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Preface

In this book, various aspects of heating, ventilation, and air-conditioning (HVAC) systems
are investigated. HVAC systems are milestones of building mechanical systems that provide
thermal comfort for occupants accompanied with indoor air quality. HVAC systems can be
classified into central and local systems according to multiple zones, location, and distribu-
tion. Primary HVAC equipment includes heating equipment, ventilation equipment, and
cooling or air-conditioning equipment. Central HVAC systems are located away from build-
ings in a central equipment room and deliver the conditioned air by a delivery ductwork
system. Central HVAC systems contain all-air, air-water, or all-water systems. These two
systems are presented in Chapter 1. In Chapter 2, two methods for sizing the network for
the transport of the air, from the air handling unit to the terminal units, are explained. Chap-
ter 3 deals with a methodology of energy management intended to analyze, evaluate, and
suggest actions to save and encourage the efficient use of electric energy of HVAC systems
during stages of planning, design, construction, or audit existing systems applied to regions
with hot and dry climates such as desert or semidesert locations. Chapter 4 focuses on
HVAC systems for modern animal housing systems. The advanced simulation tools for
transient energy simulation of existing buildings are studied in Chapter 5. The relevance of
the topic due to the decision of problems of the economy of resources in heating systems of
buildings is presented in Chapter 6. Chapter 7 discusses the use of the vehicular combined
thermal development system with phase-transitional thermal accumulators. A techno-eco-
nomic analysis of a thermoelectric heating unit (THU) prototype is reported on in Chapter 8.
This chapter shows a technical description, which includes design, improvements, operating
conditions, and mathematical model of THU system. In Chapter 9, authors analyze theoreti-
cally the temperature distribution and energy storage ability of a simultaneous charging and
discharging concrete bed storage system.

Mohsen Sheikholeslami Kandelousi (M. Sheikholeslami)
Department of Mechanical Engineering

Babol Noshirvani University of Technology

Babol, Islamic Republic of Iran






Chapter 1

HVAC Techniques for Modern Livestock and Poultry
Production Systems

Steven J. Hoff

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.78785

Abstract

Thermal modification for housed livestock and poultry production (HLPP) systems has
evolved from outside raised or uncontrolled naturally ventilated building systems into
sophisticated computer-controlled cloud-analyzed complexes in the quest for producing a
safe, reliable, sustainable, and efficient protein supply for our ever-growing population.
This chapter discusses a few of the various HLPP systems used in the USA and details the
design process in quantifying the needs for our housed livestock and poultry. Specific
emphasis is placed on general building characteristics, general ventilation design features,
heat stress control, and systems designed to address animal welfare.

Keywords: livestock, poultry, heat stress, animal welfare, ventilation

1. Introduction

Thermal modification for housed livestock and poultry production (HLPP) systems has evolved
from outside raised or uncontrolled naturally ventilated building systems into sophisticated
computer-controlled cloud-analyzed complexes in the quest for producing a safe, reliable, sus-
tainable, and efficient protein supply for our ever growing population. This chapter discusses a
few of the various HLPP systems used in the USA and details the design process in quantifying
the needs for our housed livestock and poultry. Specific emphasis is placed on general building
characteristics, general ventilation design features, heat stress control, and systems designed to
address animal welfare.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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2. General thermal modification systems for housed livestock and poultry

In the USA, the raising of food animals in controlled climate facilities has progressed rapidly
since the 1980s. It was not uncommon for livestock and poultry producers to rear food animals
in outdoor lots or partially contained facilities with minimal modification to the thermal
environment. This small-scale production practice has now given way, for the most part, to
intensive housing systems where thousands of food production livestock and poultry are
raised in tightly controlled climates, with sophisticated thermal modification techniques. The
following sections outline some of the systems in use today. For a more complete historical
perspective on the development of HLPP systems, see [1].

2.1. Structural design basis for the USA HLPP building system

The majority of HLPP buildings in the USA are composed of wood-frame construction
supplemented with concrete stub walls, polyethylene or equivalent curtain sidewall openings,
and light-gauge steel roofing and siding (Figure 1a, b). Waste products are handled in repos-
itories below a slotted flooring system (pigs, beef; Figure 1b), within the flooring material (e.g.,
sawdust) itself (broiler, turkey, hens; Figure 1c) or outside below- or above-grade earthen,
concrete, or steel containment systems (pigs, beef, dairy, hens; Figure 1d). Insulation levels

d

Figure 1. (a) A common Midwestern USA swine finisher with curtain sidewalls and (b) metal flat interior ceiling with
concrete slatted flooring, (c) common broiler housing [2], and (d) common above-ground metal manure storage system [3].
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vary greatly by region of the country. For all intensive purposes, HLPP buildings are considered
thermally light, responding quickly to outside weather influences.

2.2. Ventilation design basis for the USA HLPP building system

Ventilation designs for HLPP systems range from complete natural ventilation (NV) to a
combined hybrid natural/mechanical ventilation (NMV), to full mechanical ventilation (MV).

2.2.1. The naturally ventilated HLPP system

The NV building design (Figure 2) features controlled sidewall curtain and ridge vent openings.
The sidewall and ridge vents are either manually or automatically controlled. The NV barn
design has traditionally been used in broiler, turkey, beef, pig finishing, and dairy housing.

Orientation of building relative to historical summer winds is critical, as well as the percent
calm periods during warm weather. For example, Figure 3a outlines the historical August
wind rose pattern for Des Moines, Iowa, USA. For this region, the predominant summer winds
are from the S-SE and a properly oriented NV building would have the ridge axis E-W or
slightly tilted counter-clockwise to expose the sidewall curtains to the predominant summer
winds. Deviation from predominant summer winds will significantly affect the potential fresh-
air exchange rate in the building. Figure 3b outlines the predicted fresh air exchange rate (air
changes per hour; ach) for a typical pig finishing facility designed to house 1000 pigs. The
design maximum hot weather rate for this type of facility is 100-120 ach. For this example,
both sidewall curtains are open 1.2 m. If the building is oriented completely E-W, with a
perpendicular southern (180°) or northern (0°, 360°) wind, a 3 m s~ ' and above wind speed
will sufficiently ventilate this building at and above design criteria. An orientation that devi-
ates from the predominant wind direction significantly reduces ventilation potential. In theory,
a lateral (along the ridge line) wind direction (90°, 270°) will not ventilate the building at all,
although certainly some low-level exchange of fresh air will still take place. The NV building
design is still a staple for many animal groups, especially dairy, beef, broilers, turkeys, and
swine finishers.

Figure 2. Naturally ventilated (a) pig finishing building with (b) close-up of modern controlled ridge vents.
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Figure 3. Typical (a) wind rose pattern evaluated when planning for a naturally ventilated building and (b) the influence
of improper alignment relative to predominant summer winds.

2.2.2. The hybrid natural/mechanical HLPP system

The NV method of HLPP building ventilation, although once the predominant method of
ventilating HLPP systems, has given way in many cases to NMV or MV approaches where
tighter control of the thermal environment is desired. The NMV method uses exhaust fan
ventilation in cold-to-mild conditions with sidewall curtains and wind potential handling
warm weather ventilation (see Figure 1a). The NMV method was developed to replace the
NV action during cold weather in an attempt to better control the thermal environment. Warm
and hot weather ventilation is handled with sidewall curtain opening action and wind, requir-
ing the same basic orientation requirements of an NV building. The NMV method does not
require cold weather ridge vents and therefore in the NMV method a flat interior ceiling is
often used (see Figure 1b) with a heavily insulated attic space.

2.2.3. The mechanically ventilated HLPP system

The vast majority of modern intensive HLPP systems use a negative pressure MV system with
exhaust fans connected in parallel and fresh inlet air drawn in through ceiling diffusers
(Figure 4) in cold-to-mild conditions and sidewall and/or endwall curtains (Figure 1a, b) in
warm-to-hot conditions. In modern HLPP systems, the ceiling diffusers are cable controlled to
stage inlet action with fan staging, using static pressure differential as feedback. Typical
operating static pressures range from 10 to 30 Pascals (Poutside-Pinside)- The MV system will
typically incorporate at least one sidewall ‘drop’ curtain opening for emergency power loss
events. The negative pressure MV arrangement has become a popular choice, preventing
moisture and gas-laden air from exfiltrating through uncontrolled locations where condensa-
tion and building deterioration could be an issue. Specialty-designed positive pressure systems
are becoming more popular, which are discussed in a later section.
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N

Figure 4. Example ceiling fresh-air diffuser commonly used in HLPP systems. The cable shown passing through the
diffuser is used to automatically control baffle opening in response to ventilation rate changes with static pressure control
as the ultimate diffuser opening control objective.

3. Space and zone heating for housed livestock and poultry

Space and/or zone heating are integral components of modern HLPP systems. Space heating
has been traditionally accomplished with unvented forced air furnaces. Heated air distribution
is handled primarily with a single diffuser attached to the heater outlet, providing minimal
distribution and thus uniformity. Ducting of heated air to targeted locations is traditionally not
employed in the HLPP systems. Zone heating has traditionally been handled with radiant spot
(Figure 5a), radiant tube, or heat lamps (Figure 5b). In some of the colder regions of the USA
(e.g., Minnesota), additional microclimate enclosures with heat lamps are provided for imma-
ture animals in the coldest weather (Figure 5b). Cold climate ventilation rates are designed to
control moisture, gases, and temperature, with moisture control almost always governing the
cold weather ventilation rates. Many HLPP ventilation control platforms available today allow
the producer to control for building temperature, with relative humidity sensing as a backup
for assessing moisture control. Gases such as ammonia, carbon dioxide, hydrogen sulfide, and
methane can be an issue in many HLPP systems. In most cold weather situations, and during

ek

a b

Figure 5. (a) Radiant spot heater with shielded radiant sensor for feedback control and (b) microclimate with heat lamps.

5
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normal operating conditions, ventilating for moisture control will also control targeted gases
below occupational standards such as those provided by ACGIH or OSHA [4, 5].

4. Space and zone cooling for housed livestock and poultry

Space and/or zone cooling methods have been traditionally limited to evaporative pad cooling
systems, high pressure foggers, or direct low pressure water spray systems accompanied most
often with elevated airspeed control. Compression-based cooling is not traditionally used,
except in specialty cases not covered in this chapter. Heat stress control for housed livestock
and poultry is becoming an ever growing concern, fueled mainly by our changing climate,
global expansion of HLPP systems in hot and humid climates, and the increased productivity
levels of modern food animals where increased internal heat generation must be released to
the environment.

4.1. Heat production of modern food animals

Modern genetics has increased the productivity levels of our food animals. This in turn has
increased the internal heat produced that must be dissipated to the surrounding thermal
environment. For example, one study found that comparing pre-1988 to post-1988 heat pro-
duction data, the total heat produced by modern pigs increased by 12-35% for 90 kg pigs at
15°C and 5 kg pigs at 35°C, respectively [6]. Similar increases are known in other animal and
poultry groups as a natural outcome of increased productivity. Dissipating this heat to prevent
heat stress has become challenging.

4.2. Methods to increase animal heat dissipation

The typical HLLP system for heat stress control is a tunnel ventilated (TV) arrangement of
fresh air inlets and fans along the long axis of the building (Figure 6a) or arranged in cross-
flow perpendicular to the long axis (Figure 6b). TV systems were first developed in the
southeastern quadrant of the USA where the percent calm periods in the summer months can
be high. For example, in North Carolina, the hot weather months are associated with up to
18% calm periods, far in excess of desired for proper hot weather NV ventilation performance.
The TV HLLP system guarantees a specific average airspeed in the barn when required. The
typical design airspeed is 2 m s~!, but some broiler systems are being designed as high as
3ms ! [7].

Designing the hot weather ventilation rate for airspeed control will in most cases significantly
increase the overall building ventilation rate. For example, take the cases depicted in Figure 6.
If the barn in question houses 1000-600 kg lactating dairy cows, the ventilation rate typically
used, designed to keep internal temperature rise less than about 2°C, is roughly
190 m® hr.' kg~'. This equates to a maximum building ventilation rate of about
1.14 x 10° m® hr.”". A typical dairy barn housing 1000 lactating cows would be about 75 m
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Figure 6. (a) True tunnel ventilated fan/inlet and (b) cross-flow tunnel ventilated fan/inlet arrangements for airspeed
control.

wide, 140 m long, with 4.25 m high sidewalls. If this building was ventilated for a 2 m s™*

airspeed in true tunnel ventilation mode (Figure 6a), the maximum ventilation rate would be
2.30 x 10° m® hr.”!; a 200% increase from typical. If designed in cross-flow tunnel, a more
common dairy housing arrangement, the maximum ventilation rate would be 4.28 x 106 m>h™";
a 375% increase from typical and a 186% increase from true tunnel. In some cases, dairy
buildings would be fitted with drop panels over the cow resting area, to accelerate cross-flow
ventilation over the cows, allowing the overall maximum cross-flow tunnel ventilation rate to
be reduced (see Figure 7b).

In many cases, the elevated airspeed with TV systems is supplemented with evaporative pad
cooling at the fresh-air intake and/or low pressure water sprinkling, especially in pig and dairy
systems. Strategies are being developed to actively select the most effective cooling strategy in
a suite of options based on the climate’s ability to dissipate the sensible and latent heat
generated by the animals [8, 9]. For example, in some situations, evaporative pad cooling
might raise the humidity ratio to a point detrimental for latent heat release from the animals,
instead, warranting the use of low pressure water sprinkling. Heat production and heat/mass
transfer models continue to be developed to assist heat stress mitigation decisions [8, 9].
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Figure 7. (a) Dairy housing sidewall inlet with or without evaporative cooling pads and in some cases (b) drop curtains/
walls to force cross-flow ventilation over rows of cows, enhancing airspeed maintenance.

5. HVAC design for virus control

Disease transmission from herd-to-herd via aerosol transport is a concern, driving significant
HLLP system changes to accommodate new and innovative ventilation designs. Many HLLP
systems are being designed today to capture viruses before entry into a building. This move-
ment has been especially prevalent in pig housing systems where the porcine reproductive and
respiratory syndrome virus (PRRSv) has caused significant economic hardship. Building ven-
tilation systems have been retrofitted to incorporate high efficiency filters at fresh-air intakes as
a physical capture of the virus.

Two basic ventilation retrofit strategies have been implemented, one that maintains traditional
negative pressure MV and a second option that utilizes a positive pressure MV system in a
‘push-only” or ‘push-pull’ fan configuration. In a negative pressure filtration arrangement,
primary (MERV 8) and secondary (MERV 16) filters are attached in the attic space to the
existing fresh-air ceiling intakes as depicted in Figure 8a for an inlet depicted in Figure 4. This
method suffers tremendously from the high infiltration rates common in many HLLP systems
[10]. In negative pressure filtration systems, significant sealing of the building is required to
limit unfiltered air from entering the animal zone through air leakage points, and this can be
an annual challenge after each seasonal freeze/thaw cycle.

In a positive pressure filtered barn, industrial blowers (Figure 8b), or equivalent are used to
push air through primary and secondary filter banks (Figure 8c), maintaining the building
operating pressure slightly above ambient, bypassing the infiltration issues common with
negative pressure systems. The major drawback with positive pressure filtered systems is the
tendency for moisture laden air to exfiltrate, potentially condensing in the building cavity. In
positive pressure systems, care must be taken as well to control exfiltration for this reason.
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Figure 8. Virus filtration with (a) filters attached directly to ceiling fresh-air intakes in a negative pressure system, or (b)
using blowers and (c) filtration banks in a positive pressure filtration system.

6. HLLP design for livestock and poultry welfare

Producers of food animals place animal welfare at the forefront of their operation. Several
building design changes have evolved as a result of public pressure stemming from concerns
related to animal welfare. The most prominent changes have been made in pig gestation and
egg-laying facilities. Traditional gestation housing uses individual stalls (Figure 9a) from
which precise nutritional needs can be maintained and monitored. Due to public pressure,
the traditional stall gestation has given way, in some cases, to group housing gestation facili-
ties, with, in many cases, electronic feed dispensing and pig monitoring (Figure 9b).
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Figure 9. (a) Sow gestation housing using stalls [10], and (b) the alternative group housing with electronic feeding and
monitoring systems [11].

Unquestionably, the biggest change in HLPP systems has occurred in the egg-laying sector.
Many large fast-food chains have demanded bird space allocation changes and overall free-
roaming requirements that have significantly changed the hen housing system. The conventional
caged-layer system is rapidly being replaced by enriched colony or aviary systems where birds
are allowed extensive movement and ample opportunity for perching and nesting behavior. An
excellent overview of the various hen housing systems can be found in [12].

7. Conclusions

Thermal modification for housed livestock and poultry production (HLPP) systems has
evolved from outside raised or uncontrolled naturally ventilated building systems into sophis-
ticated computer-controlled cloud-analyzed complexes in the quest for producing a safe,
reliable, sustainable, and efficient protein supply for our ever growing population. This chap-
ter summarized a few of the various HLPP systems used in the USA. Specific emphasis was
placed on general building characteristics, general ventilation design features, heat stress
control, and systems designed to address animal welfare. Significant advances have been
made in HLPP systems in response to global food demand and as a matter of efficiency.
Advances will continue as we strive to ensure a safe, environmentally sustainable, and efficient
food supply.
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Abstract

In this chapter, power consumption and electrical demand in buildings or housing due to
the utilization of HVAC systems are shown to be intimately linked to construction mate-
rials. This work proposes a methodology of energy management intended to analyze and
evaluate actions aimed at saving and efficient use of electric energy of HVAC systems
applied to regions with hot and dry climates. The methodology consists of: (1) character-
ization of local climatology using the concept of degree-hours (DH). (2) Utilization of a
Fourier-type mathematical model to calculate hourly temperature using only daily maxi-
mum and minimum temperatures as well as an empirical model to compute energy
efficiency (EER) of air-cooled air conditioning units. (3) Thermal simulation applying a
software developed by the authors based on ASHRAE's Transfer Functions methodology
to calculate hourly cooling loads, the adequate sizing of air conditioning equipment and
the rate of heat extraction. (4) System analysis, identification of improvement actions,
evaluation of viable alternatives of saving and efficient use of energy. The advantage of
this proposal is its flexibility because it can be applied to any climatology and easily
adaptable to the conditions of energy usage anywhere in the world.

Keywords: energy management, HVAC systems, degree-hours

1. Introduction

In regions of extreme climates, whether warm, cold or both, the use of HVAC systems is
important to maintain comfort and adequate conditions for its occupants. However, the
amount of electricity consumed depends on several factors such as the cooled/heated area,

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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construction materials, climate of the region, fenestration, user’s energy management, thermal
insulation, lighting or internal heat loads, among the most important ones. However, social-
economic and cultural issues also play a significant role [1].

One of the main problems encountered in HVAC systems is oversizing. This leads to an
unnecessary increase of electrical demand on the power supply system and its consequent
environmental impact [2]. For example, in the northwest region of Mexico which is character-
ized by a dry hot climate in summer, maximum outdoor temperatures of 45-47°C and even
higher are usually encountered in July and August. For these conditions, retailers and HVAC
technicians normally size the capacity of air conditioning using a rule of thumb that has been
deeply rooted for years: “1 ton capacity for 20 square meters of cooled area.” This criterion is
generally applied without any valid technical or scientific basis.

This heuristic approach does not take into account if the building is well insulated or if there
are elements for energy saving. As a consequence, the air conditioner is generally oversized by
a factor which varies from 1.5 to 2. On the other hand, since 1990, in Mexicali, Baja California,
Mexico, a city with more than one million inhabitants, the federal government initiated a
sponsored program through Comision Federal de Electricidad (CFE), the state electric power
company, intended to support energy saving strategies and specific actions oriented to the
residential sector. These actions started by financing insulation of ceilings and the replacement
of incandescent lamps with fluorescent ones. Subsequently, in 1997 began the replacement of
old low-efficiency air conditioning units with high-efficiency equipment. In this program, the
package, split, mini-split and window type units were considered and by 2003 the actions to
replace old low-efficiency refrigerators were launched. This program called Program for Inte-
gral Systematic Saving [(ASI) by its acronym in Spanish] still continues to operate and has even
expanded to other cities with hot climate in the country [3].

Energy efficiency of residential housing and buildings is of concern not only in Mexico but
around the world because of its impact on future energy requirements, due to the accelerated
growth of our modern cities during the next decades. Thus, several studies oriented to analyze
and improve efficiency of this sector using regional passive elements (attics, ventilation, gar-
dening, wall materials, roof ponds, and insulation) or feasible strategies of energy saving have
been carried out [4-7].

On the other hand, recent studies are being developed to investigate the utilization of nano-
particles as energy carriers or thermal storage materials for applications in heat transfer
systems. The effect of these materials on the effectiveness of heat transfer in heat exchangers
of different geometries has been simulated by taking advantage of latent heat of melting-
solidification change of phase. The use of nanoparticles added to reflective paints as an
additional energy saving option has also been proposed. However, even more research is still
needed in this field to consider these materials as a truly effective, technical, safe and economic
option [8-12].

Nevertheless, there is still no standardized criterion for the correct sizing of cooling or heating
units applicable in Mexico, so oversizing becomes a serious problem for the energy supplier
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and makes the user pay unjustifiably for additional and unnecessary capacity. For this reason,
the UABC'’s Institute of Engineering has been working on several projects oriented toward the
efficient use and energy saving which at the same time let us obtain a reliable methodology to
determine and characterize the energy performance of the residential sector as well as public
and private buildings in order to standardize the energy calculation and provide solid techni-
cal elements to analyze, implement and evaluate effective actions of saving and efficient use of
electric energy.

2. Energy management methodology

2.1. Climatology: degree-days and degree-hours

For understanding the energy behavior of a building or a household, it is imperative to know
very well the climate of the region where it is located since its climate determines whether
heating, cooling or both are required for any period of the year. This is also essential for
calculation of heat gain or heat losses. It does not matter if the building is in the design stage or
it has already been built; any energy analysis is intimately related to local climate. As previously
mentioned, degree-days have been the main variable used to correlate energy and climate. Before
having the advantages provided today by the availability of current online weather databases,
the cooling or heating degree-days were computed just considering a simple arithmetic addition
or subtraction between the outdoor temperature and an estimated base temperature.

As an example, at any given day, the maximum temperature reached 35°C and the minimum
temperature was 22°C, the average temperature is Ty, = (35 + 22)/2 = 28.5°C. The most used
base temperature in the USA is 18.3°C (65°F). Since T, is greater than 18.3°C, the degree-days
are then (28.5—18.3) = 10.2 cooling degree-days. The same base temperature is also utilized for
estimating heating degree-days [13].

However, there are other criteria for calculating degree-days as indicated by Bromley [14] who
takes into account not only a variable base temperature but also the duration of the tempera-
ture above or below such reference temperature. This information can be obtained online
when a weather station in the city or location of interest is available, but what happens if
information is not reliable or does not exist at all? In such a case, data from the nearest station
or from a region with a similar climate would be useful. Once the degree-day values are
obtained for a particular location, then they could be correlated seeking for some relationship
between, for example, power consumption or demand to establish patterns of energy behavior
in buildings or even to estimate the impact of global warming on the climatology of a partic-
ular location [15-17].

In developed countries, a large amount of climatological information is available; however, in
nondeveloped countries such as Mexico or in Latin America, there is a lack of data for many
locations excepting maybe for the most important cities. Therefore, we have been working on
collecting and processing information provided by the National Meteorological Service of 40
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Mexican cities with a population of at least 100,000 inhabitants. Instead of working with the
degree-day approach, hourly averages were obtained and analyzed on this basis. These are
called degree-hours (DH). DH take into account not only the degrees of the outdoor tempera-
ture above or below the reference temperature but also the duration of these variations over a
day. This procedure can be done for every single day of the year. In Figure 1, the concept of
degree-hours is shown graphically. This figure also shows the mathematical definition once a
function for hourly outdoor temperature is provided.

Two temperatures were set as baselines for summer and winter: 29.5°C (85°F) for cooling DH
and 15.5°C (60°F) for heating DH. These values were selected based upon the weather condi-
tions of the northwest of Mexico where the most severe climate in the country is said to be,
especially in summertime. As an example, the maximum recorded temperature in Mexicali
occurred on July 28, 1995—51.8°C (124°F). In addition, the inhabitants of this region have
developed a special acclimatization for these severe conditions not existing in other cities with
less aggressive climates. These conditions lead us to consider that the comfort zone is slightly
different for the population living in our region from that commonly reported by The Ameri-
can Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) [18].

As an example of the application of the DH in the climatological analysis, the results for two
cities of northwestern Mexico, Mexicali and Hermosillo, during the summer season are shown
in Figure 2. Mexicali, the capital of Baja California, is located just on the border with the State
of California, USA, while Hermosillo, the capital of Sonora, is 700 km apart to the south. The
average monthly temperature in July and August for both locations is very similar, 33°C and
32.2°C, respectively. Statistically there is no difference between them. For each day of a given
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Figure 1. Degree-hours definition.
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month, the daily average temperature is calculated as Tuaity = (Tmax + Tinin) /2 and the monthly
average temperature is obtained by averaging the corresponding daily average temperatures.
On the other hand, the electricity tariffs in Mexico are based on the average monthly summer
temperature. However, even if the monthly average temperature of two or more places is quite
similar, this does not mean that the degree-hours are to be the same too. This can be clearly
observed in Figure 2 where the totalized degree-hours during summertime of these two
Mexican cities located at the Northwest of the country are compared. The period analyzed
was from May to October, and the data were recorded from 1993 to 2001. The statistical
difference between DH for both locations is 15%. Thus, as indicated by several authors, the
difference, (in percentage) of DH should be similar to the difference (in percentage) of the
consumed power by two buildings with the same characteristics situated one in each city,
when their energy consumption is compared to each other. In fact, a recent work performed
by a graduate student at the Institute of Engineering analyzed the energy consumption of a
sample of just over one hundred homes of residential users in these two cities. For the results to
be valid, the factors that could introduce variability such as cooled area, constructive system,
orientation, occupancy, fenestration or air conditioners efficiency were carefully revised and
controlled when analyzed statistically. The results effectively point out that Mexicali users
spent, on average, 15% more energy in the summer than Hermosillo’s [19]. This figure con-
firms that electricity consumption and DH are proportional.

The averaged monthly DH for a period of 9 years (1993-2001) for the same two cities are
shown in Figure 3. As it is seen, there are appreciable variations between one region and
another. Mexicali’'s DH are greater for the period of May to September except in June where
both cities behave in a very similar way. October is still a summer month in Hermosillo but not
in Mexicali. Otherwise, for the nonsummer months, Mexicali’'s DH have large negative values
while Hermosillo’s DH are practically zero. This indicates that Mexicali is significantly colder
than the capital of Sonora, an example of an extreme climate. Nevertheless, it should be noted
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Figure 2. Average summertime cooling degree-hours for two Mexican cities with similar climate.
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Figure 3. Average monthly DH for two Mexican cities (1993-2001). T,ef = 29.5°C (summer), 15.5°C (winter).

that carrying out this type of analysis requires having reliable climatological information. On
this depends greatly the success of our work.

2.2. Outdoor temperature model

In order to facilitate the calculation of either DH analysis or thermal simulation of a building
the authors developed a simple Fourier-type model for estimating hourly outdoor temperature
from data recorded by meteorological stations. When working with climate data for the first
time, there is a huge amount of information to process and organize and it is a common
practice to work with extensive databases. The aim of using a mathematical model is to reduce
the complexity of calculation when performing thermal simulation in buildings. This led us to
simplify the energy analysis and assessment of a particular system. Besides, the use of a model
let us working with only a few set of correlation coefficients instead of an enormous quantity of
data, thus releasing disk and memory space. When analyzing the outdoor temperature of a
particular region, no significant changes have been observed in its seasonal patterns along a
period of several years. This means that the monthly average temperature remains almost the
same year after year over a period of time and the natural variation encountered from a year to
another is compensated when more years are taken into account. Although this premise is
valid for monthly temperature, Mexicali’'s DH have increased consistently since 2007 [20].

Since the outdoor temperature is given on an hourly arrangement, the model was intended to
be on the same basis. So, the model for estimating the hourly temperature is stated as

O(t) = (u) + Acos (g) + Bsin (%) 1

where ©(t) represents the dimensionless hourly outdoor temperature for a particular day
defined in Eq. (2), Tyax and Ty, are the recorded maximum and minimum temperature and
T(t) the calculated value of temperature for time ¢.
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Tmux - T(t)

OO = e~ T @

(i), A and B are the mean value and the two coefficients of correlation given by:

1 24
(1) =57 > () ©)
t=1
1 N
u(t) = NZQ"(”’ n=1,2,...Ndays (4)
n=1
PR t
A= [n) ()] co (5) 5

P _(2nt
B= ﬂz; [u(t) = ()] sin (g> ©)

The model was tested using hourly data for various locations in Mexico and Cuba as well as
for different years. The statistical deviation from experimental and calculated values did not
exceed 5%. For purposes of thermal analysis calculation and buildings simulation, this figure is
more than acceptable. Furthermore, the model was integrated as a linked module into the
simulator which was developed by the authors to compute the hourly outdoor temperature for
a selected location provided the maximum and minimum temperature of any given day. On
the other hand, the simulator is based on the ASHRAE's Transfer Function method [21] which,
instead of using a large climate database, it used the Fourier model which was incorporated to
generating daily hourly temperatures by using only T, and Tix. The main reason for doing
this is that for certain locations only maximum and minimum temperatures are recorded or

available. In Figure 4, the experimental and the calculated values using Eq. (1) are shown for
the day August 21.
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Figure 4. Outdoor temperature using the Fourier-type model. Mexicali, August 21.

19



20 HVAC System

Another advantage of using the Fourier-type model is that DH calculation becomes quite
simple, so it is not necessary to integrate numerically a large quantity of data every time it is
needed, but only performing the integration once by using the model already obtained and
substituting the appropriate values of (i), A and B for the location of interest. In this manner,
the cooling DH are defined as

T (24
DHcooling = JT JO T(t)dth (7)
0

After substitution of Eq. (1) and Eq. (2) onto Eq. (7) and integrating, we obtain

DHmoling =24 [(Tmux - TO) - <,U>(Tmux - Tmin)} (8)

where T is the reference temperature. The same procedure applies for heating DH.

2.3. Thermal simulation

The computational program has been one of the most useful tools for energy analysis. The
software is built in modular form, and each module performs a specific type of calculation;
moreover, because of its versatility, it is programmed on Excel spreadsheets. The general
structure of the program is shown in Figure 5. In the module of data entry, all the required
information about location, building dimensions, orientation, materials, occupancy, fenestra-
tion, internal loads, lighting, actual or estimated HVAC efficiency, and so on, is entered. The
module is linked to an internal database where other information such as latitude, longitude,
maximum and minimum temperatures, solar parameters, ASHRAE coefficients and thermal
resistances is stored.

The next stage is calculating the hourly outdoor temperature, the sol-air temperature and the
amount of direct and diffuse radiation over the surfaces of the building. The ASHRAE Transfer
Function method is then used for estimating hourly heat gains, cooling load and heat extrac-
tion rate. As mentioned earlier, instead of using a large climatological database for each
location, the program was configured to work with only a representative sample of data. We
have observed that correlation between degree-hours (DH) and the rate of heat gain, cooling
load and heat extraction is excellent for regions of dry, hot climates. It is common to encounter
a correlation coefficient over 97% with these three factors. However, the DH correlate very well
not only with cooling load or heat gain but also with monthly electricity consumption or
demand as well as with air conditioning consumption.

2.3.1. ASHRAE transfer functions method

The simulator used in this work is based on the Transfer Functions method (TFM), as reported
by the ASHRAE [22]. The authors developed an earlier version of the simulator in 1996
adapting this methodology from the version published in 1992. However, the program has
been updated and improved constantly ever since. TFM consists basically in providing a
model to consider the dynamic response of a building to heat transfer. As it is known, heat is
introduced into a space by mean of three basic mechanisms, namely, radiation, convection and
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Figure 5. General structure of the thermal simulator.

conduction. TFM converts radiation heat gains on walls as a function of the named sol-air
temperature defined as

I
b=ty + 2 eoR )
ho

The heat flow can be calculated from a heat balance as

% = al, + ho(ty — ;) — edR (10)

where
t, = Sol-air temperature
fo = Outdoor temperature

ts = External surface temperature
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% = Heat flow per unit area

a = Surface absorptivity

I;= Total solar incident radiation on the surface

ho = Convection heat transfer on the external surface

OR = Difference between long-wave radiation from surroundings and the radiation emitted by
a black body at the same temperature as outdoor temperature

& = Surface emittance

Also, TEM requires generating a series of Transfer Function coefficients which are used to
estimate U-values for each wall or roof into the equation of energy balance. The first step is
calculating hourly heat gains by means of the equation

qe, —1
Too = A|D_bultoo-uo) = D _dn # ~te ) Cn (11)
n=1 n=0

n=0

where

q, ¢ = Wall or roof heat gain for time 0

G, 9_ns = Wall or roof heat gain for the time 6 — 16
A = Surface area

0 = time

0 = Time interval

te, 6—ns = Sol-air temperature at time 6 — 1o

t. = Constant interior temperature

b,, c,, d, = Conduction transfer coefficients

Once hourly heat gains have been computed, they can be transformed into hourly cooling
loads with the expression

QF) =V0gg + V1qg_s T V2G9_25 — leH—(S - wZQF)—Z(S (12)

where

Qg = Cooling load for time 0

g9, = Conduction heat gain for time 6

Vg, U1, U, Wy, Wy = Space weight coefficients

Eq. (12) takes into account the dynamic response of the building from a semi-steady state
approach once the other variables such as fenestration, occupancy or lighting coefficients are
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provided. ASHRAE publications enlist a large amount of data for materials mostly used in
nonresidential and residential buildings. Nevertheless, some materials and construction
designs commonly encountered in Latin America do not match as the ones reported by
ASHRAE exactly. Therefore, for these cases, the corresponding data and coefficients had to be
estimated and incorporated to the simulator. For a more detailed discussion of TFM, see
[18, 23-25].

2.3.2. Simulation improvement by using DH correlations

When performing a thermal simulation of a building using the Transfer Functions method,
calculated heat gains, cooling loads and heat extraction rates are delivered by the program on
an hourly basis for a given day. This characteristic allows sizing the capacity of HVAC system
and determines when the highest peak demand will occur or what the most important ele-
ments responsible for gaining/releasing heat or consuming/demanding power are. Then the
results are totalized for that particular day. This procedure must be repeated every single day
over a year or for a certain period of time as needed.

In order to improve the calculation performance of the simulator without decreasing accuracy
and reliability of the results, the authors decided to carry out a simpler procedure by correlat-
ing the degree-hours with daily heat gain, cooling load and heat extraction rates for a few
representative days of a year. The reason for doing this is the hypothesis that if the degree-
hours are a realistic way of correlating the climate, then they would be capable of explaining
or, at least, correlating the energy behavior of a building with reasonable feasibility. According
to this premise, the DH for several arrangements were tested and finally it was concluded that
20 summer days are quite enough to reach the same quality and accuracy of results than if a
365-day calculation was made.

In Figures 6 and 7, the plot of DH versus daily heat gain, cooling load and extraction rates is
shown for Mexicali, México and Cienfuegos and Cuba, respectively. It can be observed that the
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Figure 6. DH correlation with cooling load and heat extraction rates. Mexicali, México.
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Figure 7. DH correlation with cooling load and head extraction rates. Cienfuegos, Cuba.

correlation coefficients R” are excellent for both cities. It must be noted that meteorological
data for Cienfuegos are available only on a 3-h basis. In spite of this poor quantity of data, the
results are still quite satisfactory. Correlation equations are readily obtained from DH and the
three variables mentioned earlier, although DH versus cooling load rate (CLR) and DH versus
heat extraction rate (HER) are most useful for our purposes.

Thermostat temperature is the reference baseline to calculate DH for the rest of the days of the
year. Once the equation is available for CLR, its daily values are generated for the entire year and
linked to the next module where daily heat extraction rates are estimated in the same manner as
done for cooling load. When the TEM calculation is complete, the results of daily heat extraction
rates are then correlated with DH for estimating the power consumption of the building while
also including the variation of the air conditioning efficiency. The model that describes how the
energy efficiency ratio (EER) varies as the outdoor temperature does is given below. At this stage,
the EER values can now be applied together with HER correlation equation for computing the
power consumed by HVAC system over the analyzed period of time.

2.3.3. Efficiency of HVAC systems of air-cooled condensing units

It is well known that the energy efficiency of air-conditioning systems varies strongly with the
outdoor temperature, and in turn, temperature varies throughout the day. This is especially
true for HVAC systems whose condensing units are cooled by outdoor air. Air is not a good
conductor of heat and special care must be taken to maintain the proper operating conditions
of the equipment. For this reason, a model considering this hourly variation has been incorpo-
rated into the simulator for calculating the rate of heat extraction. This allows better accuracy
of the results. The model is quite simple and takes the form [26].

EER = ¢*t7) (13)

where EER is the Energy Efficiency Ratio (W/W, kBtu/kWh), a and b are correlation coefficients
depending on the unit model and system (package or split) and T is the outdoor temperature
(°F). It should be noted that Eq. (13) fits EER for new units within less than a £+ 1% difference
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between calculated and measured values reported by manufacturers [26]. For older or used
equipment, a less than unity correction factor must be used. This factor depends on several
issues such as type of unit, age, model or dirt on heat transfer surfaces and should be found
experimentally. Of course, such an investigative task is not feasible for most situations. In
regions where humidity is small and if the HVAC unit receives appropriate maintenance, the
factor value is 1 for all practical purposes. Besides, according to manufacturers, if any signifi-
cant reduction of EER occurs during the first 5 years of use, it will be attributable to different
causes such as refrigerant leakage or major damage to the equipment, among others.

An example of the EER variation for a given day is presented in Figure 8. For that day, the
minimum and maximum temperatures are 43.3 and 27.5°C, respectively. EER is plotted as a
function of time and its corresponding value can be read on the left axis while the outdoor
temperature is allocated on the right axis. From this graph, it can be seen that as the tempera-
ture rises, the efficiency decreases proportionally.

2.3.4. Integrating results

Once the calculations described in previous sections have been completed, the program gener-
ates a set of daily and monthly values of DH, cooling load and power consumption. Likewise,
the values and percentage of the most important variables contributing to cooling/heating loads
are internally stored and displayed for a better understanding. The most important results are
presented in a separate spreadsheet where power consumption, maximum peak demand and
billing are displayed on a monthly basis. Also, the contribution to cooling load of roof, walls,
fenestration, occupancy, lighting, internal loads and infiltration/ventilation is displayed in a
graph to show the user in an easy way how the heat loads are distributed all over the building
and which of them are the most relevant over the total load.

Finally, beside the monthly consumption table of results, the billing is added. In this manner,
not only the energy balance is in sight but also the economic aspects can be visualized at the
same time which as a whole allow the user to make better decisions.
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Figure 8. EER variation as a function of outdoor temperature (split units).
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2.4. Successful application of the management approach

In 1990, the Mexican federal government started a local program intended to save energy in
residential households in the city of Mexicali. The first stage of the program consisted of roof
insulation and by 1997, the replacement of old low-efficiency air conditioning systems with
new high-efficiency units was initiated. The replacement of refrigerators with more than
10 years of use began in 2003. This program for energy saving is called Program for Integral
Systematic Saving ((ASI) by its acronym in Spanish) and remains in progress currently.

The application of the methodology outlined earlier allowed to sustain the energy saving strate-
gies and actions of the ASI program, first in the city of Mexicali then in the rest of the country.
Thermal simulation and DH methodology have proven to be a powerful tool for over more than
20 years in which a large number of projects have been developed with the residential, public,
governmental and industrial sectors. One of them provided the technical support for the creation
of the ASI program. [27]. An evaluation of the impact on consumption habits of inhabitants due
to the actions and strategies carried out by the ASI program was made recently [28].

3. Conclusions

The methodology described earlier has proven to be a useful tool for the analysis and evalua-
tion of projects related to saving and efficient use of energy. The use of DH as a primary
variable has shown to be an excellent option for the characterization of the climate of a region,
especially in hot-dry environments. However, its application is not restricted only to these
climates, but it can also be extended to any climate without reducing reliability. Likewise, the
utilization of DH greatly simplifies and speeds up the calculation when performing thermal
simulation due to its excellent degree of correlation with heat gain, cooling load and heat
extraction rates. At the same time, applying the DH criterion also allows to estimate the
electrical consumption and demand of HVAC systems in a reliable way. A representative
example of the usefulness of this methodology has been its application to the development
and assessment of those projects sustaining the energy saving programs of the Mexican federal
government, which are currently grouped as the ASI program.

The ASI program started its application as a local energy-saving program in 1990 in the city of
Mexicali, with a current population of over 1 million inhabitants, and because of the success
and positive impacts achieved in reducing peak demand and energy saving, it has been
extended to warm-climate regions all over the country.
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Abstract

We present two methods for sizing the network for the transport of the air, from the air
handling unit to the terminal units, for a dual duct system, where air flows in the “cold”
duct at a temperature less than the ambient temperature, while air flows in the “hot” duct
at a temperature higher than the ambient temperature. The methods, compared to the
traditional design criteria, lead to a reduction of channel size and, therefore, of overall
network size and cost as well. The first method requires the “cold” channel to transport air
at a temperature value slightly lower (1 + 2°C) than the minimum inlet temperature
(variable with time) required by the zones. The second requires the “hot” channel to
transport air at a temperature value slightly higher (1 + 2°C) than the maximum inlet
temperature (variable with time) required by the zones. The methods have been applied to
some reference networks. The saving of side surface of the networks varies between 14
and 27% with respect to the traditional approach; the constraint on the maximum speed of
the air through the ducts is always respected, while this does not always occur with
traditional criteria.

Keywords: dual duct, ductwork design, healthcare facilities, network size, cost saving

1. Introduction

The control of the thermo-hygrometric conditions and indoor air quality (IAQ) in rooms gener-
ally requires extensive networks for the transport of heat transfer fluids, most commonly water
and air. A network of air distribution, due to the low density of the air, is considerably bulky. In
general in healthcare facilities, and in any case in many critical environments contained therein,
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the indoor air quality (IAQ) plays a significant role. For the health of patients, particularly
immunosuppressed patients, it is necessary to maintain at the lowest possible levels the concen-
tration of particulate matter, which may also be a support for the formation of colonies of
microorganisms, and the concentration of chemical pollutants. This is achieved with a significant
dilution of the contaminants, by means of the introduction into the environment of considerable
airflows. Italian law [1-3] establishes that the air is drawn exclusively from outside (therefore
recirculation is forbidden) and subjected to various filtration stages.

In these cases (particularly in operating rooms, intensive care units, or departments for
immunosuppressed patients), the air conditioning systems generally used are all-air systems
with (outdoor) constant flow (CAV), since the high number of air changes per hour (ACH)
must be guaranteed (sometimes values up to 50 are achieved). The leading value of the flow
rate is that related to ventilation, rather than to summer or winter loads, and all-air systems
with variable airflow (VAV) have to be excluded.

The constraint on the airflow rate is very strict in all those cases in which the protection of
persons from the propagation of pathogens and/or the action of chemical pollutants must be
guaranteed, even outside strictly health-related environments. In fact, new problems always
emerge relative to air quality: the resurgence of diseases originally eradicated, not least tuber-
culosis (TB); the onset of respiratory syndromes of acute type, some resistant to drugs and
therefore potentially pandemics, as SARS [4-8]; and the threats of chemical and biological
terrorism.

If it is necessary to remain in the context of the constant flow rate systems, one of the options is
that of the dual duct system. It ensures a local control of temperature conditions, up to the
individual environments (rooms), even if some require “hot” while others require “cold”, and
an excellent level of air quality.

On the other hand, this type of system implies expensive and bulky air distribution networks,
requiring spaces for the installation of the duct systems not easily available in the building
sector, and high energy consumption [9-14], conceivably due to the remarkable availability of
cheap energy at the time when this type of system has been developed (1940s-1960s of the last
century).

As it is known, two parallel branched networks transport the air from the air handling unit
(AHU) to the terminal units. Air flows through the so-called hot duct at higher temperature,
compared to the required temperature in the room [15-17], whereas it flows at lower temper-
ature (than the room temperature) through the so-called cold duct. A mixing box, thermostat-
ically controlled, draws air from the hot and cold ducts and supplies each zone with the
required flow rate, at the appropriate supply air conditions.

By virtue of these supply air conditions, more specifically the supply air temperature, widely
variable during daytime and along the course of the year, the conditions of comfort into the
room can be ensured, for which the mean radiant temperature is not taken into account.

The mixing box limits the noise levels as well. Indeed, in order to avoid huge overall dimen-
sions of ducts that may become excessive with respect to the spaces normally available for
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their installation, high values, depending on the flow rate, are set for velocities through the
ducts. At values between 12.5 and 30 m/s, the arising aerodynamic noise may be greatly
disturbing, and this noise problem is only partially solved by properly designing the channel
configuration [18]. Nevertheless, the overall dimensions of the dual-channel networks still
remain high.

The choice of constant temperature values for the cold duct and for the hot duct, respectively,
lower and higher than the room temperature, implies that the hot and the cold flow rates,
arising from the calculations, have high values, significantly close to the total flow rate that
must be carried by the trunks. In fact, while the supply air temperature varies over time,
tending to f, in summer and to t, in winter, the air temperatures of cold and hot ducts are
generally kept almost constant. When the zones require cold (presumably in summer),
almost entire flow rates of the zones come from the cold duct; if the zones require heat,
presumably in winter, the most part of the total airflow rates comes from the hot duct. Then,
both the cold and the hot duct should each be able to carry more than 80 —90% of the flow
rate of the zone.

In this chapter, an innovative approach is presented for the dimensioning of the channels,
based on the choice of not constant values for the temperatures of hot and cold duct. The cold
channel carries air at a temperature equal or slightly lower than the minimum supply air
temperature, among those required by the different zones, variable with time. The hot duct
delivers air at a constant temperature, higher than the absolute maximum value of the zone
supply temperature [19]. As alternative, the hot channel transports air at a temperature value
slightly higher (1 + 2°C) than the maximum inlet temperature (variable with time) required by
the zones, while the cold duct delivers air at a constant temperature, lower than the absolute
minimum value of the zone supply temperature.

The method has been applied to some reference buildings, a day center for dialysis located in
the Italian city of Lecce and a private hospital located in the Italian city of Rome. A comparison
is produced with the results obtained from the design criteria traditionally used.

2. Dimensioning criteria for the channel network

The network of channels has a tree structure with the root representing the AHU and the
leaves the terminal units of each zone.

The different supply air conditions determine the different thermal zones. The calculation
proceeds by considering the sensible thermal load @;(7) (of the ith environment), variable over
time, and evaluating the constant flow rate G; able to compensate these loads in each room.
The calculation is also based on the usual constraint related to the temperature difference
between air supply and room and takes into account the flow rate required for ventilation.
The mixing box serving the zone, where the ith room is included, will supply the computed
airflow rate required by the zone; into the mixing box will enter hot and cold airflow rates
coming from the terminal trunks of the dual duct system.
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For the first trunk departing from AHU, one can write the conservation of mass and energy as
G =) Gi=G(1) +Gy() M

D 0i(0) + 6,Gu(D)[t(7) — £:(0)] + 6y Ge(D)[te(7) — 1:()] = 0 )

where G is the total mass flow rate carried by the trunk; G.(7) and G(t) are the flow rates
carried by the cold and hot trunks at the temperatures t.(7) and #,(1), respectively; t.(1) is the
room temperature; ¢, is the specific heat at constant pressure of moist air; and ®;(7) is the
thermal load, varying over time, in each environment. The subscripts “c” and “h” refer to
the cold and hot channels, respectively. These relationships, in conditions of maximum sen-
sible load in summer ®; g, and in winter @, 4, (subscripts “sum” and “win” refer to these
conditions, respectively) become

G = Ge,sum + G, sum 3)
Dy sum + oG, sum (th, sum — tr,sum) = pGe,sum (tr, sum — te,sum) (4)
G = G, win + Gp win @)
s, in + € G, win(tr, win — te,win) = ¢y G, win(th,win — tr,win) (6)

We can write similar equations for any trunk.

For the channels of the first trunk, departing from AHU, the airflow rates G, sum, Ge,wins G, sum,
and Gy, win can be calculated from the equations above, once the temperature values t,, sym, tc, win,
t, sum, and ty, i are properly set; similar equations allow one to calculate the airflow rates for the
other trunks, for cold and hot air, and winter and summer conditions, at all levels of the network.

With regard to the control of the relative humidity in the environment, it should be recalled
that by normal practice, it is performed centrally, while the temperature control is assigned to
the mixing boxes. Usually the air treated by the AHU exits with a moisture content
corresponding to the thermodynamic state characterized by the temperature of the environ-
ment (ty, sum OT by wiy) and 45% of relative humidity.

Once the layout of the network is given, the sizing of the channels can be derived if the air
speeds in the various trunks k are properly set; a usual criterion to choose the air speeds,
starting from the range of values of the airflow rates Qy,, Q carried by the trunks, is reported
as example in Table 1 [20, 21].

In practical cases, as it is well known, a conventional sizing criterion is used. The criterion is based
on the assumption that for each trunk, and therefore for each level of the network, it is possible to
establish a priori the distribution between heat demand and cold demand, satisfied by hot duct
and cold duct, respectively, once this distribution is known for the main trunk departing from the
AHU (and therefore for the system as a whole). The method proceeds as follows:

a. The total airflow rates at each level of the network, that related to system (departing from
the AHU) and those related to the various trunks, are determined from the supply airflow
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Airflow rate through the trunks Umax, M/S
Qi Qs m*/h

10°-7 x 10* 30

7 x 10*~4.5 x 10* 25

4.5 x 10*-2.5 x 10* 25

2.5 x 10*~1.7 x 10* 20

1.7 x 10*~10* 17.5
10*-5 x 10° 15

5 x 10°-2 x 10° 12.5

Table 1. Maximum air speed in the ducts.

A B C
Gesun/G Gek/Gi G, 1/ Ge
1.0-0.90 1 0.7
0.89-0.85 0.95 0.7
0.84—0.80 0.9 0.75
0.79-0.75 0.85 0.75
<0.74 0.8 0.8

Table 2. Conventional ratios for the sizing of hot and cold ducts, in the absence of perimeter heating.

rates required by individual environments and served by the trunk, as it has been previ-
ously described.

Similarly, the airflow rates of hot and cold channels in the first trunk departing from the
AHU are evaluated, once that the temperatures ¢, sum, tc win, th,sum, and ty, win have been set.

By considering the summer case, the ratio is calculated between the total flow rate in the
cold channel, G s, and the total airflow rate of the plant G.

Once this ratio, representing the request of cold, is known, the corresponding values for
the kth trunk of the same ratio G /Gy are chosen, for example, according to the values of
column B of Table 2 [21]. In Table 2, one can set the range of values in column A, related to
the first trunk departing from the AHU, and then obtain, from column B and C, the values
of the ratio to assign to the trunks, for cold and hot duct, respectively, at each level of the
network. This procedure avoids to solve the equations for each trunk, which require the
thermal loads be known for each level of the network.

From the total flow rate G of the trunk, one can obtain the airflow rate of the cold channel
G,k of the trunk from the ratio of column B.

For each trunk, one can calculate the airflow of the hot duct Gy, as a percentage of the
flow rate of the relative cold duct, with reference to the column C of Table 2.
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In order to evaluate the order of magnitude of the airflow rate, let us consider the mass balance:
Gu= [ GiL = G n(7) + Gy (1) 7)
with reference to the generic zone n of the plant, and the energy balance

[Zj(bi(T)} + Cth,sum,n(T) [th,sum(T) - tr,sum] = Cch,sum,n(T)[tr,sum - tc,sum(T)] (8)

n,sum

in summer and

[Ziq)i(rf)} o wi + Cch,win,n(T)[tr,win - tc,win(T)] = Cth,win,n(T)[th,win (1) - tr,win} )

m
in winter. On the other hand, we also have in summer:

{Zi(bf(T)} = CpGn [tr, sum — tin,sum(T)] = [Gc,n(T) + Gh,n('r)”tr,sum - tin,sum(T)] (10)

n,sum

and in winter:
[ eo)

where the subscript “in” refers to the variable for inlet conditions (supply air conditions). By
substitution, one obtains for both summer and winter:

G, n (D[t (T) = tin(T)] = G () [tin(T) — (7)) (12)

Gen [t (1) — tin(7)] Aty
i [tn(1) — t(1)] Ao (13)

= CpGn [tin,win(T) - tr,win} = [GC,H(T) + Gh,n(T)Htin,win (T) - tr,win] (11)

n, win

Generally, temperatures of the cold and hot channel are kept almost constant, while the zone
supply temperature varies over time, tending to ¢, in summer and to #, in winter. It implies that
the computed airflow rates, for the hot and the cold duct, are significant fractions of the total
airflow rate in the trunks. The air supplied to each zone, in summer, comes largely from the
cold duct and in winter flows largely in the hot one. Then, both the cold and the hot ducts
should each be able to carry more than 80-90% of the flow rate of the zone.

The trunk, which consists of the pair of hot and cold ducts, is coherently dimensioned to carry
1.7-1.8 times the supply airflow rate of the zone, once that one sets the values of the airspeed,
and this occurs at all the levels of the network, with consequently considerable overall dimen-
sions and high costs.

3. The new method for network dimensioning

As alternative method for network dimensioning, an innovative approach is presented here,
based on the choice of not constant values for the temperatures of hot and cold duct, where
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either one of the hot and cold networks always carries the most part of the flow rate of the
trunks k.

In the first case (method 1), the cold channel carries air at a temperature equal to or slightly
lower (1 or 2°C) than the minimum supply air temperature, among those required by the
different zones (which varies in time). The hot duct delivers air at a constant temperature t;,
higher than the absolute maximum value of the zone supply temperature [19]. The value of the
minimum supply air temperature f;, minj can be over time either lower or higher than the room
temperature f, (this occurs generally in summer time and in winter time, respectively); as a
consequence, the value f. of the cold network temperature can be either lower or higher than ¢,.
As alternative (method 2), the hot channel transports air at a temperature value slightly higher
(1 + 2°C) than the maximum inlet temperature (variable with time) required by the zones,
while the cold duct delivers air at a constant temperature, lower than the absolute minimum
value of the zone supply temperature.

The new approach implies reduced overall dimensions (reduced space requirements) and
lower installation costs of the networks and therefore represents an improvement with regard
to the two critical aspects of the dual duct systems currently designed.

For the generic zone n, once that the values of
te(T) = tin min(T) — 0, 6=1-2¢C (14)

are fixed and the mass balance is written as

Gu = [YG| = Genl®) + Gial®) (15)

the energy balance becomes
D cuns + Cp Gty um (b am — b, sum) = Cp G sum (tm — ) (16)
D5 sum = CpGn, sum[tr, sum — tin(T)] 17)

for summer conditions and
Dy ain + €5 G by in = E i ) = Gt in = b ) (18)
Dy win = G, win[tin(T) — tr, win) 19)

for the winter ones.

By substitution we obtain for both summer and winter:

Gc,n(T) [tin(T) - t;k (T)] = Gh,n(T)[th - tin(T)} (20)

Gc,n _ [th(T) — tin(T)]

Gin (0 — ()] 1
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Eq. (21) says that, both in winter and summer, the cold airflow rates G, flowing through the
cold trunks and supplying the mixing boxes represent higher fractions of the total flow rates of
the zones if the differences, between the constant hot duct temperature and the supply tem-
peratures, are high and if the differences between those and the minimum supply air temper-
ature are small.

For each zone, sensible thermal loads can be calculated as a function of time, and the same can
be done for the supply air temperature values in the environments of the zone:

D, ,(7)

tin(T):tr_ CG
pYn

(22)

The minimum value of the supply air temperature t;, ,in(7) reduced by ¢ hour by hour,
represents the temperature of the cold channel #(7). For each trunk k of the network, for each
time interval j, one can write the energy and mass balances, in winter and in summer, as

G = G j + Gy i (23)
ch,sum,kj + Cth,sum,kj[th,sum - tr,sum] = Cch,sum,kj {tr,sum - t;} (24)
q)s, win, kj + Cch, win, kj [tr, win t:j} = Cth, win, k]’[th, win tr, win] (25)

Once that the air velocity values in all different trunks are fixed, referring to Table 1, for
example, and from the maximum values of the cold and hot airflow rates in the trunks, the
diameters of the hot and cold ducts of each trunk can be evaluated. Once the lengths of the
various trunks of the network are known, one can calculate the surfaces of the ducts and so
the weight of the network.

With a similar approach, we can write

tn(T) = tin max (T) + 6, 6=1-2C (14)

and fix the temperature f.(7), for example, equal to the dew point value. With the same
consideration of the previous case, we obtain Eq. (20') and Eq. (21') as

Ge,n(T)[tin (1) — tc] = Giu(T) [tZ(T) - tin(T)] (ZOI)

Gc,n _ [tz (T) - tin(Tﬂ
Gh,n [tin (T) - tc}

(21')

4. Application example of the proposed method

The proposed method is applied here to calculate the dual duct networks of two reference
buildings. The first (building A) is a day center for dialysis located in the city of Lecce
(Southern Italy); the second is a private hospital located in the city of Rome (Central Italy).
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The room temperature in summer is equal to 26°C for both the buildings; the room tempera-
ture in winter is equal to 22 and 20°C, respectively, for building A and building B.

For a day type for each month of the year and a daily period of 12 h (from 6:00 AM to 6:00 PM),
the thermal loads of the different zones have been obtained as a function of time. Therefore, it
has been possible to define the thermal zones and to evaluate the airflow rates required for
each environment, to cope with the maximum sensible load in summer, the maximum sensible
load in winter, and the ventilation needs. The AHU processes a total flow rate of air that
obviously is the sum of the greatest of the three previous values, extended to all the zones.

In order to limit a priori the network extension, two AHUSs have been used for building A, one
serving 12 zones and 20 trunks as one serving 11 zones and 18 trunks. For building B, three
AHUs have been used, each one serving 6 zones and 11 trunks.

Data for each network, namely, the lengths, airflow rates and maximum speeds in the trunks,
are given in Tables 3 and 4 for building A and building B, respectively.

Network AA Network AB

k Lim] Vmax[11/] Q[ /1] Lim] Omax[1m/] Q[ /1)
1 2.00 22.50 35980.30 2.00 22.50 32022.85
2 3.00 15.00 7582.58 3.00 15.00 7877.03
3 1.00 12.50 2641.67 1.00 12.50 2708.71
4 2.00 12.50 1993.48 2.00 12.50 2708.71
5 3.00 12.50 2947.43 3.00 12.50 2459.61
6 7.00 22.50 28397.72 7.00 20.50 24145.83
7 4.50 20.00 19172.40 4.50 17.50 15317.31
8 1.00 15.00 8705.97 1.00 20.00 9131.37
9 1.00 12.50 2697.94 1.00 12.50 2247.55
10 3.00 12.50 2033.26 3.00 12.50 2708.71
11 2.00 12.50 3974.76 2.00 12.50 4175.11
12 4.00 15.00 10466.43 4.00 15.00 6185.94
13 10.00 12.50 3919.05 10.00 12.50 3203.69
14 1.00 15.00 28397.72 1.00 15.00 24145.83
15 1.00 12.50 2861.81 1.00 12.50 2950.86
16 3.00 12.50 3517.49 3.00 12.50 2944.17
17 1.00 12.50 2846.02 1.00 12.50 2933.49
18 2.00 15.00 10466.43 2.00 12.50 6185.94
19 2.00 12.50 3562.29

20 2.00 12.50 2985.09

Table 3. Data of the networks AA and AB of building A.
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Network BA Network BB Network BC

k Iim]  vuam/s] Qi mP/h]  Wlm]  Uya[m/s] Qulm/h)  W[m]  vma[m/s]  Qum?/h]
1 3.00 17.50 12551.76 3.00 17.50 14691.15 3.00 17.50 13593.78
2 2.50 12.50 1774.82 2.50 12.50 2143.52 2.50 12.50 2089.40
3 5.00 17.50 10776.94 5.00 17.50 12547.63 5.00 17.50 11504.38
4 3.00 17.50 8573.20 3.00 17.50 10790.94 3.00 17.50 9563.88
5 2.50 12.50 2562.82 2.50 12.50 2586.83 2.50 12.50 2043.60
6 8.00 15.00 6010.38 8.00 15.00 8204.11 8.00 15.00 7520.28
7 3.00 15.00 4166.51 3.00 15.00 5965.41 3.00 15.00 5385.96
8 2.50 12.50 1982.66 2.50 12.50 3402.44 2.50 12.50 3463.73
9 6.00 12.50 2183.85 6.00 12.50 2562.98 6.00 12.50 1922.23
10 2.50 12.50 1843.87 2.50 12.50 2238.69 2.50 12.50 2134.32
11 2.50 12.50 2203.74 2.50 12.50 1756.69 2.50 12.50 1940.50

Table 4. Data of the networks BA, BB, and BC of building B.

The diameters of the hot and cold channels are representative of the size of the whole network;
the peripheral surface of the ducts stands as indicative parameter for the weight of the network
and therefore of its cost. As an index of the overall dimension of the single trunk k, the
covering factor Fj was also introduced, according to [16, 19]:

Fi= G"T': (26)

It is defined as the ratio between the airflow rate Gy that flows through the kth trunk and
Gk, max

n
Gk, max= 2 Uk [Dik“‘ng} (27)

which represents the flow rate that the trunk, already dimensioned, could carry if the air
flowed at the maximum set speed.

The F, factor takes values between 1 and 2; it approaches 1 when only one of the two ducts
actually carries the entire flow rate of the trunk, while the other duct carries only a small
correction. The factor tends instead to 2 when the both hot and cold ducts can both carry the
entire flow rate of the trunk. With regard to the whole network, the F,,; factor can be defined
as the weighted average of Fy, where the weights are the products between the lengths and the
flow rates of the trunks:

2 FiGrli

F,..—=
net Zkalk

(28)
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5. Analysis of results

The results of the dimensioning of the networks with the first approach (method 1) refer to the
networks AA, AB and BA, BB, and BC in the case of air temperature £, in the cold duct taken
equal to the minimum required (minus 1°C) and of the air temperature #;, in the hot duct taken
as equal to 40°C. Results obtained with the second approach (method 2) refer to the same
networks, in the case of air temperature #, in the hot duct taken equal to the maximum
required (plus 1°C) and of air temperature £, in the cold duct taken as equal to the dew point
value (for building A, 13°C in summer and 10°C in winter, for building B, 13°C in summer and
7°C in winter).

In order to make a comparison between the results obtained with the traditional sizing
method, the savings are briefly presented in Tables 5 and 6, respectively, for building A and
building B, as they are obtained for the five networks, in terms of the peripheral surface of the
channels and of the evaluated values of the network factor F,,..

In Table 7 we report the savings of side surface and the network factor by considering the
whole building A and the whole building B.

For the building A, the maximum value obtained for F,, is 1.33, and it occurs for the network
AA when the hot duct temperature t; varies (method 2); it decreases to 1.15, for the networks
AB when we use the method 1. For the building B, the maximum is obtained for the network
BC when method 2 is used; the minimum occurs for the network BA with method 2 again. The
achieved values of F,,.; with the proposed methods are always smaller than those obtained by
using the traditional design criteria.

Method 1 Method 2 Traditional method
Saved surface (%)-F Fypet

Network AA 31-1.26 14-1.33 1.76

Network AB 22-1.15 13-1.21 1.60

For method 1: t, = 40" C. For method 2: tosum = 13°C, te win = 10°C.

Table 5. Savings’ percentage of the total side surface and network factors for building A.

Method 1 Method 2 Traditional method
Saved surface (%)-F, Fiet

Network BA 18-1.41 14-1.283 1.65

Network BB 25-1.34 18-1.36 1.70

Network BC 19-1.43 15-1.47 1.80

For method 1: t;, = 40 C. For method 2: t, gm = 13'C, touin =7 C.

Table 6. Savings’ percentage of the total side surface and network factors for building B.
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Method 1 Method 2 Traditional method
Saved surface (%)-F,.; Fet

Building A 27-1.21 14-1.28 1.7

Building B 21-1.35 17-1.37 1.72

Table 7. Savings’ percentage of the total side surface and network factors for buildings A and B.

The results prove that the new methods allow a substantial reduction in the overall dimen-
sions. This reduction is largely shared by the whole network. For all trunks, and with regard to
method 1, a substantial equivalence, or a weak increase of the diameters of the cold duct
(compared to those obtained with the traditional methods), is counteracted by a significant
reduction of the diameters of the hot duct. Vice versa, with regard to method 2, a weak
increase of diameters of the hot duct is counteracted by a substantial reduction of diameter of
the cold duct. The effect on the overall dimensions can be represented in terms of sum of the
diameters of cold and hot ducts. The comparison between the methods is reported in Figure 1
for each trunk of a network. Figure 1 refers to the case of the building A (network AA). Similar
behaviors occur for the other networks; in terms of reduction of overall dimensions, method 1
seems to be more efficient.

The surface fraction, saved by using both the new methods compared to the traditional one,
presents not negligible values. With reference to the traditional method, the savings range

Network AA B traditional criteria DOmethod1 D method 2

1,80
1,60

& 140 =

c 1,20 =

£ 1,00 I

T 0,80

© 0,60

2 040

2 0,20
0,00 ML il |

1 2 3 4 5 6 7 8 9 101112 13 14 15 16 17 18 19 20
Trunks

Figure 1. Overall dimensions for each trunk of the network: sum of diameters of cold and hot ducts.
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between 14 and 27% for the building A (located in Lecce), when methods 2 and 1 are used,
respectively, and between 17 and 21% for the building B.

Therefore, both methods imply a reduction of side surface (and cost). For the building B (located in
Rome), for which the room temperature in winter is lower, the savings obtained in terms of surface,
by using the two methods, differ only for 4%. For the building A (in Lecce), for which the room
temperature in winter is higher, the savings obtained with method 2 is almost half of that obtained
with method 1. Method 2 works better for the building B, where room temperature is higher.

Both methods imply lower network factors, with respect to the traditional method, but it is
preferable to use one method rather than another according to the summer and winter design
temperatures. In our study, a lower winter design temperature implies an increase in savings
by using method 2.

If we consider the absolute maximum and minimum values of the supply temperature (for all
hours, all year round, and regardless of the zone), we can see that the network factors tend to
increase with the difference between these maximum and minimum values, for both methods
1 and 2. In general, method 1 allows to obtain lower network factors.

6. Conclusions

In general in healthcare facilities, and in any case in many critical environments contained
therein, the indoor air quality (IAQ) plays a significant role. For the health of patients, partic-
ularly immunosuppressed patients, it is necessary to maintain at the lowest possible levels the
concentration of particulate matter, which may also be a support for the formation of colonies
of microorganisms, and the concentration of chemical pollutants.

In these cases (particularly in operating rooms, intensive care units, or departments for immuno-
suppressed patients), the air conditioning systems generally used are all-air systems with (out-
door) constant flow (CAV), since the high number of air changes per hour (ACH) must be
guaranteed (sometimes values up to 50 are achieved). The leading value of the flow rate is that
related to ventilation, rather than to summer or winter loads, and all-air systems with variable
airflow (VAV) are to be excluded.

The dual duct system ensures excellent IAQ and good control of the thermo-hygrometric condi-
tions and allows temperature adjustment in each zone, up to individual environments (rooms).

In this chapter, an innovative approach is presented for the channel dimensioning, based on
the choice of not constant values for the temperatures of hot and cold duct. More specifically,
two approaches are described.

For the first approach, the cold duct carries air at a not constant temperature, equal to or
slightly lower than the minimum supply air temperature, among those required hour by hour
by the different zones; the hot duct carries air at a constant temperature, higher than the
absolute maximum value of the zone supply temperature. For the second one, the hot duct
transports air at a temperature value slightly higher than the maximum inlet temperature
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(variable with time) required by the zones, while the cold duct delivers air at a constant
temperature, lower than the absolute minimum value of the zone supply temperature.

The new approach implies reduced overall dimensions and cost of the channel network.

The method has been applied to some networks of channels, and results were compared with
those obtained, on the same networks, using the traditional sizing criteria.

The comparison was carried out in terms of diameters, network factors, and total side surfaces of
the network. It shows that the overall dimensions of the networks decrease compared to the
traditional sizing methods; the factor F,, varies between 1.21 and 1.37, while in traditional sizing,
it assumes values around 1.7. As it has been seen in previous works [19], the decrease of network
factor (and of side surfaces) is more significant for higher temperature of the hot duct (method 1)
and lower temperature of cold duct (method 2). The constraint on the maximum speed of the air
in the various trunks of the network is always respected, while it does not always occur with
traditional criteria. The saving in terms of side surface varies between 27 and 21% with reference
to the traditional approach for method 1 and between 14 and 17% for method 2. Both methods
imply lower network factors, with respect to the traditional method, but it is preferable to use one
method rather than another according to the summer and winter design temperatures. In our
study, a lower winter design temperature implies an increase in savings by using method 2.

These new methods of sizing a dual duct network allow for a lighter network, with obvious
economic advantages, and are easier to place. The network is able to guarantee the thermo-
hygrometric comfort conditions for all conditions of thermal load, even in the medium periods;
in addition, it allows a control of the air speed, always remaining below the maximum allowed
values (this does not always happen with the traditional method).

It must be remembered that, unlike the traditional method that plans fixed temperature values
for the hot and cold ducts, the proposed methods require a more complex control system that,
starting from the value of the minimum or maximum supply temperatures of the different
zones (which vary over time), can vary the temperature of the cold or hot duct.

For method 1, which guarantees better results compared to method 2, a further postheating
battery dedicated to the cold duct must be provided.
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Nomenclature

Acronyms
ACH air changes per hour

AHU air handling unit
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IAQ indoor air quality

SARS severe acute respiratory syndrome

TB tuberculosis

Symbols

Cp specific heat at constant pressure of moist air (J/kg °C)
D diameter of the duct (m)

Ath,in =1 (T) - tin(T)

Atm‘n = tin(T) — tC(T)
Fr

temperature difference between hot duct and inlet air conditions
QY

temperature difference between inlet conditions and cold duct (°C)

covering factor of the kth trunk

Fet covering factor of the whole network

G air mass flow rate (kg/h)

Gk max mass flow rate that the k-trunk could carry if the air flowed at the
maximum set speed (kg/h)

I length of the kth trunk (m)

Q volume airflow rate (m>/h)

t temperature (°C)

tin, minj minimum inlet temperature at the time j (°C)

VUmax maximum air speed in the ducts (m/s)

D(7) sensible thermal loads (J/h)

Subscripts

r refers the variables to the room conditions

h refers the variables to the hot duct

i refers the variables to the ith environment

in refers the variables to the supply (inlet) conditions

j refers the variables to the jth time interval

k refers the variables to the kth trunk

n refers the variables to the nth zone

sum refers the variables to the summer conditions

win refers the variables to the winter conditions

45



46  HVAC System

Author details

Annunziata D’Orazio

Address all correspondence to: annunziata.dorazio@uniromal.it

Dipartimento di Ingegneria Astronautica, Elettrica ed Energetica, Sapienza University of
Rome, Rome, Italy

References

[1]

3]

[4]

[7]

Ministero dei Lavori Pubblici. Circolare n. 13011 Requisiti fisico-tecnici per le costruzioni
edilizie ospedaliere. Proprieta termiche, igrometriche, di ventilazione e di illuminazione.
[Physical and Technical Requirements for Hospital Buildings. Thermal Properties, Hum-
idity, Ventilation and Lighting] (in Italian). Italy: Italian Government; 1974

Ente italiano di normazione UNIL UNI 10339:1995 Impianti aeraulici a fini di benessere.
Generalita, classificazione e requisiti. Regole per la richiesta d'offerta, I'offerta, I'ordine e la
fornitura. [Aeraulic Systems for Comfort. General Part, Classification and Requirements.
Rules for Request for Quotation, the Offer, the Order and Supply] (in Italian). Milano:
UNI; 1995

Presidente della Repubblica. Decreto 14 gennaio 1997 (1). Approvazione dell'atto di
indirizzo e coordinamento alle regioni e alle province autonome di Trento e di Bolzano,
in materia di requisiti strutturali, tecnologici ed organizzativi minimi per 'esercizio delle
attivita sanitarie da parte delle strutture pubbliche e private. [Approval of the Act of
Guiding and Coordinating to the Regions and the Autonomous Provinces of Trento and
Bolzano, in Relation to Structural, Technological and Organizational Minimum Require-
ments for the Exercise of Health Activities by Public and Private Structures] (in Italian).
Italy: President of the Italian Republic; 1997

Shah NS, Wright A, Bai GH, Barrera L, Boulahbal F, Martin-Casabona N, Drobniewski F,
Gilpin C, Havelkova M, Lepe R, Lumb R, Metchock B, Portaels F, Rodrigue MF, Rusch-
Gerdes S, Van Deun A, Vincent V, Laserson K, Wells C, Cegielski JP. Worldwide emergence
of extensively drug-resistant tuberculosis. Emerging Infectious Diseases. 2007:380-387. DOL:
10.3201/eid1303.061400

World Health Organization. The 40th Session of Subcommittee on Planning and Program-
ming of the Executive Committee; 2022 March 2006; Washington, D.C., USA; 2006

Morawska L. Droplet fate in indoor environments, or can we prevent the spread of infec-
tion? Indoor Air Supplement. 2005;16(5):335-347. DOI: 10.1111/j.1600-0668.2006.00432.x

Fiegel ], Clarke R, Edwards D. Airborne infectious disease and the suppression of pulmo-
nary bioaerosols. Drug Discovery Today. 2006;11(1):51-57. DOI: 10.1016/51359-6446(05)
03687-1



8]

(%]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

(19]

(20]

[21]

Air Conditioning Systems with Dual Ducts: Innovative Approaches for the Design of the Transport Network...
http://dx.doi.org/10.5772/intechopen.80093

Tellier R. Review of aerosol transmission of influenza A virus. Emerging Infectious Diseases.
2006;12(11):1657-1662. DOL: 10.3201/eid1211.060426

Traver D. Air Conditioning System US Patent No. 3,867,980. Washington, DC: U.S. Patent
and Trademark Office; 1975

Joo IS, Liu M. Performance analysis of dual-fan, dual-duct constant volume air-handling
units. ASHRAE Transactions. 2002;108(2):39-46

Petterson B. Double duct Changeover HVAC System. US Patent no. 6,725,914 B2. Washington,
DC: U.S. Patent and Trademark Office; 2004

LulL, Cai W, Xie L, Li S, Soh YC. HVAC system optimization-in building section. Energy
and Buildings. 2005;37(1):11-22

Liu G, Mingsheng L. Procedure and application for determining the cold deck and hot deck
airflow in a dual-duct system. HVAC Technologies for Energy Efficiency. 2006,1V-11-1:1-9

Joo IS, Liu M, Song L, Carico M. Demand-based optimal control to save energy: a case-
study in a medical center. In: Proceedings of the 16th Symposium on Improving Building
Systems in Hot and Humid Climates of Texas A&M University; 15-17 December 2008;
Plano, USA ESL-HH-08-12-16:1-8; 2008

Coogan JJ. Air Flow Control System and Method for a Dual Duct System. US Patent no.
5,350,113. Washington, DC: U.S. Patent and Trademark Office; 1994

De Lieto Vollaro R, D’Orazio A, Fontana L. Impianti di condizionamento a doppio canale:
Nuovo metodo di dimensionamento della rete di distribuzione. (Air conditioning systems
with dual ducts: An innovative approach for the design of the transport network of the
air). In: Proceedings of the 66th National Congress of Termotechnics Italian Association
ATL 5-9 September 2011; Rende (Cosenza), Italy. (in Italian)

American Society of Heating, Refrigerating, and Air-Conditioning Engineers. ASHRAE
Handbook-Systems and Equipment. Atlanta: ASHRAE; 2012

American Society of Heating, Refrigerating, and Air-Conditioning Engineers. ASHRAE
Handbook-HVAC Applications. Atlanta: ASHRAE; 2015

D’Orazio A, Agostini C. Air-conditioning systems with dual ducts: An innovative approach
to the design of the transport network of air. Science and Technology for the Built Environ-
ment. 2016;22:281-289. DOI: 10.1080/23744731.2016.1130515

Ed H, Colombo N. Impianti Termici negli Edifici. Milano: Hoepli. (Heating and Cooling
Systems in Buildings, in Italian); 2009

The Chartered Institution of Building Services Engineers. CIBSE Concise Handbook. Norwich:
CIBSE; 2008

47






Chapter 4

Types of HVAC Systems

Shaimaa Seyam

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.78942

Abstract

HVAC systems are milestones of building mechanical systems that provide thermal com-
fort for occupants accompanied with indoor air quality. HVAC systems can be classified
into central and local systems according to multiple zones, location, and distribution.
Primary HVAC equipment includes heating equipment, ventilation equipment, and cool-
ing or air-conditioning equipment. Central HVAC systems locate away from buildings
in a central equipment room and deliver the conditioned air by a delivery ductwork
system. Central HVAC systems contain all-air, air-water, all-water systems. Two systems
should be considered as central such as heating and cooling panels and water-source
heat pumps. Local HVAC systems can be located inside a conditioned zone or adjacent
to it and no requirement for ductwork. Local systems include local heating, local air-
conditioning, local ventilation, and split systems.

Keywords: HVAC systems, central HVAC systems, local HVAC systems, heating
systems, air-conditioning systems

1. Introduction

Heating, ventilation, and air conditioning (HVAC) system is designed to achieve the environ-
mental requirements of the comfort of occupants and a process.

HVAC systems are more used in different types of buildings such as industrial, commercial,
residential and institutional buildings. The main mission of HVAC system is to satisfy the
thermal comfort of occupants by adjusting and changing the outdoor air conditions to the
desired conditions of occupied buildings [1]. Depending on outdoor conditions, the outdoor
air is drawn into the buildings and heated or cooled before it is distributed into the occupied
spaces, then it is exhausted to the ambient air or reused in the system. The selection of HVAC

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIN
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systems in a given building will depend on the climate, the age of the building, the individual
preferences of the owner of the building and a designer of a project, the project budget, the
architectural design of the buildings [1].

HVAC systems can be classified according to necessary processes and distribution process
[2]. The required processes include the heating process, the cooling process, and ventilation
process. Other processes can be added such as humidification and dehumidification process.
These process can be achieved by using suitable HVAC equipment such as heating systems,
air-conditioning systems, ventilation fans, and dehumidifiers. The HVAC systems need the
distribution system to deliver the required amount of air with the desired environmental
condition. The distribution system mainly varies according to the refrigerant type and the
delivering method such as air handling equipment, fan coils, air ducts, and water pipes.

2. HVAC system selection

System selection depends on three main factors including the building configuration, the cli-
mate conditions, and the owner desire [2]. The design engineer is responsible for considering
various systems and recommending more than one system to meet the goal and satisfy the
owner of a building. Some criteria can be considered such as climate change (e.g., temperature,
humidity, and space pressure), building capacity, spatial requirements, cost such as capital
cost, operating cost, and maintenance cost, life cycle analysis, and reliability and flexibility.

However, the selection of a system has some constraints that must be determined. These con-
straints include the available capacity according to standards, building configuration, available
space, construction budget, the available utility source, heating and cooling building loads.

3. Basic components of an HVAC system

The basic components or equipment of an HVAC system that delivers conditioned air to sat-
isfy thermal comfort of space and occupants and the achieve the indoor air quality are listed
below [3]:

a. Mixed-air plenum and outdoor air control

b. Air filter

¢. Supply fan

d. Exhaust or relief fans and an air outlet

e. Outdoor air intake

f. Ducts

g. Terminal devices

h. Return air system



i. Heating and cooling coils

j. Self-contained heating or cooling unit

k. Cooling tower
1. Boiler
m. Control

n. Water chiller

o. Humidification and dehumidification equipment

4. Classification of HVAC systems
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The major classification of HVAC systems is central system and decentralized or local system.
Types of a system depend on addressing the primary equipment location to be centralized
as conditioning entire building as a whole unit or decentralized as separately conditioning a
specific zone as part of a building. Therefore, the air and water distribution system should be
designed based on system classification and the location of primary equipment. The criteria
as mentioned above should also be applied in selecting between two systems. Table 1 shows
the comparison of central and local systems according to the selection criteria [3, 4].

Criteria

Central system

Decentralized system

Temperature, humidity,
and space pressure
requirements

Capacity requirements

Redundancy

Special requirements

First cost

Operating cost

Fulfilling any or all of the design
parameters

¢ Considering HVAC diversity factors to
reduce the installed equipment capacity

* Significant first cost and operating cost

Standby equipment is accommodated for
troubleshooting and maintenance

* Anequipment room is located outside
the conditioned area, or adjacent to or
remote from the building

¢ Installing secondary equipment for
the air and water distribution which
requires additional cost

* High capital cost

* Considering longer equipment services
life to compensate the high capital cost

* More significant energy efficient
primary equipment

* A proposed operating system which
saves operating cost

Fulfilling any or all of the design parameters

* Maximum capacity is required for each
equipment

¢ Equipment sizing diversity is limited

No backup or standby equipment

® Possible of no equipment room is needed

¢ Equipment may be located on the roof
and the ground adjacent to the building

* Affordable capital cost

* Less energy efficient primary equipment

® Various energy peaks due to occupants’
preference

¢ Higher operating cost
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Criteria

Central system

Decentralized system

Maintenance cost

Accessible to the equipment room for
maintenance and saving equipment

Accessible to equipment to be located in the
basement or the living space. However, it is

in excellent condition, which saves difficult for roof location due to bad weather

maintenance cost

Reliability Central system equipment can be an Reliable equipment, although the estimated
attractive benefit when considering its long equipment service life may be less
service life

Flexibility Selecting standby equipment to provide an  Placed in numerous locations to be more

alternative source of HVAC or backup flexible

Table 1. Comparison of central and local HVAC systems.

5. HVAC system requirements

Four requirements are the bases for any HVAC systems [4]. They need primary equipment,
space requirement, air distribution, and piping, as shown in Figure 1.

Primary equipment includes heating equipment such as steam boilers and hot water boil-
ers to heat buildings or spaces, air delivery equipment as packaged equipment to deliver
conditioned ventilation air by using centrifugal fans, axial fans, and plug or plenum fans, and
refrigeration equipment that delivers cooled or conditioned air into space. It includes cooling
coils based on water from water chillers or refrigerants from a refrigeration process.

Space requirement is essential in shaping an HVAC system to be central or local. It requires
five facilities as the following;:

a.

Equipment rooms: since the total mechanical and electrical space requirements range
between 4 and 9% of the gross building area. It is preferable to be centrally located in
the building to reduce the long duct, pipe, and conduit runs and sizes, to simplify shaft
layouts, and centralized maintenance and operation.

HVAC facilities: heating equipment and refrigeration equipment require many facilities to
perform their primary tasks of heating and cooling the building. The heating equipment
requires boiler units, pumps, heat exchangers, pressure-reducing equipment, control air
compressors, and miscellaneous equipment, while the refrigeration equipment requires
water chillers or cooling water towers for large buildings, condenser water pumps, heat
exchangers, air-conditioning equipment, control air compressors, and miscellaneous equip-
ment. The design of equipment rooms to host both pieces of equipment should consider the
size and the weight of equipment, the installation and maintenance of equipment, and the
applicable regulations to combustion air and ventilation air criteria.

Fan rooms contain the HVAC fan equipment and other miscellaneous equipment. The
rooms should consider the size of the installation and removal of fan shafts and coils, the
replacement, and maintenance. The size of fans depends on the required air flow rate to



Types of HVAC Systems
http://dx.doi.org/10.5772/intechopen.78942

condition the building, and it can be centralized or localized based on the availability,
location, and cost. It is preferable to have easy access to outdoor air.

d. Vertical shaft: provide space for air distribution and water and steam pipe distribution. The
air distribution contains HVAC supply air, exhaust air, and return air ductwork. Pipe distri-
bution includes hot water, chilled water, condenser water, and steam supply, and condenser
return. The vertical shaft includes other mechanical and electrical distribution to serve the
entire building including plumbing pipes, fire protection pipes, and electric conduits/closets.

e. Equipment access: the equipment room must allow the movement of large, heavy equip-
ment during the installation, replacement, and maintenance.

Air distribution considers ductwork that delivers the conditioned air to the desired area in
a direct, quiet, and economical way as possible. Air distribution includes air terminal units
such as grilles and diffusers to deliver supply air into a space at low velocity; fan-powered
terminal units, which uses an integral fan to ensure the supply air to the space; variable air
volume terminal units, which deliver variable amount of air into the space; all-air induction
terminal units, which controls the primary air, induces return air, and distributes the mixed
air into a space; and air-water induction terminal units, which contains a coil in the induction
air stream. All the ductwork and piping should be insulated to prevent heat loss and save
building energy. It is also recommended that buildings should have enough ceiling spaces to
host ductwork in the suspended ceiling and floor slab, and can be used as a return air plenum
to reduce the return ductwork.

Heating Equipment

‘ Primary Equipment J Cooling Equipment

| Air Delivery Equipment

Equipment Rooms

HVAC Facilities

[ Space Requirements ] Fan Rooms

Vertical Shaft

HVAC System Requirements

Equipment Access

1 A Terminal Units
‘ Air Distribution J :
Ductwork

‘ | System Piping

Piping
‘ Delivery Piping

Figure 1. Horizontal hierarchy representation of HVAC system requirements.
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The piping system is used to deliver refrigerant, hot water, cooled water, steam, gas, and
condensate to and from HVAC equipment in a direct, quiet and affordable way. Piping sys-
tems can be divided into two parts: the piping in the central plant equipment room and the
delivery piping. HVAC piping may or may not be insulated based on existing code criteria.

6. Central HVAC systems

A central HVAC system may serve one or more thermal zones, and its major equipment is
located outside of the served zone(s) in a suitable central location whether inside, on top, or
adjacent to the building [4, 5]. Central systems must condition zones with their equivalent
thermal load. Central HVAC systems will have as several control points such as thermostats
for each zone. The medium used in the control system to provide the thermal energy sub-
classifies the central HVAC system, as shown in Figure 2.

The thermal energy transfer medium can be air or water or both, which represent as all-air
systems, air-water systems, all-water systems. Also, central systems include water-source
heat pumps and heating and cooling panels. All of these subsystems are discussed below.
Central HVAC system has combined devices in an air handling unit, as shown in Figure 3,
which contains supply and return air fans, humidifier, reheat coil, cooling coil, preheat coil,
mixing box, filter, and outdoor air.

6.1. All-air systems

The thermal energy transfer medium through the building delivery systems is air. All-air
systems can be sub-classified based on the zone as single zone and multizone, airflow rate for
each zone as constant air volume and variable air volume, terminal reheat, and dual duct [5].

Single Zane

Multizone

All-AirSystems ] I Terminal Reheat

Drual duct

Variable Air Volume
(VAV)

Fan Ciil Units

Air-Water Systems .
i . J 1 Induction Units

Central HVAC
systems

Al-Water Systems [ Fan Coil Units

Water-source Heat Pumps

Heatng and Cooling
Panels

Figure 2. Horizontal hierarchy representation of the main types of central HVAC systems.
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Figure 3. Equipment arrangement for central HVAC system.

6.1.1. Single zone

A single zone system consists of an air handling unit, a heat source and cooling source, dis-
tribution ductwork, and appropriate delivery devices. The air handling units can be wholly
integrated where heat and cooling sources are available or separate where heat and cooling
source are detached. The integrated package is most-commonly a rooftop unit and connected
to ductwork to deliver the conditioned air into several spaces with the same thermal zone.
The main advantage of single zone systems is simplicity in design and maintenance and low
first cost compared to other systems. However, its main disadvantage is serving a single ther-
mal zone when improperly applied.
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Figure 4. All-air HVAC system for single zone.
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In a single zone all-air HVAC system, one control device such as thermostat located in the
zone controls the operation of the system, as shown in Figure 4. Control may be either modu-
lating or on—off to meet the required thermal load of the single zone. This can be achieved by
adjusting the output of heating and cooling source within the packaged unit.

Although few buildings can be a single thermal zone, a single zone can be found in several
applications. One family residential buildings can be treated as single zone systems, while other
types of residential buildings can include different thermal energy based on the occupation
and building structure. Movements of occupants affect the thermal load of the building, which
results in dividing the building into several single zones to provide the required environmental
condition. This can be observed in larger residences, where two (or more) single zone systems
may be used to provide thermal zoning. In low-rise apartments, each apartment unit may be
conditioned by a separate single zone system. Many sizeable single story buildings such as
supermarkets, discount stores, can be effectively conditioned by a series of single zone systems.
Large office buildings are sometimes conditioned by a series of separate single zone systems.

6.1.2. Multi-zone

In a multi-zone all-air system, individual supply air ducts are provided for each zone in a
building. Cold air and hot (or return) air are mixed at the air handling unit to achieve the
thermal requirement of each zone. A particular zone has its conditioned air that cannot be
mixed with that of other zones, and all multiple zones with different thermal requirement
demand separate supply ducts, as shown in Figure 5. Multi-zone all-air system consists of
an air handling unit with parallel flow paths through cooling coils and heating coils and
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Figure 5. All-air HVAC system for multiple zones.
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internal mixing dampers. It is recommended that one multi-zone serve a maximum of 12
zones because of physical restrictions on duct connections and damper size. If more zones are
required, additional air handlers may be used. The advantage of the multi-zone system is to
adequately condition several zones without energy waste associated with a terminal reheat
system. However, leakage between the decks of air handler may reduce energy efficiency. The
main disadvantage is the need for multiple supply air ducts to serve multiple zones.

6.1.3. Terminal reheat

A terminal reheat all-air system is a multiple zone, which considers an adaptation of single
zone system, as shown in Figure 6. This can be performed by adding heating equipment,
such as hot water coil or electric coil, to the downstream of the supply air from air handling
units near each zone. Each zone is controlled by a thermostat to adjust the heat output of
heating equipment to meet the thermal condition. The supply air from air handling units is
cooled to the lowest cooling point, and the terminal reheat adds the required heating load.
The advantage of terminal reheat is flexible and can be installed or removed to accommodate
changes in zones, which provides better control of the thermal conditions in multiple zones.
However, the design of terminal reheat is not energy-efficient system because a significant
amount of extremely cooling air is not regularly needed in zones, which can be considered
as waste energy. Therefore, energy codes and standards regulate the use of reheat systems.

6.1.4. Dual duct

The dual duct all-air system is a terminal-controlled modification of the multi-zone concept.
A central air handling unit provides two conditioned air streams such as a cold deck and a
hot deck, as shown in Figure 7. These air streams are distributed throughout the area served
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Figure 6. Single duct system with reheat terminal devices and bypass units.
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Figure 7. All-air HVAC dual-duct system.

by the air handling unit in separate and parallel ducts. Each zone has a terminal mixing box
controlled by zone thermostat to adjust the supply air temperature by mix the supply cold
and hot air. This type of system will minimize the disadvantages of previous systems and
become more flexible by using terminal control.

6.1.5. Variable air volume

Some spaces require different airflow of supply air due to the changes in thermal loads.
Therefore, a variable-air-volume (VAV) all-air system is the suitable solution for achieving
thermal comfort. The previous four types of all-air systems are constant volume systems.
The VAV system consists of a central air handling unit which provides supply air to the VAV
terminal control box that located in each zone to adjust the supply air volume, as shown in
Figure 8. The temperature of supply air of each zone is controlled by manipulating the supply
air flow rate. The main disadvantage is that the controlled airflow rate can negatively impact
other adjacent zones with different or similar airflow rate and temperature. Also, part-load
conditions in buildings may require low air-flow rate which reduces the fan power resulting
in energy savings. It may also reduce the ventilation flow rate, which can be problematic to
the HVAC system and affecting the indoor air quality of the building.

6.2. All-water systems

In an all-water system, heated and cooled water is distributed from a central system to con-
ditioned spaces [4, 5]. This type of system is relatively small compared to other types because
the use of pipes as distribution containers and the water has higher heat capacity and density
than air, which requires the lower volume to transfer heat. All-water heating-only systems
include several delivery devices such as floor radiators, baseboard radiators, unit heaters,
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Figure 8. All-air HVAC systems with VAV terminal units.

and convectors. However, all-water cooling-only systems are unusual such as valance units
mounted in the ceiling. The primary type that is used in buildings to condition the entire

space is a fan-coil unit.

6.2.1. Fan-coil units

Fan-coil unit is considerably small unit used for heating and cooling coils, circulation fan,
and proper control system, as shown in Figure 9. The unit can be vertically or horizontally
installed. The fan-coil unit can be placed in the room or exposed to occupants, so it is essential
to have appropriate finishes and styling. For central systems, the fan-coil units are connected
to boilers to produce heating and to water chillers to produce cooling to the conditioned
space. The desired temperature of a zone is detected by a thermostat which controls the water
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Figure 9. All-water system: fan-coil units.

59



60 HVAC System

flow to the fan-coil units. In addition, occupants can adjust fan coil units by adjusting supply
air louvers to achieve the desired temperature. The main disadvantage of fan-coils is ventila-
tion air and only can be solved if the fan-coil units are connected to outdoor air. Another
disadvantage is the noise level, especially in critical places.

6.3. Air-water systems

Air-water systems are introduced as a hybrid system to combine both advantages of all-air and
all-water systems [5]. The volume of the combined is reduced, and the outdoor ventilation is
produced to properly condition the desired zone. The water medium is responsible for carrying
the thermal load in a building by 80-90% through heating and cooling water, while air medium
conditions the remainder. There are two main types: fan-coil units and induction units.

6.3.1. Fan-coil units

Fan-coil units for air-water systems are similar to that of all-water systems except that the sup-
ply air and the conditioned water are provided to the desired zone from a central air handling
unit and central water systems (e.g., boilers or chillers). The ventilation air can be separately
delivered into space or connected to the fan-coil units. The major types of fan-coil systems, are
2 pipes or 4-pipes systems, as shown in Figure 10.

6.3.2. Induction units

Induction units are externally similar to fan-coil units but internally different. An induction
unit induces the air flow in a room through cabinet by using high-velocity airflow from a
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Figure 10. Air-water HVAC system using fan coil units with 4-pipes configuration.
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central air handling unit, which replaces the forced convection of the fan in the fan-coil by
the induction or buoyancy effect of the induction unit, as shown in Figure 11. This can be
performed as mixing the primary air from the central unit and the secondary air from the
room to produce a suitable and conditioned air into the room/zone.

6.4. Water-source heat pumps

Water-source heat pumps are used to provide considerable energy savings for large build-
ing under the extreme cold weather [6]. A building of various zones can be conditioned by
several individual heat pumps since each heat pump can be controlled according to the zone
control. A centralized water circulation loop can be used as a heat source and heat sink for
heat pumps. Therefore, heat pumps can act as the primary source of heating and cooling. The
main disadvantage is the lack of air ventilation similar to the all-water systems as in fan-coil
units. For a heating process, the boiler or solar collectors will be used to supply heat to the
water circulation, while a cooling tower is used to reject heat collected from the heat pumps to
the atmosphere. This system does not use chillers or any refrigeration systems. If a building
requires a heating process for zones and cooling process for other zones at the same time, the
heat pump will redistribute heat from one part to another with no need for a boiler or cooling
tower operation,

6.5. Heating and cooling panels

Heating and cooling panels are placed on floors or walls or ceilings where can be a source
of heating and cooling [7]. It also can be called as radiant panels. This type of system can
be constructed as tubes or pipes impeded inside the surface where the cooling or heating
media is circulated into the tubes to cool or heat the surface. The tubes are contacted to
the adjacent large surface area to achieve the desired surface temperature for cooling and
heating process. The heat transfer process is mainly by the radiation mode between the
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Figure 11. Air-water HVAC system using induction units.
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occupants and the radiant panels, and the natural convection mode between the air and
panels. Temperature restriction is recommended for radiant floor panels, a range of 66-84°F,
to achieve thermal comfort for occupants (ASHRAE Standard 55). Radiant ceiling or wall
panels can be used for cooling and heating process. The surface temperature should be
higher than the air dew point temperature to avoid condensation on the surface during the
cooling process. Also, the maximum surface temperature is 140°F for ceiling levels at 10 ft.
and 180°F for ceiling levels at 18 ft. This temperature is recommended to avoid too much
heating above occupants” heads.

The installation of such systems is often expensive compared to other types as mentioned
above, but they can be useful and has a lower running cost mainly because of the surface tem-
perature restriction. A control signal is connected to the thermostat of each zone to manipulate
the medium temperature to condition the space. The used medium can be refrigerant or water
mixing with inhibited glycol (anti-freeze) instead of plain water to prevent icing inside the
tubes for the cooling process. The main advantage is no space required, only a few inches for
the panels to be installed and no more collected dirt in the standard ceiling or the ductwork.
Many designs are available to produce attractive panels.

7. Local HVAC systems

Some buildings can have multiple zones or have a large, single zone, which needs central
HVAC systems to serve and provide the thermal needs [4, 5]. However, other building may
have a single zone which needs equipment located inside the zone itself, such as small houses
and residential apartments. This type of system is considered as local HVAC systems since
each equipment serving its zone without crossing boundaries to other adjacent zones (e.g.,
using an air conditioner to cool down a bedroom, or using an electrical heater for the living
room). Therefore, a single zone requires only one-point control point connected to a thermo-
stat to activate the local HVAC system. Some buildings have multiple local HVAC systems
as proper equipment serving specific single zones and controlled by the one-point control of
the desired zone. However, these local systems are not connected and integrated to central
systems, but still part of a large full-building HVAC systems. There are many types of local
HVAC systems as shown in Figure 12.

7.1. Local heating systems

A single zone will require a complete, single package of heating system which contains heat
source and distribution system. Some examples include portable electric heaters, electric
resistance baseboard radiators, fireplaces and wood stoves, and infrared heaters [8].

7.2. Local cooling systems

Local cooling systems can include active systems as air-conditioning systems that provide
cooling, a proper air distribution inside a zone, and control of humidification, and natural
systems as convective cooling in open window, evaporative cooling in fountains [5, 6].
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Figure 12. Horizontal hierarchy representation of the main types of local HVAC systems.

7.3. Local ventilation systems

Local ventilation systems can be forced systems by using devices such as window fan to allow
air movement between outdoor and a single zone without changing in the thermal environ-
ment of the zone. Other systems used for ventilation are air circulation devices such as desk
or paddle fans to improve thermal comfort of the space by allowing the heat to be transferred
by conventional mode [5, 6].

7.4. Local air-conditioning systems

Alocal air conditioning system is a complete package that can contain cooling and heating source,
a circulation fan, a filter, and control devices. There are three main types listed below [5, 6].

7.4.1. Window air-conditioner

This system is a packaged device consisting of a vapor compression refrigeration cycle that
contains a compressor, a condenser, an expansion valve, and an evaporator, in addition to a
fan, a filter, control system and housing. Window air-conditioners can be installed in a framed
or unframed opening in building walls and in window openings without any ductwork and
distribution the cooling or heating air effectively inside the conditioned space. The air condi-
tioning contains both evaporator and condenser where the condenser is located outside the
space while the evaporate is inside the space, however, it serves the entire single zone with the
thermal requirements. The heating process can be achieved by adding electric resistance coil
in the air conditioning or reversing the refrigeration cycle to act as a heat pump. Many feature
designs are produced to provide aesthetical values and improve the quality and response.

7.4.2. Unitary air-conditioner

It is similar to window air conditioners from the equipment perspective, but it is designed for
commercial buildings. It is installed on the exterior wall of the building and generally located
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near the floor-wall intersection, as shown in Figure 13. Every single zone will contain one
unitary air-conditioner as in each guest room in many hotels.

7.4.3. A packaged rooftop air-conditioner

It consists of a vapor compression refrigeration cycle; heat source such as heat pump and
electric resistance; an air handler such as dampers, filter, and fan; and control devices, as
shown in Figure 14. This system may be connected to ductwork and serve a large-size single
zone that cannot be served by unitary or window air conditioners.

7.5. Split systems

The split systems contain two central devices [5, 6]: the condenser, located outdoor, and the
evaporator, located indoors. The two devices are connected by a conduit for refrigerant lines
and wiring. This system solves some issues of small-scale single-zone systems since the loca-
tion and installation of window, unitary or rooftop air conditioners may affect the esthetic
value and architectural design of the building. The split systems can contain one condenser
unit and connected to multiple evaporator units to serve multiple zones as possible under
same conditions or different environmental conditions.
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Figure 13. Unitary air-conditioner package.
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8. Conclusions

This chapter presents the types of HVAC systems. HVAC systems have several requirements
including primary equipment such as heating equipment, cooling equipment, and delivery
equipment; space requirement such as HVAC facilities, equipment room, and vertical shaft;
air distribution; and piping. Type of HVAC systems can be divided into central HVAC sys-
tems and local HVAC systems. This classification depends on zone types and the location of
HVAC equipment. The central HVAC systems can serve multiple and single zones and locate
away from the building, which needs distribution devices. They also can be sub-classified
into all-air HVAC systems, air-water systems, all-water systems, water-source heat pumps,
and heating and cooling panel systems. The local HVAC systems are mostly placed inside or
adjacent to the living spaces and serve one single zone. They consist of local heating systems,
local air-conditioning systems, local ventilation systems, and split systems.
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Abstract

This chapter focuses on advanced tools for transient energy simulation of existing build-
ings. Budget constraints often hinder the possibility of implementing large-scale retrofit
projects. As a consequence, designers must work out low-cost renovation, which asks for
a deep knowledge of the current state of the buildings. Furthermore, the performances
of heating plants in existing buildings can be enhanced through the improvement of the
control of the system. These types of retrofit actions can be carried out with a limited
budget, but asks for the availability of very accurate transient energy simulation tools,
which can compare the current and the renovated scenarios. On top of them, cost-ben-
efit analyses can be developed. In this chapter, a model of a small hospital is developed
in the Dymola/Modelica environment. The high flexibility of the transient simulation
model and the very good agreement between numerical estimations and measurements
are shown. Then, one scenario regarding enhanced regulation of the heating system
by means of a customized ambient temperature control system is developed, and the
expected energy savings are estimated.

Keywords: advanced simulations, heating systems, control systems, Modelica, Dymola

1. Introduction

Buildings are responsible for a considerable amount of energy consumption [1]. Also, the
studies by IPCC [2] and the European Community [3] are among the latest to uncover the very
big energy-saving potentials in buildings. Once a building is accurately addressed in its cur-
rent state, an informed analysis about the benefits that can be determined by several potential
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retrofit scenarios can be carried out [4]. In this process, the selection of the most suitable simu-
lation tool is of utmost importance. Indeed, dynamic simulation tools should be developed,
so that potential energy and money savings under real conditions of use can be estimated [5].
These outcomes will then be used to support cost-benefit analyses, where several prospective
retrofit scenarios are compared to select the best one. An interesting example is the applica-
tion of dynamic optimization methods to design retrofit actions that could improve comfort
conditions in museums. This enhancement was able to solve the problems that an incorrect
sizing of original HVAC systems had determined on comfort conditions [6]. In fact, building
management systems (BMSs) are becoming increasingly important as they are an efficient
means because they can both make buildings consume less and improve indoor air quality
[7]. However, the implementation of these systems is still limited, even because of the need
for setting BMS parameters at the design stage; this asks for the availability of dynamic simu-
lators [7]. Indeed, dynamic models are of crucial importance in implementing an effective
control strategy [8]. Our study was based on the open-source Modelica “Buildings” library
v1.3 [9], which offers several advantages, among which the following can be cited:

1. the possibility to simulate advanced control systems and to customize the model, so as to
accurately simulate even non-standard arrangements of building systems;

2. users are allowed to exploit, but also extend and adjust the library components, in order to
suit the specific simulation requirements of the building under analysis [10].

Furthermore, the Modelica libraries are constantly being improved, and the latest releases
published not only include new components [11] but also solve numerical problems that may
arise during simulations. The model reported in this chapter was developed in the Dymola
programming environment. The potentials of Dymola-like simulation tools were reported
several years ago, when barely a few thermal models were developed in this programming
environment [12]. Dymola brought in relevant innovations in terms of equation-based meth-
ods using program-neutral model description and domain-independent solution methods
[12]. Since then, Dymola, which is based on the Modelica language, has been improving over
time. It can show detailed dynamics of feedback control loops when evaluating different alter-
natives without interfering with real operating conditions [13]. Its open-source “Buildings
v1.3” library allows the simulation of advanced control algorithms. Most existing building
simulation programs are developed for building and HVAC system design and retrofit analy-
ses, not for studying advanced (local and supervisory) control algorithms, which is one of
the features offered by Dymola [14]. It has very good potentials even in the model calibra-
tion stage, too. As accurate and reliable simulation programs of control systems will soon
be needed, because the expensive oversizing of plants can no longer be afforded, a detailed
design of plants and buildings is necessary, and Modelica is the right language to simulate
realistic operating conditions. Even more urgent is the need for the integrated simulation of
heating, ventilation, and air-conditioning of existing buildings, in particular when not every
zone is served by all the plants, but service conditions are variable depending on the age of the
building block [15]. Our choice to use Modelica-based simulation is supported by a number of
previous studies in which the performance of this tool has proved to be satisfactory, despite
the complexity of the domains under analysis. In one case in which a French railway station



Numerical Approach for the Design of Cost-Effective Renovation of Heating System Control...
http://dx.doi.org/10.5772/intechopen.78613

building was modeled and its thermal and electrical loads estimated, the validation devia-
tions were below 10% [16]. The same tool was suitable for accurately modeling single com-
ponents of building equipment, such as a slinky-coil geothermal heat pump system [17] and
mechanical air supply systems in subway stations [18]. Once the parameters are calibrated
through comparison with real measured performance, the model can be used as the basis for
the simulation of system regulation and control alternatives [19]. The refurbishment of the
existing building stock is a further opportunity to improve the environmental sustainability
of NHS buildings that should not be neglected [20]. Building energy management systems are
becoming increasingly important as they are an efficient means to ensure that buildings con-
sume less while offering improved indoor working and living environments [7]. When these
approaches are adaptive, further energy savings may also be possible. One of these possibili-
ties involves adapting the system to the user’s temperature demand profile [21]. To create the
demand profile, the users are asked to provide feedback about their thermal comfort simply
by pushing a button. The system then calculates a usage profile for each room and controls the
room temperature according to this usage profile. Simulations of advanced control strategies
must rely on a reliable model of the object of analysis. To that end, a systematic, evidence-
based methodology for calibrating these analyses may be carried out [22]. Mean Bias Error
(MBE) and Cumulative Variation of Root Mean Squared Error (CVRMSE) are suggested by
[22, 23] as good indices for driving the calibration of energy models.

Section 2 of this chapter deals with the description of the audited building and the devel-
opment of its Dymola/Modelica simulation model, whose calibration will be performed in
Section 3. The capability of the simulation model to assess the savings that can be derived
from an even slight enhancement of the currently installed control subsystems will be pro-
vided in Section 4. Conclusions are proposed in Section 5.

2. Building description and model

2.1. Materials and methods

The existing stock of buildings has become the major field for real estate investments and for
any related enhancement actions. When budget constraints hinder the possibility of imple-
menting large-scale retrofit projects, low-cost renovation is the only feasible solution. The
approach requires a thorough energy audit [24]. Once a building is accurately addressed in
its current state, an informed analysis about the benefits that can be determined by several
potential retrofit scenarios can be carried out [4]. In this process, the selection of the most suit-
able simulation tool is of utmost importance. The availability of transient simulation models
is still more critical, in case both thermal comfort and energy behavior must be considered
in the choice of the best combined retrofit and energy-saving actions [25]. To that end, in
this chapter, a model of a small hospital is developed in the Dymola/Modelica environ-
ment. The model, developed in the following paragraphs, will be shown to have the level
of detail that is necessary to analyze the behavior of each device and subsystem belonging
to the building. Development, calibration, and the possibility to simulate the behavior of the
buildings after the implementation of —even minor—retrofit solutions will be discussed. This
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approach is called a lumped parameter modeling. It supports features such as advanced con-
trol integration, multi-physics, and the integration of specific components and/or boundary
conditions. At these boundaries, specific conditions in terms of heat flow, airflow, and mass
transfer (water and pollutants) must be assigned in order to model the real dynamics [10].
The software builds on the Modelica language, an industry-driven, open, non-proprietary
language and associated libraries, modeling, simulation, and optimization environments [26].
Equation-based languages allow a model builder to declare a set of algebraic equations, ordi-
nary differential equations, and finite state machines that define the physics of a component
or the logic of a control sequence. These equations need not be explicit or ordered. Then, a
model translator analyzes these equations and rearranges and solves the systems of equations
symbolically using computer algebra to reduce the number of variables that need to be solved
iteratively during the time integration. Later, an executable code is generated, generally in
the form of a C-code, and linked to numerical solvers. Using the same model architecture,
different codes can be generated for simulation, for embedded systems, and for optimization.
In addition, model linearization and state initialization are generally supported by equation-
based simulation programs. This high-level model formulation leads to more flexible and
intuitive model use as the composition of the system models can be done schematically using
a causal model instead of a signal-flow chart. The decomposition of the system model does
not need to follow primary and secondary HVAC system-loop structures or other non-intui-
tive constraints that may be imposed by a simulation engine. Since the model formulation is
independent of the solution scheme of the simulation engine, it is easier to exchange between
users and is more concise and faster to develop [9]. In addition, since domain-specific libraries
can be developed separately from the simulation engines, the effort for engine development
can be spread across various application domains [10].

2.2. Pilot/case study

A community clinic was as a pilot. It is a seven-storey building located in Sant’Elpidio, a Mare
(Fermo, Italy), whose occupancy pattern has varied in the past (Figure 1). In this chapter,
the simulation model will be calibrated and validated with respect to two scenarios. This
choice was dictated by the awareness that the clinic has undergone several organizational
rearrangements over recent years, which have determined variations in terms of occupancy
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Figure 1. Front view of block Al —Partially hidden by block A2 (a), rear view of block A2 at the point where it connects
with block Al (b), and plan of the ground floor (c).
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levels, number, and typology of heated and non-heated thermal zones. The first scenario is
relative to the building at the beginning of the year 2013, from January to March (Table 1).
In this period, the medical ward was open on the second floor, and the clinics were mainly
accommodated on the first floor. The second scenario is relative to the months from January
to March 2015, when the medical ward had been closed and the first floor, hosting the clinics,
had been slightly renovated. The building is made up of two different blocks. The first (A1)
was built in the 1970s (Figure 1a) and hosts all the wards and clinics of the hospital. The
second block (A2) was built in the 1980s and serves the rest of the building through a large
staircase, a lift, and some waiting rooms (Figure 1b). A representative plan of the building is
depicted in Figure 1c, on which the two thermal zones “Al gf” and “A2 gf” on the ground
floor are explicitly labeled; the first zone is heated while the second is not. The layout of all the
other floors is quite similar to this one. A reinforced concrete frame superstructure bears both
blocks of the building. The insulation level of the envelope is quite low, due to the age of the
external walls, windows, and roof. As a general rule, the performance of block A2 is slightly
better than that of block Al.

Zone Id. Net Gross Conditioning status from Conditioning status from January
surface volume (m’®) January to March 2013 to March 2015
(m?)

Al 2bg 475 1478 Heated Heated

Al lbg 326 1124 Heated Heated

Al gf 488 1683 Heated Heated

Alll 481 1660 Heated Heated

Al12 481 1659 Heated Not heated

A22bg 95 295 Heated Heated

A2 att 114 227 Heated Not heated

Al att 545 1091 Not heated Not heated

A2 3bg 760 3040 Not heated Not heated

A2 2bgH 310 964 Not heated Not heated

A2 1bg 362 1249 Not heated Not heated

A2 gf 201 693 Not heated Not heated

A211 201 693 Not heated Not heated

A212 201 693 Not heated Not heated

Overall 5040 16,550 Net surface Gross volume Net surface Gross volume

building (m?) (m®) (m?) (m’)

Heated 2460 8127 2066 6934

Not heated 2580 8423 2974 9616

Table 1. A list of thermal zones in the SEM community clinic relative to the months from January to march 2013 and
from January to march 2015.
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However, in both cases, energy performance is definitely worse than the standards and regu-
lations currently in force. There is no mechanical air supply, and hence the indoor air quality
is provided by infiltration and incidental air leakage through the building envelope. During
the several on-site surveys, the personnel of the clinic witnessed that they usually open the
windows when they feel that the indoor air quality is no longer adequate. As a result of
the surveys, two instances of the clinic’'s model, which will be described in the following
subsection, were developed. Each of them refers to one of the two simulation scenarios that
were developed for the years 2013 and 2015. The difference between these model instances
consisted mainly in the input parameters (e.g., occupancy of the rooms, use of equipment and
lighting, heating system operation in the different thermal zones). Also, at the end of 2013, the
heat generator was replaced with a new system (ref. Section 2).

The whole building is served by a hydronic heating system, whose central plant is located
on the third floor below grade, inside block Al. The 2013 scenario consists of two cast-iron
heating boilers installed in the central plant, fired by natural methane gas. Both these devices
are fitted with high/low/off-burner control [27]. One methane gas primary heat generator of
the “Ecoflam Ecomax NC 630” type with a capacity of 682 kW power was installed in 2006.
Its full load overall efficiency is 92.3%, whereas the overall efficiency at a reduced (30%) load
is 90.2%. A secondary redundant “Riello RTQ 400” heat generator was automatically turned
on, in case the primary generator was no longer able to satisfy the energy needs. Its maximum
capacity is 511 kW; its full load overall efficiency is equal to 91.8%, whereas its 30% load
efficiency is 92.9%. However, due to a recent reduction in the building’s energy requirements,
the second heat generator was kept merely as a backup unit, to activate should there be a
failure in the primary generator. In the whole building, cast-iron panel radiators are installed
as heat emitters. The complete heating circuit is made up of two principal circuits: primary
and secondary. The former contains the two boilers, whereas the latter distributes hot water
to the building. This circuit is controlled so as to vary the water flow rate in the secondary
circuit, while a constant flow rate is maintained in the primary one. The secondary circuit is,
in turn, broken down into two independently operated parallel sub-circuits. The first sec-
ondary sub-circuit serves block Al of the building, while the second secondary sub-circuit
serves block A2. Three circulation pumps were installed: one along the primary circuit and
two along the two secondary sub-circuits (block Al is served by a 1350-W circulator pump of
the “UPC 65-120” type, while block A2 is served by a 375-W circulation pump, which is called
“UPC 50-60"). Two different types of control drive the distribution system. In the primary
circuit, a flow temperature regulation is applied. It is achieved by driving the burner firing
rate of the boiler according to a function relating the outdoor temperature to the required
water flow temperature. The two pumps along the secondary sub-circuits run at a constant
speed in the short run, but during the heating season, their speed may be manually varied
by the technical staff to meet changeable energy needs. Furthermore, 2 three-way motorized
mixing valves are installed upstream of the pumps of the two secondary sub-circuit branches,
allowing the cooler return water to be variably mixed with the warmer primary circuit water.
The mixing valves rely on a feedback signal of the real water flow temperature, which is kept
constant. The connection between the primary and the secondary circuit was made by means
of one supply and one return headers, located in a technical room on the third floor below
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grade, about 60 m from the central plant room. The two main distribution pipes of the second-
ary circuit serve the two blocks according to different distribution patterns. The water pipe
serving block Al is laid horizontal on the third floor below grade and feeds several vertical
supply and return pipes serving all the floors. This vertical piping was built according to the
two-pipe system distribution scheme, that is, every vertical pipe supplies hot water to the
radiators it meets while rising through the seven floors, and a second pipe returns the water
to the main return pipe on the third floor below grade, until it reaches the return header. The
flow pipe serving block A2 rises through all seven floors of the block, and, on each floor, it
feeds a manifold station, which has as many outlets as necessary to supply hot water to all
the panel radiators on that floor. There is no local control in the heated zones of block A2. The
return pipe follows the same path as the flow pipe and is located on the same technical shaft
and framing cavities. In the 2015 scenario, the heat generator was replaced with respect to
the 2013 scenario. The new heat generator is a modular, condensing “Riello Condexa Pro 3”
boiler fired by natural gas and is made up of four heat exchange modules, each of which has
a capacity of 115 kW. These modules are driven by an integral control package that provides
basic sequence control for the multiple operations of the burners. The full load efficiency of
the boiler at a design temperature differential of 80-60°C will be 98.6%, while its efficiency at
a design temperature differential of 50-30°C will be 108.6%. In addition, the boiler that had
been working as the primary heat generator in the 2013 scenario (i.e., heat generator “Ecoflam
Ecomax NC 630” with 682 kW power) was downgraded to become the secondary boiler of the
heating circuit in the 2015 scenario. As a consequence, the boiler which had been working as
a secondary boiler in the 2013 scenario was disposed of.

2.3. Data collection for calibration

In order to perform the calibration and validation of the Dymola model (Section 3.2), two sce-
narios were considered and the relative data were collected. Consumption figures measured
during the year 2013 (Table 2) were derived not only from the bills invoiced by the utility
company but also from energy metering, which monitors the energy delivered to the building
(Table 3). This was accomplished by means of a KWS (i.e., for measuring hot water) “Coster”
energy meter, which is a Woltmann-type turbine, approved by PBT, the German meteorologi-
cal institute. This meter is fitted with a pulse transmitter for remote transmission of measured
flow rate. Readings were collected approximately every 15 days and then interpolated and
grouped as reported in Table 3.

In addition, indoor environmental conditions were monitored by means of a HOBOTM wire-
less Temperature/RH Monitoring Kit. This was made up of one receiver, one router node,

Jan13 Feb13 Marl3 Aprl3 Mayl3 Junl3 Jull3 Augl3 Sepl3 Octl3 Novl3 Decl3

Tot (m3) 7538 11,292 7965 5313 1826 1790 1474 957 1050 1972 4852 7945

H (m?) 6026 9781 6454 3802 0 0 0 0 0 0 3341 6434

Table 2. Methane gas consumption invoiced by the utility company during the year 2013.
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Aprl4 Mayl4 Junl4d Jull4 Augld Sepl4 Octl4 Novl4 Decl4 Janl5 Febl5 Marl5

Tot (m’ 3388 1137 1004 730 710 864 1008 3768 5962 4540 9237 5751

H (m®) 2479 0 0 0 0 0 0 2859 5053 3631 8328 4842

Table 3. Total methane gas consumption (Tot) and heating (H) measured by the meter from April 2014 until march 2015.

and two wireless temperature and relative humidity nodes, arranged on the ground floor
(Figure 2a). It uploads real-time data onto a laptop running the “HOBOware 3.0 Pro” soft-
ware program.

The HOBO data router directs any data recorded by the data nodes to the HOBO data receiver
as well as the commands coming from the latter to HOBO data nodes, thus extending the
communication range. The two temperature probes were placed in the entrance hall of block
A2 and in the corridor of block A1 (Figure 2b). The router was placed inside a staff room (on
the same floor) at a distance of 6 and 11 m, respectively, from the two temperature probes. A
5-min time step was used for logging the data. These data were then averaged at hourly time
steps so as to set up the final dataset to be used for validation. The laptop Internet connection
was supported by a UMTS Gateway. These sensors were installed on February 10, 2015, and
were kept in place until the end of March.

2.4. Thermal model of the building

Figure 3 shows the schematic model of the hospital as implemented in Dymola/Modelica.
It is made up of four main components, each including a set of models relating to separated
groups of subsystems. More specifically, the heading thermal zones include the models of the
thermal zones of the hospital. The ventilation component includes the models that simulate
the air change due to natural ventilation in the various thermal zones.

The central plant component groups all the models of the heat generation. The heating unit
component includes the heating system’s distribution from the secondary circuit to the
thermal zones and all heat emitters. All the models were developed using the “Modelica”
library and the “Buildings” library —release 1.3. The thermal zones component (Figure 4a)
includes both heated and non-heated thermal zones. Each thermal zone was simulated using
the Buildings, Rooms, MixedAir class (Figure 4b) [10]. It is a model with completely mixed
air, which is able to consider all the heat transfer phenomena that can reasonably occur in any
room. Heat conduction was computed according to the specific arrangements found for each
building component of the thermal zones. In the Mixed Air data record labeled “Parameters,”
every component had to be assigned the proper type of opaque constructions and windows
as well as geometrical properties and size.

The convection coefficients were assigned as 3.0 W/(m*K) for room-facing surfaces and
10.0 W/(m?K) for exterior-facing surfaces. In every thermal zone (Figure 4b), one heat port
was used to add a sensible convective heat flow to the room air and another heat port was
used to add a radiative heat flow. Both contributions were supplied by the panel radiators
under the heating unit component. The heat port connected to air volume was coupled with
a temperature sensor to measure the indoor air temperature of the room. The fluid port
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Figure 3. Top layer diagram of the hospital model.

placed at the bottom left of each thermal zone was used to couple the room with models that
compute overall leakage through the envelope, which is implemented under the ventila-
tion component. Two connectors were needed to model both the inlet and outlet connectors
of the air circulating in the rooms. One of the two Realinput ports was used to account
for the radiant, convective, and latent input to the room, due to three contributions: sen-
sible gain due to people, equipment, and sensible gain due to lighting. Three classes of the
type “Modelica.Blocks.Sources.constant” were used to input the average number of people
occupying each thermal zone, the number of pieces of equipment, and the number of light
fixtures. A component (IntGai) was inserted in the middle between the three inputs and the
MixedAir component, in order to sum the three contributions and multiply by the metabolic
rate emitted by each person [28], the average gain due to equipment, and the average power
of light fixtures. Finally, all the thermal zones located below grade were connected to a
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ooo 00
Figure 4. A schematic diagram of the thermal zones component (a) and zoomed view on one of the thermal zones (b).

custom-made component (ground wall), inside which a model was implemented, so as to
estimate depth-dependent earth temperature. To that end, a well-established model sug-
gested by the study was adopted [29]:

T = T_+AT - cos(wt) (1)

where T_ is the yearly average ambient temperature and AT is its amplitude, which is half
the total variation during the year, both computed from the weather file. w is the frequency,
which depends on penetration depth (d), soil’s thermal conductivity (k), density (o), specific
heat (c), and period (P).

These values were determined according to the suggestions in ISO EN 13370 [30]. This class
requires all the above-listed parameters and the average depth of the below-grade walls to be
defined by the user. An input connector comes from the weather data and subsequently com-
putes the estimated temperature of the surface between the walls and the soil. The red lines
on the pictures are connectors for heat ports that equate temperature T and conserve heat
flow rates between the connected ports. The bright blue lines are fluid connectors that equate
pressure and conserve mass flow rate. The yellow connector leaving the Weatherdata compo-
nent was used to couple the external surface of each wall with the weather data arranged in
the form of a TMY3 file. For calibration purposes, a tailored weather file related to a location
close to the site under study was needed. This weather file was built by combining a weather
file downloaded from Energy Plus (Ancona 161,910 (IGDG)) with historical weather data
obtained from the “wunderground.com” database from the weather station called LIBP [31].
Two modified weather files were built in this way: one for the period January—-March 2013,
for which historical energy consumption data were used for calibration, and another relative
to the period January-March 2015, for which environmental measures were also collected.
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In the ventilation set of models (Figure 5a), 14 fans with a controlled mass flow rate obtain
outdoor air from an air source whose temperature is prescribed to be the same as the outdoor
air, by means of a direct connection to the weather data component. Every mass-controlled
fan is connected with a fluid port, in order to push that outdoor air into each of the hospital’s
thermal zones, whose flow rate is varied according to the thermal zone’s glazed surface and
volume, so as to generate an amount of air change rate that includes two contributions. The
first is provided by air infiltration through the windows and the second is due to the opening
of windows by users. Air infiltration through the windows was assumed according to the
suggestions in the Italian standard UNI 7979. This standard is no longer in force, but it was
considered useful for the purpose of our simulation, where an overall average air exchange
with the outdoor environment is needed to be estimated. In addition, this standard is taken as
a reference by an energy simulation software program that is usually used for energy audits
of buildings and that was also applied to the building analyzed in this chapter [32]. In fact,
this software is based on the technical standard UNI 7979 and estimates air infiltration rates
through windows according to their category: Al, A2, A3, and non-classified. These catego-
ries are defined by means of laboratory tests according to the rate of air exchange through a
window at a given pressure gradient between its two sides. In the building analyzed in this
study, some windows were very old and were assigned to the “non-classified” category; only
the windows installed in block A2 were considered better and were assumed to belong to the
A1l category, which is the worst category contemplated by the abovementioned standard.
Air infiltration rates of the same amount as defined by the standard were then set for air
infiltration: on average, 5 m?/(h-m?) in the non-classified category and 2.5 m*/(h'-m?) in the
A1 category. These values were multiplied by the glazed surface in each thermal zone and
were set as the first contribution from the ventilation component. The second contribution,
due to the air change rate resulting from the opening of windows, was set at 0.3 vol/h, as
suggested by the Italian technical standard UNI TS 11300-1 [33], whose approach for load esti-
mation in buildings is in accordance with the international standard UNI EN ISO 13790 [34].
More importantly, when this value was applied to the energy audit phase of the building,
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Figure 5. A schematic diagram of the ventilation set of models (a) and a schematic diagram of the heating unit set of
models (b).
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it provided a very good agreement (error < 5%) between estimated and measured overall
consumption [32]. In order to facilitate the simulation of the renovation envisaged for the air
supply system, a heat exchanger was interposed between each fan and each fluid port, whose
purpose was to keep the directions of the air flows opposite to each other. The third group
of components includes heat generation, together with the primary and secondary circuits,
which are implemented in the central plant component (Figure 6a). The Ecoflam Ecomax NC
630 primary boiler, which served the hospital until October 2013, was inserted in the model.
All the parameters were set according to the boiler datasheet. More specifically, of the three
choices available, the “QuadraticLinear” efficiency curve was used to develop the efficiency
plot suggested by the manufacturer, which is 92.3% at full load (100%) and 90.2% at partial
load (30%). Interpolation was assumed to be linear. As a consequence, the coefficient array
of the “QuadraticLinear” efficiency curve was assigned through the entries {1,2} = {0.893, 0.03},
which are the intercept and slope of the linear relationship, respectively. As the boiler
is fuelled by natural gas whose net calorific value had been estimated equal to 34.54 MJ/m?
by the utility company, the “fuel type” parameter in the Dymola model was set at “Natural
gas, lower heating value.” In accordance with estimations made by the burner manufacturer,
the density was set at 0.715 kg/m?. Starting from these values, enthalpy was calculated as
48.3-106 J/kg and carbon dioxide emission as 2.75 kg__ /kg,. The boiler pump was modeled by
means of a controlled mass flow rate pump, whose input was set at the real constant value,
given that fluid circulation through the primary circuit is kept constant. The value of this con-
stant was set in accordance with the flow/power curve of the pump datasheet. Two instances
were generated, in order to estimate the amount of heat wasted by the flow and return pipes
running from and to the secondary circuits.

At the bottom of the boiler, a group of objects were connected, in order to adjust the boiler’s
heat delivery into the flow water, hence its temperature, according to outdoor air temperature,
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Figure 6. A schematic diagram of the central plant set of models relative to the 2013 scenario (a) and to the 2015 scenario (b).
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that is to say in order to set up an outdoor temperature reset control. A safety control device
(logical switch) was interposed between the PID output and the boiler input, thereby setting a
return water temperature threshold. If the return water temperature is higher than 90°C, the
switch will set the boiler input to zero; otherwise, the boiler input will be sent to the PID out-
put (“PID.y”). Four main splitters connect the primary and secondary circuits, in particular,
the primary loop with the flow and return pipes of the two secondary circuits. Mixing of the
water flowing into and returning from the secondary sub-circuits was carried out by 2 three-
way valves. Further pipe components capable of controlling the amount of heat waste were
also added even to these parts of the circuits and were coupled to the ground wall component.
The only component in this group that was replaced within the time period considered for
performing the simulations was the boiler. In fact, the Ecoflam Ecomax NC 630 primary boiler
was replaced with a new condensation boiler in November 2013.

Therefore, considering that no class is available in the Modelica.buildings library to simulate a
condensation boiler, a new class was developed in order to simulate the 2015 scenario.

The same class as before was used, but it was enhanced in order to be able to take into account
the condensation phenomenon relative to the shape of the efficiency curve, the amplified
efficiency plot due to condensation, and the dependence of efficiency on return water tem-
perature. No general efficiency relationship was available in the boiler datasheet provided
by the manufacturer, which listed no more than a few efficiency values at its maximum load
and specified supply and return water temperatures. For that reason, the efficiency curve
was defined according to a model that includes both return temperature (T) and load (y) as
independent variables [35]:

N =al)-T+a@) - T2+a@) T +a@) - Tr+a(5)-y+a6) - T-y+a?) -y -T2+a(8) (2)

where a(i) is the coefficient array, whose entries were set according to the suggestions found
in relevant literature in the field [36]. To that end, a new curve type was added to those already
available in the boiler class, and the coefficients were defined in the form of the array a(i) =
{8.663,-0.2866,0.003865,-0.000018676,-11.102,0.2822,-0.00177,7.626}.

In addition, the efficiency estimated by means of Eq. (2) is based on the gross calorific value
of the fuel, while the model class in Dymola refers to the net calorific value of the fuel. As a
consequence, a multiplication factor as high as 1.11 [27] was used to amplify the efficiency
estimated by means of Eq. (2), so that it could include the additional input of heat at return
pipe level, determined by the condensation of the vapor produced by fuel combustion.

This approach gave back an estimation of the boiler efficiency. Another change in the boiler
class consisted in the generation of a new port for the return water temperature of the heating
system that could be used by the enhanced class of the boiler, in order to consider this variable
while computing Eq. (2). This new element is depicted in Figure 6b, where the temperature
sensor placed along the return pipe is connected to the new real input port “T, ” entering the
class of the modified boiler. The third change concerns the fact that this model included not
only one switch but two logical switches. One was used as a safety device, similar to the 2013
model. The other switch was needed to simulate the highly varying rate of the boiler in 2013.
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The last group of components was labeled as heating units (Figure 5b). One radiator was
coupled to the heat ports of each room implemented under the group thermal zones. Among
the main parameters, the exponent for heat transfer and the fraction of radiant heat transfer
were set according to the datasheet. The valves controlling water flow into the radiators were
set fully open, because there is no control at this level in the building. The water flow and
return between the heating units group and the central plant group were coupled by means
of four fluid ports.

3. User profiles and model calibration

3.1. User profiles and available data

The main difference between the periods January—March in 2013 and 2015 was noticed in
terms of the overall monthly consumption. In 2013, seven thermal zones were heated, com-
pared with six thermal zones in 2015 having a smaller extension in terms of net area and
gross volume. As a consequence, the corresponding consumption of methane gas during the
same months was lower in 2015. The two thermal zones called “A1 12” and “A2 att” had been
closed in the middle of 2013. In November 2013, the old primary boiler was replaced by the
new condensation one. Therefore, this contributed to a further reduction in the amount of fuel
consumed, and it partially explains why the consumption records listed in Table 3 are smaller
than those listed in Table 2. Finally, in January 2015, the heating system was switched off for
some time, perhaps due to refurbishment; the system was operational again from February
2015. Another difference between the two simulated scenarios was dependent on the types of
data available. As regards 2013, only the consumption readings were monitored. In 2015, the
temperature plots in the two zones were also collected. Hence, the profiles for the presence of
people in the hospital and the number of light fixtures that were on were managed differently.
In 2013, the average daily values were considered. The owner of the community clinic sup-
plied the estimated number of staff members, patients, and other visitors. For each category, a
reasonable number of hours of daily permanence in the hospital and the right type of activity
were assumed. Finally, the overall thermal gains derived from these assumptions were aver-
aged over the whole simulation period and uniformly distributed throughout the day. This
type of analysis was later refined for the 2015 scenario. Dedicated schedules including pres-
ence profiles were given as inputs in the simulation. The unit internal gains were estimated
on the basis of the figures provided by ASHRAE [28]. The number of hours each fixture or
piece of equipment was turned on per working day was determined on the basis of informa-
tion provided by the hospital staff. In 2015, even temperature plots were given as input for
calibration against measured temperature plots. Another parameter that was kept fixed was
the air change rate (0.3 vol/h), because previous energy simulations showed that this value
gave back the best agreement between the real and the simulated overall consumption of this
building [32]. A further contribution was added to this air change rate due to the window
permeability. Other relevant parameters were varied for calibration purposes. In particular,
the water flow rate in the heating system was used for calibrating the 2013 scenario model.
Similarly, the radiator exponent for heat transfer was adjusted in order to match real and
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simulated consumption figures in the year 2013. In the 2015 scenario, the radiator parameters
were kept unvaried with respect to the year 2013. The water flow rate was recalibrated for
2015, because the maintenance team reported that from time to time the rate of the pumps was
manually adjusted to the real needs of the building.

3.2. Calibration and validation

The 2013 scenario of the Dymola model is calibrated with respect to the consumption figures
recorded from January to March. Some adjustments were then made to the model, in order to
recalibrate it with respect to the changes made in 2015. Calibration was performed by means
of a comparison between the simulated and monitored data on monthly consumption and
indoor air temperature in two thermal zones of the building. In the months January-March
2013, eight readings of measured consumption were available (10 and 25 January, 5, 15, and 25
February; 5, 15, and 25 March 2013). In 2015, six readings of measured consumption were avail-
able (5, 15, and 30 January; 27 February, and 13 and 31 March 2015). The modeling uncertainty
was measured by means of the indicators: Mean Bias Error (MBE) and Cumulative Variation of
Root Mean Squared Error (CVRMSE) values, calculated using the following formulae [27, 28]:

M ®)

CVRMSE = (4)

where M, is the list of measured data, S, is the set of simulated data, N, is the size of the data-
base, and the average value of the measured data (M,) will be calculated as

M, = E (5)

The model calibration was carried out as an iterative process. The first set of parameters was
the flow rate provided by the three pumps: the one belonging to the main heating circuit
and the two included in the distribution subsystem. These parameters are represented as a
three-element array listed in Table 4. It can be noticed that MBE and CVRMSE in the case of
the initial model were equal to -0.19 and 0.22, respectively. In simulations relative to cases 2-5
listed in Table 4, both the water flow rate arrays and the radiator exponent were calibrated
in order to improve MBE and CVRMSE with respect to the results obtained from the first
simulation scenario. All the MBE indices are negative, so the model always estimated lower
consumption than the real data. In Figure 7a, a comparison is shown between the cumulative
real and simulated consumption plots from January to March 2013, where a very good match-
ing between the two series is qualitatively demonstrated.
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Year Scenario Id Stage of the calibration process MBE CVRMSE (monthly)
2013 1 Base model 2013: water flow = {1.0,1.0,1.0}; radiator -0.19 0.22
exp. ={1.24}
2 Modified model 1: water flow = {0.3,0.9,0.4}; radiator -0.05 0.10
exp. ={1.24}
3 Modified model 2: water flow = {0.3,0.9,0.4}; radiator -0.04 0.10
exp. = {1.3}
4 Modified model 3: water flow = {0.3,0.8,0.4}; radiator -0.05 0.10
exp. ={1.24}
5 Modified model 4: water flow = {0.3,0.8,0.4}; radiator -0.04 0.09
exp. = {1.3}
2015 6 Base model 2015 0.109 0.28
7 Modified model 5: water flow: changeable; radiator 0.003 0.13
exp. = {1.3}

Table 4. Analysis of the estimation error on methane gas consumption in the whole building.
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Figure 7. Comparison between cumulative simulated and measured consumption at the community clinic in 2013 (a)
and 2015 (b).

The modified model 4 was then adjusted and simulated over the 2015 scenario. The results are
listed in line no. 6 of Table 4. They are still too far from the 5 and 15% thresholds recommended
by technical standards. Considering the very disturbed plot for methane gas consumption in
this period (Figure 7b), changeable water flow rates were assigned to the three pumps. These
are expressed as the ratio of the maximum flow rate admissible for each pump: 0.025 of the
maximum flow rate until January 15; turned off until January 30; 1.5 of the maximum at the
restart (only on January 31); 100% of the maximum rate until February 15; 0.9 of the maximum
rate until February 28; 0.02 of the maximum rate until March 31. The last line in Table 4 shows
that the indices in Eqs. (3) and (4) were again constrained within the required limits. This
result is even better if we consider the high variability in consumption and in the operational
rate of the system in the period under consideration. As a second validation, the hourly tem-
perature plots monitored in the period from February 10 to March 31 were compared with
the plots estimated by the Dymola model in the same rooms. Figure 8 depicts the very good
agreement between them. The real and simulated plots relative to “A2 gf” are in very good
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Figure 8. Comparison between real and simulated plots in “A1 gf” (a) and “A2 gf” (b).

agreement, and the average percentage deviation is around 5%. The deviations between the
plots in “Al gf” are still quite reasonable, although the average deviation this time is higher,
being about 21%. This was deemed to be a good result, considering that no information had
been recorded about real occupation and user behavior during the monitoring period.

4. Action for energy enhancement

4.1. Improved control of the regulation system

As a demonstration of the potential of this model, this paragraph provides an example of
the enhanced control system that was integrated in the 2013 scenario. The first scenario was
preferred because this baseline is relative to a period during which the heating system was
running regularly and assessing to what extent low-cost energy refurbishment action is more
expressive because the old heat generator was installed. The assumption made about low-cost
actions for energy performance improvement is relative to the installation of an enhanced
control system. The community clinic may be equipped with a temperature probe in the most
representative rooms, and the rate of the water supply valves might be controlled accord-
ing to the feedback provided by such records. Two temperature sensors were placed on the
ground floor of block Al and on the second level below the grade of block A2. These two
components were connected to two “Real.output” ports, which were then connected to two
real input ports within the central plant component (Figure 9a). Between of these real inputs
and the three-way valves, a hysteresis cluster of components was inserted that sets indoor
temperatures between 19 and 21°C. Finally, the new fuel consumption was assessed.

4.2. Discussion of the results

As a result of the simulation performed within the scenario described, the new cumulative
fuel consumption of the boiler plotted in Figure 9b was calculated. The final value is 18%
lower than the benchmark, and such a value represents the average percentage savings that
can be obtained each month as a result of the abovementioned enhancement of the control
system. This value is strongly dependent on the lowest and highest thresholds set for tem-
perature control in the hysteresis cluster of components and on the control logics chosen
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Figure 9. The Dymola model relative to the 2013 scenario with enhanced regulation (a) and the energy savings achievable
by that renovation solution (b).

for running the heating system. However, the generally valid conclusion is that, once the
baseline model has been calibrated for the reference scenario, the benefits deriving from even
tailored control policies can be simulated. In the case under analysis, the control subsys-
tem enhancement was relative to a very slight change with respect to the reference scenario.
Moreover, it was tailored to the building under analysis, in that only two sensors were placed
in two rooms, rather than in every room of the building. Therefore, neither can be classified
as a standard control system nor can it be simulated by means of standard whole building
analysis tools. In fact, this scenario can be simulated in this model, which is also capable of
providing detailed results, such as the temperature difference that this control would gener-
ate between floors.

5. Conclusions

In this chapter, the energy model of a typical small public building was developed. It can be
considered as representative of a popular category of public buildings that cannot undergo
extensive refurbishment because of budget limitations. Hence, the only option is to implement
low-cost retrofit solutions that can make energy savings possible by means of reduced invest-
ments. This scheme applies to any case in which budget constraints prevent the adoption of
complete refurbishment of the audited object. Therefore, in this case, an accurate assessment
of potential energy savings is necessary under real dynamic conditions. The case study con-
sidered in this chapter was modeled in the Dymola/Modelica environment and was shown to
be very flexible, adaptable, and capable of modeling any kind of technology that can reason-
ably be found in buildings, thanks to its open “Buildings” library. In addition, it was able
to provide estimations about the improvements that may be determined by retrofit actions,
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even if relative to low-cost enhancement regarding minor devices of existing subsystems and
components. Hence, this software tool may be considered as a valid support for performing
reliable cost-benefit analyses for the energy retrofit of buildings.
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Abstract

The author has developed a mathematical model of process of heat exchange in heat
exchange surfaces of apparatuses with the solution of multicriteria optimization problem,
an optimal range of managed parameters influencing the process of heat exchange with
minimal metal consumption and the maximum heat output fin heat exchanger, the regu-
larities of heat exchange process with getting generalizing dependencies distribution of
temperature on the heat-release surface of the heat exchanger engineering systems of
buildings, defined convergence of the results of research in the calculation on the basis
of theoretical dependencies and solving mathematical model.

Keywords: mathematical model, heat exchanger, air heating systems of buildings,
ribbed surface, thermal imaging survey

1. Introduction

The conduct of practical studies to optimize basic parameters in engineering systems of
buildings is urged by power-saving requirements.

The given practical problem of improving engineering systems is to optimize the design of the
heat exchanger in air heating systems of buildings.

Air heating systems of buildings are resource-consuming systems, for this reason, improving
their resource efficiency appears to be of great significance.

Heating of air is provided by heat exchangers, which have been studied quite thoroughly. The
studies involved different authors to deal with particular aspects of improving heat exchange
elements [1].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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The main properties of heat exchangers, such as amount of heat exchange, area of heat
exchange, metal capacity and cost of an apparatus depend largely on the size of ribbing, so
the efficiency of the design is determined by the optimal height of the rib [2, 3].

One of the authors of this paper, Khrustalev, looked into the criterion to assess the efficiency of
heat exchanger design. The paper also suggests theoretical dependencies to calculate technical
characteristics of heat exchangers. However, these dependencies do not allow optimization on
several parameters [4-6].

A.A. Melekhin in his previous papers studied the multicriterion optimization of the rib in heat
exchangers based on two criteria; however, other parameters were not considered [7].

In the given paper the author makes a thermodynamic analysis and optimizes heat exchangers
of air-cooling, at the same time these improvements are not based on the complex approach [8].

The occurrence of new methods, namely a complex method, allows combining mathematical
modeling with visualization of heat fields, and as a result, obtaining optimal parameters of
heat exchangers for the given systems.

The purpose of the given study is improving the efficiency of heat exchangers by optimizing
their parameters and design.

To achieve this goal we set and solved the following tasks:

* we have developed a mathematical model of multicriterion problem to optimize heat
exchange on the ribbed heat exchanging surfaces.

¢ using the mathematical model we developed, we have determined the mechanism of heat
exchanging process and have derived dependencies of temperature distribution on heat
exchange surfaces in heating systems of buildings during the heating season;

¢ we have made a comparison of the obtained results with the results based on the
established theoretical dependencies;

*  we have reduced the metal capacity of the heat exchanger by improving its heat engineer-
ing characteristics.

The novelty of the given paper lies in the following:

¢ we have elaborated a new complex research technique, based on multi-criterion problems
with generic dependencies, obtained from empirical data.

¢ we have obtained functional dependence of process parameters on heat exchanging sur-
faces on optimal geometrical parameters of the heat exchanger.

The practical value of the paper is in the following:

* we have derived semiempirical equations for computing and designing air heating sys-
tems in buildings;

*  we have reduced metal capacity of heat exchangers which are used in air heating systems
of buildings.
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2. Materials/methods

In order to set optimal parameters for the heat exchanger and balance its design with techno-
logical elements the author conducted actual studies with the help of the complex method. It
comprises optimization of parameters for heat exchanging process based on multicriterion
multiparameter mathematical models and experiments with thermal field visualization.

The optimization problems are solved using the method of non-linear optimization in com-
puting complex I0ZO NM 3.0b [9].

Besides, the solution of such problems is also possible with the help of non-linear optimization
program Generalized Reduced Gradient (GRG2), designed by Leon Lasdon, University of Texas
at Austin and Allan Waren, Cleveland State University, and based on the method of conjugate
gradients—iterative method for unconstrained optimization in multidimensional space. The
main advantage of this software package is that it is able to solve the quadric optimization
problem within finite number of moves. So, first the author describes the method of conjugate
gradients to optimize the quadric functional, then he derives iterative formulas and estimates
convergence rate. Next, the author demonstrates how the method of conjugate gradients is
generalized to optimize arbitrary functional, looks at different variations of the method, and
assesses convergence. The shortcoming is that controllable and non-controllable parameters and
criteria are constrained [10].

It is possible to use as a mathematical model a two-criterion problem of clusterization with
fuzzy constraints. The fuzzy constraints can be set by specific preference functions. The solu-
tion is made in Boolean variables with the help of stochastic search, improved by heuristics.
The algorithm is implemented in the form of a universal software module [11].

Solution of multicriterion multiparameter nonlinear optimization problem of engineering sys-
tems in buildings suggested applying software package IOSO NM version 3.0b, where the
author entered empirical data from thermal imaging. A special feature of this software is its
compatibility with Microsoft Excel and other programs. IOSO package allows setting control-
lable and noncontrollable parameters, optimal criteria, and constraints for the process. Further,
IOSO program establishes optimal process parameters by using the data from Excel.

Preliminary IOSO procedure is forming the initial experiment plan, which can be passive (using
the previously obtained information about variable parameters, optimization criteria and con-
straints), as well as active, when the set is generated in the initial search field in accordance with
the preset partition law. Each vector of variable parameters for optimization and constraints
implies direct use of mathematical model of the object studied. The number of points in the
initial experiment plan depends on the problem dimension and the chosen variant of approxi-
mation function.

3. Results and discussion

To find the minimum mass of the ribs of the heat-exchange apparatus with the maximum of its
heat productivity developed mathematical model of multi-criteria optimization problem
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parameters heat-giving elements of the heat-exchange apparatus systems of air heating of
buildings, which is solved using the method of nonlinear optimization [12, 13].

Formulation of the mathematical model has been made for the outer surface of the radial ribs
(Figure 1).

The temperature on the surface of the ribs defines heat output, and the height of the rib - metal
heat-exchange apparatus, so as the optimality criteria for staging a mathematical model
selected [14]:

1. the temperature on the surface of the ribs (J1);
2. the height of the ribs (J2).

As unmanaged parameters taken: the radius of the carrier pipe, of a thickness of edges, the
thermal conductivity of the ribs, the location of the beam in a heat exchanger, step ribs, the
number of ribs, the number of the Nusselt number for the air, the Reynolds number for the air,
the coefficient of heat transfer from the wall to the air, etc. (x; ... xp).

In work the estimation of influence of these parameters on the process of heat exchanger.

As of controlled parameters are: ambient air temperature, the temperature of the heat-carrier
(U; ... Uy) as the most influence on the heat transfer process.

In the process of heat exchange occurs between the warm water and the environment, which
depend on parameters of water and air. Parameters that characterize these changes are within
the permissible limits, established for the process.

The dependence of optimization criteria [15] and process parameters:

Ji =J1(x1, ... 2015 Uy, Un) — max, O

Jo = Ja(x1, ... X215 Up, Uz) — min.

Restrictions on the parameters of the process, is within the following limits:

1™ < o < oA (2)
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The task of searching for the optimal height of the ribs is to find xe D in cases, when
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Thus, the problem can be formulated as follows: it is required to find such controlled param-
eters of the element heat exchanger (fins), which are optimal from the perspective of the
selected criteria under the given constraints.

The basis of mathematical model equations Bessel, describing the temperature distribution on
the outer surface of the ribs.

Modified Bessel equation for the radial fin of rectangular profile is:

R
20V AV 22q _
r dr2+rd7’ mrd =0, (6)
2
"L @

where, m—the dimensionless complex; a—heat transfer coefficient from the outer surface to
the air, W/(m? * °); A, —thermal conductivity of fin, W/(m * °); d—thickness of fin, m.

The heat transfer coefficient from the outer surface to the air, W/(m? *grad.):

Nu; - vg

h 4 (8)

where Nu,—the Nusselt number for air; v,— coefficient of kinematic viscosity of air, m?/s; h—
fin height, m.

The Nusselt number for turbulent regime of the air movement:

0,54 -0,14
Nu, = 0,096 - Re%7? . <Z—H> - <h£> , )
P P

where R—step rib, m; d—outside diameter of pipe, m; h—height of fin, m; Reg—Reynolds
number for air.

Given the heat transfer coefficient:

F, 6, F
P I
. g in 1
Famp = @2 <ch -0 ch)’ (10)
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where a, —heat transfer coefficient, W/(m?*°); 0,—the difference between the temperatures of
the surfaces of the ribs and of air, degrees; 0, —the difference in temperature between the core
tube surface and air, °; F,,—surface area between the ribs, m?; F,c—area finned surface, m?
F,—area of fins, m?.

The general solution is determined by the ratio:
6 = CiJo(mr) + CoKo(mr). (11)

The constant K;, Ko, ]y, J; is calculated in accordance with boundary conditions described
above.

6y = Cl]() (1’1’11‘0) + CKp (THT{)), (12)

0= C1]1 (7111’0) + GKq (ml’()). (13)

Calculating C;, C, we find the temperature distribution along fin height for the radial fin of
rectangular shape (grad.):

o(r) = B0 K1 mro) -Jo(mr). 1 (mr) Ko(omr)
Jo(mro)Ki (mry) + Jy (mrg) Ko (mro)

(14)

where 0y is the temperature on the surface of the carrier pipe, degrees.

To estimate the heat flux from the surface of the ribs used in the work the dependence proposed
by Bessel:
J1 (mr) Ky (mro) — Ky (mr)]; (mro)

= 2101 AmO; |2 .
o = STOTOORIE0 | mro) Ky (mr) + Jy (mr) Ko (mro)

(15)

Thus, the problem can be formulated in the following way: it is required to find such managed
parameters element of heat exchanger (the height of the edges), which are optimal from the
point of view you are the chosen criteria under certain constraints.

The basis of mathematical model based on Bessel equation describing the distribution of
temperature on the outer surface of the ribs [4].

For the staging of the mathematical model are determined boundary conditions of the process
of heat transfer in the work of the air heating systems, described in the dependencies (2—4).

To create the most resource-efficient heat exchangers in the article the low temperature and
middle temperature of the heating system of the buildings with the following parameters the
heat-carrier from +45 to +95°. With these parameters the heat exchanger of the most metal-
consuming.

To identify the most critical conditions of heat exchange on the surface of the ribs considered
by the turbulent mode of movement of the heat-carrier temperature of ambient air from —35
up to 10°. The analysis of use of brands fans in systems of air heating of buildings. Set the
maximum speed of the air entering the heat exchanger—7 kg/(m?e°), which would consider in
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selecting the data of heat exchangers. Solution of the task is carried out with the help of the
method of conjugate gradients—iterative method for unconstrained optimization of the
multidimensional space, of the solution of a quadratic optimization problem for a finite
number of steps.

As a software complex for solving multiparameter nonlinear multiobjective optimization of
engineering systems of buildings used IOSO NM [9].

A feature of this complex is compatible with Microsoft Excel and other programs. Empirically
obtained data are compiled in Excel. In the program IOSO are controllable and uncontrollable
parameters, optimality criteria, restrictions on the parameters of the process. Next, the pro-
gram IOSO generates optimal process parameters selection method from Excel [8].

Preliminary procedure I0SO is the formation of the initial experiment plan that could be
implemented as a passive way (using information about various parameters, the optimization
criteria and constraints obtained earlier) and active way, when too much is generated in the
initial search area in accordance with a given distribution law. For each vector of variable
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Figure 2. The temperature of the substrate surface (°) from the thickness of the plate (m) (all solutions).
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parameters, the values of the optimization criteria and constraints are determined by direct
appeal to the mathematical model of the investigated object. The number of points constituting
the initial plan of the experiment depends on the dimension of the problem and the selected
approximation functions.

Figures 2-8 shows the Pareto-optimal set of values when solving multi-criteria parameter opti-
mization of a fin heat exchanger by using design software IOSO NM obtained the optimal values.
For ease of understanding the obtained values of the graphs for each controlled parameter.
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Figure 7. The temperature of the substrate surface (°) from the thickness of the plate (m) (optimal solution).
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4, Conclusion

Improving the energy efficiency of engineering systems of buildings and structures, reduction of
energy consumption through the optimization of their operation, introduction of energy saving
technologies and optimization of structural elements of engineering systems is important.
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As applied problems of improvement of engineering systems of buildings considered an
example of optimization of heat exchanger element air heating system of the building.

Finding the best managed of the parameters of the heat exchanger element air heating system of a
building is possible with the developed by the author of a comprehensive method of research
based on multi-criteria parameter optimization with the introduction of empirically obtained data.

When developing a mathematical model of the heat exchanger element air heating system of a
building used for the basic equations of heat and mass transfer.

The decision of tasks of optimization carried out using the method of nonlinear optimization in
design-software complexes I0ZO.

The aim of the study is to increase the efficiency of engineering systems of buildings by optimiz-
ing the parameters of the elements of heat exchangers used in air heating systems of buildings.

To achieve this goal the author posed and solved the following tasks:

¢ developed a mathematical model of multicriteria optimization problems of the process of
heat transfer on finned heat transfer surfaces of the apparatus;

* the regularities of process of heat exchange with the receipt of the generalized dependency
of the temperature distribution on the heat-transfer surface of heat exchanger air heating
systems of the buildings at work during the heating period using the developed mathe-
matical model;

* acomparison of the obtained results with the known theoretical dependencies;

* reduced metal heat exchanger optimized thermal performance.
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Abstract

The chapter focuses on the use of the combined thermal development system with phase-
transitional thermal accumulators. The peculiarity of the combined system is that it uses
thermal energy of exhaust gas, coolant and motor oil for rapid pre-start and after-start
heating of the vehicular engine. The structure of the combined thermal development
system and a mathematical model have been developed to study the impact of the sys-
tem parameters on the heating processes of the engine. The results of experimental and
estimation studies of thermal accumulator materials and the combined heating system
of the vehicular engine are shown. For a truck engine 8FS 9.2/8, it is shown that the use
of the combined system reduces the time of coolant and motor oil thermal development
by 22.9-57.5% and 25-57% accordingly compared with the use of a standard system. The
peculiarities of forming and using the system depend on operational and climatic condi-
tions and the category of the vehicle.

Keywords: vehicular engine, phase-transitional thermal accumulator, thermal
development system, heating processes, mathematical model

1. Introduction

One of the promising ways to improve engine cooling systems is the introduction of modern
technology into their design in order to increase efficiency and adapt to operating conditions,
etc. These measures include a variety of methods of analysis, design, experimental studies,

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgINEN



102

HVAC System

both at the system level and at the component level. These suggested methods are particularly
relevant to those modes of vehicular engines that require significant efforts for their thermal
development under cold operating conditions. They are as follows: pre-start and after-start
heating of the engine, keeping the engine heated for a successful start under cold operating
conditions. Apart from ease of use, the decisive factors are low cost of devices for engine ther-
mal development, state legislation and standards, the need for full power immediately after the
engine starts, improved fuel economy and reduced emissions during pre-start and after-start
thermal development. The limiting factors are weight and size characteristics of the devices
and their compact installation space according to modern vehicle design. In this regard, the
most relevant is the development of complex systems for solving these problems in both the
design of the engine and the vehicle. In this case one of the promising ways is the development
and the study of the combined heating system with phase-transitional thermal accumulator
(TA) to carry out pre-start and after-start heating of the engine under cold operating conditions.

2. Creating the scheme of the ICE and vehicle combined heating
system and its operating principle

To create the ICE and vehicle heating system, a combination of phase-transitional thermal
accumulators was used (combination by function). Thermal accumulator is a device for accu-
mulating thermal energy based on physical or chemical process associated with heat absorp-
tion and release [1-11]. The main processes are: accumulation-release of internal energy when
heating-cooling solids or liquids, phase transitions with absorption-release of latent heat, the
process of sorption—-desorption or a reverse chemical reaction occurring with heat release-
absorption. Accumulation of thermal energy or heat accumulation is a process of accumulat-
ing thermal energy, when its supply is maximum, for later use when the need arises. The
process of accumulating energy is called charging, the process of its use is called discharging
[1-5]. Substances used to accumulate thermal energy are called heat accumulating materials.
The amount of accumulated energy depends on the temperature at which heat accumulating
material is heated and its specific heat capacity. The main operating procedures in thermal
accumulators, namely the accumulation of thermal energy, are based on the reverse phase-
transitional process of melting-solidification. In this case, phase change material is used as the
heat accumulating material. The implementation of this method is more difficult because of
the need to make the design more complicated. However, much greater amount of heat per
unit of volume is accumulated in such thermal accumulators. The process of charging and
discharging can be performed in a narrow temperature range, which is very important when
there is a need for thermal accumulators to work at small temperature differences. In vehicles
the use of thermal accumulators is advantageous to facilitate the engine start and heating the
vehicle interior during cold weather. The heat is accumulated during engine operation and
can be stored for several days. To do this, thermal accumulator is placed in a Dewar flask
(thermos) which provides the best thermal insulation.

In [1, 2], the main stages of creating the combined heating system (CHS) of the vehicular engine
and the vehicle are shown. To ensure the required temperature condition during pre-start and
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after-start heating of the internal combustion engine (ICE) and the vehicle under cold operating
conditions, a scheme and components of the CHS are formed on the basis of vehicular engine
main systems. The suggested CHS consists of the following subsystems: rapid heating of the
engine (RHE), the utilization of thermal energy of exhaust gases (EG) by phase-transitional
TA (UTETA), contact thermal accumulator (CTA), thermal accumulator for storing motor
oil (TASMO), thermal accumulator for storing a coolant (TASC), TA of EG cleaning system
(TAEGCS). The CHS itself is a part of a cooling system (CS), lubrication system (LS) and exhaust
system of the vehicular engine. It performs some functions of the systems and has a significant
influence on the operation of the vehicular engine [1-4]. It is the CHS that provides pre-start
and rapid after-start heating of a coolant and motor oil, exhaust gases cleaning system (EGCS)
of the engine to the temperature at which the engine can be loaded and then to an operating
temperature. The operating temperature is maintained for a long time within specified limits.

The elements of the combined heating system, such as the subsystems of rapid heating of the
engine, the utilization of thermal energy of exhaust gases by phase-transitional TA, contact
thermal accumulator and thermal accumulator for storing a coolant are the components of the
engine cooling system. TA of EG cleaning system is a component of the engine exhaust system.
The elements of the combined heating system, such as the subsystems of rapid heating of the
engine, the utilization of thermal energy of exhaust gases by phase-transitional TA, contact
thermal accumulator and thermal accumulator for storing motor oil are the components of
the engine lubrication system. All the above-mentioned subsystems can work together within
and according to the algorithm of the combined heating system operation or separately from
each other performing their inherent functions [1, 5].

The combined heating system generally works on the principle of thermal energy of EG accu-
mulation by phase-transitional thermal accumulator of the utilization of thermal energy of
EG subsystem. It also implies the accumulation of engine thermal energy by contact thermal
accumulator in the form of convection and thermal radiation of the vehicular engine during
its operation. The “free” thermal energy generated during the fuel combustion is emitted into
the atmosphere and is not used usefully.

Figure 1 shows the implementation of the combined heating system for the vehicular engine.
EG thermal energy accumulation of the vehicular engine 1 by phase-transitional thermal accu-
mulator, namely by the subsystem of the utilization of thermal energy of exhaust gases 20, is
made possible by parallel installing the engine silencer 18 in the EG heat exchanger (HE) 6. The
circulation of a heat carrier between TA 20 and exhaust gases heat exchanger 6 is provided by a
modulating pump 21. The heat carrier passing through HE 6 in the exhaust manifold is heated
by thermal energy of EG to a temperature of 150-190°C (a process fluid with a boiling point of
220°C was used as the heat carrier). Heat exchanger 6 is installed in a bypass, in parallel with
the main EG manifold of the vehicular engine. Such a decision was made in order to ensure the
disconnection of the heat exchanger 6 after phase-transitional TA 20 of the subsystem of the
utilization of thermal energy is fully charged. The switching of EG flow is carried out by elec-
tromagnetic gas valves 30 and 25 with an electric drive based on control system commands.
The EG flow adjustment is carried out following a special algorithm [4, 9, 10] according to a
developed cycle of heating the engine. From the heat exchanger 6 the heat carrier delivers the
heat into phase-transitional TA 20 of the subsystem of the utilization of thermal energy. In an
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/ Title Specification
/ﬁ;al accumulating matenal properies :Lglg;fleliii?e
Density, kgim®ps: 925 1 800
Temperature of phase lransition, K 408
Specific heat of phase ransition. kJ/kg 230
Specific heal capacdty, kJilkgK), G/ C 25133
Thermal conductivity, WTTuK). As /A 0251004
Heal accumulating matenal weight, kg 185
Weight of thermal accumulatorwith HAM, 275
kg :
TA dimensions. mm 164x280x480
double Taver
of
polyethylene
Thermal insulating matenal foam coated
on both sides
with layers of
aluminum foil
TA frame matenal stainless steel
TA heat exchanger matenal brass
TA heat capacity, kJ/K 46.25
= Title Specification
Heat accumulating matenal Paraffin - a mixture of
properties (according to the high-molecular
relevant standards): hydrocarbons Cis-Cas
State Solid
Melting temperature. *C (K} 45-52 (318- 325)
Buoiling temperature, *C (K) 350 (623)
Latent heat of melting. K 35
[ Specific heat of phase 190
transition, kJ/kg
double layer of
Thermal insulating matenal pg’:;w:;e?mi:::
of aluminum foil

Figure 1. The scheme of the combined heating system of the engine and the vehicle, and specifications of phase-
transitional TA and its HAM.

insulated tank of TA with three heat exchangers (for TA charging and heating of the engine
coolant and motor oil) the heat carrier cools down and gives off the accumulated thermal
energy to a phase-transitional heat accumulating material (HAM).

In the process of HAM energy accumulation the most efficient is the process of a phase transi-
tion of the material (TA filler), i.e., the change of its physical state which requires a large
amount of EG energy. The most energy-intensive process is the phase transition of HAM. All
the other processes of HAM energy accumulation do not require such a large amount of
energy. The peculiarities of phase-transitional TA 20 at different periods of thermal energy
accumulation and release are detailed in [1, 5, 10, 11].

Contact thermal accumulator 17 of the vehicular engine (Figure 1) is a multi-layered case. To
ensure close fitting it is mounted on the outside of the cylinder block and the engine oil pan [8].
The peculiarity of the contact thermal accumulator design 17 is the availability of individual
sections of container-based phase-transitional HAM that are fitted to the outside of the cylinder
block and the oil pan. They are covered by several layers of thermal insulation material [1, 5, 9].
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Using contact thermal accumulator 17 does not require significant changes in the design of the
vehicular engine and its systems. It is easily installed, is easy to maintain and does not require
additional energy. The contact thermal accumulator operation is based on the change of the
phase state of heat accumulating material when the energy is emitted and absorbed during
convection and thermal radiation of the cylinder block and the engine oil pan. Due to contact
thermal accumulator, an insulating function of the engine is performed and the minimum loss
of thermal energy in the form of convection and thermal radiation is achieved during engine
operation. In this way it is also possible to avoid thermal stresses in the engine during its
heating at low temperatures. The contact thermal accumulator operation provides a long-term
maintenance of the set coolant and motor oil temperatures when the engine is switched off,
unlike the well-known TA by means of which the ICE is heated after stop [1, 5, 9].

The peculiarity of the thermal accumulator for storing motor oil design 19 (Figure 1) is an
additional phase-transitional contact TA in an accumulation vessel membrane for motor oil. It
is similar in design and operating principle to contact thermal accumulator 17, but is mounted
on the accumulation vessel case for draining motor oil. Due to thermal accumulator for stor-
ing motor oil 19 the minimum loss of thermal energy is achieved. It is released by motor oil
after its draining by electromagnetic hydraulic valves 28 and 29 in the insulated vessel with
TA during long-term stop of the vehicular engine. When motor oil is pumped backwards into
the engine oil pan by the modulating pump 24 it is possible to rapidly heat the engine com-
ponents and lubrication system parts. They are as follows: a crankshaft area, an oil channel
and an oil case of the vehicular engine. The motor oil temperature in thermal accumulator for
storing motor oil 19 is controlled by the built-in motor oil temperature sensor.

The peculiarity of the thermal accumulator for storing a coolant design 9 (Figure 1) is an
additional phase-transitional contact TA in the accumulation vessel membrane for the cool-
ant. It is similar in design and operating principle to thermal accumulator for storing a coolant
19, but is mounted on the accumulation vessel case for draining the coolant. Due to thermal
accumulator for storing a coolant 9 the minimum loss of thermal energy is achieved. It is
released by the coolant after its draining by electromagnetic hydraulic valves 10 and 11 in the
insulated vessel 9 with TA during long-term stop of the vehicular engine. When the coolant is
pumped backwards into the engine cooling system by the modulating pump 8 it is possible to
rapidly heat the engine components and cooling system parts. They are as follows: a coolant
case and the ICE cylinder head. The coolant temperature in thermal accumulator for storing a
coolant 9 is controlled by the built-in coolant temperature sensor.

EG thermal energy for rapid heating of a catalytic converter 5 in the exhaust system is accu-
mulated in TA of exhaust gases cleaning system during engine operation. A rapid heating of
catalytic converter composition 5 after starting the engine occurs when EG pass through TA
of exhaust gases cleaning system.

The interior of the vehicle is heated by the heat exchanger 7 during engine operation when the
coolant circulates in the engine cooling system through the heat exchanger.

In addition to the above-mentioned components, the combined heating system also includes
standard components of the engine and its cooling and lubrication systems (Figure 1). They
are as follows: a cooling system radiator 2, an engine output shaft 3 an intake manifold 4, EG
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temperature sensor 12; a lubrication system radiator 13; gas analysis equipment 14 (in the
form of appropriate sensors); a tank for expanding the heat carrier 15; EG temperature sensor
16. The circulation of the coolant and motor oil in the combined heating system is provided
by modulating pumps 22 and 23. The coolant and motor oil regulation is provided by electro-
magnetic hydraulic valves 26 and 27.

Pre-start and after-start heating of the coolant and motor oil is possible with standard heating
of the engine and (or) in the following modes of the combined heating system operation. The
examples are: when operating only the rapid heating of the engine subsystem in the process
of after-start heating of the engine, when operating the rapid heating of the engine subsystem
with the utilization of thermal energy of exhaust gases by phase-transitional TA, the combined
functions of contact thermal accumulator (thermal accumulator for storing motor oil and (or)
thermal accumulator for storing a coolant) or joint operation of contact thermal accumulator +
thermal accumulator for storing motor oil + thermal accumulator for storing a coolant and the
utilization of thermal energy of exhaust gases by phase-transitional TA. Storing thermal energy,
accumulated by the coolant and motor oil, is possible with standard ICE assembly and (or) in
the following modes of the combined heating system operation. The examples are: when operat-
ing the rapid heating of the engine subsystem with the utilization of thermal energy of exhaust
gases by phase-transitional TA, when operating only contact thermal accumulator or thermal
accumulator for storing motor oil (thermal accumulator for storing a coolant), the combined
functions of contact thermal accumulator (thermal accumulator for storing motor oil and (or)
thermal accumulator for storing a coolant) or joint operation of contact thermal accumulator +
thermal accumulator for storing motor oil + thermal accumulator for storing a coolant and the
utilization of thermal energy of exhaust gases by phase-transitional TA.

If it is necessary to start the engine after a long stop, the combined heating system is involved.
It works according to its own algorithms and includes electric modulating pumps 21, 22,
23 of the rapid heating of the engine subsystem. They circulate the coolant and motor oil
in the vehicular engine and phase-transitional TA for the utilization of thermal energy of
exhaust gases. Passing through TA, the coolant gets thermal energy accumulated by HAM
and transfers it by the coolant to the engine cooling system and by motor oil to the lubrication
system and to the engine design elements. The right choice of TA 20 thermal capacity allows
you to quickly heat the ICE from low ambient temperature (-20°C) to the coolant and motor
oil temperatures at +40-60°C. The choice of TA thermal capacity by HAM weight is based
on a calculation of the heat balance of the engine with the combined heating system and the
vehicle. It helps determine the amount of thermal energy required for heating the coolant and
motor oil, cylinder block, cylinder head, connecting branch pipes and manifolds considering
heatloss [1, 5, 10, 11].

After receiving thermal energy from the coolant and motor oil, the engine elements transfer
it to the combustion chamber. It positively affects the process of ICE start which occurs after
the combined heating system sensors record the coolant and motor oil temperatures at +40-
60°C. After that the ICE starts running and it is possible to load the engine. After starting the
ICE, the combined heating system continues its work and facilitates more rapid and efficient
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heating of the working engine up to the coolant and motor oil temperatures at +85°C. This is
achieved due to further use of the accumulated heat in TA and thermal energy from the work-
ing engine. After reaching the coolant and motor oil temperatures of +85°C, the combined
heating system maintains it within the limits set, i.e., 85 + 5°C and then the engine standard
system (SS) starts working (in the meanwhile, the combined heating system stops working).

Taking into consideration the data from temperature sensors, the control system of the com-
bined heating system calculates the optimal rotational speed of circulation pumps 21, 22, 23.
It gives commands to the system valves directing the flow of working fluids through certain
CSPSH elements. The combined heating system functioning is based on the analysis of tem-
perature values of the coolant and motor oil heat carriers [1, 5, 10, 11].

During a stop and storage of the heat accumulated by contact thermal accumulator 17 of the
engine being shut off, the contact thermal accumulator operation implies giving off HAM
phase-transitional heat of contact thermal accumulator backwards to provide long-term
maintenance of the coolant and motor oil temperatures. In low ambient temperature and
when phase-transitional TA 20 for the utilization of thermal energy of exhaust gases subsys-
tem is charged, when the heat accumulated by contact thermal accumulator 17 is insufficient,
the engine 1 heating is carried out similarly as described above.

During a long stop of the engine, when it is necessary to maintain the coolant and motor oil
within the “hot heating” for a long time, thermal accumulator for storing motor oil 19 and
(or) thermal accumulator for storing a coolant 9 are used (Figure 1), in which the coolant and
motor oil are drained from lubrication system and cooling system of the engine. If it is neces-
sary to start the engine when phase-transitional TA 20 for the utilization of thermal energy
of exhaust gases subsystem is charged, thermal accumulator for storing motor oil (thermal
accumulator for storing a coolant) is combined with lubrication system (cooling system) of
the engine by using valves 28 and 29 (9 and 11). By using the circulation pump 24 (8), motor
oil (the coolant) goes to the engine cylinder block. Further heating of the engine 1 is carried
out similarly as described above. By using motor oil and coolant temperature sensors, work-
ing capacity of the combined heating system is controlled in relation to heat capacity of its
components and subsystems and its further use.

3. Objects of experimental studies

The research on using the CHS in vehicles was based both on experiments and numerical
modeling.

The results of experimental studies conducted by the authors under the ITS information con-
ditions are detailed in [1, 5, 10, 11-13] (Figure 2). The authors developed a mathematical
model [1, 5, 10, 11-13] for the estimation studies (Figure 3). It is based on a systems approach
used in the processes of the vehicular thermal development when using phase-transitional
thermal accumulators [1, 4-19].
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Figure 3. The flowchart of “combined heating system of the engine and the vehicle.”
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4. The study results of the influence of the combined heating system
different options on engine thermal development indicators

The general process of pre-start and after-start heating (PSASH) during engine and vehicle
operation can be split into the following components: pre-start and after-start processes of
thermal development and industrial (commercial) process of the ICE and vehicle operation.
The engine pre-start heating without actual start and the operation of the engine in an idling
mode can be only realized using the developed heating system. It is a set of subsystems,
elements and means of thermal development and maintenance of the thermal state of the
engine and the vehicle using the combined heating system based on phase-transitional ther-
mal accumulators. During after-start thermal development of the engine and the vehicle, it is
possible to heat them either without using the combined heating system (engine and vehicle
standard systems) or using the CHS. During industrial (commercial) process of engine and
vehicle operation, the heating system is used only when it is not possible to maintain the ther-
mal state of the engine and the vehicle in a corresponding range under operating conditions.
After-start heating of the engine and the vehicle can be carried out in various modes of vehicle
operation (both steady and transitional modes of the engine operation when the vehicle is
stopped and when in motion). These modes are: (1) heating in an idling mode; (2) heating
in an idling mode with electrical consumers switched on; (3) heating in an idling mode with
gradual heating in motion; (4) heating in motion. The study of the vehicle heating according
to the above-mentioned modes is detailed in [1, 16-19].

The article presents the study results of thermal development of the truck engine 8FS 9.2/8 in
operation. The investigation was conducted in the mathematical model of the “combined
heating system of the engine and the vehicle” for option 1 - Heating in an idling mode. In
evaluating different options of the CSPSH operation the following considerations were taken
into account. The combined heating system is a combination of five independent subsystems:
the utilization of thermal energy of EG (with TA), rapid heating of the engine, contact thermal
accumulator, thermal accumulator for storing motor oil and thermal accumulator for storing
a coolant [1, 16-19]. The first two subsystems, working together, provide the work of TA with
accelerated circulation of the coolant, motor oil and standard systems of the truck engine
8FS 9.2/8 during pre-start and after-start heating of the truck. Contact thermal accumulator
provides long-term storage of accumulated heat in the coolant and motor oil in the cylinder
block using an insulated membrane. Thermal accumulator for storing motor oil and thermal
accumulator for storing a coolant provide long-term storage of accumulated heat by motor
oil and the coolant in separate insulated tanks with TA. The results of pre-start and after-start
heating of the engine were assessed and compared in the study depending on the combined
heating system different options or their combination.

Based on the developed algorithms for pre-start and after-start heating of the engine coolant
and motor oil, 19 combinations of options were suggested to analyze the sets of components
of the developed combined heating system (Table 1) [1, 2, 5, 12, 15-19]. Thus, for all options
during pre-start and after-start heating of the engine with CSPSH mode parameters of its

work were estimated. They are as follows: heating the coolant and motor oil from T to
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# of option

The combined heating system components
(the definition of the option)

Structural and technology features and the
use of the combined heating system option
according to its purpose

2

Engine standard systems without the combined

heating system —SS without the CHS

Engine standard systems with the combined
heating system —SS with the CHS

Phase-transitional thermal accumulator—TA

Phase-transitional contact thermal
accumulator—CTA

Thermal accumulator for storing motor oil
(Tyum = Tamb) = TASMO (T,,,,, = Tamb )

HAM HAM

3

Engine pre-start heating is impossible to

do. After-start heating is carried out by

the elements of cooling and lubrication
systems of the standard engine. To ensure
the maintenance of T, = 50°C and T,,, = 50°C
when the engine is not running, the elements
of cooling and lubrication systems of the
standard engine can only be used.

Engine pre-start heating is impossible to do.
For rapid after-start heating, only additional
electric modulating pumps for the coolant
and motor oil of the rapid heating of the
engine subsystem are used. To ensure the
maintenance of T_= 50°C and T,,, = 50°C
when the engine is not running, the elements
of cooling and lubrication systems of the
standard engine can only be used.

Engine pre-start and rapid after-start
heating is carried out by phase-transitional
TA. Besides, additional electric modulating
pumps for the coolant and motor oil of the
rapid heating of the engine subsystem (#2),
the subsystem of the utilization of thermal
energy of EG by phase-transitional thermal
accumulator are also used. To ensure the
maintenance of T, = 50°C and T, = 50°C of
the engine with phase-transitional TA when
the engine is not running, additional electric
modulating pumps for the coolant and
motor oil of the rapid heating of the engine
subsystem can be used.

Engine pre-start and after-start heating is
impossible to do. To ensure the maintenance of
T,>or=50°C and T,,, > or = 50°C of the engine
with phase-transitional CTA when the engine
is not running, the elements of cooling and
lubrication systems of the standard engine can
be used.

Engine pre-start and after-start heating is
impossible to do. The maintenance of T, > or
= 50°C of the engine with TASMO when the
engine is not running is possible with the
elements of lubrication system of the engine
with thermal accumulator for storing motor
oil without HAM thermal development

(Tyyap = Tamb). To ensure the maintenance of
T_ = 50°C when the engine is not running, the
elements of cooling system of the standard
engine can only be used.
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# of option

The combined heating system components
(the definition of the option)

Structural and technology features and the
use of the combined heating system option
according to its purpose

10

Thermal accumulator for storing motor oil
(Tyan = 85°C) - TASMO (T, = 85°C)

HAM HAM

The combination of separate CHS components,
namely: thermal accumulator + contact thermal
accumulator (# 3 and # 4): TA + CTA

The combination of separate CHS components,
namely: thermal accumulator + thermal
accumulator for storing motor oil (T,

HAM
and #5-TA + TASMO (T,,,,, = Tamb)

=Tamb): #3

The combination of separate CHS components,
namely: thermal accumulator + thermal
accumulator for storing motor oil (T,

HAM
and # 6 - TA + TASMO (T,,,,, = 85°C)

-85°C): #3

The combination of separate CHS components,
namely: thermal accumulator + contact thermal
accumulator + thermal accumulator for storing
motor oil (T,,,,, = Tamb): #3, #4 and # 5 -

HAM .
TA + CTA + TASMO (T, = Tamb)

HAM

Engine pre-start and after-start heating is
impossible to do. The maintenance of T,,, > or
= 50°C of the engine with TASMO when the
engine is not running is possible with the
elements of lubrication system of the engine
with thermal accumulator for storing motor oil
with HAM thermal development (T},,,, = 85°C).
To ensure the maintenance of T_= 50°C when the
engine is not running, the elements of cooling
system of the standard engine can only be used.

The combination of separate components of the
combined heating system, namely: phase-
transitional thermal accumulator and phase-
transitional contact thermal accumulator. # 3 and
# 4 describe structural and technology features
and the use of the combined heating system
option according to its purpose during engine
pre-start and after-start heating and long-term
keeping in an idling mode without the operation.

The combination of separate components of the
combined heating system, namely: phase-
transitional thermal accumulator and thermal
accumulator for storing motor oil without HAM
thermal development (T,,,,,= Tamb). # 3 and # 5
describe structural and technology features and
the use of the combined heating system option
according to its purpose during engine pre-start
and after-start heating and long-term keeping in
an idling mode without the operation.

The combination of separate components of the
combined heating system, namely: phase-
transitional thermal accumulator and thermal
accumulator for storing motor oil with HAM
thermal development (T,,,,,=85°C). #3and # 6
describe structural and technology features and
the use of the combined heating system option
according to its purpose during engine pre-start
and after-start heating and long-term keeping
in an idling mode without the operation.

The combination of separate components

of the combined heating system, namely:
phase-transitional thermal accumulator,
phase-transitional contact thermal accumulator
and thermal accumulator for storing motor

oil without HAM thermal development
(Typy=Tamb). # 3, # 4 and # 5 describe
structural and technology features and the

use of the combined heating system option
according to its purpose during engine pre-start
and after-start heating and long-term keeping
in an idling mode without the operation.
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# of option

The combined heating system components
(the definition of the option)

Structural and technology features and the
use of the combined heating system option
according to its purpose

11

12

13

14

15

The combination of separate CHS components,
namely: thermal accumulator + contact thermal
accumulator + thermal accumulator for storing
motor oil (T,,,,,=85°C): #3, #4 and # 6 —

TA + CTA + TASMO (T,,,,, = 85°C)

HAM

Thermal accumulator for storing a coolant
(T = Tamb ) = TASC ( =Tamb)

HAM THAM

Thermal accumulator for storing a coolant
(T = 85°C) - TASC (T, = 85°C)

HAM

The combination of separate CHS components,
namely: thermal accumulator + thermal
accumulator for storing a coolant (T

HAM
and # 12 - TA + TASC (T,,,, = Tamb)

HAM

The combination of separate CHS components,
namely: thermal accumulator + thermal
accumulator for storing a coolant (T, ,,
and # 13 - TA + TASC (T,,,,, = 85°C)

HAM

=Tamb): 43

=85°C): #3

The combination of separate components

of the combined heating system, namely:
phase-transitional thermal accumulator, phase-
transitional contact thermal accumulator and
thermal accumulator for storing motor oil with
HAM thermal development (T},,,, =85°C). # 3,
#4 and # 6 describe structural and technology
features and the use of the combined heating
system option according to its purpose during
engine pre-start and after-start heating and
long-term keeping in an idling mode without
the operation.

Engine pre-start and after-start heating is
impossible to do. The maintenance of T_>or =
50°C of the engine with TASC when the engine
is not running is possible with the elements

of cooling system of the engine with thermal
accumulator for storing a coolant without
HAM thermal development (T},,,, = Tamb ). To
ensure the maintenance of T, = 50°C when
the engine is not running, the elements of
lubrication system of the standard engine can
only be used.

Engine pre-start and after-start heating is
impossible to do. The maintenance of T_> or

= 50°C of the engine with TASC when the
engine is not running is possible with the
elements of cooling system of the engine with
thermal accumulator for storing a coolant with
HAM thermal development (T},,,,=85°C). To
ensure the maintenance of T, = 50°C when
the engine is not running, the elements of
lubrication system of the standard engine can
only be used.

The combination of separate components of the
combined heating system, namely: phase-
transitional thermal accumulator and thermal
accumulator for storing a coolant without HAM
thermal development (T,,,,= Tamb). # 3 and # 12
describe structural and technology features and
the use of the combined heating system option
according to its purpose during engine pre-start
and after-start heating and long-term keeping in
an idling mode without the operation.

The combination of separate components of the
combined heating system, namely: phase-
transitional thermal accumulator and thermal
accumulator for storing a coolant with HAM
thermal development (T},,,,=85°C). # 3 and # 13
describe structural and technology features and
the use of the combined heating system option
according to its purpose during engine pre-start
and after-start heating and long-term keeping
in an idling mode without the operation.
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# of option The combined heating system components Structural and technology features and the
(the definition of the option) use of the combined heating system option

according to its purpose

16 The combination of separate CHS components, The combination of separate components
namely: thermal accumulator + contact thermal of the combined heating system, namely:
accumulator + thermal accumulator for storing phase-transitional thermal accumulator,

a coolant (T,,,\,=Tamb): #3, # 4 and # 12 - phase-transitional contact thermal accumulator
TA + CTA + TASC (T,,,,, = Tamb) and thermal accumulator for storing a
coolant without HAM thermal development
(Tyypy=Tamb). # 3, # 4 and # 12 describe
structural and technology features and the
use of the combined heating system option
according to its purpose during engine pre-start
and after-start heating and long-term keeping
in an idling mode without the operation.

17 The combination of separate CHS components, The combination of separate components
namely: thermal accumulator + contact thermal of the combined heating system, namely:
accumulator + thermal accumulator for storing phase-transitional thermal accumulator, phase-
a coolant (T,,,, =85°C): 43, #4and #13 - transitional contact thermal accumulator and
TA + CTA + TASC (T}, = 85°C) thermal accumulator for storing a coolant with

HAM thermal development (T}, ,,, = 85°C). # 3,
# 4 and # 13 describe structural and technology
features and the use of the combined heating
system option according to its purpose during
engine pre-start and after-start heating and
long-term keeping in an idling mode without
the operation.

18 The combination of separate CHS components, The combination of separate components
namely: thermal accumulator + contact thermal of the combined heating system, namely:
accumulator + thermal accumulator for storing phase-transitional thermal accumulator,
motor oil (Ty,,, = Tamb) + thermal accumulator for  phase-transitional contact thermal accumulator,
storing a coolant (T},,,, = Tamb): #3, #4, #5and # thermal accumulator for storing motor
12 - TA + CTA + TASMO+TASC oil without HAM thermal development

(Tyypp = Tamb ) and thermal accumulator

for storing a coolant without HAM thermal
development (Ty,,,,= Tamb). #3, # 4, #5 and # 12
describe structural and technology features and
the use of the combined heating system option
according to its purpose during engine pre-start
and after-start heating and long-term keeping in
an idling mode without the operation.

19 The combination of separate CHS components, The combination of separate components

namely: thermal accumulator + contact thermal
accumulator + thermal accumulator for storing
motor oil (T,,,,=85°C) + thermal accumulator for
storing a coolant (T},,,,=85°C): #3, #4, # 6 and #
13 - TA + CTA + TASMO (T,,,,, = 85°C) + TASC

HAM
(T, =85°C)

HAM

of the combined heating system, namely:
phase-transitional thermal accumulator, phase-
transitional contact thermal accumulator,
thermal accumulator for storing motor oil with
HAM thermal development (T},,,,=85°C) and
thermal accumulator for storing a coolant with
HAM thermal development (T},,,, = 85°C).
#3,#4,#6and # 13 describe structural

and technology features and the use of the
combined heating system option according

to its purpose during engine pre-start and
after-start heating and long-term keeping in an

idling mode without the operation.

Table 1. The options of the combined heating system components to analyze the efficiency of pre-start and after-start
heating of the truck engine 8FS 9.2/8.
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50°C, min., heating the coolant and motor oil from 50 to 85°C, min., maintaining T_= 50°C
and T,,, = 50°C min. The operating parameters were analyzed separately for the coolant and
motor oil at different ambient temperatures, namely 20, 0 and -20°C.

Figures 4-6 show the results of pre-start and after-start heating according to the duration
of thermal development of the truck engine coolant and motor oil using the combined heat-
ing system. Figure 4 shows the duration of the coolant and motor oil heating from Tamb
to 50°C, min. Figure 5 shows the duration of the coolant and motor oil heating from 50 to
85°C, min. Figure 6 shows the duration of maintaining T_ = 50°C and T,,, = 50°C, min. The
comparison of indicators for every option of the combined heating system components and
the technology for use was provided in absolute values (and in %). Every indicator for a cor-
responding option was compared with the similar one for a standard system of the engine
ZMZ-66-06 (8FS 9.2/8) of the truck GAZ-66-11 (Figures 4-6). Based on the calculation results
of pre-start and after-start heating of the coolant and motor oil according to the appropriate
options of the combined heating system components (Figures 4-6), it is obvious that the use
of the above-mentioned ways of heating according to the operating algorithms ensures both
pre-start and rapid after-start heating of the engine ZMZ-66-06 (8FS 9.2/8) of the truck GAZ-
66-11. It also increases the length of the long stop of the engine without idling. Meanwhile,
according to the temperature values of the coolant and motor oil, the engine is in pre-start
availability that corresponds to the thermal state to enable the engine load.

The indicators of the engine thermal state during pre-start heating of the coolant and motor
oil of the ICE with the combined heating system were compared with the standard systems of
the engine (option 1, Table 1) from Tamb to 50°C, min (Figure 4). The greatest reduction in the
heating time was obtained in options 3, 7-11, 14-19 for all ambient temperatures, i.e., at Tamb
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Figure 4. The influence of options of the combined heating system components on the heating time of the engine coolant
and motor oil from Tamb to 50°C.



Improving the Vehicular Engine Pre-Start and After-Start Heating by Using the Combined...

http://dx.doi.org/10.5772/intechopen.79467

BEEASEAEAREEER R

AR R R R SRR R AR R

BEEE A A EE R A EE AR R R R

Coolint: @0°C @0°C @MW

M BT @0 EIT

| * T A e
-df f ¢£ g_—*‘f - & .\y“::.c\'
| Py ¥ 0
&
: i &
1 k.

Figure 5. The influence of options of the combined heating system components on the heating time of the engine coolant
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Figure 6. The influence of options of the combined heating system components on the duration of maintaining the

coolant and motor oil temperatures within ~50°C.
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=20 (0/-20)°C. These options are characterized by the operation of phase-transitional TA and
the rapid heating of the engine subsystem at the same time. For relevant temperatures of Tamb
=20 (0/-20)°C, the duration of heating is reduced according to the values 14.4 (24/33.3) min for
the coolant and 14.2 (25/35) min for motor oil. This option is compared with the standard sys-
tems of the engine (option 1), i.e., 22.8 (31/47.5) min for the coolant and 24.2 (33.3/50.5) min for
motor oil. Thus, the duration of heating is reduced by 8.4 (7.1/14.2) min or by 36.9 (22.9/29.9)%
for the coolant and by 10 (8.3/15.5) min or by 41.3 (25/30.8) % for motor oil.

The indicators of the ICE thermal state during rapid after-start heating of the coolant and
motor oil of the engine with the combined heating system were compared with the standard
systems of the engine (option 1, Table 1) from 50 to 85°C, min (Figure 5). The greatest reduc-
tion in the heating time was obtained in options 3, 7-11, 14-19 for ambient temperatures at
Tamb = 20(0/-20)°C. These options are characterized by the operation of phase-transitional
TA and the rapid heating of the engine subsystem at the same time. The duration of heating
is reduced according to the values 9.7 (19.2/26.2) min for the coolant and 10.5 (21.2/28.2) min
for motor oil. This option is compared with the standard systems of the engine (option 1), i.e.,
22.8 (31/47.5) min for the coolant and 24.2 (33.3/50.5) min for motor oil. Thus, the duration of
heating is reduced by 13.1 (11.8/21.3) min or by 57.5 (38/44.8)% for the coolant and by 13.7
(12.1/22.3) min or by 57 (36/44.2)% for motor oil.

The duration of maintaining the engine T = 50°C and T,,, = 50°C, min (Figure 6) within the
combined heating system (option 1, Table 1) was compared with the standard systems. A sub-
stantial increase in long-duration stop of the engine with the combined heating system when
the engine was not running in an idling mode was obtained. The duration of maintenance
did not change in option 2 for the coolant and motor oil, in options 5 and 6 for the coolant, in
options 12 and 13 for motor oil. According to Figure 6, the increase in the maintenance dura-
tion occurred in options 3-18 for both the coolant and for motor oil for ambient temperatures
Tamb =20 (0/~20)°C. The most significant increase in duration occurred in option 19 for the
coolant and motor oil, in options 15 and 17 for the coolant, in options 9 and 11 for motor oil
respectively. These options are characterized by simultaneous operation of phase-transitional
TA and the rapid heating of the engine subsystem, contact thermal accumulator subsystem as
well as thermal accumulator for storing motor oil and thermal accumulator for storing a cool-
ant previously heated to T,,,,, = 85°C. The duration of maintaining T = 50°C and T, ,, = 50°C is
increased according to the values from 720 (600/510) min to 2410 (2078/1870) min for the coolant
and from 720 (600/510) min to 2410 (2078/1870) min for motor oil. This option was compared
with the standard systems of the engine (option 1), i.e., 80 (40/20) min for the coolant and 100
(60/30) min for motor oil. Thus, the duration of maintaining the temperatures is increased
from 640 (560/490) min. to 2330 (2038/1850) min or ranging from 9 (14/24) to 29.13 (50.95/92.50)
times for the coolant and from 620 (540/480) min to 2310 (2018/1840) min or ranging from 6.2
(9/16) to 15.9 (33.63/61.33) times for motor oil for appropriate operating conditions.

The use of the combined heating system is generally effective (Figures 4-6) for pre-start and
after-start thermal development of the vehicular engine and for maintaining it for a long time
when it is not running under different climatic conditions. The peculiarities of the combined
heating system components and the technology for use are chosen depending on operational
needs, climatic conditions and the category of the vehicle.
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5. Estimating the indicators of optimum temperature (OT) of the
engine and the vehicle under operating conditions

The estimation was based on the mathematical modeling of the “combined heating of the
engine and the vehicle” system. The mathematical modeling was carried out for various com-
ponents of the CHS used for the truck and a car. The options of operating conditions and
methods of the engine and the vehicle heating were chosen in accordance with the provisions
of [1, 5,10, 11, 16-19].

The influence of various components of the CHS on pre-start heating of the engine was analyzed
in terms of fuel consumption (kg/h). The results revealed the most significant components of
the CHS, namely in options 2 and 3. For them, additional estimation studies were carried out
to determine the specific indicators of the total influence of the CHS components on the coolant
and MO heating time from T, , to 50°C and from 50 to 85°C. All indicators were compared
with thermal development indicators of the engine standard systems. Figure 7(a) shows the
main indicators of the truck engine thermal development when heating the coolant and MO
from T to 50°C. The most significant components of the CHS were studied. They have the
greatest influence on thermal processes in the engine coolant and MO. Thus, a phase-transitional
TA has the greatest influence on the parameters of the engine coolant heating for all ambient
temperatures +20 (0/~20°C) - 0.085 (0.134/0.168) kg/h; and for MO heating, respectively 0.085
(0.133/0.167) kg/h.

To estimate the total influence of the CHS components on the coolant and MO heating time, the
most significant components were chosen, namely in options 3-6, 12, 13 and 19 (Figure 7(b).
All indicators were compared with the indicators of the engine standard systems. The total
influence on thermal development processes implies the total time of pre-start (from T, to
50°C) and after-start heating (from 50 to 85°C) and the time of maintaining the coolant and
MO temperature within ~50°C in relation to the fuel consumed for thermal development.
Figure 7b shows the main study results of the influence of the CHS components on the total
time of the coolant and MO thermal development. It is determined in the specific indicators
of fuel consumption, kg/h. The lowest fuel consumption indicators were obtained for the
CHS with such components: TA + CTA + TASMO (T,,,,,=85°C) + TASC (T, ,,, = 85°C). Phase-
transitional TA indicators are worth mentioning as well. They are optimal for all options of
the heating, both according to the options of the heating and the ambient temperatures.

In general, to provide the OT of the engine with the CHS, it is advisable to use all options of
simultaneous influence on the coolant and MO.

To provide the temperature influence on the CC of the EGCS indicators, it is advisable to
use TA installed in the exhaust system of the engine. When using TAEGCS, depending on
the option of the engine heating, the time of reaching the temperature at the Light-off point
(250°C/523 K) of the CC heating curve is 3-5 min of the CC operation for all options. This
indicator is almost twice as good as the experimentally obtained indicators of the CC heating.

To ensure the compliance with the requirements for the heating periods of different areas of
the vehicle interior and the driver, the use of the CHS is completely stipulated. In this case,
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Figure 7. The results of investigating the influence of the CHS components on the coolant and MO heating time (a) and
on the total time of the coolant and MO thermal development (b) in terms of fuel consumption (kg/h).

the interior and the driver are heated by the engine CS, that is, without changing the design
of the vehicle. The results of the mathematical modeling of the interior heat transfer processes
confirmed the feasibility of using the CHS. When using the CHS, the requirements are fully
met in terms of the efficiency and safety of the heating system. It means that 15 min after the
vehicle starts its motion at the ambient temperature to -25°C the requirements of the standard
for heating the driver’s head, legs, and body are fully met.

6. Summary

The development and the study of the engine combined heating system with phase-transi-
tional thermal accumulators for pre-start and after-start heating under cold operating condi-
tions were considered. To ensure optimal temperature condition of the ICE and the vehicle,
general and individual tasks were determined. The combined heating system scheme of
the ICE and the vehicle in operation was developed. The objects of experimental studies
in operation were described. Using a systems approach to ensure optimal temperature
condition of the vehicle in operation, the “combined heating system of the engine and the
vehicle” and its application methods were developed. The results of significant impact of the
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combined heating system on thermal development indicators of the engine and the vehicle
were obtained. The use of the combined heating system in the vehicular engine for different
ambient temperatures enables to improve the indicators of the duration of coolant and motor
oil thermal development. It is possible at: pre-start and after-start heating by 22.9-57.5% and
25-57%, and for a long storage ranging from 9 to 92 times and from 6.2 to 61 times, without
the engine operation in an idling mode. The use of the combined heating system is generally
effective for pre-start and after-start thermal development of the vehicular engine and for
maintaining it for a long time when it is not running under different climatic conditions. The
peculiarities of the combined heating system components and the technology for use are
chosen depending on operational needs, climatic conditions and the category of the vehicle.

Thus, in order to ensure safety in terms of maintaining the OT of the engine and the vehicle,
it is advisable to use the following options:

¢ heating from T, , to 50°C - SS + RHE and phase-transitional TA;
* heating from 50 to 85°C - SS + RHE and phase-transitional TA;

* maintaining the coolant and MO temperature within ~50°C when the vehicle is stopped -
TA + CTA + TASMO (T,,,,, = 85°C) + TASC (T, ,,, = 85°C) and phase-transitional TA;

HAM HAM

* by total specific indicators - TA + CTA + TASMO (T
phase-transitional TA.

= 85°C) + TASC (T..,., = 85°C) and

HAM HAM

To ensure the harmless environmental impact, it is expedient to use TAEGCS, TA + CTA + TASMO
(T, = 85°C) + TASC (T,,,, = 85°C) and phase-transitional TA.

HAM HAM

To ensure the transportation comfort, it is expedient to use any means of thermal development
in the engine CS. The best of them are - the vehicle - TA + CTA + TASMO (T,,,,, = 85°C), the
vehicle - TA + CTA + TASMO (T, ,,, = 85°C) + TASC (T,,,,, = 85°C) and phase-transitional TA.

HAM HAM

In order to ensure the engine capacity at its start, thatis the ability to have the load on the engine
immediately after its start, it is expedient to use TAEGCS, the vehicle - TA + CTA + TASMO
(T,,,,, =85°C) + TASC (T, ,,, = 85°C) and phase-transitional TA.

HAM HAM

In order to ensure specific efficient fuel consumption when maintaining the OT of engines
and vehicles, it is expedient to use TA + CTA + TASMO (T, ,,, = 85°C) + TASC (T, ,,, = 85°C).

HAM HAM

Definitions/acronyms

CcC catalytic converter

CHS combined heating system
s cooling system

CTA contact thermal accumulator
EG exhaust gases

EGCS exhaust gases cleaning system
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HAM heat accumulating material

HE heat exchanger

ICE internal combustion engine

LS lubrication system

PSASH pre-start and after-start heating

RHE rapid heating of the engine

SS standard system

TA thermal accumulator

TAEGCS TA of EG cleaning system

TASC thermal accumulator for storing a coolant
TASMO thermal accumulator for storing motor oil
UTETA utilization of thermal energy of exhaust gases by phase-transitional TA
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Abstract

This chapter aims to describe the conceptual design and operating mode of an innovative
thermoelectric heating unit (THU) prototype in a heating mode. Firstly, the conceptual
design of THU system and improvements are described to investigate the effects of design in
the thermal performance. Secondly, the THU prototype was compared with a conventional
air-conditioning system using the typical economic indicators (investment costs, mainte-
nance costs and operational costs). The results indicate that the overall cost of this project was
approximately 84,860 Euros, of which 69.27% of the total investment cost are for the engi-
neering costs. By focused on the investment costs of the THU system, the results reveal that
the conventional air-conditioning system is economically viable than a THU system. The
analysis shows that the design has a direct effect on the costs. The maintenance costs show
that THU v1.2 prototype is more economically viable in maintenance than the conventional
air-conditioning system. Likewise, the operational costs show that THU v1.2 had a more sta-
ble thermal behaviour than the conventional air-conditioning system. Based on the results,
the authors concluded that the THU system could be a viable option for a heating room.

Keywords: Peltier, facade, thermoelectric system, techno-economic analysis

1. Introduction

The thermoelectric generators, sometimes called Peltier modules, are semiconductors based on
Peltier effect to pump heat. The advantage of this system is that it can be used in the heating or
cooling mode in a simple way. Due to it, the use of the thermoelectric generators is having a grow-
ing interest in developing new prototypes in the military, industrial and commercial areas [1-5].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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The studies related to the cooling mode have focused their efforts on developing prototypes
[6-12] that dissipate the heat in small applications such as in lasers, personal computers,
refrigerators, cryogenic prototypes, and so on, while heating modes are being applied mainly
in architectural area. The essential concepts of Peltier modules applied in the architecture
have been introduced by Khire et al. [13], who proposed an ABE system that uses solar
energy to compensate for passive heat losses or gains in a building envelope. The authors
discussed the design and optimization of Peltier modules with PV panels in their work.
Under this context, Xu et al. [14] developed various ABE prototypes in a heating mode, using
commercially available PVs and Peltier cells, and Liu et al. [15] designed an ASTRW sys-
tem with thermoelectric technology and PV panels. Likewise, Vazquez et al. [16] described
the basic principles of a new concept for an active thermal wall that improves the current
practice for designing and installing air-conditioning for enclosed spaces. Irshad et al. [17]
designed a solar TE-AD system that employs thermoelectric modules (TEMs) inside an air
duct to provide thermal comfort. In [18], a solar thermoelectric cooled ceiling is combined
with a displacement ventilation system. The prototype was tested in cooling and heating
modes. Other interesting studies [19, 20] described the application of Peltier cells in active
walls, active building windows and thermoelectric ventilators. Recently, Luo et al. [21-23]
proposed a building integrated photovoltaic thermoelectric wall system, which is supported
by the co-work of PV module for solar radiation transformation, air gap for thermal dissipa-
tion and thermoelectric radiant panel system for active radiant cooling/heating. This study
focused on an efficient and accurate system model for the simulation of this system. Wang
et al. [24] develop a thermoelectric heating system powered by renewable energy to reduce
the CO, emission in buildings. According to results, the prototype minimises the energy
demands and therefore reduces CO, emissions.

The studies related to the economic analysis of HVAC technologies emphasise energy sav-
ing in the heating/cooling system [25-27] and the energy demand in buildings [28, 29]. From
the engineering point of view, the number of Peltier cells, the heat exchanger design and the
auxiliary system (fans, back-up system, control system, etc.) are studied in order to reduce
the investment, operational and maintenance costs [30-32]. The purpose of this study is to
present the conceptual design of a THU integrated into ventilated facade and analyse its
economic viability and its thermal performance. To accomplish this aim, the following items
are proposed:

1. describe the conceptual design and the operating mode of an innovative THU prototype;

2. compare the thermal performance of a THU prototype with a conventional air-conditioning
system using the typical economic indicators (investment costs, maintenance costs and op-
erational costs).

This work contributes in identifying the key aspect that may increase the efficiency of the
HVAC systems in ventilated fagades. Also, this research completes the authors’ previous
work [33-37] about the theoretical design and construction of an active ventilated facade with
Peltier modules. The authors are aware that a techno-economic analysis of a THU prototype
has not yet been reported.
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2. Technical description of the thermoelectric heating units

Since 2009, the authors have been working on alternative HVAC systems for buildings. Based
on their previous experience as architects (not engineers) in the area of building services and
energy systems [38], the authors have focused on the design of decentralised ventilated heat-
ing system for new and rehabilitated building envelopes. The result was the construction
of a simplified inhabited housing unit (prefabricated module) with a thermoelectric heating
system. A detailed report on this first THU version (v1.1) and its manufacture has been pre-
sented by the authors in previous works [33-36]. This section provides a brief description of
this first version and presents the improvement of this prototype (THU v1.2). Both prototypes
were installed in a prefabricated test room to analyse their performance under real conditions.

2.1. Thermoelectric system of THU version 1.1

Thermoelectric heating unit (THU v1.1) consists of three subsystems: a heating system, a ven-
tilation system and a control system. The heating system was composed of 84 RC12-8 Peltier
modules (Marlow Industries, Inc.) with a heat dissipation system. The Peltier modules were
placed in groups of two thermoelectric modules, where the Peltier modules were connected
in series and the groups were connected in parallel; altogether, they form 42 groups that
require a voltage of 50 volts and have a heating capacity of 3 kW (3/4TR heating tonnage).
The elements of heat dissipation system are composed of 84 heat pipes, 21 finned heat sinks,
two axial fans (fixed on the facade) and two tangential fans (fixed on the internal chamber). A
schematic diagram of THU v1.1 prototype is illustrated in Figure 1.

The prototype has a control system that supplies electric energy to the system, controls the
auxiliary equipment (fans, sensors, actuators, etc.) and regulates the working operations
(inside temperature). In addition, a protection equipment was included in case of accidents
that basically consists of a PLC, sensors and actuators.

5 " o

Figure 1. Schematic diagram of THU v1.1: (a) parts of the prototype, (b) heating system (heat pipes with Peltier cells) and
(c) external view showing the electrical connection (down) and the ventilation grills (sideways).
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2.2. Thermoelectric system of THU version 1.2

Recently, an improved prototype of the THU v1.1 was designed, named THU v1.2. This sec-
ond version mainly consists of three subsystems: a heating system, a ventilation system and
a control system. The heating system is composed of 20 Peltier modules (Marlow Industries,
Inc.) with a heat dissipation system. All Peltier modules are connected in parallel, require a
voltage of 20 volts and have a heating capacity of 1 kW (1/4TR heating tonnage). The elements
of heat dissipation system are composed of 20 finned heat sinks and four tangential fans. This
second version has more insulation, better heat dissipation and lower power consumption.
Figure 2 shows the outside and inside views of THU v1.2 prototype.

In order to know the economical and thermal viability of the THU v1.2 prototype, an identi-
cal test room was built for a conventional air-conditioning system, as shown in Figure 3. The
conventional air-conditioning system uses inverter technology to regulate the voltage, current
and frequency of an air conditioner so that it consumes only the necessary energy. The used
model in this work is the air-conditioning split (1X1 MSZ-HJ35VA Mitsubishi Split) with a
heating capacity of 3.6 kW (1TR heating tonnage).

To provide a consistent baseline for comparative analysis, the authors show the technical
information for the THU prototype and conventional air-conditioning system (Table 1).

2.3. Design and operating principle

The exterior image in this project is based on an opaque ventilated fagade with an active
mechanism (air grilles) that adapts to different environmental conditions and seeks maxi-
mum efficiency at all times. The activation mechanism adjusts the air chamber ventilation
of the fagcade and the heating system. This means that during winter months, the grilles are
shut to enhance the accumulation of heat inside a room. However, in the summer months,
the grilles are opened to extract the excess heat from the system. It is relevant to mention that
the initial configuration of the active ventilated fagade is in accordance with the requirements
under the regulation of the ventilation of the cavity of the ventilated facade. As is shown in
Table 2, an enclosure of a light sheet metal, as a light element with low thermal inertia that
allows an immediate response to external environmental conditions and a ventilation capac-
ity of 50CFM in the room was selected.

Conditioning
Ly

) L] e}

Figure 2. Integration of the thermoelectric system in THU v1.2: (a) top view, (b) inside view (air inlet and outlet and
ceramic surface) and (c) outside view of the prototype with the grills to dissipate the heated/cooled air.
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Figure 3. Schematic diagram of conventional system v2.0: (a) top view, (b) inside view and (c) outside view.

Parameter/component THU v1.0 THU v1.2 Conventional system V2.0
Internal dimension (m) 40x24x25 3.75x210x2.0 3.75x21x2.0

Facade thickness (mm) 35 160 160

Dimension of chambers (cm) 100 = 10 100 x 10 No

U of the fagade (W/m?K) 0.52 0.21 2.21

Double height No Yes Yes

Roof thickness (mm) 35 127 127

U of the roof (W/m?K) 0.52 0.21 0.21

Floor thickness (mm) 19 195 195

U of the floor (W/m?2K) 5.26 0.29 0.29

Table 1. Technical parameters of the prototypes.

The internal concept of the THU prototype consists of three layers, two air chamber and a
HVAC system (thermoelectric system), as is shown in Figure 4. The first layer (external view)
is composed of the metallic frame with two fans and a heat dissipation system. The fans allow
the entrance of air to the external chamber (chamber connected to the outside environment),
it passes through of the heat pipes and leaves external chamber eliminating the excess heat

Material Thicknesses (mm) A (W/mK) R (m?’K/W)
Sheet metal 0.8 — —
Ventilated air chamber/sealed 100 — 0.18

Inner sheet 177.5 0.163 4.62
Semi-rigid rockwool panel 80 0.034 191
Sandwich panel 35 0.028 1.25
Rockwool panel 50 0.035 1.40
Plasterboard 12.5 0.25 0.05

Table 2. Technical parameters of the active ventilated facade THU v1.2.
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Figure 4. Schematic diagram of the design: (a) THU v1.1 prototype and (b) THU v1.2 prototype.

from the thermoelectric system. A relevant detail in the external view is that for THU v1.1,
two axial fans were used, which were placed on the facade, while the second version THU
v1.2 used two tangential fans, which were fixed in the lower part of the external chamber. This
difference improves aesthetics and heat dissipation in the thermoelectric system.

The thermoelectric system is fixed in the second layer and its function is to separate the two
chambers and supply heat to the room. Finally, the third layer connects the internal chamber
with the room. This is composed of a group of heat sinks and two tangential fans (fixed in the
lower part of the internal chamber). They allow the passage of air into the inner chamber for
supplying hot air in the room. In this model, an air exit grill on the top of the wall was placed
for extracting the cold air of the room.

2.4. Mathematical model

The Peltier modules consist of two or more elements of n-type- and p-type-doped semicon-
ductor material that are electrically connected in series and thermally connected in paral-
lel. These thermoelectric elements and their electrical interconnects are typically mounted
between two ceramic substrates. Applying a voltage to a thermoelectric module creates a
temperature difference. This temperature difference can be used to transfer heat from a cold
side to a hot side and vice versa. Therefore, Peltier modules can be used to control the climate
in rooms: to heat in winter and to cool in summer. In this regard, it is necessary to obtain a
better heat transfer between the Peltier cells and the room air for increasing the heat transfer
area of the ceramic plates with heat sinks [39, 40]. In this section, a brief overview of the basic
equations that influence the functioning of a THU system is presented. The equations that
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mainly govern the thermoelectric effect are the electric power and the heat flow. The electric
power shows the difference between the heat dissipated on the hot side and the heat absorbed
at the cold side of the Peltier modules, and this is given by

P

elect = qhot - qcold =V (1)
where 1is the load current, v is the output voltage, q, is the heat dissipated on the hot side (W)
and q_is the heat absorbed at the cold side of the Peltier modules (w). The heat conduction
from the hot side to the cold side is given by

Gy = K(T-T) (2)
The heat flow is given by

g, = o T-31>R+K(T-T) (3)
and

g, = aIgT+%Ig2R+K(T—TO) (4)

where « is the total Seebeck coefficient (V/K), a = m(@, -« ), the subscripts p and n stand for p-type
and n-type semiconductors, m is the number of Peltier cells, R is the total electrical resistance
(Q),Rr = m(p 1/S, +p,1/S ), p is the electrical resistivity, 1is the length of the semiconductor arms,
S is the cross-sectional area of semiconductor arms, S is the cross-sectional area of semiconduc-
tor arms, K is the total thermal conductance, R = S/ +K S /1, Kk is the thermal conductivity of
the semiconductor materials,I_is the operational electrical current of a multi-couple Peltier cell.

A key parameter used to measure the performance of any air-conditioning system is the COP,
defined as the useful thermal power output per unit of heat power. Its mathematical expres-
sion can be given as follows [42]:

Useful Power (kW)
Cop(thernml) - m (5)

The air-conditioned systems can be used in heating and cooling modes. In this work, the heating
cycle is only considered, so the COP in heating mode for conventional system is given by [43]

T-AT

_ evap
(heat) 1 + T - Tn AT +T (6)

room cond "~ evap

COP,

where T' is the ambient temperature outside the evaporator in the heating mode (K), T is the
room air temperature outside the condenser in the heating mode ('K), T'__is the temperature
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difference between refrigerant in condenser and ambient temperature (K) and T, is the tem-
perature in the evaporator ('K).

In the case of thermoelectric system, the ideal COP in the heating mode is given by [43]

Th 1+Z Tmfl
Cop(heut) = Th - TE 1-2 zZT (7)

m

where T, is the hot side temperature at ceramic plate location in a thermoelectric module (' K), T is
the cold side temperature at ceramic plate location in a thermoelectric module ('K), Z is the figure
of merit of thermocouple and T_is the arithmetical average temperature of a thermocouple('x) .

3. Techno-economic parameters

3.1. Economic indicators

The economic evaluation is based on investment costs, operational costs and maintenance costs.
The investment costs consider the cost of each piece of the prototype, including the electrical
equipment, structure, heating system and instrumentation equipment and electrical installa-
tion. For the determination of the investment costs, these costs were divided into three catego-
ries: engineering costs, supply/handing cost and auxiliary costs. The engineering costs combine
design, manufacturing processes, modelling of the pieces, architectural plans and installations.
The supply/handing costs involve the material supply. In this case, the prices are quoted for
Pamplona, Spain. Finally, the auxiliary costs depend on the finishing touches of the project.

Operational costs refer to the costs for the proper operation of each prototype. These costs mainly
depend on the electrical consumption of the prototype subsystems (cooling-heating system,
ventilation and control system). The THU v1.2 prototype under investigation was designed with
a power nominal consumption of 1 kW, while that the conventional air-conditioning system is
of 1.04 kW.

Maintenance costs consider all types of activities related to the repair and replacement of
damaged pieces in the prototype subsystems. These costs have been estimated based on the
price of the prototype and the maintenance of each subsystem. In the case of the conventional
v2.0 system (Split 1xIMSZ-HJ35VA Mitsubishi), these costs are related to the use of special
chemicals, checking the pressure, voltage drop, amperage drop, cleaning and blowing the
dirty parts. According to [40], the maintenance cost of this system varies from $737 to $2156
Euros each year, depending on the capacity of cooling/heating. It represents between 10 and
20% of the total investment cost of the Split cost. In the case of THU v1.2, the authors have
estimated that the maintenance cost could be approximately 6-10% of the heating system cost.
This estimation was based on 1.5 years of test with the prototype [36].

3.2. Lifetime of the prototypes

The lifetime of the prototypes reflects the useful life of each system or the prototypes during a
determined time. It includes the operational, physical and technological lifetime. In this study,
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the operational lifetime of thermoelectric device reported by Marlow Industries. Inc. [41] is
in the range of 20,000-350,000 h at normal conditions, and Mitsubishi Company guarantees
15 years for inverter air-conditioning [44]. It is estimated that the physical lifetime of the struc-
ture is 30-40 years because the structural design combines durability, resistance and anti-cor-
rosive materials. Also, it is assumed that the technological lifetime of the THU system is as long
as the lifespan of the building (30-40 years), since it has a digital display that allows controlling
the Peltier system and a sophisticated PLC that can be reprogrammed to the user necessities.

3.3. Environmental benefits

In addition to an economic assessment, the THU systems have social benefits that play an
important role in taking care of the environment. In other words, the benefits associated with
the use of THU systems are mainly related to reducing carbon dioxide emission. THU sys-
tems do not emit CO, in the operational and maintenance phase as inverter air-conditioning
systems, because they do not have a working fluid. Therefore, THU systems are a good option
for avoiding greenhouse gas emissions. Their electronic components can also be recycled.
Moreover, a photovoltaic system could be added into this system to generate electricity and
could reduce the annual operational costs, according to [14, 15].

4. Results and discussion

The investment costs of the THU v1.2 prototype and conventional air-conditioning system are
reported in Table 3. The results show that the overall cost of this protect was approximately
84,860 Euros. This cost is because the authors considered the architectural and engineering
aspects of both prototypes. Also, it can be observed that the highest value was for the engi-
neering costs at 69.27% of the total investment cost, so that it is suggested that the designer
has to pay attention for proposing competitive and viable prototypes.

The improvements of THU v1.1 prototype reduced the total investment cost by 30%. This
percentage is directed directly related to the design, manufacture process and size of the pro-
totype. On the other hand, Table 3 shows that the supply/handing cost represented no more
than 18.89% of the investment cost and that the auxiliary cost contributed only 14.54%, as it
was expected. The above data indicate that the design plays an important role in engineering
aspects. This means that the designer should select appropriate construction materials, the
number of Peltier cells and the distribution of each system considering their cost. Also, the
results indicate that the conventional v2.0 system is more economically viable than THU v1.2
because the THU system is the first product built in a prefabricated module. This prototype
would be more viable if a considerable number of THU systems were manufactured.

Concerning manufacturing process of heating system, it was noted that investment costs are
directly influenced by the size and number of Peltier modules, that is, an increase of Peltier
modules increases the number of finned heat sinks, so that the investment costs increase.
Also, the use of heat pipe sinks increases the investment costs by 30%. Although the heat pipe
sinks offer better performance in terms of heat dissipation, the manufacturing process of a
finned heat sink is less complicated than that of a heat pipe sink, so that the finned heat sink
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Description Costs (€)
Engineering costs 68.88%
-Construction of sills, general electricity networks, water and fibre optic installation 18,115.38

-Gardening work

-Manufacture of the heat exchange module based on the Peltier cells 38,829.71
-Design, installation and start-up of equipment for measurement and control

Supply/handing costs 15.22%

-Supply of the materials for the manufacture of the outside coating fagade and the finishes of the 2523.90
test modules

-Supply of insulation: blankets and insulation plates allocated to cover fagades, roofs and floors 2381.40
(inside and outside)

-Supply of materials for the interior walls and flooring of the modules: substructures and 1095.96
plasterboard plate

-Transfer of Rockwool materials

-Supply of four motorised doors to control the ventilated camera 632.80

-Supply and assembly of structures and enclosures 5993.00
-Split 1xX1IMSZ-H]J35VA 3.15 W cool-3.5 W heat MITSUBISHI and miscellaneous accessories 1332.07
Auxiliary cost 15.90%

-Installing the insulation (inside and outside) and coating the walls and floors with plasterboards 1769.68
-Placing metallic elements on the fagades 10,829.71

-Constructing and installing the stairs

-Painting 513.60
-Installing the Split 1xX1IMSZ-HJ35VA 860.53
Total Cost 84,860.10

Table 3. Investment costs of the prototypes v2.0 and conventional air-conditioning system.

is more economic. Moreover, it was seen that an increase in insulation level is beneficial in
reducing heating demand. In the supply cost can be see that represent no more that 16% of
the investment costs. According to the authors” experiences, these costs can be increased or
reduced depending on the location of the supplier. Also, Table 3 shows that the conventional
air-conditioning system is more economically viable than THU v1.2, due to the manufactur-
ing cost.

In regard to the operational costs, two 24-h thermal performance tests in January, from 13:30 to
13:30 h, were carried out in both prototypes, see Figures 5 and 6. Firstly, it was noted that after
30 min, the internal temperature of the room in the THU v1.2 reached 21°C, while in conven-
tional system it was 26°C. In both tests, it was observed that there was a difference of 5°C in the
internal temperature of the room. This means that THU v1.2 prototype could not reach 26°C
in the room. It is because the THU v1.2 prototype was designed with 1/4TR of heating tonnage
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and conventional v2.0 system is about 1TR of heating tonnage. To increase the temperature in
the room, an increase of Peltier modules is needed. Therefore, it was deduced that the number
of Peltier modules have an important impact on the thermal performance of the prototype.

The results showed that THU v1.2 had a more stable thermal behaviour than the conventional
air-conditioning system, despite variation in the outside temperature, see Figures 7 and 8. It
can be claimed that the active mechanism may be a key parameter in the efficiency.

The conducted tests showed that the nominal consumption of the Peltier equipment, with a set
point of 22°C, is approximately 0.45 kW, while the conventional v2.0 system has a consumption
of 0.15 kW, with a set point of 26°C. This affirms that the THU v1.2 design should improve the
physical model of THU v1.2 prototype, and the annual maintenance cost is between 6 and 10% of
the total investment cost of the system. Compared with the conventional air-conditioning system,
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Figure 6. The inside temperature of the room in THU v1.2 and conventional v2.0 system, from January 13 (13:30 h) to 14
(13:30 h) in Pamplona, Spain.
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THU v1.2 prototype is more economically viable in maintenance, so that the conventional air-
conditioning system frequently needs maintenance and the replacement of parts.

The indicator associated with COP heat of the conventional air-conditioning system showed
that it is in a range of 2.6-3, while the THU v1.2 prototype is between 0.46 and 1.07, as is illus-
trated in Figure 9. Considering the annual experimental data, the COP Carnot in a heating
mode for THU v1.2 prototype is between 5 and 18%. Comparing the results of [43], it could be
deduced that the conventional air-conditioning system has a COP of 30%. Thus, it can be noted
that the conventional air-conditioning system is more efficient than the THU v1.2 prototype.
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Moreover, other tests have been published in [45, 46], where it is seen that the power consump-
tion has higher values in Peltier systems, which is associated with the behaviour of Peltier
in relation with the weather. As shown in Figure 10, the THU version 1.1 system consumes
approximately 1.2 kW of power, while the THU version 1.2 system consumes approximately
1 kW. Therefore, the THU version 1.2 THU system has a great economic advantage on the
THU version 1.1 prototype.

In summary, the techno-economic analysis gives rise to several interesting ideas for future
research, such as the inclusion of photovoltaic panels and batteries in the prototypes, which
will create an autonomous and efficient system.

5. Conclusions

The goal of this study was to describe the conceptual design and the operating mode of an inno-
vative thermoelectric heating unit (THU) prototype and compare the thermal performance of a
THU prototype with a conventional air-conditioning system. The analysis of investment costs,

135



136 HVAC System

maintenance costs and operational costs was used as a reference point in the comparison. We
found that the overall cost of this project was approximately 84,860 Euros.

By focusing on the investment costs of the THU system, the results reveal that THU v1.2 pro-
totype design is 30% more economical than THU v1.1 design, due to a better design strategy in
the manufacture process and the dissipation systems. By considering only dissipation systems,
it was noted that the use of heat pipe sinks increase by 30% the investment costs. Although
the heat pipe sinks offer better performance in terms of heat dissipation, the manufacturing
process of a finned heat sink is less complicated than that of a heat pipe sink, so that the finned
heat sink system is more economic.

From a comparative point of view, the results show that the conventional air-conditioning
system is economically viable than a THU system; therefore, if THU was to enter the market,
it is necessary to implement a strategy that reduces costs. Regarding the thermal performance,
the results demonstrate that THU v1.2 had a more stable thermal behaviour than the con-
ventional air-conditioning system. The maintenance costs indicated that THU v1.2 prototype
is more economically viable in maintenance than the conventional air-conditioning system.
Moreover, verifying the environmental benefits between the studied systems, it was found
that the maintenance of a conventional air-conditioning system has a greater environmental
impact than the THU v1.2 system. The authors recommended a life cycle analysis (LCA) of
both prototypes, in order to know the pros and cons of the environment.

Acknowledgements

The authors acknowledge financial support from Conacyt (México), PRODEP, Universidad
de Navarra Project no. 1804805, Ministerio de Ciencia e Innovacién del Gobierno de Espafia
BIA2013-46463-R, Asociaciéon de Amigos de la Universidad de Navarra, Aislamientos San
Fermin, Berotza, Jacar, Rock wool, Teczone, Trox.

Conflict of interest

There is no conflict of interest.

Nomenclature

ABE active building envelope

ASTRW active solar thermoelectric radiant wall
CFM cubic foot per minute

cor coefficient of performance



HVAC

PLC
1%

TE-AD
TEM
THU
TR

Vv

V1.1
vl.2

Greek letters

P
Subscripts
a

C

cond

eva

Techno-Economic Analysis of a Peltier Heating Unit System Integrated into Ventilated Facade
http://dx.doi.org/10.5772/intechopen.76642
heating ventilating and air conditioning
load current (A)
total thermal conductance (W/K)
length of the semiconductors (m2)
number of Peltier cells
programmable logic controller
photovoltaic
heat dissipated
resistance (Q)
cross-sectional area of semiconductor arms (m)
thermoelectric air duct
thermoelectric modules
thermoelectric heating unit
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Energy Storage in Concrete Bed
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Additional information is available at the end of the chapter
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Abstract

The energy storage ability and temperature arrangement of a concrete bed which was
charged and discharged at the same time was examined mathematically in this research.
This was carried out by modeling a single globe-shaped concrete which was utilized to
simulate a series of points along the concrete bed axis. Charging and discharging mode of
the system were compared for 0.0094, 0.013, and 0.019 m?/s air flow rates. Higher change
in temperature response was detected between the charging and fluid to solid heat trans-
fer process at the inception of the concrete bed and the heat gain by the cool air flowing
inside the copper tube was fairly high. The analysis of energy storage efficiency was also
carried out and it was noticed that the globe-shaped concrete of 0.11 m diameter has the
highest storage efficiency of 60.5% at 0.013 m*/s airflow rate.

Keywords: energy storage, heat transfer model, globe-shaped concrete, charging and
discharging

1. Introduction

Heat can be transferred in a concrete bed through the following means: (i) heat transfer by
convection from the bed wall to the fluid flowing inside the bed; (ii) heat transfer by convection
from the globe-shaped concretes to fluid flowing in the bed, and this is known as fluid to
particle mode; (iii) heat transfer by conduction from the bed walls to the globe-shaped con-
cretes; (iv) heat transfer by conduction from one globe-shaped concrete to another, and this is
known as particle to particle mode; (v) heat transfer by radiation; and (vi) heat transfer
through fluid mixture [1]. The modes are as shown in Figure 1.

The particle to particle conduction mode can be further analyzed in axial and radial directions.
Heat transfer through radiation mode will actually be important at higher temperatures.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN
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1- wall o fluid conwvection

2- particle to fluid convection

3- wall to particle conduction

4a - radial particle 1o particle
conduction

4b- axial particle to particle
conduction

Sa- radiant heat transfer between
particles

5b- radiant heat transfer between
wall and particles

Sc- radiant heat transfer between
fluid and particles

6 heat transfer by mixing of fluid

Fluid
flow

Packed bed
wall

Figure 1. Schematic showing the modes of heat transfers in concrete bed.

Practically, it is found that two or three of the modes discussed earlier on can occur simulta-
neously. For example, the conduction between the particles may be affected by the convection
between the particles and the fluid. This interaction among the different modes is one of the
main reasons for the difficulty in correlating the total heat transfer and analyzing the experi-
mental data in this field [2].

This research carried out numerically the temperature distribution in a concrete bed and also
looked into the ability of a concrete bed to store energy simultaneously.

2. Review of literature

Anzelius [3] is the first author to publish a paper in heat transfer through packed beds but
Schumann [4] is usually the first reference cited in most literature [1]. Both authors made some
assumptions in order to find solution to equations that guide heat transfer for an incompress-
ible fluids passing uniformly through a bed of solid particles with perfect conductivity. The
following are the heat transfer equations derived for the system:

57150
T _Ts —Y- N[N —Y- n
<—T(f T )o) = 1o Y M (y2)] = o PE[Z M (y2) @

where T; is the solid temperature, Tis the temperature of fluid and Y and Z are dimensionless
quantities. Egs. (1) and (2) was solved simultaneously and the result were analyzed graphically
to form Schumann curves. Knowing the outlet air and bed temperature, these curves can be
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used to determine the volumetric heat transfer coefficients and also the heat transfer coeffi-
cients of a packed bed undergoing heat exchange with a fluid provided the following condi-
tions which were the simplifying assumptions made by Schumann were satisfied:

1. Due to the infinitesimal nature of the solid particles, resistance to heat transfer was so
small.

2. Resistance to conduction heat transfer in the fluid was so small.

3. At any section of the bed, the heat transfer rate from fluid to solid or from solid to fluid
was directly proportional to their average difference in temperature between the solid and
fluid within the bed.

4. The transport properties of solid and fluid were not dependent on temperature, for exam-
ple the density.

Furnas [5] utilized and expanded the Schumann curves to cover more range of temperatures and
suggested an empirical relation for determination of heat transfer coefficient as shown in Eq. (3):

BG0.7TOA3101A68£—3456 €2
hy = 0.9
dy

®)

where, h, is the volumetric heat transfer coefficient. B is a constant dependent on the bed
material, G is the mass velocity of the fluid, T is the average air temperature, d, is the particle
diameter and ¢ is the porosity.

Saunders and Ford [6] utilized dimensional analysis to derive correlations to calculate heat
transfer coefficient. The research was for spherical shaped alone and the application is not
suitable for other solid particle geometries.

Another correlation for the determination of heat transfer coefficient between gases and ran-
domly packed solid spheres was postulated by Kays and London [7]. Using the Colburn j-factor,
the relationship was written as:

0.3
- R€p0.3

n 4)

where, j, = St.pr*3

200 < Re, < 50,000 and 0.37 < € < 0.39

Lof and Hawley [8] studied heat transfer between air and packed bed of granitic gravel.
Unsteady state heat transfer coefficients were correlated with the air mass velocity and particle
diameter to obtain the equation:

h=0.652 (G/d,)"” ()
This was calculated for 8 mm < d,, <33 mm; 50 < Rep 500 and temperature range of 311-394 K.

The author reached a conclusion that the temperature of the entering air had no appreciable
effect on the hat transfer coefficient.
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Leva et al. [9] studied and analyzed heat transfer coefficient between smooth spheres of low
thermal conductivities and fluids (air and carbon dioxide) in packed beds and tubes of 50.8
and 6.4 mm diameters, respectively. The ratio of particles to tube diameters was varied from
0.08 to 0.27; gas flow rate was of Reynolds number range 250 to 3000. Correlation of film
coefficient was determined as:

h =350 (Dﬁ) ehoat ()07 (6a)

which is approximately:
h = 0.40 (k/D;) (DpG/u) 0.7 (6b)
Or, N = 0.4 Re"” (6¢)

Maximum film coefficient was predicted and verified at a value of Dp/Dt equal 0.153.

Riaz [10] and Jefferson [11] studied the dynamic behavior of beds undergoing heat exchange
with air using single and two phased modes. By incorporating factors of axial bed conduction
and intra-particle resistance, which Schumann ignored, the heat transfer coefficients were
evaluated and found to be 1 + Bi/5 times smaller than those predicted using Schumann curves.

Ball [12], Norton [13], Meek [14], Bradshaw and Meyers [15], Harker and Martyn [16] and also,
Bouguettaia and Harker [17] have all researched on various packed beds using air and other
gases as fluids and have developed correlations involving the heat transfer coefficient.

3. Methodology

3.1. Heat transfer model for a globe-shaped concrete bed

The modeling of heat transfer in a concrete bed was carried out mathematically. It was done
through a single globe-shaped concrete which was simulated mathematically to represent
series of points along the concrete bed axis.

A one dimensional finite difference formulation was used in modeling the single globe-shaped
concrete material, where heat conduction to neighboring globe-shaped concrete was ignored.

Using this assumption reduced the globe-shaped concrete model to that of an isolated sphere
in cross flow, where the total surface area of the sphere was exposed to convection. Also, the
thermal properties of the materials within the bed accounted for temperature dependence.

3.2. Finite difference formulation of a single spherical shaped concrete material

Since conduction to other globe-shaped concrete has been neglected, the geometry allows the
concrete to be reduced to one dimension along its radius.
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A finite difference method was utilized to model this mathematically, [18]. For this approach,
the globe-shaped concrete can be characterized by three different nodal equations:

i.  ageneral, interior node

ii.  the center node

iii. the surface node

All exposed to convection as shown in Figure 2.

For the general and interior node within the globe-shaped concrete model, the conduction
equation for T, is:

or 10 ,0T .
Pccca =y <Kc7 g) T )
where C, = specific heat of concrete.
K. = thermal conductivity of concrete.
g = heat generation.
And this equation was represented in finite difference form.

The specific heat, thermal conductivity, and the heat generation, are temperature dependent
and varied with the temperature along the radial direction.

Because the thermal properties are functions of temperature, and consequently functions of the
globe-shaped concrete radius, the finite difference equations are derived by the volume inte-
gration over a finite difference node.

Multiplying Eq. (7) by #* and integrating both sides of the equation from 7, — Ar/2 to r,, + Ar/2
resulted to:

L1 1
Interbor ndes T

et =) mely

Alr fiowing bnakde the coppar
Tl

Figure 2. Schematic showing the cross-section of the globe-shaped concrete materials imbedded with copper tube.
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Tl T rn.%
oT 0 oT .
pCCca J rdr = J ar(Kcrzar)dr—i— J rzq(r,t)dr (8)
T, _Ar T, _Ar T Ar

n=5 n-% n—5
The specific heat was assumed constant with respect to r, and therefore brought outside the
integral.

By evaluating the integrals in Eq. (8) and representing the derivatives in finite difference form
using the fully implicit method gives:

rn+M ru+&
TZ+1 - TZ 7,3+ - 7,3 i 2
) Trona [ o
T o Ar T, _Ar
n-5f n-5
c Tf“ _ Tf = B 2K 12 dT| % L P37 el (10)
Pete At 3 L2 Ar, |3 .
u—% "*%

(TSI (R L (TEL=TET
e At 3 <(n*) Ar

Z+1 Z+1 T, Ar
K2 Tn+ — Tni—l + Vi+ — 1’%7 +3
c(n=) - Ar qu 3

(11)

ru—%

where T# and T#'! indicate temperatures for an arbitrary node at times +* and t**! respec-

tively.
Also,
W, = WatT#"! (12)
and,
K[T# + K
PO LRSI 13)
also,
Ar
nt — TIn e 14
7 T+ > (14)
Ar
=, —— 15
Tu- =1 = (15)

Eq. (11) can be rearranged and solved for T# plus a known quantity which resulted to:
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(T Ty (112
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.= Ar T 3, — 13
Z+1 TZ BKC o+ TZ+1 TZ+1
PCC PCC —no_ - ( ) n+1 n _
At At . — r3, Ar
n n (17)
e (T -TELY
=7 Ar n
Multiply Eq. (17) by At and divide by p.C, resulted to:
TZH _ 77 _ 3K 1s At [TZ41 - T2+1] -
n n pc m)CC m AT’( n+ _ rzi) n+ n (18)
3Kew )1 At [T2+1 - 7241 4 3Atq,
pc(m)cc (m) AT’( Y+ — ri—) " " pc(m)cc(m)
.'.TZ 4 3Atqn _ TZ+1 _ 3KC(H+)1’ﬁ+Af [TZ+11]
! Pe(m) Cc(m) " pc(m)CC(m)AT(Ti+ — 7’3,) et
3K (P2 At 3K (n r At
e | [T + | 751+ (19)
pc(m)CC(m)Ar(r3+ - rn*) pC(m)CC (m) ( Tae = rn*)
Koy 13- At [TZ4]]
Petm CetmAr (1 =13 ) | "7
Collecting the like terms from Eq. (19) yielded:
3Atg 3At K 12
.z c(n”) Z+1
Tn+ Cn = C A 3 ’; [Tnjl}+
PemCetm) | \Pen) CetmAr ) (13 = 13-
K n- 2 K nt+ 7‘2+
1+ 3At ( o( )rg + 35( ) ) I:T5+1:|_ (20)
Pe(m) Celm A7 (m- —13)

Kc<n+)7”21+

3At
Pe(m) Cem) AT

)

This resulting equation is valid for any general, interior node within the globe-shaped concrete

0<r,<R.

At the center node, where r,, = 0 the temperature profile is axisymmetric, and & =

=0, whenr=0

thus, the temperature on either side of the node is equal.
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Z+1 _ mZ+1
Tnfl - Tn+1

likewise, Koy = Kty

~.Eq. (20) simplified to:

Atg 6A
TZ + n — TZ+1 _ Kos TZ+1 (21)
n pc(m)Cc(m) n Pc(m)cc(m)Arz c(nt) n+1

This occur at r,, = 0.
This simplified form of Eq. (20) was used to represent the center node.
The conduction through the surface of the globe-shaped concrete is equal to the convection at
the surface.

KOT

So— K— = —Uc(Tr=r — T 22
arat,r:R C( =R ) ( )

However, this boundary condition cannot be directly represented in finite difference form,
since such formulation requires a volume element and Eq. (22) applies at a point.

Instead a first law energy balance was utilized to obtain the nodal equation for the surface of
the globe-shaped concrete. This energy balance can be written as:

Ein - Eout + Egen = E.st (23)
where,
. or
E, = _KAE (24)
Equ = UcA(T — Ty) (25)
Egm = qV (26)
. oT
Ey = pCV — 27
st =P ot (27)

Representing Eq. (23) in a finite difference form consistent with Eq. (20) and (21) resulted to:
oT oT

—KA——-UA(T-T iV = 2
5, ~ UcA( ) +4V =pCV 5 (28)
This can be written in finite difference form to give:
TZ+1 _ TZ+1 4
—Anr? K- Y 1=l AU (TA - Ta) + g”(”i —-1)4, =
4 3 5 TZ+1 _ TZ (29)
37Cu(r =1 ) =

where, U, = convection coefficient.
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Solving for T# plus known quantities involving § and U, in a similar manner to Eq. (20) and
(24) resulted to:

—4n? K, TAYY  —4m? K, T4
Ar Ar

— 4P Uc T4 — AP U Tt

(30)
PSP I S WS I
37 = )iy = 3 mpCu =t T = o mpCy T
Multiply Eq. (30) by At and divide by §7p(r; — 13- ) resulted to:
3At (12 Ky 3At "
TZ o TZ+1 _ [ TZ+1 o n TZ+1
oo ArpC, (r% - rﬁ) " ArpCy \13 —13_ 1t 1)
BAUC (7 g BMUc( R\ g,
pCo \15-13-) " pCu \15 — 13- e
At . 3AtUc [ 1 3At 2 K,
TZ = n - _ n- "M TZ+1
o (e <r§ - r;’;) (Aran B ) * )
Ly A (K BAMUC 2 ]
pCuAr \13 — 13 pCy \©3—1r3 )] "
3At 72K,
TZ — _ n- "M Z+41
" (Aran - rﬁ) 1t
(33)

14 3At (72K, +3Atuc r gz At p CBAtUc (-
pCulAr \13 —13_ pCy \B3 =13 )" pCy'" pCyp \r3—r13_

Egs. (20), (21) (32) and (33) constitute a system of algebraic equations for heat transfer model-
ing in globe-shaped concrete.

4. Result and discussion

The values of Eq. (33) are obtained from the values in Table 1. Since the thermal properties are
constant, average temperatures could therefore be used to determine thermal properties of bed
materials.

The following data were obtained from the theoretical/mathematical modeling carried out on
thermal performance of packed bed energy storage system as shown in Figure 3.

The following are the definitions of the symbols:
Time = the interval time of measurements, in minutes.
Ts.in = the inlet air temperature to the packed bed storage tank in °C.

Ts.out = the outlet air temperature from the packed bed storage tank in °C.
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Parameters Values
Airflow rate 0.01316 m®/s (28 cfm)
Air—density 1.07154 Kg/m?
Air—specific heat capacity 1008 J/Kg K
Concrete—density 2400 Kg/m®
Concrete —specific heat capacity 1130 J/Kg K
Copper tube —density 8900 Kg/m?
Copper tube—specific heat capacity 384 J/Kg K
Area of globe-shaped concrete 0.013 m*

Area of copper tube + header 0.664 m*
Volumetric heat transfer coefficient 106.5 W/m® K

Table 1. Modeling parameters.
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Copgrer
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- o Concrete
P
-
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Figure 3. Schematic of the storage tank systems.

Trin = the inlet air temperature to the copper tube in °C.
Tr.out = the outlet air temperature from the copper tube in °C.

Ta1, Taz, Tas, and Tay = the air stream temperatures (°C) through the bed at different heights
of the storage tank 117.5, 235, 352.5, and 470 cm, respectively.

Tei1, Teiz, Teis, and Ty = the core temperatures of the globe-shaped concrete (°C) through the
bed at different heights of the storage tank 117.5, 235, 352.5, and 470 cm, respectively.

Thi1, Thiz, Teis, and Tgg = the temperatures of air flowing inside the copper tube (°C) through the
bed at different heights of the storage tank 117.5, 235, 352.5, and 470 cm, respectively.
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Terr, Terzs Ters, and Ty = the temperatures of the contact made between globe-shaped concrete

and imbedded copper tube (°C) through the bed at different heights of the storage tank 117.5,
235, 352.5, and 470 cm, respectively.

Tu, T, Tis, and Ty = the surface temperatures of the copper tube (°C) through the bed at
different heights of the storage tank 117.5, 235, 352.5, and 470 cm, respectively.
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Figure 4. Average temperature measurement of charging packed bed storage system for globe-shaped concrete of size
0.11 m diameter and flow rate of 0.0094, 0.013, and 0.019 m°/s.
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Figure 5. Average temperature measurement of charging packed bed storage system for globe-shaped concrete of size
0.08 m diameter and flow rate of 0.0094, 0.013, and 0.019 m>/s.
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The results of the experimentation were shown in Figures 4-6 for globe-shaped concrete of
size 0.11; 0.08 and 0.065 m diameter respectively while the discharging only temperature

measurements were shown in Figures 7-9 respectively for air flow rate of 0.0094, 0.013, and
0.019 m’/s.

Airflow rate

—o—0.0094cubic m/s

——0.013cubic m/s

Temperature (°C)
o5 38888838

—a— 0.019cubic m/s
My I I % 4
ST PR ELELEPLEL

Figure 6. Average temperature measurement of charging packed bed storage system for globe-shaped concrete of size
0.065 m diameter and flow rate of 0.0094, 0.013, and 0.019 m?/s.
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Figure 7. Average temperature measurement of discharging packed bed storage system for globe-shaped concrete of size
0.11 m diameter and flow rate of 0.0094, 0.013, and 0.019 m?/s.
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Figure 8. Average temperature measurement of discharging packed bed storage system for globe-shaped concrete of size
0.08 m diameter and flow rate of 0.0094, 0.013, and 0.019 m°/s.
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Figure 9. Average temperature measurement of discharging packed bed storage system for globe-shaped concrete of size
0.065 m diameter and flow rate of 0.0094, 0.013, and 0.019 m®/s.

Figure 10 presents the comparison of the temperature variations with time at Ts-in, Ts.out Teoins
Teour Tatr, Taz Tas Tas, Teir, Teiz Teia, Teias Ter, Ty Toiz Teias Terrs Tews Tews, Teras Ter, Teoy Tig, and Teg
during the simultaneous charging and discharging while Figure 11 presents for discharging
only. The comparisons were presented for air flow rates of 0.0094, 0.013, and 0.019 m?/s.
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Figure 10. Comparison of average temperature measurement of charging packed bed storage system for globe-shaped
concrete of size 0.065, 0.08, 0.11 m in diameter and flow rate of 0.0094, 0.013, and 0.019 m%/s.

These figures show that the difference of the temperature response between the charging and
fluid to solid heat transfer process at the initial period (<30 min) of the packed bed was large
(large inlet-outlet temperature difference means large heat supply), and the heat recovered
by the cool air (approximately 27°C) flowing inside the copper tube was fairly high (larger
inlet-outlet temperature difference compared with the later period indicates larger heat
recovery).

Therefore, a relatively large part of the heat supplied by the simulated air heater was used to
heat the air flowing inside the copper tube through conduction and convection and also stores
the rest for continuous usage.

The following are the storage efficiency for globe-shaped concrete of size 0.11 m, 0.08 m and
0.065 m diameter at airflow rate of 0.0094, 0.013 and 0.019 m*/s (Figure 12):

For 0.11 m diameter globe-shaped concrete:
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Figure 11. Comparison of average temperature measurement of discharging packed bed storage system for globe-shaped
concrete of size 0.065, 0.08, 0.11 m in diameter and flow rate of 0.0094, 0.013, and 0.019 m?/s.

i.  Storage efficiency at air flow rates of 0.0094 m/s = 40.7%
ii. Storage efficiency at air flow rates of 0.013 m*/s = 60.5%
iii. Storage efficiency at air flow rates of 0.019 m*/s = 57.5%
For 0.08 m diameter globe-shaped concrete:

i.  Storage efficiency at air flow rates of 0.0094 m/s = 23.5%
ii. Storage efficiency at air flow rates of 0.013 m*/s = 51.3%
iii. Storage efficiency at air flow rates of 0.019 m*/s = 50.2%
For 0.065 m diameter globe-shaped concrete:

i.  Storage efficiency at air flow rates of 0.0094 m/s = 14.8%
ii. Storage efficiency at air flow rates of 0.013 m’/s = 35.06%

iii. Storage efficiency at air flow rates of 0.019 m*/s = 40.3%
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Figure 12. Storage efficiency of simultaneous charging and discharging packed bed storage system for globe-shaped
concrete of diameter 0.065, 0.08, 0.11 m and air flow rate 0.0094, 0.013, and 0.019 m%/s.

5. Conclusion

The study led to the following findings and conclusions:

1. The mathematical model developed can accurately predict the temperature within the
concrete bed for energy storage purpose.

2. The steady intermittent input temperature variation actually led to continuous discharge
temperature at the copper tube outlet.

3. The mathematical model may be extended to specify the packed bed storage system
dimensions.

4. Globe-shaped concrete of 0.11 m diameter has the highest storage efficiency of 60.5% at
0.013 m%/s airflow rate.
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