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ABSTRACT 

Rapid activation of fire protection systems in response to 
a growing fire is one of the important factors required to 
provide for life safety and property protection. Airflow due to 
the heating, ventilating, and air-conditioning (HVAC) system 
can significantly modify the flow of smoke along the ceiling and 
must be taken into consideration when a particular system is 
designed. At present, the standards used to guide the design of 
fire protection systems contain very little quantitative infor
mation concerning the impact of airflow produced by HVAC 
systems. This paper describes the results of a project that used 
computational fluid dynamics ( CFD) to simulate smoke move
ment in response to HVAC-induced airflows. The HVAC simu
lations included ceiling-mounted slot diffusers, wall-mounted 
slot diffusers, high sidewall diffusers, and ceiling diffusers 
from which airflow drops to the floor, in combination with rect
angular and slot returns. The CFD model was modified to 
calculate smoke detector activation times throughout the fire
driven flow field. 

INTRODUCTION 

Rapid activation of fire protection systems in response to 
a growing fire is one of the important factors required to 
provide for life safety and property protection. Airflow due to 
the heating, ventilating, and air-conditioning (HVAC) system 
can significantly modify the flow of smoke along the ceiling 
and must be taken into consideration when a particular system 
is designed. At present, the standards used to guide the design 
of systems contain very little quantitative information 
concerning the impact of airflow produced by HVAC systems. 

The International Fire Detection Research Project spon
sored by the National Fire Protection Research Foundation 
(NFPRF) was established to provide quantitative information 
on the impact of beamed and sloped ceilings and HVAC flows 
on the distribution of heat and smoke during a fire. During the 
first year of the project (Forney et al. 1993), validation simula
tions were made to compare the results of numerical modeling 
with the experimental data of Heskestad and Delichatsios 
(1977), and additional simulations of smoke movement under 
level, beamed ceilings were made. In the second year, numerical 
simulations of smoke movement in response to sloped, beamed 
ceilings were made (Davis et al. 1994). The third and fourth 
years of the project consisted of the numerical simulations of 
smoke movement and smoke detector response to HVAC
induced flows. The third year simulations focused on slot 
diffusers with slot returns and rectangular returns (Klote 1997). 

This paper describes the results of the fourth year simu
lations of this project and presents observations and conclu
sions based on both the third and fourth year effort. The fourth 
year simulations examined the effects of HVAC flows result
ing from ceiling-mounted slot diffusers, wall-mounted slot 
diffusers, high sidewall diffusers, and ceiling diffusers from 
which airflow drops to the floor. 

Because of unexpected year 3 results in the vicinity of the 
returns in open plan rooms, the ceiling returns in year 4 
included simulation of flows in a plenum space (above the 
ceiling) in an effort to improve the simulation in the vicinity 
of the return. Detector activation was based on the simulated 
mass density approach developed in year 3. Simulations of 
smoke movement, including HVAC effects, were made for 
five enclosed rooms and two open plan rooms (dimensions 
listed in Table 1). Open plan rooms are ones where the floor 
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TABLE 1 
Room Dimensions in Meters (Feet) for CFO Simulations 
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area is very large as is the case for open plan offices, and mann (1989), and Kumar (1983). For general information 
enclosed rooms are ones that .are.relatively small with walls .... about fluid dynamics, reader,s are referred to Sc)J.�� (1993), 
like those of private offices. FQr:th�se rooms, the, ��Jocatic:n;1( ' chlichting ( 1960): �}\erman' (f9�0j, Wl11te ( 197 4), and Yuan 
and the arrangements qfHVAC supplies and returns ar1e, �.o��': {:f 967). . _0! _ _ : . - ' . 
in Figure 1. , _ . · ,,,·.;: .'1 , ; 

·r'.'; ·•. ·'-' :' 1 'CFO Concept - -
MODELING APPROACH 

A commercially available computational fluid dynamics 
(CPD) model was used to perform the numerical simulations. 
This model (CFC 1995) is an upgrade of the one used for simu
lations in the second year of this pr()jt<Ct; and the opl y upgradedi , l 
features relevant to .the simulatioll,s , of. this stqdy1 pgnsis� .of ,, 1 
simplified data input . '-' ., , , : . ·: : 1 , ., 

A detailed description of CPD modeling is beyond the 
scope of this report. The nonmathematical descnptions fu'the · ';. 
following src�ons ru;e intende� to provide an .eJSplanatio� of 
the assumptiop.s ()ftp� �im,ulati��s of this papei; lp).d to provid�., •. 
insight for those not familiarwith the field. Tl;ie user's manual'.. 
(CFD 1995) pr�vides th� ex�ct �quatio�s and math���tipii" 
definitions that apply to these si�u.lation. ·iFor more infow��-'1) 
tion about _CFD Fl deling, readers are referred to .Ab ?i� and;'i _ 

Basco (198.?,),. Anp��on et al, (1984)<Wrsch. ( 1?_90) •. �9#--

2 

The CFD modelingieonsist!rnf dividing the flow field into 
• II • • o 

a collection of small rectangular cells and determining the 
flow at eac� c�R �Y, n,umer;i.ca.UYc s,91 ving.tp.e gqyerning cqn�er
vation equations of fluid dynamics. Boundary conditions are 
pr��ri\led for:w.alls, .floor, cei).ing,, lIVAC supplies; HVAC 
retl}rns·,. ,<>peni11g� tg, th�:o:ut.i;ide, \Ql4 p}anes of sy,mJlletrJ•· Eor 
this pn,>j�c,t,, .µ1 fue, <;RQ sill.lulatign�jl,Vere unste.ady, ,:µsirig,the1r 
calculate,p prope,,rties,f_rgri;i. one tiiµ� �tep to calculate those of 
the_.nq.t tjll)e step,/\� tl;i,�s�pt,a.�iµi':IJ11tjon, each C!fll Ca.IJ be 
se� to .. z�!Pr· flpw_,,�0Ilditi'!lns.1,9r cpngitjons n;�g, into the 
copputer from,,� pre�io'\1s., ��1'11\��tio1,1. )'.?ero Jl<>iyy) .. conditiop.s 
co11,s�stqfz17ro;':',el�fitr,,iuid,.¥P�iF�tP.rF�sure anp;�Jllperature. 
To g��erate fire_7ind�ceq f.+o�sl heat js ,r:elf!ased in sever� 
coll:tro�lolu���p�e� ti�r· . . , .,, . . .. , . i�- ., 

Th� go:vernip,g equ.ations of_�':l�d:dynamics. describe the 
moti�� qf flui9. throughout�� flQ"'.. field . .Th_e�e equ¥tiops ar't,· 
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(c) HVACarrangement 1 
for room E2 

Notes: 

(d) liVAC arrangement 2 
for room E2 

• 1. HVAC arrangement numbers 
chosen for consistency with 
arrangements of year 3. 
2. For room E4, arrows Indicate the 
direction of supply air. 

(e) HVAC arrangement 1 
forroomE3 .. .;.. (f) HVAC arrangement 2 

for room E3 

3. For room E4, return of" arrangement 
3 located at floor undersupply outlet. 
4. For room E5, returns located (1) in 
the side of the near computer near the 
floor under the supply outlet or(2) In 
the floor under the· supply outlet. 
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(1) conservation of mass, (2) conservatic>n of inomentm:n, and \ 
(3) conservatian of energy/The niassccoriser-\lation'equation' 
depends on the concept thattnatter is1hot cteated nor destroyed' ' 
for the processes of interest in fluid dyhamics!•Tll�momenfum 
conservation or the Nav:i:er 'Stokes equations·are equi . alent td;f: 

motion offluidr·The following;section provides specific infor
mation about tlie simiilations of years 3' 'and 4, and further 
details are provided by Klote et al. (1996). 

Specific$ of CFD Simulatic:ms 

Newton rs second law of motion'.' Tii�· energy tonservationt ·' 'l'Urbulence� The k-e model developed bY 'Launder and ) . 
equation is equivalent 'to the fii:st'law of'thermodyna'mics:rn " Spaldilig (1974)' was used to ad:o\intfor th'e effects of turbu-
addition to these conservation· equations, ill� 'i'deal ga's law' lenC:e on a scale smaller'than that of the cells.'' 
relates density, pressure, ana teniperattire�.1The1 bonser\iation ' H'elit Transfer. The· solid surfaces: (watls, floor, and ceil-
equations are expressed mathematically a's· a ·set of sirrrui'ra'.: in�j �ere �considered to be adiabatic. Radiation effects were 
neous, nonlinear, partial· differential equations: ·This �t of not inciu'Cled explicitly in the 'calculation 'except that only a 
equations is' olved numerically f& ach' cell ttl simulate the fra�fion of tbe beat relea e rate was assumed' to contribute to 
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convective heating of smoke and air. The rest of the heat was 
considered to be radiated away. These assumptions were eval
uated for year 2 of the project, and it was shown that these 
assumptions resulted in negligible variations in activation 
time. 

Area Modeled and Gridding. A number of grid arrange
ments were needed to represent the seven room sizes and the 
combinatltibs ofHVAC supplies and returns. The total number 
of grid cells ranged from 11,000 to 37 ,000. As in the earlier 
years, the grids have smaller spacing at locations where more 
flow detaiJ is needed: the fire, the slot diffuser, and the slot 
renirn� neni: .rhe ceiling (Figure 2). 

Plenum 

•' 

++-HH-++-+--l---!-;-+-l-4-l-1-1-HH+++H+rl-HRoom 

x = 11_171 m0612496 · 

., r 

, ; . 

;! • 

. . . ' . . . ... ··'J ' ; �. 
Figure 2 Grid typical 9! those us_f!,dfor simulat,ions. ' ,, .. ... . ,( 

Initial Conditions. For tJ1ese time-dependent �alys��/ 
the Conditions (velocity;' temperahl.re; pressure, effective I , 
viscosity, kinetic energy of turbulence, arld turbulen"t-dfssipa- -
lion rate) at the starfof each simulatiordnust be define'(fro+
each cell. Because· describing d1ese initial conditiOns at every 'I> 
cell, would be· extremely iritricate, the only' practichl way 'di" 
determining them is by use' of the CFO· model. The irutial" 
conditions were obtained by CFD simufatlons without a fii�'·' 
but with the same gridding and boundary 'condition�\ as the 
simulations with fires. ! · 11�"' 

Boundary Conditions. The following boundary co�dl- ' 

tion were used� (1) solid surface, (2) plane of symmetiy, �3) ". 

velocity at an opening, and (4) pressure at an opening . TfieP 
boundary condition remained constant throughout each 
simulation. At the;-solid surfaces ·(walls, floors,.and.ceilings) 
fue -velocity was assumed to be zero (no slip condition). As 
with a solid surface, fuere is no flow through -a. symmetry 
boundary, but fuere can· be flow at a symmetry' boundary 
provided that the direction of such flow is in the plane of the 
boundary. Botb velocity and pressure boundaries can. be used 
where mass is to enter or leave .the flow domain."Velocity 
boundaries are used to define the velocity entering or Jeavingi · 
the domain. For pressure boundaries,i:tlre pressure Js defined 
by the user, and the cm model calculates the vel'ocity.. ". ' 

Fire. F.o all offue simulations of years �hnd4 the·heat 
release rate (HRR) of th.e fi.re was proportiobal to· the square· of 

4 

the time from ignition. At ignition, the HRR0was zero, and at 
84.75 seconds after ignition, HRR was 100 kW. Such a fire is''' 
referred to as a medium growth t-squared fire (NFPA 1993). 
The fire wa modeled by releasing energy over several grid 
cells. As in ptior year , the number of cells occupied by the fire 
was varied during the simulation such that the heat release rate 
per unit volume would not exceed 2.6 MW /m3 (0.070 Btu/s ft3). 
The fire was situated at various locations on the plane of 
symmetry. To account for radiative losses from the fire to the 
walls and ceiling, the heat release prescribed for the fire was 
reduced by 35%. 

Smoke Generation and Movement. As in year 3, the 
movement of smoke was simulated·by a species mass fraction 
approach by using the scalar equation feature of the CFD 
model. It should be noted that the particulate motion simulated 
does not simulate smoke particle aging (particulate agglom
eration and deposition). 

HVAC SUPPLIES :.. , . ., 11 
'?I ., � • I � J °' 

The locations of the supply outlets are shown in Figure 1. 
These outlet had the following flow rates:' 'J . " w 

" ' 

Slot 9.,106 m3�s (225 cfm)··· 
, 0.023� rA,�ls (50 cfm) . 

0.318 rri.3/s (674 cfm) 
'"Group E al)on.computer. · 0.27 m3/s (572 cfm) 

:; 'Tip.ffer t•. I 
High sidewall 

' Group E at·roomedge :11 0.045 m3/s (95 cfm) 
, �: r .. r,. , . I" 

Group Bi outlets areithe ones located im the' ceiling from which:· 
ai.r.dt:ops toward the floor: · · · 1 • 

• ::� -11 �I j 1 .-

HVAC RETURNS 
. . ''w· ; I , 

A general HV AC design rule is that the location of a return 
has airhostno·et'fect on room air distributiob', prb�ided that the 
supply"i§1not 'b lowirlg directl)"'intcfa return: At tli� b�gimling· 1 
of·year :r; if was:erroneohsly thought' tbat this rule·cobld1 be . 
extended'to indicate thaf'fonims have an'insigbificant effe.Ct on' 
defector acti viUon.'Beeause t11is ruie is so; tronglf held, it w<i. '·, 
felt that any errors in CFD-si'mttlated·velocities in the viCin'1fy 
of the return would1 not have a signifitani effec'f on· detector 
activation., For this reason, yeai''3 retllm's were'siniulated as 
pressure· boundaries for · enclbsed rooms and ..;as velocit)' · 

boundaries for open.:-plaii ro'om's. However, ·year 3 .resulci ihd�-1' c 

cateo 'a ''strong influence' of retilrns' 'ort detector' activation;,. 
Thus, more detailed treatiilent of returns was u·sed fo year 4 to 
evaluate the:uneXpeeted results, ; >•I �·:' , 'IJ; �Ii 

As '�eady · tated, y1ear'4 renim� Included simulatlbn of a 
portion of tJ:ie �lenhm spifce a'f>ovb'th Ceiling·'(Pigli.re 2). For 
enclosed rooms, the sides of the plenum section (other than the 
sides that are part of exterior walls or part of the plf111e of 
symmetry) are pressure boundaries.'For the initial c·ondition 
simulation', these boundaty conditions resulted iri'the flow out 
of the return equaling the supply flow. For the fire simulations, 
the CPD software calculated• the return flow, accounting for 
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the effects of expansion of gases .inside the room due to the 
fir.e. 

In order to simulate the complicated flows in and out of 
the large open boundaries of the open plan room (Figure 1 a, 1 b, 
and li), pressure boundaries were needed. However, using 
pressure boundaries for these large open areas resulted in diffi
culties concerning use of pressure boundaries for the sides of 
the plenum section. The pressures assigned to the large open 
areas and to the plenum sides would need to be such that the 
desired flows occurred at the HVAC returns. The CFD model 
could be used to determine such pressures at these boundaries 
without a fire. However, fire-induced pressure changes near 
the plenum sides could result in significant error in the return 
airflow. 

For the open plan simulations, all the sides of the plenum. 
were walls (or part of the plane of symnietry) except for one 
side that was a velocity boundary. The velocity boundary was 
chosen at the plenum side farthest from the exterior wall, 
resulting in a plenum flow direction toward the' building core. 
The value assigned to the velocity boundary waS such that the 
average velocity at the return was 2 m/s 400 fpm) for runs 43, 
44, 47, and 48. This is the return velocity u'sed for the open plan 
simulations of year 3. The resulting return flow is approxi
mately equal to the 'air supplied to the slots and troffers in the 
total space simulated (inclucfutg a slot and a troffer outsioe the 
area of detailed simulation). · 

To examine the effect of a greater retuntvelocity, ;runs 45 
and 46 had average retlirn velocities of 3 ·m/s (600 fpm). This 
return, with its greater flow, can be thought of as serving an 
occupied building space larger than the total space simulated: - ; 
For the steady flow conditions, this results in a slight net flow.· 
into the space simulated at the open boundaries. 

SIMULATIONS 
. . . r . . • • .. ·: , f 

Ye¥ 4 simulation,s are div�fted ipt9 the.following grcmps:., · 
transj�on study, room with ceiling slot's�1pply, OP.en.plan room 
wit;h cei.�ing sJot suppJy,loom with. wall slo_t supply, roc:im:w.ith 
hi�h idewall supply, and. corqputer �<,>_om . . J:'he .s,iplulations are . .  
suq1marized in Table 2.'As previous�y·stated, Table 1 lists the 
room dim_ensionl! and Figure 1 s�ows tire fire 1ocatioQ. anp the 
arrang��ents o�HVAC s.upplies and retums .. 

Th� results of the· simtilations· �e ."shown in Figures, 2;, 
througl) �· Each figure .shows activ,ation times at 0,02 m (0.79 in.) , . · 

and o.os m (2.0 in.) below rpe ceiling with the intent of provig-y 
ing insight into. �e activation times Of low profile and normal 
detectors . . Differences between ��ulated results . �t t:hese · 

levels mus't be interpreted with caµtion .because t:he levels are 
only abottt on� cell apart, and, w1s, th� dJff'.ereuc,;�s in simulated 
values are �i�ly �eP,��d�nt o� the en�piric�l turbuleI?-.ce 
model. . 

. . .1 .. • : , , • .'. • 1 ,, 

Transition Simulations 
. ·_ . : . .  

. " . ;-- :· 
-The transition simulations consisted· of.runs 32 through 

36. The unrealized purpose of tbe these simulati.ons was to 
develop information about the transition between the two very 
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different patterns of nonactivation observed in year 3 between 
enclosed rooms and open plan rooms'.: In year 3, the nonacti.: :. · 

vation distances in front of the slot supply of the open plan 
rooms ranged from 1.1 m to 3.3 m (3.6 ft to 10.8 ft), and those 
in front of the slot supply of the enclosed rooms ranged from 
0 m to 1 m (0 ft to 3.3 ft). 

Transition simulations consisted of arrangements of a slot 
diffuser in open plan rooms and enclosed rooms 'Yiith open 
doors, as shown in Figure 1 a and 1 b. These arrangements were ' 
selected to allow for comparison between the different rooms 
and were not representative of realistic HVAC.: .. cqnditiops. 
Further research is needed to underst�d this traiisitlon. · 

Room with Ceiling Slot Supply 

Runs 37 through 42 are in an enclosed room wit:h ceiling 
slot supply and plenum return. These are reruns of year 3 simu
lations except that in year 3, the returns were pressure bound
aries. The intent of these simulations was to determine the 
extent to which returns influence activation time: The activa
tion time is almost the saine for these simulations (runs 37,. 
through 42) as for the similar runs without plenum returns. For 
example, the activation times of run 3 (Figure 11; Klote et al. 
1 996) are almost the same as those of run 37 (Figure 3). 

The conventions used in these figures are the same as for 
the other figures of activation time in this report and the report 
of year 3: For example, Figure 3a show� the activation time at 
0.02 m (0.79 in.) below the ceiling. Activation directly above 
the fire took 20 se<;pnds or less (second darkest arya pn the key 
in Figure 3a). The white space in Figur� 3a is whe!� activation . 
takes 80 seconds or more (it should be noteg, that the irregular 
bound�ry OIJ Figure 3 between the white r�gion [>80 seconds] 
and the next r�gion .[ 65 to 80 �econds] is an attiJact of graphics. 
S.i.J1lilar irregular boundaries occur on most of the otl.Jer acti:va,'"I ·) 
tion tinie plots in this paper). The white spaces where activation 
takes. 101?-ger than 80 secpnds will J:>e referred to as areas of 
nonactivation. The paces where activation is 80 seconds or less 
will be referred to as the areas of activation. The range from 20 
to 80. seconds .was selected to simplify the scales, and these 
figures sho"Y the same trends as ones that go up to the full84.75 · · 

seconds of simulation. . ., ;: 
, - ' r 

Open Plan Room with Ceiling Slot Supply ' , ; .': '(•; 
, · Six simulations .of detector activation were made for an 

open, plan room with ceiling slot supply, troffer supply, and • 

plenum re.tum (runs 43 through 48). The first two simulations 
wete reruns of year 3 simulations except that in year 3 the 
returns were velocity boundaries. The intent of:these simula
tions was to determine if nonactivation areas adjacent to the 
return in:year 3 simulations would occur.with plenum returns . 
Other simulations examined the effect of increased retum•air 
velocity (runs 45 and 46) and of dumping suppl)lair toward the 
floor(runs 47 and48). - ·: r 
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Run 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

TABLE 2 
Summary of Smoke Movement Simulations 

ID Number Room1 Fire2 HVAC2 Comments 

Transition Study 

m19.5196 01 2 1 Open plan room 

m23.1028 E l  2 1 Enclosed room with open door 

m25.13988 E2 2 1 Enclosed room with open door 

m20.26725 01 l 2 Open plan room 

m27.21477 E2 1 2 Enclosed room with open door 

Enclosed Room with Ceiling Slot Supply and Plenum3 Return 

m33.7450 E3 1 l Similar to run 3 

m35.9175 E3 4 2 Similar to run 10 

m37.21853 E3 1 3 Similar to run 11 

m04a.22733 E3 2 3 Similar to run 12 

m39.25121 E3 3 3 Similar to run 13 

m06.12496 E3 4 3 Similar to run 11 
Open Plan Room with Celling Slot Supply, Troffer Supply, .and Plenum3 Return 

ml 1.13354 

ml2.26160 

m14.4275 

m15.10073 

m41.3667 

m42.15672 

m08.3767 

m09.22437 

m08a.27793 

fu09a.16316 

ro29.16914-. 

m30.l8824 

m44.11711 

m46.6981 

02 1 2 Similar to run 26 

02 3 2 Similar to run 28 

02 1 2 
; 

Similar to run 43 but return at 3 mis (600 fpm) 

02 3 2 Simila'-Jo � 44 but return at 3 mis (600 fpm) 

02 1 2 Similar to run 43 but slot dumps air 
.. '3 

. .. . I . 
02 2 Similar to run 44 but slot dumps air 

Enclosed Room with Wall Slot Supply and Plenum3 Return 

E3 

E3 

E3 

E3 

E4 
'E4 

. 
E4 

' I E4. 

-

J 

1 . . 

4 

1 
4·1 

loi '. 
4 -

4 

4 
".ir4 · • 

.. . . . __ . _,Supply.discharge.horizontal 

I•• 1 I<; c: Supply.discharge:horizontal i 

Sopply discharge 20° upward 
\ • •• . , .��1.)·H " 

Supply dfs�harge 26° upwkd ' 
.,.., 

Enclosed Room. with ffigh Sidewall Supply 'U'-<•�?. �,-· �J : � "h!\r t. ,(. c 
1 ; ,, .'F' v SUP.ply disc�arge diagonallY, and 20° upwar,c?-; plenucri11rcr!UID 
2 . , !'''!'f ; Suppjy_ discharge diagonally.and 20° upward; plenum3 return ,, 

I 2, • • �)'I' 2 ' Supply'dtscharge·across ro'om·arid 20°1i�watlI; plefiurri3 retkn 
: ' 

roo_m 11nd 20° upward; retUm at .floor , . . 2 I '":-io ,Supply d�scharge �ws 

•Endosed Computer R�m �tb:�roup.E4.Supply. ! " � ·. 1. ,I. ' •I t,. 'i . � . '11 
57 m48.11682 E5 1 

- · 
"' ' ,. . '" . : . " 

58 m49.25577 E5 2 

59 . : m50.5402 ES.; .'-"• 3 . 
.. .. 

1 Sec Table I for room dlml:nsions. I '' ' • '1 I I' 

I 
• . 1 I � 

1 
' 

1 

: \ . :· i � 

. ' 

�' •. I;: 

�J'H 
.I 

Supply�outlets dump airto*'1ard ·floor·· 

;��Pi?Y/o�ti�ts dti���,i�w.:rd flqpr 
. _.. _ _  

. ,,Supply, ou��: dump-air toward floor 

:!\) ' 
: .. . 
' . :11 

., J 

1SccPigures3throughSforfirel.ocntionsandHVACnrrllJ)ttcmems . • . 1:, ·q·: 
, • , . , q.�. ., , . ' i' 3 Simulation of ceiling rciilrns includes a St.'<ll'ion of plenum o:1s m (2.46 ft) in depth an�.c,ucnding 2 m (6.56 ft) in all horizontal dinftfoM from iherefum except that extensions 

do 001 go beyond U:e plane o� symmetry or 1hB exterior wall. ' 1 • 

•Group E supply ou1lc1s ar'e· moumcd in th�c cciJ.jng. and.alt no":'& vorticnlly from lhc.m �oward !he flOQ�. • • •1 , • • '• .1. 1 

•. ;J .· ' ·., 
f_ • r 
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Activation Time (:o;) 
:> 80. 

80. 
6!'i. 
so. 
35. 

(a) At 0.02 m (0.79 in) below the ceilfog 

. ,t I 'h 

r.. !'I 

ActJvntlo-n Time-(�) 
> •o I I • \' • I l ... 

::· -
. 

r" · • •· �; '! 1'""l" >S • •• 
< :lO. 

A '"' Q ,1111 .. ' •.m3'.L74!1D 

(c) Plane.Im (3.3 ft) from plane of symmetry 

RS 

Activation Time (s) 
> 80 

80 

(b) At 0.05 m (2.0 in) below the ceiling 

.. ' · 
Acll vaeloo ThT)ci (�) . ':. 

I• 

. ' 

_(d) Plane of�symmetry · 

,, " 

4 •• ': ' 
Figure 3 Simul.ated activation t;;rie i�-room E3 from run 37. (Noi:e: See Figure 1 for the location of the plane of symm;try:) t· . _ ... :·1 . .  :. ' � 

--
. -

Ro�m with Wall Slot !)upply . . . . ·fr; '" • i: · ,. 1 • >: '1 · • lation:examined the effect of a discharge velocity at an angle 
· , of 30° to the side and an angle of.20� upward. The other simu-All ·tl:ie previous siinulations have had ceiling-mounted lations in i:his grolllp examined discharge velocities aimed slot supplies or ceiling-mounted troffer supp.lies: The effe.ct of straight across the room with a 200 upward angle. The fuff flow from a wall-mounted slot supply on activation was s�mu- th · uJ ti' h d t 1· ' .1. tu th 1 : : · 

•' . . · - i:ee i;un a ons a rec angu ar ce1 mg re ms a were lated m an enclosed room with· a plenum return (runs' 49 . · , . . . 
. 

. 
thr h -52 ·. h . · · , f .th: . ..1. · . . .. 0 15 (O 49 ft) simulated with plem1ms, and the fourth high sidewall s1mula-

_pug · ). T e tops o . ese s ots were. . m . - · h d fl 1 d d th 1 1 b, 1 th -1· th · all 'h fu ftb . ,ttQll a a oor return ocate un er e supp y out et. 
e ow ece1mg on e extenor� . For t e sttwoo .ese ' "1 • • 

simulations, the discharge V\'.:loc;ity fr.om the slot was horizon- ·, 

tal. The direction of the disc1large vefocity Of many slot diffus- Computer Room with Downward Airflow 
ers can be adjustoo, so the other two siinulations in this group 
were do�e with_ a dischar��: ve!9ci ty at a 20°'.UP'!"�d angle. 

Room wit.h High Sidewall Supply , . : . •. r 

Simulations were conducted for an enclo ·e� computer 
-- room with group E upply outlets (runs 57 through 59). Some 

�o.mputer manufacturers make. equipment i'ntenp�dfor instal
lation m rooms where the computer cooling ·air is supplied to 

Runs 53 through 56 focused on the effect of high sidewall•. ·· · the room through outlets in the ceiling: FigUtelm shows that 
supply diffusers in an enclosed room. This diffuser was 0.6 m the room has two computers with two ceiling outlets for 
(1.97 ft) by 0.259 m (0.85 ft) high with the top located 0. 15 m computer cooling air and two smaller outlets for space cooling 
(0.49 ft) below the ceiling on the exterior wall. The fust simu- air. 
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TABLE 3 
Summary of Nonactivation Distances at 0.05 m (2.0 in.) Below the Ceiling and Activation Layer Depths 

Maximum Nonactivation Distance Activation Depths Under Ceiling5 

Diffuser Front3 Diffuser Side4 Minimum6 Maximum 
No. of 

Diffuser Type Room1 Runs2 m ft m ft m ft m ft 

Ceiling Slot7 0 17  2.0 6.6 0.5 1 .6 0.0 0.0 0.4 1 .3 

Light Troffer 0 15 1 .0 3.3 0.6 2.0 0.0 0.0 0.4 1 .3  

Ceiling Slot E 29 1.0 3.3 0.2 0.7 0.0 0.0 2.0 6.6 

Wall Slot E 4 0.5 1 .6 0. 1 0.3 0.0 0.0 1 .3  4.3 

High Sidewall E 4 4. 1 13.5 0.3 1 .0 0.0 0.0 1 .5 4.9 

Group E8 E 3 NIA NIA 0 . 1  0 . 1  0.7 2.3 1 .5 4.9 
1 0 indicates open room, and E indicates enclosed room. 
2 A total of 57 runs were made that simulated HV AC flows, and some of the runs above are included twice because they included two types of diffusers. 
3 Values listed are the largest distance in front of the diffuser and perpendicular to its length. The diffuser front is taken to be the direction of flow. 
4 Values listed are the largest on a side of the diffuser. 
' Activation dcp11ls locatccl on the CD plane (Figure 1 ). 
6 Activation depths. of 0.0 were simulated In front of the supply diffusers, except for run 3 1  where it was located at the edge of the area of detailed simulation. 
7 The areas of non�tivation are so large because the areas in front of the diffuser joins that around the return. 
8 Group E diffusers dump air toward the floor, and so the idea of a nonactivation distance in front of the diffuser is not applicable (N/A). 

OBSERVATIONS CJ 

1. Low Profile and Normal Detectors: In most of the simula
tion , the activation areas at 0.05 (2.0 in.) below the ceiling 
are very similar to tho� at o�oi'rri (0. 79 in.)beiOw" the ceil
ing (for examples see Figures 3 through 8). However, in 
some simulations, the nonactivation areas were somewhat 
larger at 0.05 (2.0 in.) below the ceiling than they were at 
0.02 m (0.[79 in.) below the ceiling. This trend toward simi
lar activation areas at these elevations was observed for 
simulations with ceiling-mounted slots, light troffers, wall 
slots, high sidewalls, and group E outlets. This indicates 
that for the simulations with forced ventilation of this 
project, the activation time of low profile detectors can be 
the same or slightly faster than that of normal de�tors; 

2. Fire Below Return in Enclosed Room: When a fire is 
located below or nearly below a return in an enclosed room ' 

3. 

simulation, there is a tendency toward 
' ' 

a. hot plume gases enter.in� the return" . 1. 
b. decreased depth of activation in the room, and 
c. increased nonactivation distance in front of the slot 

diffuser. � , �f � Hl !'1 t 
Nonactivation on Diffuser Side: Many of the enclosed room 
and open plan simulations resulted in areas of nonactivation 
to the side of the diffuser, as indicated in Table 3. For the 
enclosed room simulations, many of these areas of nonac
tivation reached the wall of the room about 0.2 m (0.7 ft) 
from the diffuser. For open plan simulations, many of these 
areas of nonactivation extended beyond the area of detailed 
simulation. For examples of nonactivation on the side of the 
diffuser, see Figures 3, 4, 5, and 6. 

4. Large Nonactivation Areas in Open Plan Rooms: The 
nonactivation areas were much larger for the open floor 

8 

plan simulations' than they were for the enclosed room 
simulations (Table 3). For examples of large areas of nonac
tivation iii-open plan roonis, see Figures 4, 5, and 6. 

5. , Activation Depth Small in Open Plan Rooms: The activa
tion depths were much smaller for the open floor plan simu
lations than they were for the enclosed room simulations 

'. (Table 3). For examples of small activation depths in open 
plan rooms, see Figures 4, 5, and 6. 

6. · Nonactivation Areas at Returns in Open Plan Rooms: 
Areas of nonactivation occurred-at the returns in some of 

: the open plan room simulations. This nonactivation was 
unexpected in year 3, but year 4 analysis with detailed 
plenum return simulations resulted in similar nonactiva

'. tion adjacent to the return. For examples of nonactivation . 
areas at returns in open plan ro�ms, see Figures 4, 5, and 
6. Increasing the return velocity from 2 mis (400 fpm) to 
3 mis (600 fpm) resulted in only a slight increase in nonac
tivation area around the return (Figures 5 ·and 6). 

7. NonaclivationDependent·oiiDischarge Angle: For the wall 
slot simulations, the nonactivation distance in front of the 
supply was dependent on the upward discharge angle of the 

, , · air at the diffuser .. It· is <expected that the discharge angle 
would have a similar impact for high· sidewall diffusers. 
Because the discharge angle can be field adjusted, the 
diffuser adjustment that can be made by the building oper
ating personnel can have an impact on nonactivation near 
diffusers. 

8. High Sidewall Nonactivation: The high sidewall diffuser 
simulations resulted in the largest nonactivation distances 
observed in enclosed rooms in this study (Table 3, Figure 
7). However, considering the small number of these simu
lations, further study is needed before conclusions can be 
reached concerning nonactivation and sidewall diffusers. 
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Figure 8 Simulated activation time in room E5 from run 57. (Nqte: See Figure 1 for the location of the plane of symmetry. ) 

9. Group E Nonactivation: For the computer room .with 
downward airflow (group E outlet), the nonactivati.on areas 
were located under the supply grilles ·and ·ex�nded about 
0. 1 m (0.3 ft) to the sides 'of tlie 'grill s '(Figure 8). The 
nonactivation distances were also about the same size for 
the open plan room simulation with the. slot diffuser dump-
ing air downward., ,.. : · .  t ·  .._., > · · '· .'. ·. 

PHYSICAL INTERPRETATION OF NONACTIVATION 

The following discussion is intended to provide some 
insight into the reasons for the major nonactivation areas 
observed in the simulations of this study. 

• Nonactivation in Front of Diffusers: As expected, the 
HVAC supply jet caused nonactivation areas in front of 
the diffusers. It is well known that such jets entrain 
ambient air so that their velocity decreases with distance 
from the diffuser and their mass flow rate increases with 

CH-99-1 -.1 

distance from the diffuser. The supply air at the diffuser 
w.iµi_ "fresh," _without any smoke. These jets were sur
rounded by smoke o that they entrained soot particu
lates, 1 and the particulate concentration of the jet 
increased with distance from the diffuser. As the fire 
grew, the concentrations surrounding the jet increased, 
and the concentrations within the jet increased. This 
explains why activation takes longer in the HVAC jet 
front of the diffuser. 

• Nonactivation at Diffuser Sides: Significant nonactiva
tion resulted at a side of a diffuser when a fire was 
located at the other side of the diffuser (for example, 
Figure 3). A plume of fire gases rises above the fire to 
the ceiling, and the fire gases spread as a jet under the 
ceiling. This flow of hot gases under the ceiling is well 
known and is referred to as a ceiling jet. When unob
structed, the ceiling jet flows radially from where the 
plume impacts the ceiling. When the ceiling jet impacts 

1 3  




