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ABSTRACT 

Different ventilation strategies to improve indoor air 
quality and to reduce HVAC system operating costs ina restau
rant with nonsmoking and smoking areas and a bar are 
discussed in this paper. A generic sitting-type restaurant is 
used for the analysis. Prototype designs for the restaurant 
chain with more than 200 restaurants in different U.S. climates 
were analyzed to collect the information on building envr:lope, 
dining area size, heat and contaminant sources and loads, 
occupancy rates, and current design practices. 

Four constant air volume HVAC systems with a constant 
and variable (demand-based) outdoor airflow rate, with a 
mixing and displacement air distribution, were compared in 
five representative U.S. climates: cold (Minneapolis, Minn.); 
maritime (Seattle, Wash.); moderate (Albuquerque, N.Mex.); 
hot-dry (Phoenix, Ariz.); and hot-humid (Miami, Fla.). 

For all four compared cases and climatic conditions, 
heating and cooling consumption by the HVAC system 
throughout the year-round operation was calculated and oper
ation costs were compared. The analysis shows: 

Displacement air distribution allows for better indoor air 
quality in the breathing zone at the same outdoor air supply 
airflow rate due to contaminant stratification along the 
room height. 
The increase in outdoor air supply during the peak hours in 
Miami and Albuquerque results in an increase of both heat
ing and cooling energy consumption. In other climates, the 
increase in outdoor air supply results in reduced cooling 
energy consumption. 
For the Phoenix, Minneapolis, and Seattle locations, the 
HVAC system operation with a variable outdoor air supply 
allows for a decrease in cooling consumption up to 50% 

and, in some cases, eliminates the use of refrigeration 
machines. 
The effect of temperature stratification on HVAC system 
parameters is the same for all locations; displacement 
ventilation systems result in decreased cooling energy 
consumption but increased heating consumption. 

INTRODUCTION 

During the past twenty years, displacement ventilation 

has been common in industrial facilities in Scandinavia. More 
recently, it has been used to ventilate offices, restaurants, bars, 
department stores, lounges, and other commercial spaces. In 
1989, it was estimated that displacement ventilation 

accounted for 50% of the Scandinavian market share in indus
trial applications and 25% in office applications. Displace
ment ventilation is becoming more popular in Germany, 
United Kingdom, Switzerland, and some other central Euro

pean countries. 

Due to its popularity, displacement ventilation was spec

ified for a wide variety of applications in Europe, whether or 

not it had advantages, and provided better indoor air quality 
compared to mixing systems. 

In the U.S., the consulting engineering community, which 
is the largest group making systems application decisions in 
new and remodeled buildings, has little awareness of displace
ment ventilation. Outside of special situations (e.g., research 

laboratories, clean rooms, etc.) room air heating/cooling is 
seen as very straightforward, using tried and true technologies 
conforming to design basics and guidelines that have been in 
place for at least 30 to 40 years. This is particularly true in the 
commercial building market, where low cost and price 

competitiveness are at the top of the list of design require
ments. Dilution mixing type ventilation has long been the 
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standard, and only client demand, special building needs, or 
clear economies will likely spur today's engineers to experi
ment with the displacement ventilation approach'. · 

. 

The misuse of displacemenl ventilation can be reduced by 
applying current knowledge about lhese systems and by an 
economic analysis oft.he system. Some of the ge�eral liIUita-
tion� of displacement ventilation are listed below. 

· 

It is not for applications where contaminants do not have a 
heat source nearby t.o create thermal plumes with enough 
airflow capacity to carry the contarnin.ants to the upper zone 
of the room. 
The supply air cannot be heated above the desired room air 
temperature, requiring a separate heating system with 
; displacement ventilation. 
High cooling capacity cannot be achieved due to comfort . 
criteria limiting the maximum vertical temperature gradient 
in the occupied zone and abnormal air velocity near the 
floor level. Practical ex(J\:l'ience collected by different 
manufacturers indicates that tl'ie cooling load tl1r0ugh the 
:air supply typically sh1ould not exceed 40 W/rn2 (12.7 Btu/ 
[h·ft2]) for commercial spiic� ,when regular displacement 
ventilation air diffusers are used and cari be increased to 60 
W/m2 (19 Btu/[h·ft2]) with induction-type air diffusers. 
Other cooling systems (e.g., cooling ceilings) ma.y be 
needed. 

,• It works best in rooms with a height of 3 m (10 ft) or 
more.' :i 

To allow for a broader applicat�ofj of displacement venti-
1ation systems in the U.S. market, currently available infor
mation on displacement ventilation systems has been gathered 
from numerous sources and included in a comprehensive a�al- , 
ysis (Zhivov et al. 1995). This info�ati�n, together with the 
results of original studies conducted by an international team 
(Zhivov et al. l 997a), resulted in a user-friendly design proce
dure (Zhivov et al. 1997b). This paper presents the economic 
comparison of displacement and mixing type air distribution, 
which was a part of the above-mentioned research project. 

PROTOTYPE RESTAURANT .Dl;:SIGN 
A generic sitting-type restaurant'. with nonsmoking and 

smoking areas and ·a bar is;used fortfie economi<i: comparison 
of this study. Prototype designs for a restaurant chain with 
more than 200 restaurants:"jn different U.S. climates were 
analyzed to collect information on btlilding envelope, dining 
area size, heat and contaminant sources and loads, 0ccupancy 
n;ite.s, aI1d curre1r1.� design pnictices. ,'f,�is, ,analysis �esulti,!d in. 
the following data for the generic restaurant: 

1 ·illj , , ' . · I • I , , • 

Restaurant dining•area: ,. Ai:= :3:34·m2 (36ij0 ft2) 1 : 
Room height: H/=3:5·m(ff.5ft)'' · '1'· 

Number.of seats:' 270tolu ;'l70in'tlkr1011srhoking 

2 

· , :· ·"" 'zoue;80) il:lhesmokir1gz'oni:,20in 
. •  :1 'i:1 ;i11 i; :i;thebat'i�.fj, ;, .: i 

Occupancy rate depends upon the time of the �a{ 
, j : .., . \ 'I ! ' 1 • ·  ;· ' � I ' .' .' . '; , · ' I �1' I' 

' : I 1 ��;. 1 l' 1 , 
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1 a.m. through 7 a.m.-restaurant is closed. 
7 a.m. through 11 :30 a,m.-people are only in the kitchen 
area (system is turned on to compensate for air exhausted by 
kitchen hoods). 
1 qp, a.m. tiu;.ough 2 p.m.-65% .pf t�e smoking and 
nonsmoking areas are occupied, no people In the bar. 
2 p.m. through 5 p.m.-5% of the smoking and nonsmok-
ing areas are occupied. 

. . 

5 p.m. through 9 p.m.-85% of the smoking and nonsmok
ing areas and the bar are occ�pied. · 

9 p.m. through I a.m.-10% of the moking and non
su1.oking areas and I 00% of the bar area 'are occupied. 

The minimum required outside ·airflow rate into the 
· dit:1ing area is listed in Ta.hie 1. 

Internal heat load: 
From 1 a.m. through 7 a.m.- no internal heat loads. 
Fro.m 7 a.m. through l 1 :30 a.m.-the internal load is I 0.76; 
W/m2 (3.4 Btu/[h·ft2)) from l ights . 

. 
; 

From 11:30 a.m. through I a.m . ...!....the heal load from! 
lights and miscellaneous heat sources is 64.6 W/m2 
(20.5 Btu/[h·ft2}). 

· The external heat-load calculation is based on the build-
ing charaGterjstics listed i'n Table 2.1 r, ... 

" 

Representative Climates' ,. 
Based on suggestions from the National ClimatiC Data 

Center. (U.S. DOC), the following Cities were seleCted'for the 
analysis of the prototype;rest1mrant to represent different.IJ .s, 
climates: 

.. 

Minneapolis, Minn. = cold climate 
Seattle, Wash. =· maritime cUmate ' . 
Albuquerque, N. Mex= moderate climat� 
Phoenix, Ariz. = hot-dry climate .' 
Miami, Fla. = hot-humid climate 

" I � , . . 
System �oa� <;:alculation 

The Building Loads Analysis-a)'ld·System Thermodynam
ics (BL�ST) cornputer progrnm, developed by the U.S. 1 

Construction Engincering•Rcsearch l!,aboratoo-�. was used to 
calculate tbe hourly loads based on the ab ve input data and 
Lhe hourly Qjn weathQ� ,df\la, An example of computation 
resµlts for one month a11q oneJocfitionis presented in .Table 3. 

1 ' •  : 11 1' !1 I ; ', ' 
COMPA�ISON OF l-IVAC .SYSTEM TY�ES' 

I;, :: ' '·. I .i: ' ,:;• • I 

fn thc,LyJ?iCal HVAC system design, Uie .. outdoor ai ·flow 
r�t9 is.fepl constant thFougho.ut the y�r at J 8, m� /(h m2) (0.98 
c.fm/�l ), whiqh is approximately 33% of the total supply 
airflow rate. T,he .outdoor 1,tii suppl exceeds the r.eqnired rate 
(Table I) by 40% during the slow hours and is 12% lower lhan 
required during the peak hours. System zon.ing 4oe�.no� sepa-

, ;! ,j! , 'I )>, I ,• •> ,• I ,• i , .; 
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,. 
TABLE 1 

Minimum 'Required, Outside Airflow Rate into the Dining Area .. •I 

Tim� 'or Pay 

Outside Airflow Rate 1 a.m. - 7 a.m 7 a:m. �11:30 a.m. 11:30 'a.m. ·� 2 p.m. 2 p.ni. - 5 p.m 5 °p.m. -· 9 p.m 9 p.m. - 1 a.m. 
'" 

For Ventilation cfm. 0 .0 2698 208 4038 1015 

cfm/ft2 0 ' ' -
I 0 0.75 0.06 1.12 0.28 

· -

r. m3/li 0 0 , •. A5.8� 
.. 353· .u86o 1725 

m3/(h·m2) 
' ' : 0 0 13.7 1.1 20.5 5.2 

Transfer Air Siipplied 
' 

;7500 •12500 cfm, 0 25QO 2500 2500 
into the Dining Area cfm/ft2 0 Q.7 0.7 0.7 0.7 0.7 I 

m3/li .
. {�'" 0 . 4248 4248 4248 ' .. 4248 4248 

m3/(h·m2) 0 12.7 12.7 12.7 12.7 12.7 
'' 

Overall cfm 0 2500 2698 2500 . 4038 2500 

cfm/ft2 0 0.7 0.75 .0.7 : 1.12 0.7 
·: 

'• I ' m3/li 0 4248 4583 •I ·424g. 6860 '. '4248 > 

��/(h·m2) 
' 

0 12.7 ,. ' 13:7 :vl:i}; 20.5 12.7 
" '· J .. 

TABLE 2 
Building Characteristics 

' 1J:'._1 Wall Area* U-Factor Glass Areat' " , U-Fac�r Building Structure 
r12 cm2) Btu/(b-ft2·9F) [W/(nr·0C)] ft2 (m2) Btu/(h·ft2·°F) W/(nr·°C) 

North Wall 97.2 (90.3) ' ,. 0.039 (0.22) 

East Wall 845 (78.5) " Q.039 (0.22) 

South Wall .
. 13V '(-12..7) 0:039 (0.22) 

Northwest Wall i I � . 14CY(13.0) 0.039 (0.22) 

West Wall • 510 (47.4) ,0.039 (0.22) 
' 

Rooft ' ,., "515�(4\.8) '! 0.046 (0.26) . 

* Walls: color= medium, weigfi{= metiium,: ' , I l'J 

t Vertical glass - double gloud, •hod factor= 0. 7 L 
t Roof: color= ligh� weii:hl = lighl.' 1 · . 

. ,, 
rate srnok.inglnonsmoking areas. Smoke is transferred from 
the smoking area to the nonsmoking area willt 'teiuin air and 
hori71ontal room air rriQyement: .Also;'. 'sm0ke is' transferred 
from the di\rihg ar�a into tb.�· kitchen with• transfer air. 

, For the purpose of HVAC s.yst11m comparison;,the follow-
ing was assumed in alUmses: , . ,, .•. . , . ,. ' 

Ait'is lreated in :all'-handllng ur'iits· usi.ng'6ne' dr ·several of 
the followif1g'proces%idiealing, cooling, and dehuni.idlfi
cation in aj.r-h�atingl�.oling/del�ll!l\idification c;oils. 
Conu·oJ systems �� capable. �f maintaining indoor 'air 

0'Leinpetai.ure and relative h\Jffiidityfat ievel· tJ:tat alto� for 
: n\inimiil 'eiieigy consumptioh ·�t'a'·givb.ri · sel of outdoor a:ir I 

p'arameterS': Air heating in fans aoesif\ot �lghifJcantly affeCL 
1 I 

• 
i • • I •• I ' the i1cc1iracy f. !He ·s tern comparisol'l .. and; hus, was 

'neglected. � \., • ''{ · " ' · "· ' ' 

• ' RJiuirements lb the �ciorri arr ar� as
' foll�ws: 

.. 

192 (17.8) 0.55 (3.12) 
1'220 c'�o.4)' . 

,, 0.55 (3.12) 

26 (2.6) ' 0.55 (3.12) 

·40 (3.7) 0.55 (3.12) 
.-:• .. 

. 135 (12.5) ' 0.55 (3.12) 

I., - �I -
I 

'·' 11_ 

' .. j( r 

Air temperature in the·occupied zone� ,, 
•;in winter: t0.z. = 2l9C -·23°C {70°F - 7:3:°F) 
• in surrmiler:• to.z. = 23 °C � 26°C'(73°F , 79°F) ' 

,1tr 

:- Relative humidity in tl}:e occupied zone: · 

• in �inter : cp0,,::; 20% - 40% " ; 

.. • in 8Umnier: cpo'.z: � 40% -. 60% " '· , 

• ' The averaged hourly cooling loads, dutdoor dry-bulb 
temperatures (ODBT), and outdoor wet-'bulb tempera u�es· 
(OWBT) for al.l::Jiive loc,ations are th�.same for, all.cases (see 
example of d�!n pt�s�nta;tion in Table 3). , ". i : , , •.1 

PH� w.hig!)..cpoling;lqad�. in"t1ction type (jispJacementiUr 
.. piffyS,\!JS are 11s.ed, WIJ.ii<h a:llo_ws for an increase in the maxi

mum value of the supply ai.r t�mperature difference of M0 =6�<;,Cll.0f). 
_, 1 u, . : .. .. , ._ . ; , .,, .. ..,. . . _. ··. 

Air distribution systems in Cases 1 and 3 allow perfect 

3 
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.TABLE 3 
January Data for the Restaurant Located i� Pho�nlx, Ariz. 

System Load Internal Outdoor Airflow Latent Heat Load 
Indoor Air Load ODBT OWBT 

·Time T(OC) w W/m2 (W) . (OC) (OC) m3/h m3/h pei' rri2 w W/m2 

0-1 . 25.6 -20951 -63.0 25262 7.2 3.7 4214 12.7 13600 40.9 

1-2 24.6 . 0, 0 0 6.2 3.2 0 I 0 0 0 

2-3 24.2 0 0 0 5.7 '2.8 0 0• 0 0 

3-4 24.0 I' 0 0 0 5.5 2.6 0 0 0 0 
. 

4-5 n.s 0 0 (), 4.8 2.1 0 0 0 0 
. 

5-6 23.6 0 0 0 4.4 1.8 0 0 0 0. 

6-7 23.4 0 0 0 4.2 ' . 1.7 '0 0 ··o o' 

7-8 24.3,; 0 p 3598. 3.8 1.3 2500 7.5 0 0 

8-9 25.0 0 : 0 ·3598 5.3 2.4 ''.?500 7.5, 0 0 

9-10 26.0 0 0 3598 8.4 '4.5 2500 7.5 0 0 

10-11 26.8 0 0 3598 11.7 6.4 2500 ' 7.5' 0 0 
11-12 I 25.6 -17012 -51.,1 19018 14.1 7.6 4778 14.4 6500 19.5 

12-13 25.6 -32285 ' ' -97:0 34261 16.0 8.5 4778 14'.4 I 13000 39.0 

13-14 25.6 -32484 -97.6 34262 17.5 9.1 "4778' 14.4 13000 39.0 

14-15 25.6 -20849 ,,.-62.7 22692. 18.3 9.3 2500 7.5 1000 3.0 

15-16 25.6 -20851 -62.7 22692 18.8 9.5 2500 7.5 1000 3.0 

22692 
'• . 

16-17 25.6 -20641 --62.0 18.7 9.4 2500 7.5 1000 3.0 

17-18 25.6. -37015 '-"111.3 39943 17.3 8.9 7448 22.4 18360 55.2 

18-19 25.6 -36721 -110.4 39943 13.9 7 .. 7 7448 22.4 18360 55.2 

19-20 25.6 -36369 -!'09.3 39943 11.6 6.5 7448 22.4 18360 55.2 

20-21 25.6 -36171 ' -108.7 39943 10.1 5.8 7448 22.4 18360 55.2 
1 

21-22 25.6 -21289 --64.0 25262 8.7 4.9 .4214 12.,7 13600 40.9 

12!..!23 25.6' �2il82' --63.7 25262, 8.1 45 4214 12.7 13600 4.0.9 

•. 23,..24 25.6 -21,0461 '. -63.3 25262 ''7.4 3.9 4214 12.7 13600 ' 40.9 

4 

mixing, which results in the same re.tum/exhaust air and 
occ�pied zone air teil1peratures and· enthalpy, and the 
heat n1moval effici�ncy coefficient K1 is equal, to 

Displllcement air distribution: utilized in Cases 2 an� ,4, 
creates a temperature/enthalpy gradient along room height. 
Calculations according to the design procedure descrjbed in 
Zhivov'ct al. ( t997b) re1Mft in the following valu for heat 
remo:val efficiency K1: 1 ' 1 ' ' '1 1 . · 

: ' ' ; ( ·I.'. 

le.r!t - I<> . 
K1 = --- = 2 .  

lo.�.-/<> 

HVAC systems in all these cases utilize the same air-

handJing units .. The difference in the first costs and · 

mainlenance costs for the duct system in q1ses. wiU1 
mixing and disp\�ceP:.ent - a,ir djstribµtion syste� .is 
neglected. Thus, the systems are compared only by the 
annual energy con�um�tion costs. 

. ' ' . . . 
Four cases of HVAC systems in the,prototype restaurant ?��ig� �e�e �ompar�d'. . " , 

' 
" , 

;, / 
Case 1. Constant outdoor airflow (ate HVAC system with 

' n'lixirig type air qisui�ution: outdoor airnow rate= · 

18 m3/h m2 (0.98 cfrnlfL2), K1=1, 6.t0 � 9°C ( l 6°F). , 
· I  , l , 

C.ase 2 . . , , Constant ouic!qor airflow ra,te HVA.C system with 
displacement air distribution: outdoor airflow rate='= 
18 m3/h m2 (0.98 cfm/ft2), Kt= 2, 610 � 6°C 
(11°F)-induclion air diffuser are used. 

Case 3. Variable outdoor airflow rate HVAC system with 



mixing air distribution: outdoor airflow rate varies 
according co the schedule in Table 3, K1 = l ,.Llt0::;; 
9°C (16°,F). . · . · 

Case 4. Variable outdoor airflow rate HVAC system with · 

displacement air qistribution: outdoor airflow rate 
varies according to the schedule in Table 3; K1 = 2, 
Llt0 ::> 6°C ( 11°F�induction air diffusers are used. 

In Cases 1 and 2, the minimum outdoor airflow rate is 
equal to 18 m3/h �2 (0.98 cfm/ft2); in Cases 3 and 4-accord
ing to the schedule in Table 1. Tofal airflow rate supplied into 
the dining area is 54 m3/(h/m2) (2.95 cfm/ft2). 

METHOD 
HVAC systems in Cases l through 4 were analyzed by 

comparing such paraineters as heating and cooling energy 
consumption throughout the year-round operating cycle. The 
above: parameters, as well as the airflow rate and water 
consumption, are typically used for the evaluation of different 
HVAC system designs and their components. The combina
tion of those parameters allows for the evaluation of the influ
ence of a single input parameter on the HVAC system 
performance.· T)iis method_ is discussed in detail by 
Rymlcevich et al. (1990, 1995)� 
, This approa�h is .used to evaluate the influence of (a) the 
outdoor airflow rate and (b) the method of air supply, mixing 
or displacement, on energy consumption by the HVAC system 
in restaurants-Iucated in different climates. 
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RESULTS AND DISCUSSION 
Heat and cold consumption by HVAC systems in different 

cases throughout the year-round operating cycle is presented 
for different locations in -Figures 1 through 10. The total 
annual heating and cooling energy consumption by the system 
in each case and in each location is compare<l on bar graph� in 
Figures 11 and 12 and in Table 4. 

The analyses show that the restaurant location (climate) 
has insignificant influence 011 the total hearing/cooling loads 
from internal heat sources, aiid heat transfer ,through the build
ing envelope is due to a low U-factor of the building envelope. 
However, the location of the restaurant has ii significant effect 
on the heating/cooling energy consumption by the HVAC 
system for the heating and cooling of outsiqe air. 

As can be seen from Figures 1, 2, 5, and 6, the increase in 
outdoor air suppJY' in Miami and Albuquerque results in an 
increase of both heating and cooling energy consumption. In 
other climates, the increase in outdoor air supply results in 
reduced cooling energy consumption. The analysis shows that 
for the Phoenix, Minneapolis, and Seattle locations, HVAC 
system operation with a variable outdoor air supply allows a 
decrease in cooling consumption up to 50% and in some cases' 
the elimination of the use of refrigeration machines. 

In operation modesvwith heat consumption, it is �lways 
important to reduce the outdoor airflow rate. Such operation 
modes haye long duration in loc�tions such as Seattle and 
Minneapolis. 

TABLE4 ' 
Annual Energy Cost Comparison for HVAC Systems with Mixing and Displacement Air Distribution , - � 

Ann�al Energy Usage, kWh/m2 (1000 Btulft2") 

Constant 
i Constant Variable Outdoor Outdoor Afrflow', Outdoor 

Airflow, Airflow, Location Mixing Air , Displacement Mixing Air --. 
Air Distribution Distribution Distribution - -

Cool He�t: Cool Heat Cool - - 04! , , · " ' " 

Miami, Ha. 804.6 '8.4 698.ll 9.3 769.2 
(255.0) (2:7) . (221A) ci.9) (243.8) 

Phoenix, Ariz. 572.2 33.9; �69:6 44.2 582.4 
(181.4) (10.7) (148.8) (14.0) (184.6) 

Albuquerque, 315.9 150.9 246.3 183.1 294.7 
N.Mex. (100.1) (47.8) (78.1) (58.0) (93.4) 
Seaitle, Wash. 96.3 53'.a:· " 'i12.:2 188.1 243.1 

.. ! I : '.(59.6) "'(1g'8) c17:1Y (3'.5.6). (30.5) 
Minneapolis, t63.3. 447:1 

, . 
116.3 495.4 179.9 

Minri. (51.8) ( 1'41.7) '(36.9) 'ds1:0): (57.0t 
' ' . 

• l therm" 29.) ky<h. . .\ '.;11 ._, ;\ ' t Electric power i� used ror hcming(' 
·' ,, ' , • ' I ! 

., . . . 
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ficat . ,, : 
4.4' 

(1.4) 
··21.8 

(8.8) 
,91.7 
(29.1) 
112.7 
(35.7) 
261.6 
(82.9)' 

Variable 
Outdoor 
Airflow, 
Displacement 1 
Air ' 
Distribution 

Cool Heat 

674.9 5.0 
(213.9) (1.6) 
485.2 29.9 

(153.8) (9.5) 
234.1 121.3 
(74.2) (38.4) .. 
67.2 155.2 

(21.3) (49,.2). 
134.2 300.7 
(42.4) (95.3) 

En�rgy Prices (19?fi) 

Power 
$/kWh 

0.08� 

0.1 

0.095 

o.o_�s, 

0.066 

-
. 

Gas 

-
$1 

Therm 
_t 

0.33 

0.41 

o.�5,, 

$/kw• 

-

o.ov 

0.0�4 " " 

0,015 
" 

0.35 0.012 

.�nnual Energy Cost, $/m2 ($/ft2) 

constant 
Outdoor 
Airflow, 
Mixln� 
Air 
Distribu-
ti on 

'69.l "' 
(6.4) 
5'1.6 
(5.4) 
32.1 ' ! ,,: (3.Q) . . 
,t).5, 

. (Q.6.). 
16.1 
(1.5) 

Constant Variable 
Outdoor Outdoor 
Airflow,_: Airflow, 
Displace Mixing 
mentAir Air 
Distribu- Distribu-
ti on ti on 

. 

60.2. 6'5'.8 
(5.6) (6.1) 
47.4 58.5 
(4.4) (5.4) 

, 2,(l.O; 29.3 
(2�7) (2.4) 

,;>.7, 6.0 
(Q.5) (0,6) 
'13.6 16.0-
(1.3) (1.4) 

�. •• ,t f I I J1 �.n o r I 

Variable 
Outdoor 
Airflow, 
Displace-
mentAlr 
Distribu-
ti on 

57.8 
(5.4) 
48.8 
(4.5) 
23.9 
(2,2) 
4.9 

(0.5) 
12.5 
(1.2) 

I 5 



The effect of temperature stratification on HVAC system 
parameters is the same for all locations: displacement venti
lation systems result in decreased cooling energy consump
tion, but increased heating consumption. The data presented in 
Figure 12 show that at a fixed outdoor airflow rate, HVAC 
systems with displacement air distribution have from 12% to 
18% lower energy costs (depending on the climatic region), 
compared to the currently used systems with mixing air distri
bution. In the cases with demand-based outdoor airflow rate, 
the HVAC system with: displacemerit air distribution allows 
for a reduction in energy consumption from 16% to 26%. In 
addition to reduced energy consumption, displacement venti� 
lation systems allow for a better indoor air quality in the 
breathing zone due to contaminant stratification along the 
room height. 

The analysis described in this papel' ls based on the given 
set of operation modes performed by typically used air
handling units. Using exhaust air heat recovery, second recir
culation (outdoor air is mixed With return air after its heating/ 
cooling and dehumidification) vs. first recirculation (outdoor 
air is mixed with return air prior to its treatment in air-handling 
unit), and other modifications of air treatment and control 
strategies in combination with displacement ajr distrHmiio� 
will result in improved HVAC system first and operating costs. 

Other means of improving indoor air quality in restau
rants with smoking and nonsmoking areas may include system 
zoning based on smoking/nonsmoking areas; air exhaust from 
the bar and the smoking area-not returning it back to smok
ing or nonsmoklng areas; and locatio� of nonsmoking area 
close to the kitchen with a transfer iiir supply into th,is area. 
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Figure 2 Monthly cooling (Qc) and heating (Qh) energy consumption by variable outdoor airflow HVAC system with 
mixing (Case 3) and displacement (Case 4) air distribution in Miami, Fla. 

T0-98-1-'4 7 



8 

N 
E -..c: 
3: .lil:: 

BACK TO PAG E ON E 

Phoenix, AZ 
100 

90 I ,)� ! / llL -....... !'-... 80 
70 I ,. ' �/ � .... "'-l � 
60 
50 

·t-·-· .. /..J : I Ir' 
I I /. /' --- ! ...... // 40 

30 
: /J J..,.;.._ '/ 

20 
10 
0 

c:-
ro 
::J 
c: 
ro 

"""') 

?--
// - / 

b 
ro ::J .... .0 Q) LI.. 

--+-Qc, Case 1 

. 
.s:. =E >- Q) � 0. ro c: 

:? ::J l1l . q;: ..., :2. 

-ac,Case2 

---
'°'· ' 

., ........ 
'x)� "i �""-.. 

�"" � 
r---..._ � 

'� ' ' 
r 

� 1ii .... .... .... .... Q) Q) Q) Q) ::J ::J .0 .D .0 .0 """') C'> E 0 E E ::J � 0 Q) Q) q;: 0 > 0 0 Q) Q) � 0 ·" ' ·" (J) 
-.-ah, Case 1 -*""'Qh, Case 2 
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Figure 11 Annual energy cost comparison for HVAC systems: Case 1: constant outdoor airflow, mixing air distribution; 
Case 2: constant outdoor airflow, displacement air distribution; Case 3: variable outdoor airflow, mixing air 
distribution; Case 4: variable outdoor airflow, displacement air distribution. 
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Figure 12 Relative annual energy cost comparison for HVAC systems: Case I: constant outdoor airflow, mmng air 
distribution; Case 2: constant outdoor airflow, displacement air distribution; Case 3: variable outdoor airflow, 
mixing air distribution; Case 4: variable outdoor airflow, displacement air distribution. 
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