avg. Error (°C) 0.3 0.3 03 03
r 05 07 06 04
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, see fig. 5.1)

(T, average=-6.1°C
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Figure 5.10: Third Order Approximation of Temperalure Profiles, Hydronic System
(T.. average=-7.1°C, see fig. 5.2)



| BTN - > o e -

176

x »
- = »
® £ «
H L ) .
t e e
1 - . ]
-, ey TN'
. -
. " -
.'- ...“ 3
o *a ; L (.
et %
- - e ‘., » S -
[ ] - . L4 [
- » s
- L ﬂf'?E .‘2
.‘;. .| .'.‘ P 2
“Sagact” ng B
v =
ln m
CETV NS TR Sk v Z
AN N &N N NN & o o - e e e
1) INBIN Q.
1. bl J &)
~|‘ qu Wn 2
*s, ‘s ©
" LI ) '|‘ .'-
TR P < e 1“2
Yo, ™n -y . —_—
AT 3 See,, Lm
= Trea. .":O‘-‘,s 1-5 I "-." . ) g '-l.n
o L - 2 Y < » ’.... '-.."" .’E .5 A
.. ~‘."¢<.E Tee ~".":-;-¢.--. --; :-2’
- =D - %8
b {n ES-
x
CTIT VTR T CTNE SR e T T T R T LT RS A 48
O NNNANNe e == A NENAN - - &w
(LI Ye 191 ORI <
LYY - P
[T =]
90 e
., &8
. e >
: po
o -
-~. LY [ ] E z
) *
"'-.. . "S r—}:’
e - -
. -
“"*Jc.g [Te]
= o
w

-3 -2 -1

185 LRI




-

——— 1]
o o o MAX

AN NANN == ==

TENPERATURE (C)

e
»
<
.
.
.

-~

. L J

%
]
|"
v -
s
]
\-.. Sea - .
-

a - '."‘On.. Seen, ~

-

[ ]

-

1

AN NANN® o« o«

19) UBIN
w -
[ ] . d®
[ ] .l- o
S -
02 'l‘ "8
.
.s ~.. 0|.“ 1-5
N- = -...-...-: - qﬂ‘
-g C e o c e e a. ‘.--.- ....Q,'.“ ¢-E
[ ] S ® e e re o™
-* ‘e
1%
~ I
! )
L J
e e n e L EEeE R REgEe S RANRe e s "
& NN NN = =
%) DBIM 1) LEIM

TENFERATURE (C)

2-98 * 29 & 35 ¢

BN NNANN- = ==
%) LRI

177

2: Third Order Approximation of Temperature Profiles, Modular 3rd Floor
(T.. average=-7.5°C, see fig. 5.4)

Fiqure 5.1
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Hydronic System

From Figure 5.10 and Table 5.6, the following observations for the hydronic system can

be made:

-The temperature profile created by the hydronic system is characterized by high variations
of temperatures at the location close to the baseboard (location B1) but relatively smal!

gradients elsewhere (table 5.6).

-At the location closest to the baseboard (location B1), temperatures increase steadily
between the 0 m and 1.5 m levels to decrease afterwards. This increase can be as high

as 2.5°C and is on the average close to 1.5°C.

-The temperatures in the center of the room are close to vertical straight lines with a small
increase in the last portion above the 2.0 m level. This distribution is repeated across the

room.

-The maximum error for the interpolation over the entire period (table 5.6 c) is less than
1.5 degree for all grid locations which indicates that the average temperature profile
provides a good description of the temperature profiles. This is also reflected in the value
of ©# which indicate that the average accounts for more than 40% and up to 87% of the

observations.

-The maximum error in the interpolation is less than 0.3°C for maximum and minimum
(Tables 5.6 a and b) calculated by using equation 5.2 with average errors less than 0.1°C.

This indicates that equation 5.2 is sufficiently accurate.
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Table 5.6 : Result for 3rd Order Interpolation, Hydronic
Table 5.6 a): Results for Maximum Gradients, Coefficients and Errors

B1 B2 B3 B4

a, 20.86 19.43 19.42 19.10
a, 655 1.17 087 1.29
a, -2.28 -0.88 -0.56 -0.82
a, -0.02 024 0.18 0.21
Max. Error (°C) 00 01 02 041
Min. Error (°C) 00 00 01 0.1

Table 5.6 b): Minimum Gradients, Coefficients and Errors
B1 B2 B3 B4

a, 21.83 19.43 19.81 19.92
a, 0.46 1.04 -0.11 -0.17
a, -0.06 -0.56 -0.07 0.58
a, -0.18 0.06 0.05 -0.20
Max. Error (°C) 0.0 01 02 01
Min. Error (°C) 00 00 01 0.0

Table 5.6 c): Results for Average Gradients, Coefficients and Errors

B1 B2 B3 B4

a, 21.06 19.45 19.66 19.65

a, 276 1.61 065 0.06

a, -0.76 -1.39 -0.34 0.17

a, -0.22 0.34 0.08 -0.03
Max. Error (°C) 12 07 05 07
Min. Error (°C) 03 02 02 0.2

P 09 04 05 06

-The temperature profiles are distributed over a wider range for locations closer to the

neighbour’s wall (location B3 and B4).

-Even with the wall close to location B4 (neighbour wall) being on the average at a
temperalure less than the other walls, the effect the temperature profile at that location is

not different from the other locations.
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Modular System, 1st Floor

From Figure 5.11 and Table 5.7, the following observations on the modular system for the

first floor can be made:

-The temperature profiles created by the modular system on the first floor show that most
of the temperature increases occur between the 1.2 m and 2.4 m levels in a close to linear

fashion. The ditferent profiles in the room are similar except for location B4.

-Negative gradients occur only at the location closest to the neighbour's wall (location B4)

and between the 0.1 m and 0.8 m level. Elsewhere, the temperature profiles are similar,

-The average and minimum increases in temperatures are close to zero for all locations

except B4,

-The different temperature profile at location B4 could be explained by the lower
temperature of the neighbour wall, and the back wall (table 5.1) relative to the other walls’

temperatures.

-The maximum errors for the interpolation over the entire period (table 5.7 ¢) are between
1.4 and 2.0 degree for all grid locations which indicates that the average temperature

profile does not provide a good description of the temperature profiles. The values of

indicate that the average accounts for more than 75% of the observations. The higher
values of  indicate in this case that the increase in temperature with height is more

important.

-The maximum emor in the interpolation is less than 0.3°C for maximum and minimum
(Tables 5.7 a and b) with average errors less than 0.2°C. This indicates that equation 5.2

is sufficiently accurate.




Modular System, 3rd Floor

As noted previously, due to the presence of a small amount of heat coming from the return
pipe of the hydronic system, the results for the third floor are discussed separately and compared

here with the results obtained on the first fioor.

From Figure 5.12 and Table 5.8, the following observations for the modular system on the

third tloor can be made.

-The temperature profiles created by the modular system on the third floor are similar to
those observed on the first floor Mos! of the temperature increases occur between the 1.2
m and 24 m levels in a close to linear fastion. The different profiles in the room are

similar excep! for locations B1 and B4

-The effect of the heat delivered by the return pipe of the hydronic system is to modiy the
gradients between the 0 1 m and the 1.2 m level af location B1 (see location B1, Figure
5.12). The shape instead of being linear is curved between those levels This indicates that
with the temperatures under the window increased by approximately 3°C at constant value
the efient is felt drrectly on the temperature profile at location B1 By comparing with the

results on the first fioor, the temperaiure profiles at locations B2 and B3 are the same

-The average and minimum increases in temperatures are close to 1°C for all locations

except B1

-The maximum erors for the interpolation over the entire period (1able 58 ) are over
2.0°C higher tor all gnd locations which indicates that the average temperature profile does
not provide a good description of the temperature profiles The values of r indicate that
the averages accourt for between 65 and 80% of the observations which indicates in this

case that the increase in temperature with height is significant.
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-The maximum error in the interpolation is less than 0.4°C for maximum and minimum
(Tables 5.8 a and b) and with errors on the average less than 0.3°C. This indicates that
equation 5.2 is sufficiently accurate for describing the profiles.

Table 5.7: Resutits for 3rd Order Interpolation, Modular 1st

Table 5.7 a): Minimum Gradients, Coefficients and Errors

B1 B2 B3 B4
a, 21.06 21.66 21.87 23.02
a, 093 0.19 -1.95 -5.34
a, 048 077 294 6.03
a, -0.06 -0.03 -0.58 -1.41
Max. Error (°C) 0.2 00 0.2 0.0
Avg. Error (°C) 0.1 00 01 0.0

Table 5.7 b): Minimum Gradients, Coefficients and Errors

B1
a, 21.34
a, 0.04
a, 0.57
a, -0.14
Max. Error (°C) 0.2
Avg. Error (°C) 0.1

B2
21.32 21.78 22.91
0.84 -0.89 -3.70

-0.02

0.1 0.1
0.0 0.1

B3 B4

1.32 3.28
0.04 -0.29 -0.72
0.1
01

Table 5.7 c): Results for Average Gradients, Coefficients and Errors

B1
a, 21.14
a, 0.76
a, 0.23
a, -0.04
Max. Error (°C) 1.5
Avg. Error (°C) 0.3
(o 0.80

B2 B3 B4
21.51 21.85 23.23
0.86 -0.98 -4.85
-0.17 157 4.74
0.11 -0.31 -1.08
21 20 14
03 04 03
076 08 0.80



Table 5.8: Result for 3td Order Interpolation, Modular 3rd Floor

Table 5.8 a): Results for Maximum Gradients, Coetlicients and Errors

183

B1 B2 B3 B4
a, 19.20 20.14 19.83 1959
a, 1217 160 215 388
a, -11.04  -1.15 -1.29 -2 61
a, 287 053 053 0.79
Max Error (°C) 0.0 0t 01 05
Avg Error (°C) 00 01 00 0.2

Table 5 8 b): Minimum Gradients, Coetficients and Errors

B1 B2 83 B4

a, 1984 2019 2066 2029
a, 1068 245 023 187
a, 1067 -205 006 -1.38
a, 273 052 001 036
Max Error (*C) 000 01 01 03
Avg Error (°C) 000 00 01 01

Table 5.8 ¢) Resulls for Average Gradients, Coetficients and Ermors

A1 Bl B2 B3 B4

a, 2305 1926 2034 2025 2003

a, 147 1176 178 124 272

a, 0.00-1069 -142 -059 -1.84

a, 000 265 044 021 049
Max Error (°C) 21 21 23 21 22
Avg Error (°C) 09 04 03 03 04

o 050 081 069 076 0638

52 2 Temperature Profile al Milder Qutdoor Temperatures

Inthe previous sections, the shape of the temperature profiles for the tour heating systems
tor the coidest day for which data were available were described Since the day selecled was one
of the coldest, it is important to note that the temperature gradients may he less imponant on other

occasions The results above apply for the worst case observed, and . ., ted here are protiles
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obtained for milder outdoor conditions.

Figures 5.13 to 5.16 show the temperature profiles ubtained for the forced air, hydronic and

modular systems respectively for outdoor conditions listed in Table 5.9.

Forced Air

For the forced air system, comparison of Figure 5.13 with Figure 5.9 indicates that the
temperature profile for the milder temperatures is similar to the profile at colder temperature. The
difference is that the gradients are less pronounced in the case of milder temperatures Also, the
range of the gradients at location B4 s not as wide as for the coldest case even though location

B4 still has greater gradients than for the other locations.

Table 5.9: Outdoor Conditions for Temperature Profiles at Milder Outdoor
Temperatures.

Heating System  Qutdoor Temperature

Forced Air and constant at -2°C
Hydronic
(figure 5.13-5.14)

Modular 1st between 0°C and -3°C
(figure 5.15)

Modular 3rd between 0°C and -4°C
(figure 5.16)
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¢ 5 13: Temperature Profies, Mild Outdoor Conditions, Forced Air
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5 15: Temperature Profiles, Mild Outdoor Condiions, Modular 1st Floor
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Figure 5.16: Temperature Proliles, Mild Outdoor Conditions, Modutar 3rd Floor
(T, average=-3 0°C)
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Hydronic System

For the hydronic system, the gradients at locations B2 and B3 are similar for the milder
outdoor lfemperature (Figure 5 14) and for the lower outdoor temperature (Figure 5.10) For

locations B4 and B1, differences exst

Al first glance. the profile at location B1, when compared with the other locations, seems
to indicate that temperatures there are much coider there than in the rest of the room In fact, since
the temperature prohles shown are only relative 10 the 0 1 m level, the profile shows that

temperatures in the lower level are much tugher at that level (by approximately 5°C)

There 15 a signiicant dference in the temperature profiles at localion B1 when the
hydronic system operates at lower outdoor temperatures The baseboard produces a highly
concentrated mass of warm air close to the floor caused by the lower temperatures al which the
baseboard operates (see section 4 3 2 under "Hydronic system™  i1lem in “case {0 case variatons”)
Theretore there 1s an increase of temperature between the 01 and 0 6 m level (Figure 5 14)
instead of the increase between 0 1 mand 24 m levels (Figure 5 10) The major increase occurs

lower and 1s by aimost 2°C more imporiant

From the results the shape of the temperature profiles cbserved lor the hydronic system

was found 10 change depending on the outdoor temperature at which the system operates

Modular Systems

For the modular systems, companson of Figure 5 11 winh Figure 5 15, and Figure 5 12 with
Figure 5 16. shows tha! the grachents are no! signidicantly smaller at milder temperatures than at
the colder temperature In fact, the shape o! the temperature profile in both cases is aimos!

identical
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From the results of the two cases observed, the same temperature profiles are expected

at different outdoor corditions of operation for the modular system.

5.2.3 Relation Between Gradients and Heaters' Supply Temperature

From section 5.2.1, it was seen that for the modular systems, the errors for the average
temperature profiles are higher than for the other systems. This indicates that the profiles vary
more in time and can not be as well represented by an average. Therefore, it can be asked if these
variations occur at times when the systems are at the peak temperature in their cycles For the
cases described in section 5.2.1, it was decided to verify a relationship between the magnitude of

the gradients’ slope as (equation 5.1) and the temperature of the heater could be found

At first, a graph of the gradients versus heater temperature at B types of locations was
plotted in Figures 5.17 to 5.20 for the forced air, the hydronic and the modular systems (st and

3rd tloors) respectively.

The graphs show that for the forced air and the hydronic systems (Figures 517 and 5 18)
there is no apparent relationship between heater temperature and the magnitude of the gradients
The points are equally distributed on either sides of a line Also, since the gradients are almost

constant, a relationship is not possible

The case of the modular systems is different. The shape of the curves for both floors
(Figures 5.19 and 5.20) indicate that there is a relationship between gradients’ magnitude and
heater temperature. Even though, the relationship does not account for all the points, there is a

trend. More important, the trend is the same for both fioors.

The curves for the modular systems shows that gradients increase sharply for heater

temperatures up to a approximately 50°C. Passed 50°C, the qradients are stable and stan
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increasing again beyond 70°C.

Results using a third order approximation for the relationship between gradient magnitude
and heater temperature showed that such type of approximation could account for between 65%
and 80% of the experimental results obtained for the modular systems. These results are not
presented here since more research and some modiications in the experimental procedure would

be required to validate this type of relationship

The observed effect of the heater temperature variations on the changes in temperature
protiles can be illustrated by showing the gradients as they change in time for each of the systems
Figure 521 shows the outdoor temperatures and the heater temperatures for the four heating
systems The starting times were determined so that the penods include at least one cycle for each
system The outdoor temperatures were selected to be more or less constant and close to each

other for the dferent systems
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Figure 5.22 to 5.25 show the temperature profiles in time for the same periods as in Figure
5.21 for the forced air, the hydronic and the modular systems respectively at location B3, center

of the room. Profiles were calculated using equation 5.2.

First, Figures 5.22 and 5.23 show that for the forced air and the hydronic systems, the
temperature profiles are not significantly influenced by the heater's temperature in time for a cycle.

As the systems cycles on and off in time, no major disturbance occurs in the profiles.

On the other hand, for the modular systems (Figures 5.24 and 5.25), the increase in the
modular's temperature is immediately followed by a change of temperature profile above the 1.2

meter level. Below that level, temperatures remain fairly constant.

The fact that a relationship exists for the modular systems indicates that the temperature
of the heater is important for gradients and this within a specific range. The gradients observed for
the hydronic and forced air systems did not present a particular relationship and also these

systems had lower supply temperatures than the modular systems.

The magnitude of the gradients for the modular systems increased the most for supply
temperatures between 35°C and 50°C. This indicates that this range, for the conditions studied,
is the most likely to produce high gradients The supply temperatures for the other systems did not

go higher than 35°C and also no significant gradients were observed.
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5.2.4 Eftect of Door Opening

During the heating season, the door of the test room was left opened during a few days
to observe the effect on the temperature profiles. This was done only for the forced air and the
hydronic systems. The profiles obtained are shown on Figures 5.26 and 5.27. The days on which
these conditions were maintained had outdoor temperature profiles similar to those of Figures 5.1

and 5.2 as discussed in section 5.2.1 for the case of the coldest outdoor temperature.

Etfect on Temperature Profiles

For the forced air system, the temperature profiles of Figures 5.26 and 5.9 can be
compared to see the effect of opening the door. As can be seen, the shape of the profiles for both
cases are not significantly difterent. The only notable difference is that location B4 does not have
negative gradients when the door is opened, and, therefore, temperature profiles are uniform
throughout the room. This is probably due to the change in pressures caused by opening the door.

The comfort room pressure was being brought closer to the pressure in the rest of the apartment

For the hydronic system, the temperature profile at locations B2 and B3 for the case when
the door is opened (Figure 5.27) are more or less the same as for the case with the door closed
(Figure 5.10). The main difference is for location B1 where the increase of temperature caused by
the baseboard is shifted upwards. Also, location B4 presents the same high increases above the

2 meter height as for the case at milder temperatures described in the preceding section.

Fromthese two cases, there appears to be no definite or specific modification of the shape
of the temperature profiles which could be attributed to door opening. For the forced air system,
a more uniform distribution occurs, but the distribution for the hydronic system was aiready fairly

uniform and similar changes cannot be compared.
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Effect on Room Temperatures

For the hydronic system, the effect of keeping the door opened has been to maintain the
air temperature closer to the 21°C set point. In Table 5.1, the temperature at the center of the room
(location B3, 0.8 m height) was at an average oi 20.1°C (close to seasonal averages mentioned
in chapter 4) while, for the case with the door opened, the average temperature at the same
location was 21.5°C. Also, for that location, the range of temperature change was higher for the

case when the door was opened (around 1.5°C) compared to the door closed case {less than 1°C).

For the lorced air system, the air tempaerature at the center of the room and Its range of

variation were not significantly ditferent between the closed or opened door case.
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Figure 5.26: Temperature Profiles Obtained for Forced Alr With Door Opened
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Fiqure 5.27: Temperature Profiles Oblained for Hydronic System with Door Opened

Tt
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Summary

Results seem to indicate that there is an effect on temperature profiles caused by opening
the door but since the data collected cover only a shor period, the analysis cannot satisfactorily

confirm the exact effect.

Nevertheless, the results indicate that for the hydronic system, opening the door will
balance the conditions in the room by keeping the temperatures closer to the set point but the air
temperatures will vary more. Since the forced air system mechanically delivers the air in the room,
the effect of opening the door will not be sensed much in the average room air temperature and

its variations.

5.3 Seasonal Varlations of Gradients

The seasonal variations of outdoor temperatures and the corresponding indoor temperatures
in the test rooms were measured for a large number of days with the systems in normal operation

conditions. The gradients at various times during the season can be also be calculated.

For a given system, it can be verified if the magnitude of the gradients observed in the
environment are the same irespective of the outdoor temperature. In other words, can the system
maintain the envionment constant in the rooms throughout the season or is it better or not in

achieving that function as the heating load increases?

The outdoor temperature at the site was measured throughout the season. However, due to
changes in the thermocouples’ locations and some readjustments, the outdoor temperaiure

Mmeasurements are not available for every single day a measurement was made.
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The outdoor temperature at the site can be approximated using weather data available from
the closest weather station (Dorval Airport). Naturally, there is a discrepancy between the site's
weather data and those at the meteorological station. It can assumed that the general {rend in the

values of the two sets of data are comesponding to each other within sufficient limits.

Two sets of weather data were compared for a day in December and it was found that the
site's outdoor temperature is on the average warmer than the airport's data and that they changed
less rapidly. This is easily explained by the fact that the weather station at the airport is located in
an open area whereas the testing site is surrounded by other buildings which shigid the wind. Also,
the thermocouples for outdoor temperature are located on the other side of the windows, in a zone
surrounded by walls. Nevertheless, as an approximation, the outdoor temperatures recorded at the

airport are used.

Since the outdoor temperature at the weather station is measured once every hour and
the measurements at the site are more frequent, the outdoor temperature fromthe weather station

must be weighted so that they will correspond to the data collected at the site.

To ting the outdoor temperature during a test (T,,,). the following outdoor temperature

definition was:

Tows = (X nObs{i)* T, (i))n  i=123..n (5.4)
where: Torest - Average outdoor temperature at the time of the test (°C)
T, (i) - Outdoor temperature at hour | read at the meteorological

station (°C)

nobs(i)

number of readings during hour i
n = total number of readings during the recording period
i = index for hour i during the day
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As defined by equation 5.4, the values of T, can be calculated for each test period and
provide an estimate of the outdoor temperature at the time of the test. This definition is used later

after gradients for each test period, for all the systems, are calculated.

The maximum, average and minimum gradients were calculated using equation 5.1 for
each days when were data collected for the four systems. Results are shown in Figures 5.28 to
5.30 for the forced air, the hydronic system, the modular system on the first floor and the modular
system on the third fioor respectively. The heights hatween which the gradients were evaluated in

the measurements are as described in Table 5.2.
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Forced Air System

For the forced air system (Figure 5.28), it can be seen that the values of the average
gradients chserved are close to zero for most grid locations. There is a general tendency towards
slightly positive values except for locations on the side of the neighbour's wall (A5). In order
to describe the results from the graphs the half range value can be defined. The positive half range
is the range of values limited by the maximum value and zero and, the negative half range is

limited by minimum values and zero.

From the above definition, the positive and negative half range for the forced air system

are less than one degree for all locations.

Therefore, the gradients observed for the forced air system throughout the season are
small considering the accuracy of the thermocouples which allows at most to detect differances of
haif a degree. Note that for these results (and it is valid for the rest of the section) the gradients
are assumed to be linear and in the case that they are not, the gradients may be greater than

described here.

Hydronic System

if we consider the hydronic system (figure 5.28), it can be seen that the values of the
average gradients observed are ciose to zero for most grid locations. The positive and negative

half ranges of the gradients are less than one degree for all locations except A1, B1 and B4.

In general, the gradients observed for the hydronic system throughout the season are

small except for location B4 where linear gradients higher than 1°C/m have been observed.

YN R R NS Ty gt e
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Modular Systems

The results for the modular systems on both floor are discussed together in order to

compare the results.

For the results for the modular system on the first floor (figure 5.30), it can be seen that
the values of the average gradients are concentrated between 0.0°C/m and 1.5°C/m for all grid
locations except location A1 (near 0.0°C/m) and location A2 (up to 2.0°C/m). Note that from table
1, temperature measurements for A1 and A2 are available only over a small range which explains

these differences.

Results on the third floor were similar to those of the first floor. On the third floor (figure
5.31), it can be seen that the values of the average gradients are also concentrated between

0.0°C/m and 1.5°C/m for all grid locations except locations A1 and A2 (-0.5°C/m to -1.5°C/m).

The positive half range of the gradients is close to 2.0°C/m for all locations except at
location A1 where it is less than 1.0°C/m. The negative half range of the gradients is non existent

for all locations except at locations A1 (-1.0°C/m) and A4 (-2.0°C/m).

On the third fioor, the positive half range of the gradients is slightity higher (close to
2.5°C/m) for all locations except at locations A1 and A2 where it is non existent. The negative half

range of the gradients non existent for alf iocations except at locations A1, A2 and A4.

From the above, it can be seen that both modular systems produce significantly higher
gradients than the other two systems. Also, the modular systems have a greater difference

between their maxima and minima or in the range between which the gradients are found.

The distribution of gradients for the modular systems are similar for both floors except for

location A2 which is not evaluated between the same heights on the two floors (see table 5.2).
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The difference observed for location A1 between first and third floor can be explained by

the different location of the systems with respect to location A1 on these floors. On the third floor,
the system was Incated facing location A1 since it had to be installed further away from the window
due 1o space limitations imposed by the presence of the hydronic baseboard. Therefore, the
negative gradients indicate the presence of a warm zone in front of the system (at ~0.8m height)

with lower temperatures at the higher level (~2.4m height).

5.4 Relation Between Gradlents and Qutdoor Temperatures

The gradients in Figures 5.28 to 5.31 show the general distribution of the gradients during
the heating season. They can be used to determine the overall limits between which the gradients
of a particular system are expected to be found. Now, the same data are used along with T,,,,
defined earlier to estabilish if the values of gradients can be related to the outdoor temperature.
Figure 5.32 shows the average gradients at location B1 as a function ot the outdoor temperature
(Tows) for all four systems. Location B1 was selected since it is closer to the window and the

systems.

For the forced air and the modular systems, the distribution of the points reveal a straight
line with a negative slope. The magnitude of the slope is higher for the modular systems (close to

1°C/m per °C of T,,,,) than for the forced air system (0.5°C/m per °C of Tp,.,)

The data for the hydronic system do not follow any specific type of relationship. The
gradients are clustered around °C/m with only two values lying outside of the range for high

outdoor tomperatures.
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The same type of graphs were aiso plotted for the minimum and maximum values of the
gradients as a function of Ty, and are shown in Figures 5.33 and 5.34. The graph of the minimum
values shows the same type of pattern as the average values. The graph for the maximum values
is similar for the forced air system but the values for the other systems are not clearly distributed

along a straight line.

From the above observations, it can be seen that except for the hydronic system, the
average and minimum values of the gradients observed follow outdoor temperatures in a linear
relationship for location B1. The slope of this relationship is negative which indicates that as the
outdoor temperature decreases, the average and minimum values of the gradients tend to
increase. The magnitude of the slope indicates the sensitivity of this dependence. For the two

modular systems, the slope is greater than for the forced air system, indicating a greater sensitivity.

For the hydronic system, the relationship for average and minimum gradients at location
B1 is not as well defined. The reason is that the baseboard taces directly that location and is the
major factor acting at that location. Therefore, its effect is dominant. It is also true that the supply
of the forced air is located In front of grid location B1 but,
since there is a relationship between gradients there and outdoor temperature, the effect of the

supply is not a dominant factor- the heat is not directly distributed there.

The same graphs were repeated for location B3 at the center of the room. The graphs of
the maximum, minimum and average gradients at location B3 as a function of Ty, are shown on

Figures 5.35 to 5.37.

For the forced air and hydronic system, the graphs indicate that the maximum, minimum
and average gradients observed at location B3 for the season are more or less constant. From the
graphs, the slope of the line appears to be slightly higher for the forced air system. Taking into
account the accuracy of the measurements and the fact that the systems are not located on the

same floors, this difference is not signiticant,
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For the modular systems, the relationship between gradients at Iccation B3 and test
outdoor temperature is not as well defined. For the modular system on the first floor, the
relationship is clearly defined for the average and minimum gradients as was the case for location
B1. For both moduiar systems however, the relationship is not observed outdoor temperature
above -2°C. Therefore, the gradients at temperatures higher than -2°C cannot be entered in the

same category as the gradients for temperatures higher than -2°C.

The linear type of relationship observed for location B1 for the moduiar systems is found
for the range of outdoor temperatures above -2°C, This relationship is again linear with negative
slope. From the graphs of the average gradients, the slope for the first floor is situated between
0.5°C/m and 1.5°C/m for the first floor while values for the third floor are between 0.5°C/m and
1.0°C/m. Although this difference is small, the average gradients on the third floor could be said

to be less sensitive to outdoor temperatures than on the first tloor.

From the above discussion, it can be concludod that the gradients observed at different
locations in the test rooms either vary linearly with outdoor temperatures or remain faiily constant
(based on linear interpolations). The variations are less important for the forced air and hydronic
systems than for the modular systems. The relationship is not as well marked for temperatures
higher than -2°C for the modular systems when data were collected at the beginning ot the season

with control settings for the modular system still not yet fully stable.

5.5 Summary

In this section, the observations made in the previous sections are summarize. The
questions which were asked in the first seciion are reviewed Resulls are listed in a tabular form

for easy comparison between the systems and to discuss the results of this section in relation to
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the previous section’s results.

The first question asked at \“e beginning of the chapter was: What is the shape of the
temperature profiles produced by the different heating systems? This question was treated in
section 5.2.1 for the coldest outdoor temperature observed and in section 5.2.2 for milder

temperatures.

For the forced air system it was found that the temperature profiles at the coldest and
milder temperatures were similar in shape with gradients slightly less severe at the milder
temperatures. Also, the protiles were similar at different locations in the room indicating that the

distribution of heat in the room was uniform at all ranges of outdoor temperature conditions.

For the hydronic system, it was found that to qualify differences between the temperature
profiles at milder and colder outdoor temperatures, the observations must be divided in two: profiles
at the location facing the heater and the profiles in the rest of the room. The profiles in the center
of the room remained the same independently of the outdoor conditions at which the system

functioned.

On the other hand, when colder and milder conditions temperatures profiles were
compar-ed for the hydronic system, the height of discharge of warm air from the baseboard was
lower a' milder temperatures. Not only was the height of discharge lowered, but also gradients in
the region close to the floor were much higher because of the concentration of heat. This indicates
that the way the baseboard distributes the heat in the room is influenced by the temperature at

which it operates.

For the modular systems, it was found that the temperature profiles were similar for the two
floors except for two locations: facing the system and to the window for the third floor (influenced
by some heat coming from the baseboard of the hydronic system). Even with this disturbance, the

profiles created in the rest of the room were not affected.
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The second question mentioned at the beginning of the chapter on whether the magnitude

of the gradients were related to the temperature of the heaters, was dealt within section 5.2.3. It
was found that for the forced air and the hydronic systems, the magnitude of the gradients could

not be directly related to the heater's temperature.

For the modular systems on the other hand, it was found that the gradients can be related
to the heater temperature for the higher levels. This was demonstrated by an example showing
profiles in time. The relation between heater temperature and gradients in the room enabled to
determine that the high temperatures at which the modular systems were operating, and the range

over which these vary, are partly responsible for the high gradients observed.

The third question mentioned at the beginning of the chapler was as to whether opening
the door of the enclosure would modify the temperature profiles in the rooms. From data available
for the forced air and the hydronic system, no major modification in the temperature profiles were
found which could be attributed to opening the door based on the smail number of cases studied

More data are needed than what was available to study correctly this modtdication

On the other hand, opening the door has had the effect of bringing the temperatures in the
room closer 1o the set point than when the door was closed for the hydronic system This indicates
that this system works at temperatures closer 1o the set point f the door is operied Another etfact,
which 1s negative, is that the temperatures will fluctuate more For the forced air system, these two
observations do not hold and the temperatures maintained in the room as well as their variations

are relatively unchanged by opening the door

The last question at the beginning of the chapter was whether the magnitude of the

gradients varies as the outdoor temperature changes

For all systems, ft was found that up 1o a centain extent, some relationship exisied between

outdoo! temperature and average gradients in the room The relation was marked for the modular
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system for which outdoor temperature decreases corresponded to gradients increases. Also, the
relationship is less reliable for outdoor temperatures above 0°C for the modular systems. The
relationship however does not hold for the hydronic system at the location close to the window

since that location is strongly influenced by the baseboard.

The slope of the increase in average gradients with decreasing outdoor temperatures
indicates how sensitive the changes were for a particular system. It was found that the modular
systems are more sensitive (o variations in outdoor temperatures. Needless to say, the relation
singles out the outdoor temperature as a factor for gradients’ magnitude. However, the cycling of

the systems being increased as the outdoor temperature decreases which increases gradients.

The variations in the magnitude of the gradients was observed based on linear interpolation
only. Differences were small even though a relationship could be found with outdoor temperature.
In this sense, the variations observed and the relationship established must be taken with care
since the linear interpolation creates emors and this even more for the modular systems. The range
of variations being small, it is difficult to obtain a high resolution when the results are analyzed.

This is further worsened if considering the accuracy of the thermocouples.

Taking the magnitude of the gradients as a ranking factor for comparison indicates that the
forced air system performed the best. if it is accepted that only the location closer to the heater be
with high gradients, then the hydronic system is second. The modular systems will rank last

because of the gradients they produce are twice as high than for the other two systems.

In terms of the uniformity of the temperature profiles, all systems, except the hydronic
system, produced fairly uniform temperatures throughout the room. The hydronic system created

great difference between the location close to the heater and the rest of the room.

In order to simplity comparison, Table 5.10 lists some criteria that can be used to compare

the systems’ performance.
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Table 5.10: Comparison of Temperature Profiles for the Ditferent systems based on Ditferent

rieria.
CRITERIA Forced Air Hydronic Modular
EXZEREREEEEREEER REEEEEEREEEEEN EEEEEESSEESEEES SEENESENEREDES
Temperature Figure 5.13 Figure 5.14 fig. 5.15-5.16
Profiles
Difference smaller ditterent at no
between mild gradients heater location, signiticant
and cold and same smaller differences
outdoor profiles gradients
temperatures eisewhere
profiles
Range of 0.imto1.0m above 20 m 1.2 mio ceiling
highest (01t0o06mM
temperature front of heater)
change
Relation with yes (small) yes (small) yes (larger)
outdoor except close
temperature to heater
Maximum
Average 0.8°C/m 0.9°C/m 2 0°C/m
gradient
(linear)

The following remarks concerning the accuracy of the results and the etfect ol comparing

systems for different locations and ditferent floors can be made

-Thermocouples and their locations were the same on a given floor When the temperature
profiles were estimated, 1t errors occurred for one system, they occurred for the other

systermn on that floor also

-Even though the temperature profiles for the different sysiems were not all evab.ated for

the same days. the days selecied were chosen $o that differences In outdoor condftons
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were as small as possible.

-Results for the modular systems indicated that the difference between the profiles for the
first and third floors were similar , and therefore, comparison between the forced air and

the hydronic system should also be valid.

-The use of first order interpolation is accurate for the case when gradients actually foliow
a linear relationship. For the case that they do not, the linear relationship only provides an
average. This is why negative gradients (such as was found for the hydronic system at the
location facing the baseboard) obtained with linear approximation do not necessarily

exclude the possibility of positive gradients at a certain location.

In this chapter, the results of the preceding chapter have been observed here from the

temperature profile point of view:

-The forced air system was found to produce even room temperature distributions and
regular cycling behaviour and also produced similar gradients for ditferent locations in the

room and a constant behaviour during the season.

-The hydronic was observed to create two zones (location near heater and rest of the
room) with cycle operations dependant on outdoor conditions. Similarly, two zones of
gradients were observed and the temperature profile at the front of the baseboard changed

when outdoor conaitions were more or less severe.

-The modular systems were found to produce highly stratified plane temperature
distributions and had sharply defined cycles. it was found that gradients were high and the
sharp cycles combined with the high heat output capacity created profiles which also

varied sharply in time.
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-The higher gradients found when outdoor temperatures were lower are due to an
inetfective compensation of the cold downdratt at the window by the modular system High
surface temperatures on the wall above the heater indicated that most of the heat
delivered by the system went along the wall, direcily to the celling. At warmer outdoor
temperatures, the downdraft did not contribute much to increasing gradiants compared to
the more important influence observed at lower outdoor temperatures Therelore, the
combined effect of the system distribution along the wall and the downdra!t increased

temperature gradients.

Up top now, with this chapter and the previous one, most of the information readily
available on tamperature measurements was used. So far, the differences between the operation
of the systems have been noted based on specific cases or for jong periods of measurements The
next section will discuss other parameters which were also measured before the results of this

section are finally used for thermal comfort assessment of the systems

[t

et

s U




CHAPTER 6

6. RESULTS ON AIR VELOCITY, RADIANT TEMPERATURE AND RELATIVE HUMIDITY

Air velocity, mean radiant temperature, and relative humidity measurements complete the
list of the physical parameters necessary to evaluate comfort for comparing the three heating
systems. The analysis will focus on the range in which these parameters observed in some typical
cases. More attention will be paid to air velocity and mean radiant temperature since these

parameters are more important than relative humidity for comfort.

Air velocity results were selected to show typical variations in time for different locations
inthe rooms and to establish the average and the range between which they occur for the different

systems. Measurements locations included grid points in the occupied space of the rooms,

Mean radiant temperature measurements from globe thermometers were selected to
evaluate differences between air and mean radiant temperatures in the rooms. Mainly, the concern
was to find if the low window temperatures were well compensated by the heaters, and if other

surfaces in the enclosure would be involved in creating radiant discomfont.

Relative humidity measurements show the differences observed between floors and, since

comfort is not very sensitive to this parameter, the discussion is limited to average values.
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6.1 Alr Velocities

The magnitude of air velocities for the ditferent systems will be discussed for ditferent
locations in the rooms and for different days. Before results are presented for the systems, the

conditions of the tests and the instrumentation used are described.

Test Procedure

Air velocity measurements require sophisticated instruments and special considerations
for two main reasons. From results of other studies, the air velocities in the rooms were expected
to be low (between O and 0.25nvs) and stochastic. Therefore the data collection had to be

performed using anemometers working in that low range and using an averaging method

Two types of omnidirectional transducers were used: the climate analyzer anemometer
probe and four individual probes connected 1o the acquisition system (see chapter 3). The location
of the devices could be varied to obtain measurements at different locations and heights as long
as they were away from a major heat source. Physical restrictions and calibration integrity limited

use of the probes to temperatures near 21°C.

The climate analyzer's anemometer was used extensively in the first year of the project to
provide measurements of air velocities on the third fioor. it recorded over 24 hour periods using

values averaged over 5 seconds with a +0 05mvs accuracy

The individual probes located on the first floor had similar accuracy (:0 03nvs) but
measurements had to be averaged by the DAS The DAS was programmed to record velocities

in groups o! 5 measurements made at 10 seconds intervals every 15 minutes (or more frequently

in some cases)
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Climate analyzer and anemometers results were compared several times and concordance
was found between the results of the two measurements. This indicated that the calibration of the

probes was correct and values obtained from either instruments were valid.

The amount of information tinally available for the air velocities measured for the torcad
air and the modular system was more important than for the hydronic system. The reason is that
there were up to four anemometers in the comfort room of the first floor while data for the hydronic
system relied solely on climate analyzer measurements. The results obtained using these
instruments to measure air velocities during periods of normal conditions of operation (as defined

in chapter 4) of the heating systems are listed below.

Hydronic System

The results of air velocity measurements during four days when the hydronic system was
in operation are shown in Figure 6.1 with climate analyzer readings for 0.6 m height at the center
of the room (location B3). The outdoor temperature of the four cases presented were below -10°C.
Note that for the case at outdoor temperature of -15°C, the system was turned off for the period

between the hours 11 and 19.

With the system in normal operation (door closed thermostat set at 21°C), the maximum
value of air velocity at the center of the room was found to be 0.05mvs. Considering the accuracy
of 0.05mvs, a typical value for air velocity could be between 0.0 and 0.1rvs. if we assume no error,
then, the air velocity observed for the hydronic ranged between 0.0 and 0.05m’s with average near

0.02nvs.
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The air veloclties tended to be higher at lower outdoor temperature when the system cycled

more often. The air velocities for the first three cases (Figures 6.1 a,1> and ¢) with average outdoor
temperatures near -14°C are on the average lower than for the last case with average outdoor

temperature near -24°C (high cycling).

The direct influence of the system on measured air velocities can be observed from the
case when the system was off for a certain period of time. Note that in Figure 6.1 ¢), when the
system was not functioning between the 11" and the 19" hour of measurements, the air velocity
measured in the room remained null. When temperature measurements were compared in time
with air velocity measurements (not shown), the increases in air velocity corresponded exaclly to

the beginning of the on cycle of the system and followed cycles related 1o the system’s cycling.

Fromthe above results, the cycling of the hydronic system produced air velocities between
0 and 0.1mvs. The higher values of this range occurred when the system cycled on. With the

system off, negligible air movements were observed, even at outdoor conditions near -14°C.

Air velocities closer to the heater should be higher than the 0.1m/s maximum observed at
the center and, for other locations inside the room air velocities are expected 1o be lower away
from the heater. Although, this was not measured, it is a reasonable assumption with the air

velocity found to follow the system's cycling.

Forced Air and Modular Systems

The results for the modular and the forced air systems appear in three tables and eight
figures displayed on the following pages. The two tables contain respeclively air temperatures
information (table 6.1) and air velocity measurements (table 6.2) for four cases while Figures 6.2

to 6.9 show the time variations corresponding to the results of the tables.
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Table 6.1: System/Weather Data Air Velocity Measurements

FORCED AIR MODULAR
F1 F2 M1 M2

CASE average (°C)

Outdoor -1 -7 0 -4

Heater Surface 29 28 45 48
Forced Air

Interpretation of the magnitude, room variations and case to case variations indicate that
the measured air velocities for the forced air system are typical of this system. The basls for this
interpretation is detailed here and the analysis performed will be repeated for the modular system

below.

The magnitude of velocities observed in all cases ranged between 0.00 and 0.2nvs with
averages less than 0.05mvs. The measured velocities varied considerably in time between these
two extremes with cycles similar to the temperature of the supply for the peak values and randomly

for the lower values.
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Figure 6.2: Forced Air, Air velocity Case F1 (see outdoor condilions, figure 6.3)
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Table 6.2: Air Velocity Measurements, Forced Air

Average Maximum

Cases F1 F2 F1 F2
Location m/s

B11.1 0.04 0.04 0.17 0.19
B10.6 0.04 0.07 0.18 0.23
B2 0.6 0.03 e 008 0 -
B3 0.6 0.03 0.04 0.09 0.10
A308 e 002 0 e 0.10

With measurements covering different locations in the room, comparison of air velocity
obtained for three locations is possible: close to the supply (B1), center (B3) and back of the room
(A3). This comparison shows air velocities near the supply to be twice higher in terms of the peak
values observed but, average values are not significantly ditferent throughout the room (see Table

6.2).

Resuits for different heights for one grid location can also be compared. If air velocities at
B1 are compared between the 0.6m and the 1.1m levels, for case F1, the difference in average
and maximum values are not significant. For case F2, air velocities observed at 0.6m level were
slightly higher (avg: 0.07mvs, max: 0.23mvs) than at the 1.1m level (avg:0.04m/s, max: 0.19mvs).
Since the system's supply is the major source of air movements, this results indicates that the main
forced air's supply level is closer to the C.6m level than to the 1.1m level in this case and for this

location.
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In terms of case to case comparison, the magnitude of air velocity increased with the
number of cycles of operation (case F2 compared to case F1) As the system cycied more often,
the maximum and average air velocities tended to increase. The Increase tor location B1 0 6m
level was more pronounced than for the B1 1.1m level, suggesting that the discharge height is

closer to the 0.6m level than the 1.1m level.

The discharge height close to the 0 6m level was also observed in the temperature profiles
of the preceding chapter for location B1. In this section, air velocities were found to be higher close
to the 0.6m height and less at the 1 1m height and correspondingly, temperature profiles were also
cbserved to vary the most between the 0 1m and the 1.1m heights Therefore, 0 6m height is the
best approximation value for the height of discharge based on the measurement points available

at location B1.

The forced air system produced air velocty fluctuations higher than the hydronic system
Arr velocities in the rooms were found 10 be null on the third floor when the hydroniC system was
not cycling Therefore, similarly the air velocity on the first tioor should be null when the forced sir
is off since the rooms are similar and no other cause of air movement is important enough
(e g.:infiltration, window downdratft) In other words, the air velocities observed were created by the

operation of forced air system only and were typical of this system

Modular System

The results for the modular system. for the same room and the same instruments. can be
summarized by simply stating that ar movements are close 1o nuli in terms of averages (maximum
of 0 03nvs) and maximums (maximum of 0 04m's) and these are signficantly low values relatve

to the available accuracy of 0 03mv's



Table 6.3: Air Velocity Measurements, Modular 1st Floor

Average
Cases F1 F2
Location
B11.1 0.01 0.01
B10.6 0.01 0.01
B3 0.6 0.02 0.02
A3 0.8 0.00 0.00

m's

Maximum
F1 F2
0.02 0.02
0.03 0.04
0.03 0.03
0.01 0.01
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Assuming perfect measurements then the spatial variations reveal a trend similar to the

forced air system. The velocities observed closer to the window (locations B1 and B3, 0.04nvs

maximum;) are higher than for the back of the room (0.01m/s maximum). For the forced air system,

however, this difference could be directly attributed the supply. In this case, the low values indicate

no direct effect ot the system on air movements.

In terms of difference between cases, the maximum and minimum air velocities were

similar for high and low operation cycling. Case M1 compared to case M2 is not significantly

different in terms of outdoor temperature but, this was also true for the forced air system and yet,

ditferences were measured.
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The air velocity observed for the modular system were small at all focations in the room
(between the 0.6m and 1.1m levels). Higher values can be assumed to occur at higher levels
based on temperature profiles. In chapter 5, temperature profiles were found to vary more above
the 1.2m level for the modular system indicating that warm air was distributed to these levels.

Therefore, it can be assumed that most of the disturbances in air velocity should be observed at

those levels.

Summary

From measurements over a number of cases, differences in terms of the magnitude of the

air velocities measured as well as the etfect of cycling were found.

in terms of the magnitude of the observed air velocities at the center of the room, for the
cases studied, the forced air, the modular and the hydronic system had respectively maximum
average values of 0.04, 0.02 and 0.02nmvs and maximum values of 0.1, 0.03 and 0.05nvs. The

forced air system produced air velocities two times higher than the other two systems.

For the levels studied, the forced alir system was found to have a marked discharge height
located near the 0.6m level where increases in air velocities were observed with higher cycling
operation. This results compares well with temperature profiles observed to vary significantly at the

same level.

Discharge heights cannot be similarly established for the modular system and insutficient

data was available for the hydronic system.

Based on temperature profiles, the modular system is expected to create higher velocities
close the ceiling and the hydronic system closer to the baseboard. For the hydronic system, the

maximum air velocity should vary in height since temperature profiles depend on cycling behaviour.
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Note however, that higher velocities were observed for the modular system but resuits were

not included here since. The higher velocities were found for few cases however.

From the above, the results tend to indicate the presence of three separate classes of air
movements: low (modular), medium (hydronic) and high (forced air). Possible sources of air
movement, other than those created by the systems (downdraft and infiltration), were not detected

as shown for the case with the hydronic system off and low outdoor temperatures.

6.2 Radiant Temperature

Radiant temperature measurements using the globe thermometers are described along with
air temperature measurements. Results refer mostly to the location close to the window where the
heating systems should provide the correct compensation of air or radiant temperature to offset the
cold window temperatures. A description of the test procedure and resuits for a few cases studied

for each system follows.

Test Procedure

information for mean radiant temperature was gathered using either the globe
thermometers or the radiant temperature sensor on the climate analyzer. The globe thermometers
were used at different locations, and at grid points where thermocouples were located. The probe

of the climate analyzer was usually located at the center of the room.

The measurements made using the climate analyzer spread over two heating seasons on

the first and third floor and its location remained at the center of the room, at a height of 0.6 m.
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Due to the expected lower surface temperatures at the window compared to the rest of the room's
surfaces, the probe was oriented such that one side was facing the exterior wall and one side

faced the back wall of the comfort rooms with the sensor plane paralle! to those surfaces.

Prior results from the climate analyzer located at the center of the room showed that at the
differance between plane radiant temperature from the iront of the room and the back remained

less than 0.5°C. This was observed for al! systeis and for all the cases recorded.

Results for mean radiant temperature from the globe therrnometers are based on the
equation given in chapter 3, where a iow accuracy of £2°C was calculated. From the small range
obtained with the climate analyzer (0.5°C maximum asymmetry at the center), it was expected that
the accuracy ¢f Tmr calculated with globe thermometer readings would not be suificlant to reveal

small differences between air and radiant temperatures.

The surface of the window is small (less than 5% of room total) and its contribution is less
important than walls, ceiling and floor surtaces. Therefore, radiant asymmetry was not expected

to be a problem with other surfaces.

Resuits

For analysis, seven cases were selected to describe mean radiant temperatures in the
rooms with two cases for the forced air system and the hydronic system each and three cases for
the modular system. The conditions for the tests are listed in Table 6.4. The cases wera selected
to obtain results for relatively cold days and different globe thermometer locations. The data shown
in the Table 6.4 indicate outdoor and indoor air temperatures as well as the surface temparature

of the interior surfaces (walls, ceiling, floor).

A coarse estimation of the expected ditference between radiant and air temperatures based

on surface temperatures can be seen in the table. The temperatures were subtracted to obtain a
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relative value of the difference between room surface and window temperatures (T1-T2), supply
and window (T3-T2), supply and surfaces (T3-T1) and finally, between air and the average of the

supply, surfaces and window temperatures.

As a rough estimate of the maximum difference expected between air and mean radiant
temperatures is 3°C-the difie;rence between air and all surfaces’ temperatures. Surfaces could have
been weighted according to their area for a better approximation. For the location close to the
window, this method is more accurate. The contribution of the forced air system to radiant
temperature is not represented as well in this fashion since this sysiem does not actually have a
high temperature body in the room. in the next chapter, more precise angle factors will be used

in calculations for thermal comfort assessment.

Radiant asymmetry problems, if any, were expected to be more important due to the
difference between window and heater's supply temperatures. The ditferences between heater and
window temperatures ranged between 1°C and 13°C (forced air excluded) and therefore was more
important than the ditferences between supply and other room surface temperatures which ranged

between 1°C and 8°C.
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Table 6.4: Description of Cases Selected for Globe Temperatures

Average Temperatures (°C)

CASES F1 F2 H1 H2 M1 M2 M3
Floor 1 1 3 3 1 3 3
outdoor -13 1 -13 0 -7 -7 -6
T1. surfaces 23 22 20 22 22 22 22
T2. window 15 18 15 16 16 14 14
T3. supply 29 29 28 23 25 23 23
T4. air at B3 1.6m 24 23 20 22 23 22 22
(T1-T2) 8 4 5 6 6 8 8
(T3-T2) 14 11 13 7 9 9 9
(T3-T1) 6 7 8 1 3 1 1
T4-(T1+T2+T3)/3 1.7 0.0 -1.0 1.7 2.0 2.3 23

For the cases listed in Table 6.4, calculations of the difference between globe and air

temperatures were made and the results are listed in Table 6.5.

In very few cases there was a significant difference between globe and air temperatures.
In all cases, except one (case Modular case 3, location B1), the globe temperatures were found

to be less than the air temperatures. Differences less than -2°C were observed 80% of the time

in all cases.
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Table 6.5: Difference Between Globe and Air Temperatures

Percentage of Observations

1< Tg-Ta >-2 (°C)

CASES F1 F2 H1 H2 M1 M2 M3
location
B1 (0.8m) -- 2 - 1 - - 0
B2 " 14 -- 0 0 2 1 -
B3 " 0 0 0 0 0 0 0
B4 " 5 - 0 -- 0 18 10
A3 " - 9 - .- - - -

+1 < Tg-Ta »>+2 (°C)

B1 (0.8m) - 0 - 0 - - 2
B2 - 0 - 0 0 0 0 -
B3 - 0 0 0 0 0 0 0
B4 - 0 - 0 - 0 0 0
A3 " - 0 - 0 - - -

In terms of the variations from grid points to grid points, we find that in all cases, there was
no difference between air and globe temperatures at the center of the room (location B3) as found

previously using the climate analyzer.

For locations close to the walls, on the third floor, at the location close to the neighbour
wall, there are differences between globe and air temperatures for cases M2 and M3. If we verify
the neighbours’ wall temperatures for these cases, we find that they were on the average 1°C less

than the air temperature at the same location which explains the difference.

For case F1, the lower globe temperatures at location B2 are explained by the interior wall
being on the average lower than air temperature. From the data for this day, it was found that the
interior wall (close to B2) had averaged 19°C compared to the average of 23°C for the air
temperature at location B2. The low interior wall temperatures are due to a 2°C set back which

preceded the time period of case F2.
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For the locations close to the window, cases F2, H2 and M3 provide information on globe
temperatures at location B1. For these cases, graphs showing air, globe and mean radiant
temperatures appear in Figures 6.10 t0 6.12 for cases F2, H2 and M3 respectively. The results for
this location are discussed for each system separately and for cases where significant ditferences

were observed between globe and air temperatures.

The mean radiant temperature was calculated based on the measured giobe and air
temperatures with air velocities of 0.05 and 0.15mvs. These values were selected to cover the

possible range of air velocitias expected to occur.

For the forced air system at location B1, (Figure 6.10-a) the variations in globe
temperatures followed the variations in air temperatures in time with globe temperature on the
average 0.4°C less than the air temperatures and the maximum ditference between the two was

1.2°C.

For case F2 (Figure 6.10 b), the difference between the calculated mean radiant
temperature and air temperature was less than 2°C (Va=0.15mv/s) and was on the average less
than 1°C. Therefore, the effect of the low window temperature on mean radiant temperature is to
create mean radiant temperature at location B1 on the average 1°C less than air temperatures.

This is small considering the +2°C accuracy.

Hydronic System

For the hydronic system (see Figure 6.11-a), the variations in globe temperatures followed
the variations in air temperatures in time with the globe temperatures varying over a smaller range.
The globe temperature was on the average 0.8°C less than the air temperatures and the maximum
ditference between the two was 1.7°C. For case H2, the difference between the calculated mean
radiant temperature and air temperature was less than 2.5°C (Va=0.1nvs) and on the average less

than 1°C (Figure 6.11-b).
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The high surface temperature of the baseboard (average 23°C) did not produce higher

mean radiant temperature at the location close to the window contrary to the results expected. The
mean radiant temperatures facing the window were not significantly higher than those observed

for the forced air system which did not have a high temperature body in the room.
Therefore, the compensation of the baseboard is not significantly ditferent in terms of mean
radiant temperature from the compensation of the forced air system even though the radiative

components were expected to ditfer because of the baseboards high temperature.

Modular System

For the modular system on the third floor (see Figure 6.12-a), the variations in globe
temperatures follow the variations in air temperatures in time, and again, the globe temperatures
varied less in magnitude at location B1. The globe temperature was on the average 0.4°C higher

than the air temperatures and the maximum difference between the two was 1.3°C.

For case M3, the calculated mean radiant temperature was higher than air temperature
with a maximum less than 2.0°C (Va=0.05m/s) and average less than 1°C (Figure 6.12-b). This
case is different from the other two since globe temperatures were higher than air temperatures

but the difference is small relative to the accuracy of the measurements.

According to the results, the modular system will not contribute to major changes in mean

radiant temperatures at the location closer to the window.

Summary

From the above discussion, the mean radiant temperatures observed inside the room and

for the different cases were not significantly different from air temperatures at the ditferent locations
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except close to the window. The measured globe temperatures close to the window indicate that

less than 2°C difference between air and mean radiant temperatures are expected for all systems.

Mean radiant temperature rises due to the prasence of the hydronic system baseboard
were not significant. The radiant heat gains produced by this system were smail it limited to the

case studied and comparable to those of the forced air system.

Due to the small differences between air and mean radiant temperatures, the thermal
environment can be well represented using air temperatures only. Well insulated surfaces in the
room combined with the absence of direct solar gains and the relatively low surface temperatures
of the systems created small radiant contribution for locations close to the window and negligible
at the center. The importance of radiant temperature at the window may have been greater with

tne exterior shading removed.

6.3 Relative HumIidity

Relative humidity measurements were less extensive than for the other parameters.
Results are discussed mainly to show the range found for this parameter and the difference

between floors.

Relative humidity was measured in the comfort rooms on the first and third floor of the
building. Part of the data were collected using an analog humidity transducer, and part from point
measurements with a wet/dry bulb thermometer. The transducer was used during the first year of
the project, period beyond which its calibration became less reliable. Afterwards relative humidity

measurements were taken using the mercury thermometer.

The results for the analog measurements indicated that relative humidity on the first tioor
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was higher than on the third floor and that variations of this parameter in time were small (inside
rooms). From the bulk of the measurements, the relative humidity on the first floor was found to

settle near 40% compared to 25% values for the third fioor.

Approximately forty wet/dry bulb thermometer readings made at the beginning and at the
end of different recording periods during the heating season appear on Figure 6.13. The distribution
shown does not reveal a particular difference in humidity with respect to either the first or third floor

with overall values varying betiween 15% and 60%.

Considering the particular time when the measurements were made, humidity on the third
floor were either equal or less than on the first fioor. On the average the third fioor Rh was 15%

lower than on the first fioor.

The particular value of humidity with respect to the floor of the building depend on the
heating system installed, the building's envelope properties (infiltration and permeability), the
outdoor conditions (pressure difference) and the water vapour generated inside (occupants, none

in this case) and from the neighbours.

Since the forced air and hydronic systems were constantly working during most of the tests
(even when the modulars were tested), it is reasonable to assume that they will have a more
significant effect on floor humidity. However, the building envelope, different rates of infiliration for
each floors and pressurization combined with different outdoor air temperatures, moisture content

and wind velocities complicate this assumption.

The final remark is that relative humidity levels for the third floor and first floor should be

taken as 40% and 25% respectively in order to account for the values measured in the field.
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6.4 Summary

The three parameters discussed in this chapter completed the list of the comfort
parameters needed to assess thermal comfort and ranges in which these parameters were found

was established from selected cases.

Air velocity measurements in the rooms showed that the systems belonged to different
classes. The modular system produced almost no air currents, the hydronic system produced
somewhat more (air velocity less than 0.1mvs), and the forced air the highest (peaks of 0.23nvs).
The results for the hydronic system being restricted to the center of the room, higher values should

be taken for the location close to the heater.

The differences between air and mean radiant temperature observed for all cases were
smali indicating that heaters temperature and room surfaces temperatures were not providing major
radiant gains or losses in the enclnsure. The compensation of the systems is therefore adequate
on this point due to the wzii insulated surfaces and the relatively small importance of the window
in terms of area and surface temperature. This does not apply to other cases for ditferent possible

levels of insulation and window size.

Finally, the relative humidity measurements indicated lower humidity levels on the third floor
(25%) compared to the first floor (40%) and results were limited due to the number of parameters
involved which were not measured and because of the small influence of relative humidity on

comfort.



CHAPTER 7

7.ASSESSMENT OF THERMAL COMFORT

In the previous chapters, environmental parameters were discussed one parameter at a
time and without addressing thermal comfort in a specific manner. With the analysis performed,
the range and fluctuations of air temperature, mean radiant temperature, humidity as well as air
velocity produced by the different systems have been established separately. These parameters

are reviewed in two sections: one on global comfort and the other on local discomfort.

To establish global comiort in the rooms, the PMV, PPD and LPPD indices will be used.
These indices provide the thermal sensation vote (PMV), the number of persons expected to be
dissatisfied from the thermal environment (PPD) and a measure of thermal uniformity (LPPD). A
comparison of the calculated versus the measured values for the PMV index and a description of
the observed values for all three indices and each systems will be made, based on seasonal

observations and individua! cases.

The second section on local discomfort consists in a table summarizing the observed
thermalgradients, floortemperatures, radiant asymmetry, temperature fluctuations and air velocities
observed for each system. This table lists the performance of each System with respect to the 1ISO

and ASHRAE standards' limitations.

Both global and local discomfort will be reviewed in the last section which precedes the
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final chapter summarizing results and providing some recommendations.

7.1 Global Comfort

in this section, the accuracy of PMV measurements is first established. The results on

calculation of the thermal comfort indices are reported for each system.

The first part on accuracy does not contain elaborate details on how the PMV was
calculated and concentrates mainly on showing how calculations from the measurements compare

with the readings from the PMV meter.

The second section details the calculation procedure, the cases studied, and finally, the
evaluation of the comfort indices (LPPD, PMV, PPD) is accomplished based on measurements

made during the season.

7.1.1 Predicted Mean Vote Index: Comparison of Measured and Calculated Values

In order to accurately calculate PMV for difierent locations in the comfort rooms the
measurements obfained from the PMV-meter were used as a reference. This reference was
selected since it provided a quick and integrated calculation of the PMV index which aliowed to

verify our calculations and proceed with confidence to a more elaborate comfort assessment.

For several reasons, the use of the comfort equation to calculate PMV can be assumed
at first to be a less accurate method than using the results from the PMV-meter. A main

disadvantage with the comfort equation is that the error in the results obtained contains the sum
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of the error in the values of the four physical variables (Ta, Tmr, Va, Rh) and the error found in the
estimation or calculation of the three human parameters (clothing insulation, activity levels and
angle factors or body shape). These seven sources of error combined, the accuracy of the results

from the equation is therefore expected to be small.

The PMV-meter, on the other hand, has high accuracy specifications (£ 0.5°C for
temperature measurement) and has the advantage of operating on a sensor which simulates a
human being in terms of both radiant and convective heat exchange. Furthermore, the meter was
also compared for accuracy with another meter and the results from the two meters agreed with

a difference in PMV less than 0.01.

The PMV meter readings are the "measured” PMV values which were compared with the
“calculated” values from a computer program we developed. The program was partly taken from
a listing in the ISO standard [9] and used experimental measurements of 2ir and mean radiant
temperatures. Some small differences existed in terms of the assumptions used for the calculation
method and the measurements method. As will be seen, these differences created no significant

effect on the results.

The PMV meter was located in the center of the room at a height of 0.6 m with its
parameters set for a clothing insulation of 1.2 clo, activity level of 1.0 met and vapour pressure of
1.2 KPa (winter clothing, low activity). Air velocity was measured indirectly by a heat balance on
the probe of this instrument. The orientation of the probe simulated a seated person, facing the

window.

Recordings of PMV for the modular and the hydronic systems lasted one day, after this
period, the PMV was calculated for the same location with the same values used for the PMV
meter (1.0 met, 1.2 clo and 1.2 KPa). The measured air and surface temperatures were used in
the calculations with the mean radiant temperature calculated from the same surface temperatures

combined with the angle factors from the Fanger diagrams [3].
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The orientation selected for calculation was a 360° average instead of the window
orientation for a seated person (0.6 m). This was done in order to use the calculations for the next
sections, to deal with a more general case. Fixed air velocity values of 0.1, 0.15 and 0.2m/s were
used to cover a wide range of actual air velocities, and since data were not available for this

parameter on the third floor.

Results showed that measurements and calculations were in excellent agreement with
calculated PMV higher than measured by less than 0.30 on the thermal sensation scale. For the
cases' conditions, a difference in 1 degree in air and mean radiant temperature would cause the
PMV to vary by only 0.30. This results was obtained for both the hydronic and the modular system
as shown in Table 7.1 (see Figures 7.1 and 7.2). A study by Spain reported similar average
ditferences (0.33 PMV) for a similar comparison with calculated values higher than measured

values [28).

Table 7.1: Comparison of Calculated and Measured PMV

PMVcal-PMVmeas.(avg)

Case Va Hydronic Forced
(nvs) Therm. Sens. Scale
1 0.10 0.25 0.26
2 0.15 0.14 0.15

3 0.20 0.06 0.07
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For the periods considered in the tests, the values of PMV for the modular system varied

more (0.1 PMV range) than for the hydronic system (0.05 PMV range) but the difference between
calculated and measured PMV values is not significantly higher in one case or the other. As will

be seen later, these ranges are representative of the tests performed over the heating season.

Not only did the average difference between calculated and measured PMV remained small
but also, the calculation method provided the same results in time. This can be observed in Figures

7.1 and 7.2. for the hydronic and the modular systems tests respectively.

Therefore, the variations in PMV calculated values are as sensitive as the meter variations.
When the values measured by the meter increase, the calculated values also increase; this is the
same for the decreases. The small differences can be explained by the difference in accuracy
between measured and calculated values, the sensitivity of the meter, the difference between

orientation selected for each method.

The main conclusion from the above results is that the caiculation method compared well
with the measurement method and can therefore be used with confidence. Not only the accuracy,
but also the sensitivity of the calculations, are similar to the measurement method. The comparison
on the third floor being satisfactory, the same results are expected to be applicable for the first

floor.

7.1.2 Calculation of LPPD, PMV and PPD Indices

Now that we have established how accurate our measurements of the PMV index are, we
can proceed with the calculation of LPPD, PMV and PPD indices to compare the thermal
environment created by the three heating systems throughout the season The first index we will
use is the LPPD index since it is a better index to describe in general the thermal environment

throughout a room. The more specific indices of PMV and PPD will be treated l4st to obtain more
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detailed information. Before the results are listed, a description of the conditions studied and the

calcutation procedure will be made.

Cases Studied and Calculation Method

To calculate the comfort indices, and hence to study the acceptability of the heating
systems throughout the season, a series of calculations were performed based on the measured
comfort parameters and some assumptions concerning the type of occupants likely to occupy the
building in the future. The calculation of the PMV, PPD and LPPD comfort indices were performed
using four different cases for each system; each case combining thermal comfort parameters in
a different way. Below, the cases studied are described as well as the assumptions and the

parameters which were used.

For each heating system, the physical and human parameters used for calculation of the
comfort indices had to be estimated not only from measurements but also using certain

assumptions on cases likely to appear in the field.

To be meaningful and to take into account their time variations, directly measured
parameters (T, Tmr, Rh, Va) had to satisfy the condition of being collected simultaneously. Since
all the measured parameters were not obtained simultaneously some of them needed to be fixed
or assumed as will be explained later. The human parameters (M,icl) could not be measured
directly and had to be assumed; no data on the future building occupants was available. Since
some of these assumptions must be madz over a range in order to be realistic, sixteen different
cases (four per heating system) were selected for calculation with some fixed and assumed

parameters in addition to the available measured values (see Table 7.2).
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Table 7.2 : Cases and Parameters Selected for Comfort Assessment

|- Measured Parameters
Ta and Tmr (Tmr calculated from surfaces temperatures and angle factors)
{I-Fixed and Assumed Parameters

a) Case Dependant Parameters:

M [e]] PMV PPD

(W/m?) (mP°C/W) (%)
Case 1 58 0.11 -1.1 31
Case 2 58 0.11 -1.1 31
Case 3 70 0.1 -0.5 10
Case 4 70 0.11 -0.5 10

*. PMV and PPD for Ta=Tmr=21°C, Va=0.1m/s, Rh=50%.

b) System Dependant Parameters:

System  Case Va Pa
(nvs) (KPa)
Forced 1 0.10 1.2
2 0.20 1.2
3 0.00 1.2
4 0.20 1.2
Hydronic 1 0.10 0.7
and 2 0.15 0.7
Modular 3 0.00 0.7
3rd floor 4 0.15 0.7
Modular 1 0.10 1.2
ist floor 2 0.15 1.2
3 0.00 1.2
4 0.15 1.2

There are several reasons why only the data collected for Ta and Tmr are used for
calculation while the other environmental parameters are fixed. The main reason is related to the
fact that the other parameters (Va,Pa) were collected at ditferent times during the tests and

therefore, in any case, calculations would have to use average figures for these parameters if they
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were not fixed. Another reason is that general information on Va for each system and Pa for each

floor was available from chapter six. Finally, setting Va and Pa to fixed values allowed to limit the

comparison on comfort indices results based on temperature distribution first and always have the

possibility to proceed with a more detailed investigation depending on the trends in the results thus

obtained.

The values of each of the parameters shown in Table 7.2 were selected according to

different criteria to obtain resuits as meaningful as possible and taking into account the information

acquired on the behaviour of the systems. These criteria and some of the points considered in the

calculations can be briefly summarized for each parameter as follows:

Ta:

Tmr:

Va:

Thermecouple measurements at 0.6 m for grid locations type B and 0.8 m for
type A. From gradients measurements, it can be assumed that temperatures

at 0.8 m level are close to those of the 0.6 m level.

Calculated from measured surface temperatures and angle factors averaged
for a seated person. Average angle factors are sufficient for good
approximation when exact person orientation is not fixed. Calculated angle
factors appear in appendix D. Calculations showed that the angle factors
were not notably different from fioor to floor because of the small ditterences
in room dimensions. Surfaces considered where walls, floor, ceiling, window
and heater surface temperature (except forced air). Assumption of isothermal
surfaces necessary in calculaiiuns were verified by a small experiment which
showed that surfaces temperatures measured using the climate analyzer
probe at more than 10 points on these surfaces varied by less than 1°C from
the average temperature for each surface. Infrared scanning of the rooms also

showed that surfaces were uniform in temperature.

Values were selected to correspond to a range between 0.0m/s and a



Pa:

icl:
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maximum. Based on the results of chapter six where average air velocity was
found to be higher for the forced air system, maxima of 0.15mv/s for the
hydronic and the modular systems were selected and 0.20mvs for the forced
air system. The value chosen for the modular system is higher than the resulls
listed in chapter six since lower values of air velocity will not show a significant
differences on results for thermal comfort indices and because the results of
chapter six were limited to a small number of cases, higher air velocities are

not totally excluded.

Values correspond to relative humidity of 50% and 30% at 21°C for the first
and third floor respectively. Again, these values were chosen according to the
results mentioned in chapter six showing that the tirst tioor was generally more
humid than the third floor. In any case, thermal comfort indices are not

signiticantly influenced by relative humidity.

The activity levels selected correspond to "seated and resting" (58 W/n?, 1.0
met) and "light sedentary” (70 W/m?, 1.2 met) which can be reasonably
assumed to represent the most frequent type of aclivities performed in an
apartment. The higher level of activity of 1.2 met was selected to obtain PMV
and PPD values less than 0.5 and 10% respectively. This is to comply with
ISO criteria for these indices for 21°C operative temperature which is the air

temperature setting for the thermostats of the systems.

This value was fixed for all the cases to correspond to "light working clothes”
(0.11 W/m?, 0.7 clo). It was also fixed in order to limit the number of cases
treated and is a compromise between selecting lighter clothing (such as
summer clothing) and heavier clothing (interior winter clothing) assuming that
the people prefer to wear lighter clothes at home than at work but will still

adopt warmer clothes than in summer.
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The above list of factors considered in the calculations is not exhaustive. Some other

factors come into play, but considering the comparison with the PMV meter readings, the accuracy
obtained from the calculations is sufficient for our purpose. Note that in the development of the
thermal comfort indices assumptions are already present and using a comfort model will provide
approximate results on people’s thermal sensation in any case. The model is a usetul tool in the

sense that subject testing is not necessary to determine if the systems provide comfortable

conditions.

Broadly speaking the combination of the above factors in the four cases selected (table
7.2) allows to compare thermal comfort provided by the heating systems mainly for two types of
activities (M), two values of Va and the actual Ta and Tmr observed in the rooms. The other
parameters for each cases are fixed based on the occupants (icf) or related to the floor on which

the systems are installed (Pa).

Period Considered: Normal Conditions, All Data Collected During the Season

For the cases and conditions mentioned above, we decided to calculate the thermal
comfor indices for each system, using all the data collected during the heating season and using

only days when conditions of "normal conditions of operation™ prevailed.

The calculations of PMV, LPPD and PPD were performed by two computer programs, one
which selected the days satistying the "normal conditions of operation™ and the other which

summarized the results in terms of seasonal averages.

The analysis covered a large number of observations made during a number of periods
of more than five hours per day. The exact number of readings and periods are listed in Table 7.3.

The number of observation and periods is similar for all the systems.
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Table 7.3: Statistics for Number of Observations Used in Calculations

System Number of Number of
Periods Observations
(5h. to a day)

Forced 26 1465

Hydronic 28 1411

Modular 1st 22 1341

Modular 3rd 24 1208

In this case, using the data for the whole heating season for each system provides a
convenient way to define the general trend in the variations of the ditferent comfort indices. When
the results were compiled, the day fo day variations were observed allowing to check for possible
differences between average and instantaneous thermal conditions in the rooms or instrumentation

malfunction such as thermocouple break down or data collection interruptions.

It is true that even though the number of readings are similar for all systems the outdoor
conditions were not exactly the same at the time of the tests. Nevertheless, as was described in
chapter four, the outdoor conditions were only slightly different for each system when the data for
the whole season and conditions of "normal operation" are considered and a general frend can still

has significance.

Results on LPPD Index

The results for the LPPD index calculations are reported first because this index provides
the evaluation of thermal comfort which we require to (1) evaluate the thermal uniformity in the
rooms, (2) make this evaluation independent of the temperature maintained by the thermostat, (3)
allow to compare the systems with respect to each other and (4) takes into account the fact that
there will always be a predicted minimum of 5% dissatisfied in any room. it is a general index

which can be used before examining the PMV index results which are case dependant.
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In this case, the description of the results is relatively simple. For all the cases selected

and for ail the periods considered, the LPPD index has remained between 5.0% and 6.0% for the
forced air, the hydronic and the modular systems. In other words, all the systems maintained the

rooms in conditions such that it would be expected that a maximum of 6.5% of the persons would

feel dissatisfied thermally.

This range being small, and remembering that the calculations are subject to inaccuracies,
the difference between the values calculated for each system separately is not significant.
Nevertheless it can be mentioned that LPPD values observed for the forced air system were close

to 5% compared to the other two systems which had values closer to the 6.0% limit.

For some periods, values slightly higher than 6.0% were found for the modular system
(7.0%) on both floors but these occurred at the beginning of the season when it was ditficult to
select a proper setting for the contro! of the units since high outdoor temperatures prevailed and
since the control settings on the units could not be modified continuously. When these days are

discarded, the 6.0% maximum applies.

Before concluding on these results, one assumption which was incorporated in the

calculation of LPPD must be emphasized. The LPPD was calculated in four steps:

Step 1: Calculation of PMV at all nine grid locations for 0.6 m level.

Step 2: Finding the room average PMV.

Step 3: Second calculation of PMV for all grid locations using the PMV values found
in step 1 minus the average calculated in step 2.

Step 4: Calculating the LPPD is by taking the average of the PPD values found in step
3.

In these calculations there is the assumption that the PMV found in step 1 can in fact be raised

(step 3) by the same value throughout the room (average calculated in step 2). This has to be
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checked further when the values of PMV and PPD at differeint locations in the rooms are

discussed.

It we recall that Fanger qualified his recommendation of a maximum of 6% for LPPD as
a "severe” demand [3], then we can state that the systems performed very well in terms of thermal
uniformity. Also, by extending the analysis to a large number of days with ditferent outdoor
conditions we fulfilled another of Fanger's recommendations which was to judge the thermal
environment not only as a function of the heating systems but also as a function of the outdoor

climate which influences the thermal field in the rooms.

Results on PMV and PPD Indices: Room Averages

As mentioned in the previous section, the results for LPPD indices have to be further
inspected using the individual resutts for the PMV and PPD indices in order to describe the rooms’
thermal uniformity. In the following, we will discuss results obtained from these two indices with
respect to the cases selected and in terms of room averages. The results for the ditferent systems

will be listed and compared.

For the different cases listed in Tables 7.2 and 7.3, the results for PMV and PPD

calculations appear in Table 7.4 where the room seasonal averages are shown.

For all the systems, cases 3 and 4 were the ones for which the thermal comfort parameters
combined in the best way as represented by the corresponding PMV and PPD values. Recall that
cases 3 and 4 had the same activity level and clothing insulation values (1.2 met, 0.7 clo) but case
4 had air velocity values higher. Consequently higher PPD values were observed for case 4 than
for case 3. Cases 1 and 2 were set at the lowest activity level of 1.0 met and the lower PMV and

higher PPD was expscted.
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Table 7.4: Room PMV and PPD Averages

PMV PPD

(%)

cases

SYSTEMS 1 2 3 4 1 2 3 4
Forced  -0.9 41 02 05 20 32 6 10
Hydronic  -1.5 47 08 09 5 60 17 24
Mod. 1st  -1.1 43 05 06 3 39 9 13
Mod. 3rd  -1.3 14 06 07 37 46 12 17

--------------------

Results for the average value of the comfort indices reflect the values already observed
in chapter four for room air temperatures maintained. As expected from the distribution of all cases
and all the systems, PMV values were found to be below zero, with thermal sensation predicted
to be between slightly cool (PMV=-1) and cold (PMV=-2) and PPD ranging from 9% to 60%. Recall
that in chapter four, the average room temperatures observed for the hydronic system and the
modular system on the third floor were lower than for the other two systems. This explains why
these systems performed less well on the PMV and PPD indices. In this sense, the resutts would

have been better if the thermostat for these systems had been set higher.

Therefore, to be meaningful, the value of the PMV and PPD indices must be discussed by
considering the relative changes observed between the different cases and assuming that all four
cases could occur during the season. it can be assumed that the occupants would ideally expect
their systems to provide comfort consistently throughout the season even when the activity they

performed are modified.

It can be supposed that at a given time, the occupants's activity and clothing correspond

exactly to the description of one of the four cases selected. For all systerns, the conditions would
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become more uncomforiable if the conditions are cnanged from one case to another. The change

would be more important if activity leveis are changed (going from case 2 to 3).

For all the systems, if aclivity leve! and ck.thing insulation parameters are fixed, the change
in air velocity wil! cause the comtort of the occupants to be changed signiicartly and in different

proportions for each system.

The range of air velocity observed for the forced air system was higher than for the other
systems {maximum of 0.20mvs compared 10 0 15mvs) and these higher values were fixed in the
calculations. The PPD changes for the forced air system would therefore be more important than

for the other systems due to the higher air velocitias fluctuations.

Now, it the activity level is varied from 1 2 to 1.0 met then, for all systems, the new
conditions will not be satistactory For all the systems this type of change in activity leve! will cause
the number of persons dissatisfied to be between two times and five times higher if the activity is

lowered at some point in ime

Knowing the high dependency of the PMV and PPD indices on air temperatures, this
indicates that the systems maintain conditions which are correct for comfont within a small range
and it activity level or another parameter is modidied, changes in thermostat settings are needed
to salisty the new condtions. This signiies that air temperatures being fairly constant for the
periods considered (see chapter 4) and for each system, the environment created was suitud for

very specific conditions

If air temperature had varied more, then the difference between PPD obtained with one
set of parameters and another set would be less important In time, the low air temperatures would
satisty one case and the higher temperatures other cases However, it is preferable that the
systems satisfy very specific cases knowing that ¢hanges in the condition of the occupants are

expected to occur only a few times during the day The best would be to have the thermostat
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linked to know, assume or anticipate these changes.

In this section, we have shown the results for PMV and PPD indices which were averaged
values of all room locations. As was expected the systems maintained average conditions more

suited for light sedentary activities (cases 3-4) than for the lower activity cases (1-2).

The comparison of the results for each system using Table 7.5 showed that the values
selected from chapter six for the range of air velocity for the forced air system introduced significant

changes in PPD for a fixed activity level than the other systems.

Finaily, it was discussed that comfort conditions maintained by each systems in the rooms
were not flexible enough to allow changes in activity levels (1.2 to 1.0 met) without the occupants
having to change the thermostat setting. Inthe next section, the particular values of PMV and PPD

at different locations in the rooms will be discussed.

Results on PMV _and PPD Indices: Room Variations

In this section we will provide further details on the uniformity of thermal distribution in the
rooms based on the spatial and time variations of PMV and the comresponding PPD indices for
each system. Using the data for the whole season will enable us to identity how the rooms were
maintained from a comfort point of view and decide if, for example a location is always colder or

warmer than another or if comfort conditions vary more for one system than for another.

The room distribution and range of PMV and PPD values shown below are based on the
steps for calculating LPPD mentioned earlier. For all the systems, values of PMV and PPD were

calculated using the following steps:

Step 1. Calculation of PMV for a period at all nine grid locations
Step 2: Average PMV is found for period of data collection



280
Step 3: Caiculation of a corrected PMV, PMV,,,, for all grid locations using the PMV

values found in step 1 minus the PMV average calculated in step 2.

Using this approach allows us to present the results only in terms of the varlations of PMV for each

location with respect 1o room average.

Sesults for PMV and PPD calculated in this manner for the ditterent cases were similar for
a given system with ditterences less than 0.02 PMV between cases For example, the avarage
PMV,,, at location B1 for the forced air were calulated as -0 07, -0.06, -0.06 and -0.06 for cases
11o 4 respectively These differences being small, t was decided to present results for case 3 only

or for the conditions when all systems perormed the best

As you will note, the results trom PMV and PPD calculations using the method mentioned
above resulted in values close to zero PMV and 5% PPD, the thermal environment for all systems

is close 1o neutral and only small dfferences were observed from location to location

Because room variations are small for a given system, the results of calculations for room
PMV, PPD, period averages and maximum PMV vanations are presented in Figures 7 3to 7.6 for

all four systemns

As can be seen, from the results, all four systems provided envionments which are fairly
undorm throughout the rooms The results for PMV,, are all between £ 02 PMV and PPD Is less
than 6% The room variations were less than 0 40 PMV for ah systems and maximum variations

were less than 0.80 PMV flor all the systems for the periods considered
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a) Forcea air b} Hvaronic

0.13 -0.09

0.00 -0.03

0.10 0.04

c) Modular 1st d) Modular 3rd

Figure 7.3: PMV,, Room Distributions, Seasonal Average
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room average: 5.03 room average=z 5.02

a) Forced air bt Hydronic

room average:s 5.03

room average:z 5.11

¢) Modular 1st d) Mogular 3rd

Eiqure 7.4; PPD,, distributions, Seasonal Average




room average= 0.21 room avarage= 0.19

a) Forced air b) Hvdronic

room avaerage= 0.21 room average= 0.21

c) Modular 1ist d) Modular 3rg

Figyre 7.5: PMV,, Average Variations Per Period, Seasonal Average
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a) Forcea air b) Hvdronic

c) Modular 1st a) Modular ira

Figure 7 §: PMV, Maximum Varigtions per Period, Seasonal Average
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Results obtained for all the systems indicate small variations both in space and in time and

it is difficult to actually point to any major differences between the environment created as rated
on the PMV index. This is also further justified since the accuracy of the measurements may have
been responsible for the differences, the values calculated being so similar for a given system or

if systems are compared together.

From Figure 7.3, the PMV at the location facing the window is negative for all three
systems, indicating that this zone is expected to be slightly colder than tha rest of the room This
is due to the colder temperatures (air and radiant) created by the window. The compensation from
the hydronic system is slightly better than for the other systems with a PMV of -0 02 compared to -
0.06, -0.06 and -0.09 for the forced air, the modular system on the first floor and the moduiar

system on (he third floor respectively.

Let us consider the room distribution of PMV for the forced air system it can be seen from
Figure 7.3 that PMV varied by 0 11 (0.07 to -0.04) for the locations in the room. The general trend
is to have the warmer focations at the lower right and in the upper right corner of the roc n The

center location is at zero PMV.

For the hydronic system, the room distribution of PMV is spread over a range of 0 10 PMV
(-0.05 to 0.05) and colder points are spread on either sides of a diagonal going from the upper left

side to the lower right side of the room. The PMV at the center of the room is at zero.

The room distributions for the modular systems are similar on both floors notwithstanding
a few exceptions. The distribution is characterized on both tloors by the cooler locations located
on the right side of the room and has 0.11 range (-0.06 to 0.05) on the first floor and a 0.22 range
(-0.09 to 0.13) on inhe third. A higher PMV is fourd at the location close to the heater (+0.13) on
the third floor which is not so important on the first floor. This is due to the fact that the modular

system on the third floor was closer to the thermocouple grid at that location than on the first tioor.
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The PPD distributions for all the systems, (Figure 7.4) show that values greater than 5.3%

were notobserved Therefore, the thermal acceptability of the room can be considered to be fairly
good for all the systems based on the measurements. The higher PMV values at the ditfferent
locations are the reflection of the PMV values shown in Figure 7 3 For all the systems, the PPD

at the center of the room s 5 0%, the smallest value possible.

The average PMV and PPD values shroughout the room describe the general thermal
comfort expected to be found Iin the room, the average and maximum variation ot PMV help (0
determine where and by how much the thermal sensations are expected to fluctuate in time or over

a penod such as the ones we observed In our measurements

For the forced air system. the average and maximum room vanations of PMV are similar
for all points. indicating agan the etiect of the forced air systam which 1s 1o distribute heat unformly
throughout the room The average PMV point vanations observed were less than 0 25 PMV for all
the perods considered and the maximum vanations were less than 0 66 PMV The average room
variationwas at 0 21 PMV Notice how the local average and maximum variations in the rooms are

close to each other

For the hydroruc system, the vanations in PMV were in general slightly higher close 10 the
heater than for the back locatons The average PMV point vanations observed were less than 0 25
PMV for all the penods considered and the maximum vanations were less than 0 64 PMV The
room average vanahon was at 0 19 PMV The average vanatons observed close 1o the heater
(from of window) were approximately 1 4 imes higher than the locations at the center of the room
(0 22 PMV compared to 0 18 at the center) For one location. the back center location, variations
observed were higher than the front location This can be explained by the etfect of the enclosure

at the back wall since similar vanations were observed for the modular system on the third tioor

The vanations in PMV observed for modular systems on both 1loors ware on the average

similar for the room average (021 PMV in both cases) bul dffered in terms of points
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measurements. The greatest ditierence is again for the location close to the heater where average
and maximum variations were higher on the third floor (average=0.33, maximum=0.64) than on the
first floor (average= 0.24, maximum=0.36). This is due to the location of the modular system unit

located closer to the measurements location on the third floor.

For all the systems, the maximum variations in PMV being small over a period, if we
consider the corresponding changes in PPD. A person in the room would not be expected 1o feel
drastic changes in his or her thermal sensation. Taking the maximum change observed for all the
systems at the center of the room, which is 0.63 PMV (forced air), then, assuming that a person
is at the neutral state of 0.0 PMV then his or her thermal sensation would be expected to vary at

most from neutral to slightly cool.

Furthermore, this maximum range is actually calculated based on variations occurring
about a zero or neutral value and therefore includes positive and negative ranges. Therefore, the
maximum variation ot 0.63 PMV should be divided by two (0.32 PMV) and the thermal sensations

wouid vary at the most between -0.32 to +0.32 PMV (between slightly cold and slightly warm)

In the end, it can be concluded from measurements of PMV and PPD that all systems can
maintain thermally comfortable environments with only slight diferences from the point of view of
distribution and variations in these indices. The forced air system, just as was the case for
temperature distribution, produced a fairly undform environment with small spatial vanations
throughout the room but high variations in time. The hydronic system also produces a slightly better
compensation at the front of the window, with a spatial distribution less uniform than for the forced
air system but with smaller time variations. interms of spatial distribution, the modular system was
found to create a zone slightly colder on the side of the room opposite to where the system was
installed and created a significantly warmer zone close to the heater. Time fluctuations for the
modular system were observed to be similar to the hydronic system. Some of these comments are

contained in Table 7.6.
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Table 7.5: Comparison of Systems for PMV and PPD Indices

Forced Hydronic Modular
PPD at center 5.0 50 5.0
PMV room range 0.11 0.10 0.22
Avg PMV period
change 0.21 019 0.21
Max PMV pernod
change 066 064 0N
Warmer zone none none heater
Colder zone window window, window
neighbour neighbour
side side
7 13 Summary

This section has dealt with the calculation and measurement of the PMV, PPD and LPPD
indices 1or the three types o heating systems studied and the caiculations have covered all the

data avalable collected for the heating season when the systems were in normal operation

in the first sechon we showed how the measurement and caiculation methed compared
in order to establish the senstivity and accuracy of our calculation method The results from this
section showed that our calculation method produced results which were in good agreement with

the measurement technique available in terms of accuracy and sensitivity

In the second section, our caiculations vt the LPPD, PMV and PPD indices showed that
all the systems produced fairly good environments in terms of global thermal comfort with only
small differences between the sysiems The results did not show any major problems which could

occur from the point of view of comdort i the center of the rooms is considered Small diterences
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pointed to the fact that the forced air system introduced higher variations in the snvironment, while
the distribution created by the modular system may be problematic close to the heater. For the

hydronic system the general room distributior: and ranges of variations were acceptable.

7.2 Local Discomfort

The possihle problems of local discomfort are listed in Table 7.7 where each systems are
checked for: asymmetric thermal radiation, draught, vertical air temperature ditferences, cold floors,

temperature drifts and cycling.

The problems of cold tioors, draught and radiant temperature asymmetry did not appear
in the observed conditions for several reasons For heating, these problems are likely to occur in
rooms with low insulation levels and high infiltration rates to either cause cold tloors, cold air
currents or low surface temperatures and this was not “e case for the rooms studied Second,
these problems are usually eliminated when the heaters are able to maintain desired indoor
temperatures within a small range and with only a small drift as was the case here Finally, the
boundary conditions of the interior surfaces were such that gains from other floors or the
neighbouring building were sufficient 1o keep them high as seen in the transient response case

study.

For air velocities, only the forced air system created peak values higher (0 23nvs) than the
standard requirements of 0.15nvs but only for the location close to the supply and 0 10nvs peaks
were found elsewhere in the room. The system is within standard requirements for the central
locations in the room but the location close to the supply may be a problem Note that the
measurements close to the supply were made approximatety 40cm away from the exterior wall and

the standard consider the occupied zone 60cm away from the walls. Hence, it would be necessary
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to measure beyond the 60cm zone to verify it the standards requirements are fulfilled. If the results
for peaks at location B1 (0.23mvs) and B3 (0.10nvs) are interpolated, the zone close 60cm away
from the supply should encounter peak values close to 0.20mvs which is higher than standard.

Only for the hydronic system did vertical temperature differences go over the standards’
limits since for the other systems, the gradients remained small, (forced air) or occrrred higher than
1.2m (modular system). The baseboard of the hydronic system caused increases close or higher
than 3°C/m between the 0 1m and 0 6m levels in some of the cases discussed in chapter 5.
However, this problem was not observed for locations away from the heater where gradients were

well below 3°C/m and were less than the forced air or the modular systems' values

From results obtained earlier, the gradients of the hydronic system are not only high close
10 the baseboard but they vary in shape according to the cycling of the system and theretfore these
vanations may cause more discomfort than i thay had been constant and some permanent

adjustments could be made by the occupants

Fromthe table 7 7, of kccal discormiort, the major problem for all the systems is mainly the
rate of temperature changes which are efther exceeding or close 1o the standards requirements
The rates observed for the modular and thy forced air sysiems (chapter 4) were higher than the
hmit of 2 2°C/h but the peak to peak vanations were less than 1 1°C and tharefore. the combination
of rate and time changes observed were writhin standards requirement The hydronic sysiem
performed less well tor the locaton close 1o the heater where rates of up to 10°C/h were observed
for peaks higher than 1 1°C For other locations the hydronic sysiem performed as well as the

other systems

The present review showed that the rates of temperature changes and the temperature
gradients were the two main loca! discormion problems which could be encountered in the space
The forced air and modular systems created temperature liuctuations which wete close to the

standards requiremerds in the center of the room while the hydronc system produced both high
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gradients and high temperature fluctuations for the location close to the baseboard.

For the forced air system, values of air velocity close to the supply were found to exceed
standards requirements for the peak values observed but were acceptable for the center of the

room.

Other problems such as cold floors, asymmetric thermal radiation and draught were not
encountered due to the relatively good properties of the enclosure and the low heaters’ surfaces
temperatures. it is expected, however, that for rooms with greater window area and lower insulation
levels that radiant temperature asymmetry and draught could cause more serious problems. For
a zone located under the floor of the rooms which is maintained at high temperatures cold floors

problem may never be present.
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Table 7.6: List of local Discomfort Problems for Each System

FORCED

AR HYDRONIC
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MODULAR

ASYMMETRIC not s problem: surfaces temperatures close to air temperatures,
THERMAL RADIATION Jheater's surface tempersture (hydronic and

modular) not high enough, window small in size and

well insulated
DRAUGHT not a problem: air veiocity less than 0.20m/s and no major

masses of cold alr coming Iinto the room
AIR VELOCITY pesk values close to pesk values less than peaks loss
(standard: less than 0.20m/s, average near 0.10m/s but assumed than 0.05m/s

0.15m/s) 0.10m’s, sxceeded close  higher close to the
to supply only baseboard

VERTICAL TEMPERATURE far from serious problems close o limits but
DIFFERENCES sxceeded close 1o the heater, only at level
(standard: less than 3°C correct elsewhere higher than 1.2m

between 0.1m and 1.1m
levels)

COLD FLOORS

not a problem: due to boundary condliions, floor temperatures wetre

only slightly lower than alr temperatures

TEMPERATURE DRIFTS
varied

not a problem: systems weres able to maintain temperstures which

by less than 1.5°C

CYCLING

(standard: for peak to
peak variations higher
then 1,1°C, retes<2.2°C/h

pesk to peak
variations less

than 1.1°C but rates

of 8.3°C/h observed for
0.8°C pesk changes at

problem close to
baseboard where rates of
10°C/h observed for peak
changes of 1.3°C at the
0.3m level, elsewhere
rates up 10 3.1*C/h but
pesks less than 0.8°C

peak varlstions
fess than 1.1°C
but rstes up to
4.7°C/h obaerved
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7.3 Summary

The three systems produced room conditions for which the LPPD indices was close to 5%
which is the minimum predicted percentage of dissatisfied possible. Therefore, for global comfort,

all the systems performed satistactorily.

For local discomfort, some problems were identified for all three systems. For the forced
air and the modular systems, high rates of temperalure changes were found fo be near the
standards’ limits while for the hydronic system, problems of high temperature gradients and high
rates of temperature changes were found. The forced air created air velocity above standards
requirements for the region close to the supply. For all three systems no local discomfort problems
due to cold floors, asymmetric thermal radiation or draught were identified due to the relatively well
insulated rooms and no major outdoor air infitration. The surface tamperatures of the hydronic and

modular systems did not cause temperatures high enough to cause radiation problems.

With this chapter completed, a final conclusions can be made along with some
recommendations with respect to thermal comfort and heat distribution created by the three

different heating systems.



CHAPTER 8

8.SUMMARY AND RECOMMENDATIONS

In this final chapter, the results obtained from the tests are reviewed to conclude on
thermal comfort produced by the systems (local discomfort and global comfort), the heat
distributions they created, the contro! aspect and the improvements which could be made. Finally,
a general summary is made. Numerical results reported earlier are not included here to obtain a
more general appreciation of the systems and the reader can refer to earlier chapters for more

precise information.

8.1 Thermal Comfort

All three systems were able to provide distributions sutficiently uniform to maintain comfort
throughout the room based on the results on global thermal comfort but particular problems of local

discomfort were found for each systems.
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Global Comfort

The LPPD index indicated clearly that the conditions maintained globally throughout the
rooms by the systems were such that less than 6% of the people would have felt dissatistied
throughout the season studied. The LPPD Iindices, calculated for the seasonal distribution

described in section 4.2, remained between 5% and 6% for all three systems.

As described in chapter 3, 5% dissatistied is the best which can be expacted from any
system due to the variable nature of human response to thermal environment and therefore the
systems performed very well with regards to this minimum. Also, with the LPPD index calculated
for a wide range of outdoor conditions the procedure satisfies the recommendations of Fanger for

thermal comfort assessment.

The results for PMV and PPD indices showed that all the systems maintained room
conditions which were acceptable for specific cases of human occupancy. it was found that comfort
can be provided for specific types of activity and clothing but when these two parameters are
modified, the environments were not suited any more for the new conditions and adjustments had
to be made. In other words, the environments would not satisty at the same time a number of
people with different types of clothing and activity levels. The percentage of dissatisfied would be

greater in this case.
Local Discomfort

Local discomfort problems we ~~ specific to each system and can be discussed separately.
Also, because of the room's envelope properties or the system’s surface temperature, problems

of cold floors and draught were not present.

The forced air system created local discomfort problems mainly related to high time

variations in air temperatures in the room and high air velocities close to the supply Temperature
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variations remained on the brink of exceeding standards' limitations with high observed rates of
change but peak to peak variations sufficiently bow to avoid discomfort. Peak air velociies

exceeded standards limits close to the supply but averages did not.

The hydronic system created local discomfort problems close fo the baseboard in terms
of high temperature gradients and high temperature changes but fulfilled standards requirements
elsewhere. In addition 1o exceeding the standards limitations, since the local discomfort problems
vary with the system's cycling, the users of this system may be further dissatisfied by the seasonal

varlations which may prevent them from finding one type of adjusiment to cope with local

discomfort problems.

For the modular system, only high rates of temperature changes were found for local
discomfort. The rates observed were however small compared to those of the forced air system.
High gradients were observed for this system but these remained impornant only close to the

ceiling

For asymmetric thermal radiation, no major problems were observed This IS due 10 a
relatively small and well insulated window, and because the surface temperature of the systems

(hydronic and modular) were close 1o values for the rest of the enclosure

Draught probiems were not present since no major source of coki air entered the room

even though high velocities (responsible for draught) were found with the forced air system

For local discomfont, the modular system appears 10 be the best of the three systems since
the other two have more than one local discomfort problem associated to them Nole however that
the "seasonal” outdoor temperature distribution available for the modular systems was on the

average warmer than for the other two sysiems
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8.2 Temperature Distribution and Gradients

The forced air system created the most uniform temperature distribution of all the three
systems. The others either produced high local temperature differences (hydronic baseboard) or

sent most of the heat o the ceiling region (modular).

The forced air system created small temperature variations in all directions of the room due
to the mechanical forcing employed. The mechanica! distribution caused the air to be well mixed
into the room, and, as was seen for transient warming, the temperature at all points in the room

followed more or less the same variations in time.

The hydronic baseboard created high gradients and a concentrated mass of warm air
which varied according to cycling operation and tended to divide the room in two major thermal
zones. The first thermal zone was at the front of the baseboard where high negative gradients were
observed at mild outdoor temperatures, and high positive gradients occurred at cold outdoor
temperatures. The distribution for the rest of the room was excellent with low gradients and uniform

temperatures throughout.

For transient warming, the localized distribution of the hydronic system was dominant and
the room was found to warm up at rates many times higher close to the baseboard. This would
mean that occupants would have to be uncomfortable during most of the warming period due to

high temperature fluctuaiions before comfort throughout the room Is achieved.

The modular system had a poor distribution perlormance as far as air temperature
gradients were concerned since it heated the region between 1.2m and the ceiling. In other words,
the air temperature above this level was warmed before the occupied level at heights between fioor
and 1.1m. The problem is caused by the location of the system on the side of the window which

is not a suitable location to compensate for the cold window air coming from the window-all the



TS S e e I TP e e a7

298
heat goes directly to the ceiling. The problem was found to increase as outdoor air temperatures

were lower, based on the results on the distribution of gradients throughout the season.

In fransient warming the modular system's fast performance was offset by the poor
distribution: the room is heated from the back to the front. The warm air has to travel aft along the

ceiling before it is brought back down.

As can be seen, the comparison of the systems for global comfort made earlier did not
explicitly reveal the points mentioned here on heat distribution. In this sense, the systems’

performance for local discomfort and heat distribution are more relevant concerns.

8.3 Controi Aspects

The hydronic system maintained more constant temperature in the comtort room over the
season than the forced air and the modular systems. The lesser performance of the forced air and
modular systems on the first floor can be attributed to the difference in room thermal propenies
compared to the third floor. The performance of the modulai system was influenced by the fact that
there was not someone at the house o corractly modify the control position to find the optimum

setting.

For control purposes, the hydronic and medular systems had a great advantage over the
forced air system because they were controlied by individual zones using a control located directly
on the system. These controls were the dials on the baseboard and at the from of the modular
system. Similar control is not possible with the forced air system without causing balancing

problems in the system
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The contro! of the modular system was ditficult to use and it performed less well in
moderate outdoor conditions typical of the beginning of the season-the correct setting had to be

established when the cooling load was high enough for the system to start cycling.

The control aspect certainly deserves more attention when the seasonal performance of
the systems is concerned. For example, factors such as the people living in the building,
unbalances between different zones, the presence of heat sources and other factors may modify

the response of the systems as a whole.

8.4 Suggested Improvements for Each Systems

The problems related to each system can be solved up to a certain extent by improving
their distribution mechanism or their cycling behaviour and using some simple means. A list of
suggested improvements is therefore made here and could be used to solve some of the problems

found.

It must be emphasized that the following actions suggested will create new conditions.
These new conditions may create environments with properties different from the ones observed

here.

Forced Air System:

-High temperature fluctuations can be solved by modifying the on-off cycles in two ways.
The first and more expensive way is to create a progressive beginning for the on cycle
which is smoother (longer and less sharp) and sustained longer afterwards using a variable

fan speed control modulated by an intelligent controller. The other solution is to maintain



300

a constant minimum supply of heat which could be increased for higher demands.

-Using a longer and wider ditfuser would reduce face air velocity and reduce the room air
velocities. This would affect temperature distribution and the supply grilles would have to

be redesigned if the changes are important.

Hydronic

-Local discomfort due to high gradients and high temperature fluctuations close to the
baseboard can be reduced by changing the design of the baseboard in two ways. It can
be constructed longer, and with horizontal and vertical louvers diffusing the heat to the
sides 10 reduce heat concentration (louvers could be similar to the ones available for
unitary cooling units used in rooms). A second solution would be to include a fan to the

baseboard, but in this case louvers would also be required and the cost may be prohibitive.

- The cycling temperature of the hydronic system should be maintained close to a fixed
average value instead of being allowed to change. Otherwise the heat distribution
characteristics of the baseboard will vary during the season. Maintaining an average
cycling temperature shouid be performed by the boiler which could be controlied to
maintain minimum flow during the season irrespective of the loads. It is important to have
a system which cycles in more or less the same way at different loads since the occupants

can better adapt to the local discomfort problems if they are constant.
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Modular System

The main problem with this system is that the air leaving is not sent to the occupied zone
but goes to the ceiling. This problem cannot be improved by putting the device under the window
due to code limitations and therefore the distribution must be modified in some way. Some

improvements would include:

-Covering the top grille of the system with a piece of metal at a 45° angle.

-Changing the location of the grille from the top to the side facing to window or on both
sides of the units. This would influence room heat distribution, and, for installation, two

types of models (left or right side distribution) would be required.

-Reducing the high difference between air temperature delivered and room air temperature
in order to reduce the upward rise due to buoyancy effect on the air leaving the top. This
may be performed by using a more conductive front cover, maintained at higher

temperature, and thus increase the radiation component.

-Keeping the original design a radiator instead of a convector although the efficiency of
radiation distribution is doubtful if the size of the healing body is the same. Human angle
factors for the modular are negligible (less than 2% of total at the center) and higher

surface temperatures would have to be allowed.

8.5 General Summary

Relatively speaking, the results for thermal comfort and heat distribution obtained indicate
that the forced air system produced the best environment in the rooms. This system and the other

systems are far from perfect when local discomfort and distribution mechanism are studied turther.
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However, local discomfort problems are not so important that general room comfort (giobal comfort)

is seriously jeopardized and improvements and modifications can be made to correct most of the

problems found.

The results from laboratory and field studies mentioned in chapter 2 also came o the
conclusion that all systems perfcrmed well from the point of view of global comfort. Local
discomfort problems were related ic high heat concentration close to the distribution units or high

temperature gradients.

In comparison to previous studies, data for a large number of days during the season were
used for actual field conditions. This approach was useful to probe further the influence and the
trends in the systems’ operation for a cold climate and for transient conditions. For example, trends
in gradients fluctuations and room temperatures maintained for a large number of days were
possible to be observed. Also, the room selected in the building were such that results for systems

could be successfully compared between floors, and for similar outdoor temperature variations.

We must also note that a large amount of information gathered is still available from the
data collected. It can still be retrieved to be used as reference for actual building design or
simulation. For example, typical outdoorwall and window surfaces temperature values are available

for a large number of outdoor conditions.

Field studies of this kind could be repeated and improved in order to increase general
knowledge on heating systems' operation. For example, the systems modifications suggested
above should be applied and tested to complete the research cycle necessary to produce improved
products for manufacturers and users of these systems. The modifications should be veritied for
different buildings and ditferent climates. in another way, the detailed observation of air
temperature distribution and variations leads to an understanding of the air movements in a room
and this understanding can finally bring accurate models and new techniques for design and

analysis with important returns needed to ameliorate comfort and energy consumplion.
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It is our opinion that this research project has required techniques used to collect and
process information which will be routine operations in the near future. In this sense, thermal
comfort and comfort in general should always be a prime consideration in all aspects of building
design or improvement--buildings are for people. Past and future research in this field will
contribute to the advancement required to ameliorate building environments which we feel was
often a neglected preoccupation up to now mainly due to the limited amount of information

available.
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Appendix A (U-Value Calculations)
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Below are listed the envelope property calculations performed according to ASHRAE

Fundamentals. Material properties used are from ASHRAE tables or from manufacturer

specifications and renovation plans. The dR values indicates the variations found in estimating

resistances values for ceratin materials or arrangements.

A) List of Materials Used

Layer
No.

OONOOTEWN 2

Layer
Name

Qutside fim

Wall inside film
Horiz. sud. film
Brick

38X89 studs

Wall insulation
Roof insulation
Vapour Barrier
Gypsum (13mm)
Gypsum (16mm)
Air space (39)
Wood blocks
Black Paper
Door

New floor tiles
New undertioor
Old undertfloor
Wood planks
Floor joist 11"
Roof Membrane
impregnated Board
Air space (90)
Roof joists (2X8")
Air Space {400)
Window glass only
Window Shade
Window (overall)

Abbre- R value
viation (W/m2 °C)

h 0.030
hw  0.120
hF 0110
B 0.125
S1 0.765
W 2.460
iR 5.280
vB 0.000
G3 0.079
Gé 0.099
A1 0.180
wB 0411
P 0.100
D 0.300
T 0.470
NU 0.140
ou 0.297
WP 0.347
FJ 2.610
RM 0058
B 0.230
A2 0.160
RJ 1.760
A3 0.160
SS 0.330
SD 0.048
ST 0.313

[« %
o s}

(W/m2°C)

o
o

0000000000009
N-20000
gmoo

Wo

e y=X=X=-X=-X"X=X=X=]




B) Walls
Exterior Wall
No. Name
1 h

4 B

5 S1

6 w

8 vpP

9 G3

2 hw

Street Facade

No. Name
1 h

4 B

11 A
12 wB
13 P

5 S1

6 W
8 VP
9 G3
2 hw

R (m2 C/W)

at betwe.

framing

0.030 0.030
0.125 0.125
0.765 -----
----- 2.46
0.000 0.000
0.079 0.079
0.120 0.120

1.120 2.814
U=0.409

R (m2 C/W)

at betwe.

framing

0.030 0.030
0.125 0.125
0.180 0.180
0.411 0.411
0.100 0.100
0.765 -----

dR (m2 C/W)

at betwe.

framing

0.08 0.123
dU=0.040

dR (m2 C/W)

at betwe.

framing

0.080 0.123
duU=0.027
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Partition inside

No. Name

hw
G3
S1

2 A2
G3
hWw

NDNOMDNDBTOND

Neighbour Wall

No. Name

DO ROION
>
-—h

R (m2 C/W)

at betwe.

framing

0.030 0.030
0.079 0.079
0.765 ~---
----- 0.160
0.079 0.079
0.030 0.030

0.983 0.378
U=2.480

R (m2 C/W)

at betwe.

framing

0.030 0.030
0.079 0.079
0.765 -----

U=0.688

dR (m2 C/W)

at betwe.
framing

0.080 0.010
du=0.193

dR (m2 C/W)

at betwe.
framing

dU=0.038
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C) Other Components: Door, Window, Floor

Door R(m2 C/W)

overall
No. Name
2 hw 0.030 R =0.360
14 D 0300 U=278
2 hw 0.030 dU=0.139
Window R(m2 C/W)
(shade in & out) overall
No. Name
26 SD 0.048 U=1.670
25 SS 0.330 du= 0.202
26 SD 0.048
Window R(m2 C/W)
(shade in & out) overall
No. Name
26 SD 0.048 U =1.885
25 SS 0.330 dU=0.220

Only Glass U=2.27, dU=0.11



Floor 1st floor

No. Name
31 hF
15 T

16 NU
18 WP
17 ou
19 FJ

3 hF

Flooring (2-3)

No. Name

3 hF
15 T

16 NU
18 WP
17 ou
19 FJ
22 A2
10 G6
3 hF

R (m2 C/W)

at betwe.

framing
0.110
0.470

0.140

0.347

0.297

----- 1.474
U=1.474

R (m2 C/W)

at betwe.

framing

0.110 0.110
0.470 0.470
0.140 0.140
0.347 0.347
0.297 0.297
2.610 -----

dR (M2 C/W)

at betwe.
framing

0.030
0.030
0.070
0.060

semes  eseasse

----- 0.190
duU=0.070

dR (m2 C/W)

at betwe.
framing

0.03 0.03
0.03 0.03
0.07 0.07
0.06 0.06
0.10  ----

.- 0.01

0.290 o0.281
du=0.118
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Appendix B (Programs Used for Analysis)

There were four major programs created to analyze data:
1-General Data Analysis
2-Batch Processing and Weather Data Manipulation

3-PMV Calculations
4-Temperature Profiles Analysis

The second program (batch processing) was responsible to retrieve data fromthe database
to create data files with a format accessible for the other programs. It used a list of all tests periods

entered into a calendar file corresponding to each system.

The general data analysis program could perform mathematical operations using a
mapping of the location of all the thermocouples and the other instruments used. It could
accumulate results to perform data analysis for the season. Graphical outputs included X-Y graphs,

histograms and bar charts used to analyze resulls or for presentation.
The PMV and temperature profiles programs were special programs as their name indicate.
They performed calculations using data previously scanned using the general data analysis

program.

Some of the option menus for these programs are listed below.



b
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1) General Data Analysis Program

Main Menu: 1-Read data from user specified files
2-File operations
3-Display stored information
4-Statistical analysis
5-Produce X-Y plots from files
6-Produce X-Y plots from memory
7-Produce histograms
8-Produce 3D surfaces
9-Show plane distribution of temperatures

a) Statistical Analysis (option no.4 of main menu)

1-Select points

2-Change output file name
3-Calculate max,min,avg,sdev
4-Distribution
5-Decrease/increase
6-Correlation matrix

7-Planes stats

8-Additive distribution
9-Display results of additive distribution
10-Additive gradients
11-Display results of gradients

b) X-Y Graphs (option no.5 or no.6 of main menu)

0-Return to main

1-Select dates

2-Show parameters
3-Modify parameters
4-Graph page splicing
5-Edit comments box
6-Produce graphs

7-X axis limits

8-Change comment box file

312




2) Data Retrieval and Weather Program

0-Quit

1-Edit a calendar file

2-Edit list of commands file
3-Edit created command file
4-Command file create
5-Create weather data files
6-Edit weather file

7-Submit data search

3) PMV Calculations

0-Exit

1-Change File: temperatures

2-Change File: angle factors

3-Change File: physical parameters
4-Change File: output

5-Show angle factors/grid/surfaces/goints
6-Show physical parameters

7-Select grid points

8-Show grid points

10-Calculate PMV

11-Calculate PMV ot a value
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Appendix C (Instruments Specifications)

1.Specifications for Air Velocity Transducers

Brand Name
Model
Repeatability
Response Time
Output Voltage
Velocity Range
Accuracy

TSI

Omnidirectional Probe no. 1620

+ 0.2 % reading

2s

approx. 3 to 6 V DC, non-linear

0 to 3mvs

+ 10% reading (0.2 to 3.0mvs) +5% to -20% reading
+0.03rmvs (0 to 0.2nVs)

2.Specttications for Thermal Comfort Meter

Brand Name
Accuracy
Voltage Output

3.Specitications for Climate Analyzer

Brand Name
Output

Sensors

Air Temperature
Surface Temperature
Radiant Temperature

Dew Point

Alr Velocity

Bruel & Kjaer no. 1212
%+ 0.5°C for Temperatures
1.0 V per PMV unit

0.1 Vper°C

0.05 V per % of PPD

B&K Climate Analyzer no. 1213
X-Y graph and digital

+ 0.2°C 20 s response time to 50% of step change
+ 0.5°C 2 s response time to 50% of step change
+ 0.5°C 15 s response time to 50% of step change

+ 0.5°C (air temperature within 10 K of dew point)
1.0°C (air temperature 10 to 20 K away from dew point)

0.05 to 1m/s range 0.2 s response time to 90% of step
change * 5%, + 0.05nvs for flow direction greater than 15
degrees from the rear of transducer axis
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Appendix D (Angle Factors Calculations)

Angle factors were calculated according to the tables for a seated person (0.6m height)
and averaged for 360° rotation about the person’'s central axis (see reference 43). The results
shown here are summarized from calculations which considered each surface to be divided in

smaller surfaces according to the available thermocouple locations.

A) Summary, Angle Factors, 1st Floor Forced Air Systermn

GRID POINTS
A1 A2 A3 A4 AS B1 B2 B3 B4
Surfaces = ceeer eeeem oeee- cmmes mmmen mmmae eee eeeee eeeee

Wa. Window 0.182 0.034 0.043 0.027 0.258 0.281 0.053 0.088 0.055
Window 0.020 0.013 0.014 0.014 0.030 0.062 0.020 0.023 0.024
Neigh.Wa. 0.066 0.068 0.122 0.345 0259 0.101 0.081 0.167 0.374
Back Wa. 0.046 0.187 0.259 0.257 0.040 0.051 0.063 0.088 0.070
Door Wa. 0.376 0.343 0.146 0.083 0.153 0.133 0.357 0.148 0.087

Floor 0.215 0.267 0.305 0201 0.192 0.285 0.301 0.353 0.276
Ceiling 0.095 0.088 0.112 0.072 0.067 0.087 0.126 0.133 0.114
Total 1.000 1.000 1.001 0.993 1.000 1.001 1.001 1.000 1.000

B) Summary, Angle Factors, 1st Floor Modular

GRID POINTS
Surfaces A1 A2 A3 A4 AS B1 B2 B3 B4
Modular 0.070 0.003 0.005 0.001 0.002 0.038 0.003 0.010 0.001
Wa. Window 0.112 0.031 0.038 0.026 0.257 0.243 0.045 0.078 0.054
Window 0.020 0.013 0.014 0.014 0.030 0.062 0.020 0.023 0.024

Neigh.Wa. 0.066 0.068 0.122 0345 0.259 0.101 0.081 0.167 0.374
Back Wa. 0.046 0.187 0.259 0.257 0.040 0.051 0.063 0.088 0.070
Door Wa. 0.376 0.343 0.146 0.083 0.153 0.133 0.357 0.148 0.087
Fioor 0.215 0.267 0.305 0.201 0.192 0.285 0.301 0.353 0.276
Ceiling 0.095 0.088 0.112 0.072 0.067 0.087 0.126 0.133 0.114

Total 1.000 1.000 1.001 0.999 1.000 1.001 1.007® 1.000 1.000
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C) Summary, Angle Factors, 3rd Floor Hydronic

Surfaces

Baseboard
Wa. Window
Window
Neigh.Wa.
Back Wa.
Door Wa.
Floor

Ceiling

Total

D) Summary, Angle Factors, 3rd Floor Modular

Surfaces

Modular
Wa. Window
Window
Neigh.Wa.
Back Wa.
Door Wa.
Floor

Ceiling

GRID POINTS

A2

0.001
0.032
0.014
0.068
0.187
0.343
0.267
0.088

A3

0.005
0.038
0.014
0.122
0.259
0.146
0.305
0.112

A4

0.006
0.020
0.014
0.345
0.257
0.083
0.201
0.072

GRID POINTS

A2

A3

.....

A4

.....

-----
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