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Predictions from ceiling jet theory

The us:lza! practice to avoid draught in cooling situations is to dimension the separation distance
of the jet to t:-e a fraction of the throw of the isothermal jet, see references (4) and (5). This
amounts to saying that the maximum velocity in the occupied zone (u,._,) is proportional .to the
velocity of the jet (u,) at the separation point (x,). Thus assuming s?rﬁilarity equations to be

valid, the following proportionality was found (3) for radial and three dimensional ceiling jets

u,. ~u, -~ Kq;”uomlxﬂ ~ At'2K "(qfu) = At'PK "a&"‘ )

whe:F the effects of the temperature difference (At), air flow rate (qo), supply air velocity (u,)
opening area _(ao) and velocity constant (K) are shown. At a constant supply temperature t}on;
equation predicts constant thermal comfort when the opening area is fixed. This important
flndll'fg. 1s supported by measurements of the radial case except at very low air flow rates and
velocities, when the flow structure changes and also temperature has more effect on COI';‘lfoﬂ
The c'ffect of the supply air area is quite small: a 50 % reduction in the area will decrease Lht;
veloc!ty by-o'nly 16 %. 1t is surprising that the mixing properties of the jet (small K or large
effective oz?gm] have negative effect in the radial case (n = -1/2) and no effect (n = 0) in t\so
and three dimensional cases. A negative n-value is supported by the fact that the simple radial
dtffus‘cr was better than the multinozzle radial diffuser in the experiments. The correspondin

equation f9r the two dimensional jet (3) shows that only the air flow rate per width has im ortg—
ance: this is confirmed by the results of the slot diffuser in Fig. 6 and may be the reaso.n foE the

air flow ]mut_for other diffusers as well. The above reasoning is valid up to the point where the
throw of the jet comes close to the room dimensions.

DISCUSSION

Air flow rates up to 8 /s are possible at temperatures of 0 °C and -20 °C i i
_velocny is higher than 2 - 3 m/s and the draught criterion is based on aOZOC‘R:fI;tZIsg? F(;Ii)s:s::
isfied occupants. This is an improvement compared with the products found on the market
Better comfort can be achieved by using the convective heating power which is greater than is-
needed solely for ventilation. The heater should be of the convective type. The properties and

locations of the heater, outdoor air inlet and f1 i
or 5 ow obstructions should be well
predictions can be found using jet theory. i plimen- Tt
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ABSTRACT

Many existing buildings were designed for relatively low rates of outdoor air ventilation
(2.5 I/s/occupant or 5 cfm/occupant). Nevertheless, building owners and managers face
requests by occupants and consultants to raise outdoor ventilation rates in order to
satisfy demands for improved indoor air quality. This paper examines the feasibility.
and potential energy and IAQ impact of attempts to raise outdoor ventilation rates
tfrom 2.5 to 10 V/s/occupant (5 to 20 cfm/occupant) in existing buildings. A parametric
analysis using DOE-2 simulations was used to generate both energy and indoor air
quality data. Our analysis suggests that the energy impacts are minimal, but that
capacity problems are sometimes encountered when ventilation rates are raised in
existing buildings.

INTRODUCTION

ASHRAE’s latest ventilation standard (Standard 62-1989) increases outdoor air
ventilation rates from 2.5 to 10 liters per second per occupant (5 to 20 cubic feet per
minute per occupant or cfm/occ) for office environments. Many owners and managers
whose buildings were designed under the old standard, face requests to meet the new
outdoor air standard. This constitutes a four-fold increase in the amount of outdoor
ventilation air required. This recommendation is a contradiction to commonly
accepted energy conservation practices focused on keeping the outdoors out, and it
raises the question of whether or not such a change will overload the ventilation
equipment.

Several perspectives of the relationship between energy use and outdoor air flow rates
are available in the current literature [2,3,4,5,6,7). Some reports suggest that
increasing outdoor air ventilation rates causes only a marginal increase in energy use
[2,3,4]. However, these studies do not evaluate the relative effects of various building
designs, HVAC system types, or outdoor air flow control strategies, and they do not
address the issues faced in raising outdoor ventilation rates in existing buildings.

In order to develop an improved understanding of the relationship between outdoor
air ventilation rates, energy use, and 1AQ in office buildings, a study was initiated at
the Indoor Air Division of the Environmental Protection Agency. The two main
purposes of this study are: (1) to determine the impact of increased outdoor air
ventilation rates in commercial buildings; and (2) to determine the energy and [AQ
performance of various ventilation system configurations, IAQ control measures
(ICMs), and energy conservation measures (ECMs).

This paper presents preliminary findings from a portion of this study dealing with the
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energy use impacts of changing outdoor air and VAV box damper settings to increase
outdoor air flow rates. Data are presented for a few selected cases only. More
complete results on IAQ control measures, energy conservation measures and [AQ
performance will be presented in subsequent papers.

GENERAL APPROACH

Re.su!ls have been prepared for five building configurations only, designated as
buildings "A" through "E". These are all multi-story office buildings with central
HVAC systems. Building A (the base building) has an occupancy of 13 square meters
per person (143 square feet per person), a perimeter to core space ratio of 0.84
l_\"‘p'lCEll shell efficiencies (RSI-value = 1.8, infiltration = 0.5 ACH), and typical ‘
efficiencies for the boiler (Eff = 70%) and chiller (EER = 10.0). Variations around
the base building (Buildings B through E) are shown in Table 1.

Table 1: Design parameters for selected base case buildings

Building Primary design parameters

A. Base case (see text)

B. Core-dominated perimeter/core ratio: 0.33

C. High occupant density occupant density: 6.2 m%joce
D. Efficient shell

wall and roof RSI-value: 3.52 W/m2/°C

infiltration: 0.5 ACH
E. Efficient HVAC equipment boiler efficiency: 80%
chiller efficiency: 12.0 EER

The data for this project were generated using the DOE-2.1d building energy
computer simulation model [8] for a temperate climate (Washington, D.C.). Five
different HVAC systems including constant volume (CV) and variable volume (VAV)
supp!y systems with different outdoor air control strategies were modelled in each of
the five buildings: (1) CV with constant outdoor air flow; (2) CV with air
economizer; (3) VAV with fixed damper; (4) VAV with air economizer; and (3)
VAV with constant outdoor air flow.

P}H energy data were sorted into three bins. The bins were defined by a few
significant .outdmr air temperature conditions. The first bin was -18 to 13°C (0 to
5§°F}. Thirteen degrees celsius (fifty-five degrees fahrenheit) is the transition outdoor
air temperature at which the building’s heating energy requirements begin (i.e. the
buﬁdmg‘s_ balance temperature). The second bin is from 14 to 26°C (56 to T9°F).
T’wenty-suc degrees celsius (seventy-nine degrees fahrenheit) is the approximate room
air temperature - the point at which warmer outdoor air becomes a sensible coaling
burden to the building. (When outdoor air at less than 26°C (79°F) is drawn into the
supply air stream at the main cooling coil, instead of warmer recirculated air, the
temperature of the air at the cooling coil is marginally reduced, thereby resulting in a
reduction in cooling energy use - or an energy saving bonus). The third bin is from 27
to 38°C (80 to 100°F). In this temperature range, the whole building is expected to be

in a cooling mode, and all outdoor air drawn into the supply air stream should result
in a sensible cooling energy increase.

CAPACITY LIMITATIONS IN EXISTING BUILDINGS

The five HVAC configurations in each building were designed to operate at outdoor
air flow rates of 2.5 I/s/occ (5 cfm/occ). When control settings were increased to 10
Ifs/oce (20 cfm/focc), most systems experienced capacity problems which resulted in the
loss of control of space temperature and humidity conditions. However. increasing the
design cooling capacity by approximately 10 to 20 percent eliminated the temperature
control problem in most buildings. This suggests that unless existing buildings
designed under the old ASHRAE standard have some €xcess capacity, meeting
ASHRAE Standard 62-1989 may not be feasible until the capacity issue is properly
addressed. A more detailed analysis of the relationship between heating and cooling
capacities, space temperatures, and humidity levels is currently underway.

BUILDING ENERGY USE PATTERNS

DOE-2 simulations were used to generate energy data for HVAC equipment which
was sized to meet the higher 10 I/sfocc (20 cfm/oce) requirement. (Heating and
cooling coil loads (kWh or MBtu) were used as surrogates for analyzing heating and
cooling energy use respectively, since the detailed hourly coil load data were available
in DOE-2.) Analysis for the base building (Building A) with a VAV system and a
fixed outdoor air damper is shown in Figure 1. The cooling coil load has been
subdivided into its two component loads: the sensible cooling load and the latent
cooling load. The heating coil load increases in the winter (Bin 1) with the higher
outdoor air flow rate. The sensible cooling coil load increases in the summer (Bin 3)
with a higher outdoor air flow rate. However, the sensible cooling coil load drops in
the winter (Bin 1) and intermediate spring and fall seasons (Bin 2). Latent cooling
loads increased most in the warmer summer weather (Bin 3), with a moderate decline
in winter (Bin 1). Overall, the building experiences a moderate net annual increase in
both heating and latent cooling energy use, and a decrease in sensible cooling with
increased outdoor air flow. This net annual result is a function of the energy pattern
in each bin, and the proportion of the year spent in each bin.

Binned energy use results for the core dominated building (Building B) with a Ccv
system and a constant outdoor air flow control strategy are shown in Figure 2. The
heating coil load for this building increased with increased outdoor air flow in the
winter (Bin 1). However, the drop in sensible cooling load in the winter (Bin 1) and
spring and fall seasons (Bin 2) was considerably greater than in the previous case. As
expected, the latent cooling load experienced its greatest increase in the summer

(Bin 3).

OTHER BUILDING CONFIGURATIONS

The overall effect of an increase in outdoor air flow rate from 2.5 to 10 Vs/occ (5 to 20
cfm/occ) on total annual HVAC energy costs for the temperate Washington, D.C.
climate is shown in Table 2. This confirms other authors’ conclusions that the energy
impact is typically quite minimal. Our analysis shows that it may result in annual
energy cost savings for some buildings.
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Figure 1: Change In coll oads with Increased outdoor air tiow rate
for Building A with VAV esystem and fixed outdoor alr damper.
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Figure 2: Change In coll loads with increased outdoor alr flow rate
for Bullding B with CV system and constant outdoor alr flow.
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Table 2: Percent change in building and HVAC energy cost

and use for various building configurations

Case #1 #2 #3 #4 #5
CV/ECON CV/COA VAV/FIX VAV/ECON VAV/COA
Change in HVAC energy use
A Base case  heating 1.5% 25.9% 16.9% 19.6% 21.7%
cooling 2.3% 2.3% 2.3% 23% 2.3%
fan 0.5% 0.1% -0.8% 0.7% -0.7%
Change in HVAC energy costs’
A Base case 2.9% 2.2% 3.0% 4.0% 2.1%
B Core-dominated 1.6% 0.1% 1.8% 4.2% 1.8%
C High occupant density 3.1% 1.5% 5.4% 7.1% 5.7%
D Efficient shell 3.0% 0.0% 0.4% 2.9% 0.R%
E Efficient HVAC equipment 2.9% 2.2% 2.8% 3.7% 2.1%
Change in building energy costs
A Base case 1.2% 1.0% 1.2% 1.5% 0.8%
B Core-dominated 0.6% 0.0% 0.6% 1.4% 0.6%
C High occupant density 1.4% 0.7% 2.4% 2.9% 2.4%
D Efficient shell 1.2% 0.0% -0.2% 1.0% -0.3%
E Efficient HVAC equipment 1.1% 0.9% 1.0% 1.2% 0.8%

* Rate Structure: $2.00/kW; 30.07/kWh; $0.16/m

Although this paper presents only the impacts of increased outdoor air flows tor
huildings located in Washington DC. the results show that increased outdoor air tlow
during hot weather (Bin 3) will result in increased cooling energy use. This cooling
energy increase is a function of two factors: (1) the number of hours of occurrence of
hot weather, and (2) the actual increase in the volume of outdoor air flow achieved by
the HVAC system configuration of interest. Thus, for any location with a climate that
has more hours of hot weather than Washington DC, greater increases in cooling
energy costs should be expected.

The impacts of increased outdoor air flow in the winter is not as straight forward.
Because of the need for concurrent heating and cooling in commercial buildings in the
winter, the introduction of cold outdoor air into a building both helps and hurts. The
cold air reduces cooling energy use, but increases heating energy use. This problem is
further exacerbated by reheat systems. Thus, depending on the HVAC system type.
and the relative magnitude of heating and cooling loads (i.e. other building design
parameters), the net effect of increased outdoor air flow in the winter season (Bin 1)
is highly variable. For the special case of buildings with high internal gains (e.£.
Building C), the results shown that energy costs increase significantly in all weather
conditions.
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CONCLUSIONS

Buildings designed for 2.5 I/s/oce (5 cfm/oce) of outdoor air per occupant may
experience capacity problems if outdoor air settings are increased to 10 I/s/oce (20
cfm/oce) per occupant, Buildings designed for 2.5 I/s/oce (5 cfm/oce), but with slight
excess capacity (about 10 to 20 percent excess cooling capacity for temperate
climates), appear to be capable of meeting the 10 I/s/occ (20 cfm/oce) requirement of
ASHRAE 62-1989. When the extra capacity is not available, problems in maintaining
thermal comfort may be significant uniess the capacity issue is properly addressed.
Caution needs to be exercised when advising building owners to increase outdoor air
flow rates in existing buildings.

The energy cost impacts of increased outdoor air flows are dependent on the relative
changes in heating and cooling energy occurring in each of the three seasonal
temperature bins introduced in this paper. The increased cooling energy demand in
summer and heating energy demand in winter is counterbalanced by decreases in
cooling energy demand in winter and the transitional seasons. The effect on annual
energy cost depends on the relative magnitude of these changes, the relative
importance of the temperature bin for that climate zone, and the relative prices of gas
and electricity. The net effect typically results in a marginal increase or a slight
decrease in energy costs. Warmer climates will eXperience a greater energy cost
increase due to the larger increase in both sensible and latent cooling loads. Colder
climates will have mixed results, but buildngs with high internal gains will likely
experience a higher energy cost increase in colder climates.
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ABSTRACT

i i i oncurrent with
rs was used 10 evaluate air contaminants in 36 spaces, ¢
e ot ‘ggﬁasterﬁnoed sensory evaluation panel. Data were processed bg _e;ciljvanoe_d pa?lir;on
’,:Sog;ﬁfign l.g:hnique.s to discern patterns relating sensclbé r;:dmﬁ:i; t[(; ;t‘:.u::m la mogafn a;r n%or it
el i ipol. The mean vote of the panel cou predic > 1 2.
otk prone iati decipol, comparing favorably with pane i
i deviation of error of 2.4 decipol, comparin |

dwpﬁérasgt:ssﬁg?alle:;:ces with 2.1, and 2.9 decipol respectively. }V&:ﬂe the ghsgL; f0‘1‘;1 gns
megl are promising, the small number and variety of sample spaces limit m?)gqncon o
i;go}érﬁzcg panems.‘ Additional work to extend the capabilities of this me is ongoing.

INTRODUCTION

A technique for direct measurement of ilndoo; :urd pollud(?poi mme)nﬁvex &;spu;aebnlsofrc‘rv l:)l‘.llll‘;lmg
i ics and for continuous monitoring of indoor envir : A

glllaog\?::sfncéol actions such as modulation of outdoor a;i I;nd zoggl%an:zp%rsmﬁzgi?}g;%ggi

i j ing devices, or alarming of unhealthy conditions. us al
e e ions of gases and vapors in air, and even a

i ist for measurement of low concentrations of gases .
?i? gﬁi:ﬁ; priced sensors can monitor fairly low concentrations of sonée cn%T&o;;;lshumm
These measurements are not representative indicators of LAP, because they do

response.

One of the most promising proposed indicators of IAP is the sensory e}'ai;.l?tior!-bﬁd gecapo]
scale, because it focuses on hurnan response (Fanger, 1988). The dec1pcib is pn;nso )i'n -
measure of unpleasant odor concentration, but may also be affected by other ajsﬁ ma:’ym ?) -
While the human olfactory organ is a very s.eb:;itiwe dete:l:_;c:er éaf arr?;nd{e cgzgved s
concern in indoor air, the receptors quickly become satu - A e peresiyel o
diminishes. To avoid this adaptation to odorous environments, % e e O

i j d from a clean environment, usually outdoors, and quickly
?&g;%ﬁfﬁ;mjﬁﬁzl perception. To maintain consistency in judging the decipol level,
panelists must undergo a daily calibration.

Practical problems in using the decipol to judge the pollution level ;r; I:;rzdc_;or envgg:gz:gtg e
includes the inability to perform continuous measurements, daily calibration :% : f.echniqt;e: .
lack of portability of a panel of 10 people or more, and the overall qxpens:,h ol habve s oy
a measure of IAP, the decipol is essentially limited to those contaminants ; KRG M am.
Odor can not be a complete indicator of IAP however, even when considera rol B
gaszous contaminants. Carbon mouoxi:;de is gommggoa:gxﬁﬁg;&g]g tl::rgct Lok

d ot have a detectable odor. In general, im
gffeng?& 1;xposure will not necessarily correlate with odor response.

i = ing features:
i i for measuring IAP would have the following o
- l{je!? se;rf-mgusi{f:}i?t r?arsi%nse forgodors. unhealthful non-odorous compounds. a:[?dlmmns
2. Cuﬂbilif;? to perform real-time measurements without sensors becoming satural
3. s;pble and accurate operation without frequent calibration
4, portability for diagnostic activities )
5. Is)r‘r)lall sizg’ and low cost for permanent installation



