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ABSTRACT 
In this paper,

· 
the airllow and 

t.emperature distributions in a 

commercial kitchen are simulated based 

on the k- E model, and the ventilation 
efficiency is investigated for three types 

of ventilation syst.ems. The result of this 
simulation shows that the suit.able 

supply method of the outdoor air and the 

conditioned air can give high ventilation 

efficiency, and thus the kitchen can be 

kept comfortable with relatively low 

energy conswnption. 
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INTRODUCTION 

It is well known that the amount of 

energy consumption for ventilation and 

air-conditioning in the kitchen is much 

larger than in the other kinds of rooms. 

In the COI;llDlercial kitchen, a huge 

ventilation rate is necessru.y to remove 

the exhausted gas from the cooking gas 

range and the other devices. Therefore 

the large energy is consumed when the 

outdoor air supplied into the room is 

conditioned in order to keep the working 

area at a m1Jderate temperature. On the 

other hand, if the outdoor air is not 

conditioned, it is difficult to keep the 

room comfortable. 

This paper is concerned with the 

(a) Local Air-conditioning 
(Outdoor air for ventilation 

is not conditioned.) 

(b) Entire Air-conditioning (c) System Investigated 
(Outdoor air for ventilation in This Paper 

(Energy consumption is small, 
but it is not comfortable.) 

is conditioned.) 
(It is comfortable, 

but Energy consumption is large.) 

Figure 1 Ventilation and Air-conditioning System in Commercial Kitchens 
(I) Improvement of Ventilation Efficiency : Outdoor air is supplied near the cooking range in order 

to be induced to the updraft above the range. 
(2) Improvement of Air-conditioning Efficiency : The working area is expected to be kept at 

moderate temperature by minimizing the influence of the high temperature region near the range. 
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(a) Case 1 (b) Case2 
(OA is supplied 
at the lower; face 
of hood and 

(c) Case3 
(OA is supplied (OA and SA are 

supplied at the upper face of 
cooking device and 
SA is supplied at 
side face of hood.) 
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(b) x, - x, Section 
Figure 2 Kitchen Model 

for Simulation 
OA : Outdoor Air for Ventilation 
SA : Supplied Air for Air-conditioning 
EA : Exhausted Air 
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ventilation system in which the fresh air 
is supplied near the co0king range as 
shown in Figure 1. In this syst.em, it is 
expected to that the heat and the gas 
exhaust.ed from the range can be 
removed efficiently by arranging the 
suit.able ' velocity:. and the 'direction . of : 
fresh air outlets. The �ditiOning' is · 
also. effective.,. in the

-
. �ied zone . 

because the : .air-conditioning efficiency 
can be impl'Oved 

· by m�mmizi'r>g. 'the , · 
influenGeS of.the hot (or �d) ·oU'tdoor'.rur · 
and the hot and humid air from the 1 
range. 

Jn order to � evaluate the 
effectiyeness. of the. ventilation and the 

at the ceiling.) 
SA is s11pplied at 
side face of hood.) 
i 

Fig�re 3 Outline of Simulated Cases 

Table 1 Condition of Ventilation and 
Alr diti . -con omnt 

Case 1 Case2 Case3 -
I SAl SA2 SA2 

� ;l 4()()m3Jh 400ms/h 4QOm3Jh 
15°c 15°C 15"C 

§ 0.427m/s . 0.87lm/s 0.87lm/s 
0.26mX lm 0.15m X0.85m 0.15X0.86m -
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OAl OA.3 

J 
OA2 � 400m3Jh 400m3/h 400m3/h 

30'C 30'C 3(fC 
� 0.427m/s 0.463m/s 0.79'.11.nls 

0.26X lm 0.lmX0.6mX 4 0.lmX0.85mX 4 
EAl(Hood) EA l(Hcxx:l) EAl(Hood) 

.... 400msJh 400m3/h 400tn.3/h 
g 0.6mX0.6m 0.6mX0.6m . O.GmXO.Gm 

j EA2 EA2 F..A2 
400m3/h 40omslh 400m% 

0.2mX0.2m 0.2rnX0.2m 0,2m�0.2m 

1: 
air-r.onditi,_o.lling in the · kitd�en, the 
n�ericalsimulati.on is oondueted based 
on t.pe :1.c·, E model '.Ihe t_en;ip�t,c.1-e of 
air and obstacle surfaces· (e.g. wall) and 
the air velocity are obtall,.ed �' the 
ll;l�flctive, simulation of the railiati.v� 
4eat transfer and the convective one. The 
nume.rical :result.s are CQmpared with the 
model experimenra ( Akabayashi et al., 

1998) and the cm:rospondence betweeµ 
them is examined. 



Furthermore, the SVEs ( Scale for 
Ventj.lati.on Effi��ncy,� Murakami and. 
Kato 1992) is 'l:tsed to �vestigat.e the 
influence of the fresh air and how the 
exhausted gas from the · range.' is 

· captured in the kitchen hood. 

1 l\1ETHOD"OFNUMERICALSTUDY 

1.1 Model of Kit.ch.en · 

· The modeled kitchen �th the sanie 
• · scale of the experiment Chamber (a 
: depth of 3:om, a 'width

· of l.5m and a 
height of 2.2m, Akabayashi et al '1998) is 
sin11.t1ated as shown in Figure 2. The 
model is supposed t.o be a.Part of a� 

.commercial kit.chen and the amount of 
heat from the cooking range is �ed 
to be 5.8kW(5000kcal/h). The numerical 
simulations are. conducted. for the 
.kitchen space under the cooling condition 
in which 400m31h of conditioned air at 
15°G and the same volume of 01.1tdoor air 

at 30 °c are sup�lied as deSC?:ilied in 
Table·l. . 

· 

..1.2 Oases Calculat.ed 
. · Figure 3 sho'vs three types of 

v�tila1::iQn system.'3 treat.ed . in this 
Simulition. in Case 1, · both the 
conditioned air (15°C) and the outdoor air 
(30 °C) arc supplied froni the'. ceiling 
downWa:.·'d.'Tn-Case 2, the outdoor air iS 
supplied ·fi.'Cim the-lower faces of ihe hood 
downwru:d and the -conditioned: air is 

supplied from ·the side face of the hoOd 
horizont.ally. In Case 3, the outdoor air is 
supplied at the upper faces of 1he cook.mg 
equipment upward �an.d the conditioned 
air; is. s'upplied, in the same way as in 
Case 2. Case 2. and Case 3 are expected 
to be ventilation systems with high 
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Table 2 Boundary Condition for 
Numerical Simulation 

VelciCity ( Uin ) and temperature ( E>in ) 
are given as shown in Tuble 1. 

.a; · Turbulent klnetic energy (k) is set to be 
� ( Uin / HJ)2. 

Turbulent length �ale is set tQ be a half of 
· len 

Velocity is solv'etl by the generalized q-
law type wall.funcllon. � 
Tunperatme 'is ·obtained by solving the 
balance equatiOn which includes 
conduction, Coovection and radiation as 
below; 

Qcd+Qcv+Qr-0 at wall swface. 
CD Heat conduction ( Qcd ) is given t.o be 

5.8kW (500Qkcalih) at the pot model 
surface and t.o be 0 kW (adiabatic) at 
other walls. · .; ® Convective .heat flux ( Qcv ) is 

� cak:ulated by · a c type wall function ; 
Qcv=a•cX(E>W"--01). Whereew is 

� wall SUlface t.emperature and e 1 is air 
temperature of the first mesh in CFD. 
The value of� c IS giv� to be 16 kcaJ/m 
2·h·'C· at the pol: 'model and' to be 8 
kcal/m 2 • h · °C at �ther walls. 

@ Radiative heat flux ( Qr) is evaluated 
as; 

Qr-Tm3• a· E i· �Bij· (E>wi�ewj) 
Where Tm is m(lan temperature 

(=300K), Bij is Gebharts absoiption fa.ctoi; . 
a is Stefan-Boltsman cmstant and E i is 
emissiv.i ofi-th wall 

• \ • .> ,· . .  ,,' 
Table 3 SimuJation.Cond:i.tion 
Spatial coordinate ( X.,: X,i. Xa) 'is illustrated in ; 
Figure 2 Rnd 3. Kitcllen model is divided into 18 . 
Q(J x· 57 (X �) x 37 (X 3°) =87,002 meshes. ' 
QtJlCK Scheme iS Wed iii caJculating �e ·' ., 
oonvective term afmorop.atum equation in CFD . . · i 
Orµy a half of entire space is simulated with aid 
of. symmelzY r:i model in � dilectian. Shape 
factor requirCd . tut radiative heat txa:nsfer 
simulation is ca�ted fur. lnmdary elements r:i 
mooel swface. The number ri surface boundazy 
elements is 00 in total and 100,000 radiative ray 
are emitted,from each element in Monte-Carlo 
method. ... u:.--.,.. __ , · .�· 
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·-
Figure 4 Airflow Distribution 

· 

•sea. @and Sect.® are shown in Figure 2 
1. Diiis -

b J� ' CJ '�Floor . I '2't d Floor 
(b) Cas� 2 , (c) Cas� 3 

'i. (a) Case 1 

Figur� � Distribution of Wall Surface T;emperature ( °C ) . . · . . ' . '. ' . . '· . . 
.. : .. . ... 

ventilation E!fficiency aha.� they are ,, . .., . . � 
compared with Case 1 that is assumed to 
be a gen� kitc}l.en ventilation system, 

: · . ,. . . .. . 

1.3 Simu}atiOn :keth.Od .. · . 
An airllow analysis was"�ea o�t 

based on th� standard k- E turbtiience 
model with a wall function 'type 
botindmy condition. The swface 
temperature of an objeq; surh as walls 

I• 
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' ·, '1 ' � ... ; ':.. ' _.,.,_ ! ··:· '·. l : . 

Jw� obtained'oy �lving ilie he�t'liaiahi:e 
equation in which the convective �d 
radiative heat transfer were, oombined 
The shape factor Wliich"is. ���·for 
the radiati.v� heat transfer simttlat.ion 
wa5 calcitlated ·by., thg Monte-Caxfu 

1 r _ • • •• , • .. ct 1 f 
method prior:to the CFD .. The ·boundary 
condition and the' oth.�: CQhditionS: far 
numericalsimulati.� are sho�·��Tuble 
2 and �1�3 �ectiv�y. 

\' ' .. ' . ;� . .' . 
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(a) Case l (b) Case 2 (c) Case 3 

Figure 7 Distribution of Pa,ssive Contaminant G.enerated at Cooking Range 

2 RESULTS OF NUMERICAL· 
SJ¥ULATION 

2.1 Airflow Distribution 
Jl'igure 4 compares the airllow 

distribution of three cases. The thermal 
plume caused by the heat from the 
coo�g :range is observed and this 
updraft is captured :int.o the hood in Case 
2 and C�e ·· 3. Howuver, in Case 1 me 
part of the updraft flows out of the hood. 

· 'rhe jet supplied ' from the hood · 
hor,izontally descen� by the bµoyancy 
effect due t.o the te.:Dp&ature difference · 
between the jet air and the surroilnding 
air in Case 2 and Case 3. This 
temperature difference in Case 2 iS 
larger than in Case 3 as wiU be describOO 
later, therefore the horizont.al jet of Case 
2 goes down slightly stronger than that 
ofCase3.· 

. ' 

2.2 , Air 'ThmpemtW:e Distr.ibution · Figure 5 shows the distri.butian af 
· � temperature Di which the working. 
.area is very hot in. case 1; on the other 
hand it ic;. rath� comfortable in C� 2 
and Case 3. This is because that the 
ventilation and air-ronditioning 
efficiency in Case 2 and Case 3 is much 
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better than that in Cas£! 1. This 

ventilation· efficiency can be explained 
from the contribution ratio af the hot 

· outdoor air in the working space as will 
be mentioned later. In Case l, the hot 
out.dror air has a larger power in the 
working space than in other cases, the 
air temperature thus increases due to 
the hot out.door all:: 

2.3 Wall Smface 'Thmperature 
Figure 6 shows the temperature 

distribution of the wall surface. The wall 
surface temperature is strongly 
influenced by the radiation from the pot 
model set on the cooking range in all 
cases. The wall temperature in Case 1 is 

higher than in other cases areording 
with the difference of air temperature 
mentioued above. ' ' ' ' 

3 VENTILATIONEFFICIENCY 
'lhe ventilation efficiency of each 

case :is evaluated by SVF.s (Scale for 
'V�tion Efficiency) ·proposed by 
Murakami and Kato (1992) in order to 
confirm the characteristics of each 
ventilation .system. Table 4 shows' the 
calculation method af SVEs. 
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(a) Case 1 · (b) Case i (c) Case 3 

Figure 8 Contribution Rat�o of Supplied.Outdoor Air 

Table 4 Calculation Method of SVEs 

·� et.c. 
CD Distribution of contaminantiheat_ generat.ed 

a� cooking range : It is sup� that passi\>e 
contaminant is generated at the pot' model 
surface. Thmsport equation ti <X:iltaminant is 
solved by using the CFD result and the 
·generation rate of contaminant i8 set to be 
same as the rate in which the concentration is 
1.0 in the ped'ect mixing coodition. 

® SVE4, oontribution ratio of supply out.let of 
- ·hot outdoor air : The palisi.ve si:aJar 

distribution is calculated under the conditioo 
in which the non-dimensional con�trations 
of out.door and conditioned.air are supposed to 
be 1.0 an'd 0.0 respectively.\ 

• L, \ 

CID SVE51 contribution mtio of exhaust inlet : The 
passive scalar distributioo is calculated under 
the conditiOn in which the airflow dirnCtion 
ootained by CFD is reversed and· the nOn· 
dimensional,_concentration is set-t.o be. 1.0 at 
the exhaust hood 

;:· ...... .. - :_:_ ::1 -:: 
3.1 .Disbiliution fJf. .Contaminant/Heat 

Gent>.rat.�d:at Cookiog:Range · : _ · _. · 
'rhe transport 1 equation of . the 

passive scaJar .. �ont.aminant is solVed,in 
whim it� is supposed, to-_ be generat.ed:at 

the stirface of the pot·: model -on the 

cooking range, Figui-e 7 compares the 
p�ve scalar. distribution of each .ease. 
In Case 1, the ,eontamination leaked out 

of the hood is rather large but the area of 

high concentration such as 0.1 of the 

Table 5 -Exhausted·Rat.es of 
Scalar Genera�d at Pot Model and 

Outdoor-Air tb.rou tll the Hood Onening-

Case 1, Case2 1 9ase2 
Sim. _Exp. Sim. Exp .. Sim; .. , Exp. 

Ji!P 
I 

98"/o 95%' 99"1o 81%: ·95% 76% 
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h·ta 
• r " 

� - . 
14% ·ss01o' 63% 63"/o' '79% 61% OS� 

�- . .. ) .- ' . ::s 0 

• Exhausted rate of the simulation shown above 
iS ootained by ·�g· up t:J:ie passwe scaiiir 
ooncentration at the hood qiening. " 

• .. Exhausted ra.t.e gf �e �t �own �e 
means the capture rat.e r:l oombustion gas ttopi 
cookirig range and traCer g� injoc{ed in ·ffie 

,, put.door (seeAkal}a}'iiShi et a).. 1998), "''I 

nonnalized •concentrati011r linei'is,_not s6 
� �ecause -the .8upplied. air.·:·at; -the 

ceiling .,restrains -.the '.diffusion·' of the 
leaked ·air.· from the hood. On. the other 
han:d, the result of Casa3 shows that the 

ratio of leaked-air is smaller than.-that in 
other case· but .. the:. high concentrated 

area is rather � wide;.'· The . ealculat.ed 
amounts. of the captured> sCa1ar Jat , the 
hood are shown in Table_ 5.rwith· . .th.e 
experimental results. i ' .  •1 I ! � 



i 
EA2 

C> 

SA2 VEAl 

(a) Case l · (b) Case 2 (c) Case 3 

Figute 9 Contribution Ratio of Exhaust Hood 

3.2 Con.tribui ·, Ratio of 
&.qrply Opening (SVE 4) 

The resul� of concentra,tiou for 

each case are shown in Figure 8 when 

·non-dimensional coD.centration is set to 
be 1.0 at the supply point of outdoo1· air. 
This index is ' SVE4- proposed by 

Murakanii and Kat.o (1992) in order t.o . 

estimate the power of supplied air in the 

spa�. This paper focuses on the SVE4 of 

the hot outdoor air. The SVE4 of Case 1 

is much lru.-g& in the working area than 
, that of other· cases, therefore the air 
temperature is high due t.o the influen.ce 
of hot outdoctt· air ( 30°C) in such regions. 

.- In Ca..� I 2, the . outdoor air is very 

powerlhl near the cookiag ·range. 'Ihe 
a1.-ea of high SVE4 value is the smallest 

in Case 3 which hM a hlgb. vimtilati.on 
efficiency with•a .suitable supply position 
crf hot outdoo1:.uil. The totel:amounts of 

SVE4 a.t the exhaust hood are shown in 
Tab:ne 5 (see Note I)� The 14% of the 
outdoor air vol une is exl.iausmd from the 

hood .m Case 1, but more thim 80% -. of 
o 1tdoor . .air .:is captured. by the hood in 
Case·,2. and Case 3. The contribution 
ratio of the ronditioned air (15°C) can be 

evaluat.ed by subtraetmg the SVE4 value 
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of outdoor air fr.om 1.0 in this sitnat.i.on. 

The power of conditioned air is dominant 

in the wm:king area in Case 3, therefore 
_the air temperature can be kept in a 

:more .comfortable range than in other 
cases, meaning that the air-conditioning 
efficiency is exeeJlent in Case 3. 

3.3 Contribution Ratio of Exhaust Hood 
(SW5) 

In order t.o estimat.e the power of 

the exhaust hood, the passive scalar 
distribution is calculated under the 

condition in which the airflow direction 
obtained by CFD is reversed .and the 

no.n-dimensi.onfil concentration is $et to 
be 1.0 at the paint af the exhaUst hood 

The results of concentJ.-ation for each case 
m� shown in, Figure 9. ·This index is 

SVE5 proposed by Murakami. and Kato 
(1992) in o-1dor to e.stim::.oo the 

contribution :ratio c£. the exhaust inlc:t. In 
Case 1� the r.egion of high SVE5 vW.ue- is 

�ded to the woiking ai-ea. On t.he 
other hand; the dominant area of the 

hood in Case 3 is mucli smaller than ·lhat 
in otli.er cases, whicli means that the 

local . exhaust is achieved efficientl:v in 
Case-3. 



CONCLUSION 
In this paper, the airflow and 

thermal fields are simulated for the 

modeled kitchen under the cooling 

condition. The ventilation and air
conditioning efficiency is studied for the 

three types of ventilation systems by 

SVEs. The obtained results are as 
follows. 

(1) When the hot outdoor air (30°C) is 
supplied at the position near the 

cooking range such as the lower faces 
of the hood or the upper faces of the 

cooking equipment, the power of the 
outdoor air (SVE4) is not strong in 

the working space. In these cases, it 
is possible to maintain a comfortable 

environment in the wQrk:ing area. 
(2) In Case 3 with the outdoor air supply 

outlet at the upper faces of the 

cooking equipment, the power of the 

exhaust hood (SVE5) is limit.ed near 

the cooking range and the local 

ventilation is effective. 
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Note 1: There exist the rompression of 
air due to high temperature and the 

huge moisture generation near the 

cooking gas range, so that the air and 

heat diffu.<ri.on is very active in such 
region. However, these effects are not 

included in the numerical. Therefo.re the 

diffusion of the simulated plume o ver the 

gas range may be under-estimated, and 

the simulated temperature of updraft is 
much higher than the experimental 

result as shown in Figure 10. This 
difference also appears in the capture 
ratio of the comi>U8tion gas and the heat 

from. the cooking range as shown in 

Table 5. 
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(a)Result of Simulation : CllSC l 
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(b)Result of Experiment (Akabayashi et al. 1998) 
Figure 10 Thermal Plume 

above the Cooking Range 


