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ABSTRACT 

This paper presents a computational fluid dynamics 
( CFD) study of the indoor environment provided by a cold air 
distribution system using three alternative types of diffusers, 
i.e., a square multi--cone type, a wall-mounted nou.le type, and 
a ceiling nozzle type. The surface condensation risk on the 
diffusers is also discussed using the CFD results and a simple 
condensation model. An innovative proposal to prevent 
surface condensation and cold air dumping when using multi­
cone circular diffusers with cold air is presented. The results 
show no significant variation in temperature distribution, 
airflow patterns, mean age of air, and mean carbon dioxide 
concentration at the occupied zone using a conventional 
chilled air system compared with a cold air distribution 
system. The ceiling nozzle type diffusers are suitable for cold 
air distribution systems. The wall-mounted nozzle type diffus­
ers lose their jet momentum very fast because of reversed flow, 
and, therefore, they have a very limited range of cooling areas. 
The risk of surface condensation on the diffuser increases as 
the supply flow rate increases. The influence of the multi-cone 
diffuser lips on airflow diffusion is very significant. 

INTRODUCTION 

A cold air distribution system has been defined as a 
system that supplies cold air directly to rooms. The cold air has 
a temperature range of 4°C to 10°C, being 5°C to 10°C lower 
than that in the conventional chilled air supply system. In this 
study, the supply temperature of cold air distribution systems 
is 8°C, while the supply temperature of the conventional 
systems is 14°C. The cold air distribution system has become 
more popular of late. However, there are some concerns for 

this system including (1) possible cold air dumping in the 
occupied spaces resulting in local thermal discomfort, (2) 
increased condensation risk on the diffuser or terminal unit 
surfaces and ducts, (3) increased risk of local stagnation and 
consequent low air quality due to lower air change rates and 
incomplete mixing of cold air and room air, and (4) conse­
quent buildup of static electrical charges and unacceptably 
low humidities when used in temperate regions due to the low 
moisture content of the cold air. Of the problems listed above, 
the cold air dumping and surface condensation are possibly the 
most significant. Cold air dumping can be solved by using a 
fan-powered mixing box (FPMB). The FPMB mixes room air 
with cold air before delivering it to the room. However, there 
are several disadvantages including the following: (1)  the use 
of small, low-efficiency fans and motors in the FPMB offsets 
the fan energy savings arising from the use of cold air (20% to 
40% lower than in conventional systems [Elleson 1993]); (2) 
the installation and maintenance of the FPMB is an additional 
cost to the whole system; and (3) there is a problem with noise 
arising from the fans of FPMB. Mixing boxes do not need to 
be used if the cold air can be mixed with the room air before 
entering the occupied zone. One solution is the use of a 
diffuser that is designed to induce a large amount of room air 
into the jet, such as a nozzle type diffuser. Currently, there are 
two types of nozzle diffusers available on the market, i.e., the 
ceiling nozzle type diffuser and the wall-mounted nozzle type 
diffuser. These high-induction diffusers are designed to mix 
primary air with a high volume of room air at the diffuser 
outlet. The effective supply air temperature rapidly increases 
to the conventional supply temperature a short distance from 
the diffuser. Knebel and John (1993) conducted several field 
tests and showed that cold air can be successfully supplied to 
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a room to produce a comfortable indoor environment under 
most operating conditions by using the ceiling nozzle type 
diffusers:'However, the performance of the associated jet and 
field '.,felocities and tempetatures are not given. The airflow 
produced by wall-mounteit terminal devices has been iri'vesti­
gated by Jackman. (1971) and recently ilJy Melsem et al. 
(1996). However�· these "studies wi!fe for conventional air 
...]_!,_...__�L--L --- ...;; ___ .._ ___ - - - ___ L --- Lt.. - L--� _ _J._.._ ____ ...l.!.C.C..:.. ___ --UUSU1UUL1Ull sys�c111s, e.g., WHC1C l11C LC111f.1C1:i:1LWC U111C1C1l�C 
between terininal outlet and room is less than ':10°C. Li et aL 
(l994) and MatCrilcken (1993) gave 'a brit'f'description'df 
culd air disLribuliuu using'' willl�muifhled uuz.t.les. Kuapp­
miller and ;Kirkpatrick (1994Y arid .. K'irkpatrick and Kriapp­
miller (1996) used lhe compulaliorifil fluid dynamics (CPD) 
technique to study lhe cold air jet produced by a slot diffuser 
�nrl thP �H.!cn,....;�tf:1irl ;ntln.nr thPrm�l rnnifn.rt .;,;,"}f PY Tl'lrlrn!:ltrlrV ........... _ ...... _ .................. -......... __ ...... _ .... _.. ... _ ... _ ......... -... _ .... .............................. --··· ... -... ......... r-..... ... -.... ... 
(1'995) visualized the temperature field.of diffusernutlet flow 
using liquid crystal sheets. Rose and Seymour (1993) 
provided some guidance as to the best implementation of cold 
air. distribution with slot type diffusers using CFD analysis. 
Recently, Hu et :at. (1998)·conducted a detailed velocity, 
temperature, and surface condensation test for a multi-cone 
circular diffuser, a ceiling nozzlfutype diffuser, and a ceiling 
vortex1diffuser. ,The danger:o.f surface condensatiorl·on the 
inner cone• of the multi-cone circular diffuser was identified. 
In general, surface condensation .. will form if the surface 
temperature of the diffuser. is fower than the de}V,point 
temperature of ambient air.next to the surfaces, Tnis problem 
is also seen with ductwork if the insulation and vapor barrier 
are insufficient 'or if ariy cold iir leakage occurs. ':For the 
surface of a diffuser, )his is a problem, especially in a high }• .I . ,! . I  
i1V�ial tempemtl1[.e and humidity condition. This initiaJ.,<;ondi-. 
tio11 is kp.own as hard stai,1-up and can be seen in many circuro..­
stances. An example would be if there was an emergency 
weeke,nd ex�cuti ve staf;t;,meeting,tha! required a,meetin_� room 
to b�! �?-9J�d rapidly .Ruring a "".efkend setback,.99�Fol,, 
sequence. In such a case,.muc� c.or¢,ensation'.;�ill be �onned 
on . . the surface. of th7 difqwer. �he pr�sence of sut'f�ce 
cond�ns�:tion C<Ul pi; p�ote gr_ -.yth of. unhealtlly and smelly 
mole!. anci' prorl11(:� ,;nw .le me rlamag� of stmcmni'I an(')/or 
aesthetic nature.' 

· -

I jll 
The performanc�yf �multi-cone circul�: diffus�r is diffi--

cult to analyze by expe.rimeptal meth9d_s ?esa�se the effei;tive 
OIJtl�t area is not. 11 cons,�t ,val� ·and dropenqs,Jm �.flow 
patterns and diffuser geometry'. The.refore� iqste�dof us�g �� 
direct IJ'.l.lf'}l!Ureiµent m,��odi ;nwnerical1 n,ieth9µs. are .lid,c;>pted. 
Hgwever, .numerical eY;aluatim1_ of the· rqom aiJ;, moY.�tneII! by 
a m�lti;cf>�e;c,ir�ular diffui;�ds,also prob�mat,jc b11Caus�#le: 
co�PlJ!ational grid in,�e.,.room tends to qe, r�c�g�lar,,a_IJ.d,! 
therefore, not well suited for a radial type of flpw. TP� se.c,ond_ 
difficulty is that the size of a multi-cone diffuser is usually 
much smaller than the rooin•,• resulting in a very large mesh 
aspect ratio in the location of the interface between the ceiling 
and the multi-cone diffuser. Therefore, su'npie repres�bfubon s 
of tl;le diffuser haye been adopted i,11;.prev:ious;�stµdie-$, for 
example, Jiap.g et aL .. (1992\,and 'Mizutani et 111.1(1995). 
However, fue,detailed flo�rinformation ne,ar tl;le con� surfaces 

2 

may be lost. Also, numerical simulations of surface conden­
sation need to com,bine the heat, water vapor concentration, 
and airflow models, which results in an additional difficufty in 
numerical modeling. Heikkinen and Pira (1994) tested sever'al 
simple representation methods to simulate the airflow in 
rooms using a circular ceiling diffuser. Chen (1997) indicated 
that a body-fitted coordinate or an unstructured grid system is 
----- ---�.L-1-1 - .L1--- - ---11 _.._ __ ---1�-..l�--1 - - - -...l�--L- ----L----111U1C SUllilUlC l11i:111 i:1 S111i:111-SLCf.1 �yuuuu� i:11 � UU1U111i:1LC SJSLC111 
in the simulation of a complex air diffuser. Sakamot6 et al. 
(1994) measured the condensation rate on a metal plate under 
various ain;.Ln::-am vdrn.:ilies and humidities. Tu dale, lileralure 
on improving the control of airflow diffusion and condensa­
Lion ,llJn mulli-cone diffusers seems sparse, so•lhis paper aims 
to begin rectifying the problem. This involves a study of 
O'PCUl'lPtnf' n�r�mPtPr� lllOl.;TICJ thP rP'n tPrhnl.nnP O'"'f.) ........ ____ r----- ... -........ _ .. ...._.o --� �-- 0 .. __ ............ ""l __ _ 

are.· 
1. 

4. 

Based on the above, the objectives of this study, therefore, 

to develop a cFn model that includes file' influence of air 
humidity and sijrface ".ona�nshtion, for a-;seising the indoor ,, ' ( , ; ; thermal comfort, ' 

to validate the.CPD model.with experimeJltal data, 
·: ' 

to compare the air velocity, temperature and thermal 
comfort levels, and ventilation performance of a cold air 
distribution system and a conventional system in a room 
with the same room heatJoad conditions, 
to assess the influence of the geometry of a multi-cone 
diffuser on its air diffusion performanfo and condensation 
risk and propose a method to mitigate the problems of cold 
air dumping and surface condensav.o.n for multi-cone circu-
lar diffusers. 

' 

'·· . . . , 
MATHEMATICAL MODELS 

;_; ;' ···' .JlJ 

Airflow Model 

Most airflows in buildings are turbulent. The turbulent 
model used in this study is ilie standard k•E turbulence model. 
With this 'eddy-viscosity turbulence model, the •airflow, 
energy, and water vapor concentration transport can be 
described by the following time-averaged •Niwier-Stokes 
equations: 

div (pV$-rcl>.•ffgrad<I>) =Sci> (1) 
w�ere p is air density (kg/m3), r ¢i,ejf is the effective diffusion 
coefficient (N·s/m2), Vis the air velocity vectors (mis), Sci> is 
soµrce;f;ei;ntof the. general f1uid1property,.and cjtcan.be any one 
of.l;ll,i\', w,k,e,,,Jl, or C, 1wbere u,. v, w.are ,vel.o.aity,components 
in. thre.edirections (m/$), k:is.-turbulenceMin�tis:l!enerID','(mt/ 
!!�).�Eis diss.�pa.tion_rate oftµrbuleJ;J.ce kinetic energy1 (m2/s3) , 
His e.nthalpy, of mois.t'air (J/kg); tand-_C is .the mean concen­
tration of moisture content. Wben'� =. 1;'� general equation 
cb�ges into: the continuity equation. For a mixture(ofdry;rir 
arid yvatenrapor,.'the dry-bulb temperature((DB);·i& ba�ed,oh 
the enthalpy .a:nd. the mean,. concentration ofr,water. vapor 
(ASHRAE 1997). • , :!- · , , u , 
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DB = (H- 2501)/(1G'l':l�805C) (2)· 
The 4ew point of moist air is obtained' frofu the Young �qua­
tion (Glaser 1968): 

Tdp = (RH)118·02 
x (DB + 109.8) - 109,8 (3) 

' • " ' ; 
where RH is the relative humidity of moist air. 

Condensation Model 

Surface condensation is assumed to happenr<when the 
surface temperature is lower than the dew-point temperature 
of the air adjacent·to the surface. · ;'· ' 

_ The condensation rate per unit area Lw (kg/m2s)«on ·.a 
surface is defined .. as · 1: ·1 · '· 

where hw is the mass transfer coefficient, C� is the moisture 
content of the fyey stream air over 4ie diffu&er surface (kg/m3), 
which equals. the1 prod act of the free stream air density and the 
f;& stream a�solute air huriah.y'.' Cw is tn.�;rnoist content at 
the surface of the diffuser (kg/1113), which is the corresponding 
moist content of the surface temp�rature at a telative humidity 
of 100%. 

From th,e heat and m.ass transfer analogy theor.yi(Incrop-
era and DeWitt 198]), � · , 1.�; • , 

:.� . . . 

'{I r ,,, ' ,, ,, ! I • 

(5) 

where V � is the free stream air velocity over the diffuser 
surface (m/s).1.�·., '. "' ·- . . , 

·' _, J '  ;; 

(6) 

The empirical constant (const.) can be obtained by 
measuring the relationship between mass flux and free stream· 
velocity. The correlation of Sakamoto et al. (1994) shows 

I I.�·· 
Lw = (9.47 x 10-6) x V�0·6. 

);" � . ;,, 

.,. . 11 
(7) 

· Note the velocicy range- of iliis correlation is 0.25 mis to 
5 .0 mis. For the case where.room tem�rature equals 3G°C and 
relative humidity equals ·60%, Cw :;r OrD1891 ·kg/m3 and C� � 
0.013826. Hence, . 2,; · ' ' '' 

That is, 
const. = 9.54 x 10-3. 

' JI >-, -: ,• � '• J ' � ! j l 

,i;, I 
(8) 

';i \ ' ,,. .· (.1,., 'I·, ,''' . ' '-1.1. ' • • · .•• , •• . : 

Lw,�'1.5�x)R�3�- �c�1� C�)x vco�;6: • 1' :·::;·;·.1:;:��), 
; A simple form11illa is derived by the aUtbdrs to o�mpatt!ithe 

mod�l of Sak:ariiotousing the heat and· niass trahsfer eqaations 
(Incropera and;De'Witt•l'.987). ,Following; the same ekp€ritnen­
tal abnditj.Qns of. Sakamot0; oni.f gets V .J&·r:;�'1. .mf�,d.�e = 4460, 
Dab (26°<£).::± 2161E-05, I'.>ab �8'?C)•::•2.38E:..05, ScJ:c!N/Dab = 

O;ti6;·Where:Dab is the binary diffusion.coefficient of' gases· at 
o'ne: atmosph�re\1 Set ;is theJ;Schmidt number,:: ahd: v :1is . the 
dyriamic: v.istusit!y.'(tni/s:)':: Assuirtirig .turbulent flow; 'the loeal 
Sherwood nurhber is obtained following the Chilton-Colbllfn 
analogy equation (Colburn 1933): "·''' '' �,:_ · ' 
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(10) 
Shx ·= 0.096 (4460)0·88(0.66)0·33 := 2L�O. It f9lh:��-s, that 

hwL = §fzx (Dab/L) = 0.00795 (m/s).)The analytical condenii�7: 
tion rat;tf for the plate is theniw.ana 58.98�10·5 (kg/s). U�ing 
the s�e conditioqs yielci kw,sakamota ;::: 9.47-:�rl0.5 (kg/s). The 
perceg�age difference �ela,,tive to.1the result _of Sakamoto is 
diff�,7 100 X {l-w;sakamoto :-- Lw,ana)I Lw,siikaillllto.:::::: 5.19. Note 
th,11-t !he difference, decreases for higher, ,yelocity cases bµt 
in,�reases for 19vv.er yelocity cases. For ex;wnpl�;,diff% = 2.81 
for �{ = 1.5 m/s, and diff% = i 7.4% fo�p = o.�. n¥s; Jlowey.er, 
this simple analysis shoyysr:that the correlation.Qf,Sakamo�o is 
a rel�able model for, th!s p,resent stqdy. 

• JC j •, ,.: 1.' ·, 
Thermal Comfort Model :: !} .. J ! :�, 

Cold.draft sensation is a major concern fordirect cold a'ir 
distribution systems. Ther� are several thermal comfort 
models avaifable. The best known one is the predicted mean 
vote (PMV)'model and the associated percent persons dissat­
isfied (PPD) (ISO 1984) .. However',<:the .influence of, turbu­
lence on airflow has not been·.taken1into account in the;model. 
Fanger et al. (1989) proposed: a.mathematical model;of.Ciraft 
risk including ·the·�nfluence of1airflow turbulence intensity. 
This mocdel has been used in:this study to assess·the risk of 
thermal discomfort due to draft sensation, which is caused by 
dumping1of �old air. In tht:l'model, the percentage of dissatis­
fied people tlue to draft, PD, is ca:lculatecl•from 

;, (11) 

. For V < 0.05 mis, insert V = 0.05 mis; for PD> 100%'. use 
PD = YOO%. Note that the ranges of the three p'arameters iii the 
abbve model are d.05 < V < 0.4, 206C < T <. 126°C, arid {j.()'�;1 
<· T�· < 70%. · .. , :r: :.!\ ···' 

TI}(; air dl.stiibutiori·performance index (.ADPI) is a 
sfogle:!.'number �index for evaluating air diffusion p�ttbrmance; 
in cooling coilditions; "wh.it:n ha,s ·be�ir discussed in' det�l by 
Miller'and Nevin's.'(1972). THiS inde� includes the perfor­
mance' charaeten�fics of ili�' diffuser akef foom dimens'fons 
(Miller 1977j� !Rec'enily�' ili� effect' of iiirflow turbulence on 
A DPI has been studied by Abu-El-Hassan et al. (1996). Their 
results show that ' the · ADPI values determined using the 
ceitforiiln.e data and the wHdle room data were approximately 
ili'e' �airi1e arld thaftlfo airfliWV' turbttlence a:nd :room heat i�ad 
ooiiditions strongly aff�t lli� value-df ADP.I. Generally speak� 
ing;''iAf 'ADP!' . alUe-of 80%:·6'riffiofe'ciiil b'e considtfred to be 
atc�tiibk 'Th� ADl>l1is the percentage ·of riieasiiremeht 
p'c>i1nts'· thatbave ._ai:PCSJ:1eed below lB5 'ffils 'Miff effective draft 
tetnpafa't:\ires be1Ween1..211.5°C:and[+1.0°c. The effectiv'e di-aft 
temperafilre is definetbis. · '>•• · ;u, ' =-' , o: • . ' « 

, '• 

. j :<' . ; i' ) J �: -. -� .i 
Lqc,l)ll'!�ar:i Ag�-�f �ir r'.11 

' ) I Th©-· local mean age c)lf.lfilt is defined1 a!Fthe average 1time 
for ait to :travel from ifilie supply location to any point in the 
room. Tl1e·steady-statemethod of Matsumoto and Kato (1992) 
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and Li etal. (1992) bas peen adopted ,to calculate the distribu­
tion of local .mean age o(air in the present study. The transport 
eq�ations for the local mean age of air ('t) is 

. 
div (p v� - [' gradi:) = 1 .  . . (13) 

The mean age of air ('t) is considered a passive quantity 
and, hence, does.not affect airflow p�ttems. The boundary 
conditions for the soiution of the equation are zero vaiue for 
the mean age of air in the s,upply openings and. zero gradient 
at solid walls and at exit openings. After the flow equations 
have been sl)l':'.ed, lhe mean uge uf uir equuliun <..:un be sulv.ed 
W�th the known ;rirflow and viscosity data. The airflow mod�l 
is ·Solved by PHOENICS code, as developed by Rosten and 
Spalding (1987).;;A separlhte·FOR1R�N program has be.en 
........... ...J_...J 1...-. 4-1...- -··""L--� •- ---1...!-- •L- -!-L"1---· --...l-1 --·::'"L ._,__ \...UUVU UJ LH\... Q.UUlVlO'.') LU VVHJUUlV LUV a.U.J.J.UVV lUUUt;;.l VVlUI 1UJV 
condensation model, the ventilation ef ficiency model, and the 
thermal comfort model. i: 

CASE SETUP 

The case setup isin three pruts: 
' · '  ..... J 1•; ' 

1. a validation exercise with three cases in an environmental 
chamber assessed both by experimental measurement and 
by CFD numerical prediction, for comparison and valida­
tion purposes (cases 1' through 3), 

2. CFD studies of the thermal performance provided by the 
same environmental chamber (cases 4 through 12, as 
shown in Table 1 ), and 

3. a parametric �tudy for a multi-cone circular diffuser (cases 
13 through 17, as shown in Table 2). 
A more detailed in�ieation-for the three parts is given 

here. ··· 

Part 1-Validation:E;Jii!rcise.!Case 1 through Case 3) 

The operational conditions of case 1 through case 3 are 
the typical conditions for cold iiir distribution using variable­
air-volume (VAV) systems with a ceiling nozzle type diffuser, 
as shown in Figure 1 a (effective area equal to 8 x 10-3 m2). 
During the experiments of case 1 through case 3, the dry-bulb 
temperature at the outlet duct was controlled to 24 °C. The 
moisture sourpe,11,c.ting as latent lo;\d �as 1.39, kg/s-m?, .2.78 
kg/s·m2, and 4.18 kg/s·m2 for cases 1, 2, and. 3, respectively. 
The detailed experimental methods and conditions employed 
can be found in the paper by Hu et al. (1998). Note that in the 
experimental work, the three-dimensional velocity measure­
ments were measured by using an ultrasonic ·anemometer. 
These measured data are usecho validate the CFD model. 

. �-; . 
Part 2-Choice of CFO Simulated Cases in an 
Environmental Chamber (Case .1 througl') Casi! 12) 

.• if(i...>l\I ., " . . ·, . . ... • .'. .. 
A squai'e ceilinirdifiu�er ·with an effective area of 72 x 

10-3 m2 is used·for case 4, case 5, and case 6, which aim to 
compare the air diffusion characteristics, ventilation effi­
ciency, and contamination.distribution of cold air distribution 
systems and conventional systems. These cases enable us to 
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. . 

TABLE 1 
Cases Studied in an Environmental Chamber 

Moisture Total Type of 

Tin Source Load Results 
Case Type Q (L/s) (OC) (kg/s·m2) (W/m2) Obtained 

1 A 23.6 8 1 .39e-6 18.9 Meas. & 
(50 cfm) pred. 

2 A 47.3 8 2.78e-6 3
'
7,8 Meas. & 

(100 cfm) pred. 

3 A 70.8 8 4.18e-6 56.7 Meas. & 
(150 ctin) pred. 

4 B 43.9 1-;i  5.83e-6 18.9 Predicted 
(92.4 cfm) 

5 B 82.5 14 1 . 1 7e-6 37.8 Predicted 
(174.8c(m) �---

6 · � �S\. B 1 30 ' ) 1.75e-6 56.7 Predicted 
(277.2 cfm) < 

7 c 23.6 '-- 8 - 1 .39e-6 1 8.9 Predicted 
(SO cfm) 

8 c 47.3 8 2.78e-6 37.8 Predicted 
(100 cfm) 

9 c 70.8 8 4. 1 8e-6 56.7 Predicted 
(150 cfm) :.. 

10 A .23.6 ) '4 l .39e-6 18.9 Predicted 
(SOcfm) 

-,-. 

11 A- 47_3 4 . 2.78e-6 37.8 Predicted 
(100 cfin) . , 

#'.� j 

12 A 70.8 4 4.18e-6 56.7 Predicted 
(150 cfm) 

Note: A = ceiling-mounted nozzle type diffuser; B = square diffuser; C = wall-
mounted nozzle type diffuser. '" 

, . TABLE2 
.. _Cases .�tudled for,a Mu.�ti -Cone Circul�r Qiffuser. 

' JI�•� 
I 

.- ! I I 
Case Q (Lis) Ttn Diall}.eter Cone Lips 

13 23.6 (50Cfm)-- 8 ; Nb hole , Yes 

!' ·14' 47:3 (ibo cfm) 1 8 ,-, ·" _,
No hoie '''1Yes

'
" 

·-· [ :-; "' ,, .. ,. . 15 70.8 (lSQcfm) 8 No hole Ye�-. ., , .. 

,-::; 1�. ��I ·c?0.8 (150 cfm) • .. 8 i lOmm , Yes .. 

I : • � 17 > ' 
70.8 (150 cfm) 8' :;; 10 mrri·

-' No t�i 
.. 

.. , I , 

understarid the differences in operational parameters between 
cold air supply systems and conventional systems. It is noted 
that cdld:rur dumpi'ng•is expected when handling cold air with 
a square ceiling diffuser due to its' large effective area (Kil'k­
pat;rick 19Q5; Kirkpatrick i,md �appmiller,1996). The appli­
c.8,.tiqn ,Qf a s'q'1are dift'user �. c�ld ,ail- dii>tributioii is: thercefore 
·�op�c.liide,� in µn�, study);lie g()al.pf;�ase� 7, ,8, !':�� 9.is to 
irwestigate, tll!!- ,air; diffusion perforr,nance of �o!d air, distribu­
tion using a wail-mounted nozzle type diffuser and that of a 
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(a) ' 
I 
I 

--e ----

., 

r 

(b) ... 

·' ' .. 

Figure 1 (a) A four-way nozzle type diffuser; (b) " 
volume studied. Unit: mm. 

ceiling nozzle type diffuser (cases 1 through 3). In this study, 
the wti.IPm'buhted no.izle type·ctiffiiser witfi""fu mclined angle 
of 15°, located at the level of 1.0 m from the floor, has two 
openings ,with eff�ttive areas of l a9 x 10-3 and 0.32 x 10-3 m2, 
respectively.!Tb¢' Wall-mounted.di�i�:assumed to Kandle 
a quarter volume 'of the environmental:eharnber. For case 7 and 
case 8, on1� ��-lar$er openi�g-is·����- Fo�c�e 9·. with a high 
supply flow rate, -both-opemng · -are-used".- I n. or:der to· _under­
stand'.' the_ influe'nc�- of supply -� t�·dipedtur�. on 0.u:flo.w 
performance and thermal comfort forr the.ceiling nozzle type 
ctH¥iiser; thiee cases (case io, cas�- "i:Ca.µd�case 12:)"hav� been 
tested with 4°C cold air: Th�-sensibl�-ii�at load and latent heat 
load.is the same:as.;thatofccase 1, case2��and case 3. ,;. ' · · · 

'()ti • 

Part 3--rSimulatlon for a MuUi-.ConerCircular·-Diffuser 
(Case:13,t.hrough Ga$e11lL;"'' ;�"IJ · . .,. .. . . ., 

� '. ! Detalled· stutlles of im:uhi-cone circulai diff�s·e� afe i�ck"­
iilg' In the·1iteraiuie·.-R.ecbhdy; Hliano�et li.1:(1991) coMucted 
a vefy01d'thuled r&asuretnent of the iiiflow. an'd�furbufe'n.te 
characteristids'·in the ·outlet vicirlity of a�multi'-'cone'.crrcular 

:': Ii :··n· u• . ., r. 11 ._, 't; �;1; 1l1 

• Clll"99'6�.5 

diffuser using two sets1of'.Otossed hot wire anemometers.· A 
fairly symmetrioal airflow pattern' was- observed. Therefore, 
Hirano's experimental data ate used to. validate the present 
airflow model. The geometry of the. multi-cone circular 
diffuser (with two cones) experimentally stUdied by Hirano et 
al. is shown in Figure 2a; 

Table 2 summarize� the simulati6if cases fot a multi-cone 
circular diffuser (with three cones, as shown in figlire 2b). 
Cases 13 through 15 aim to com'jJare air diffusion character­
istics of jets created by the muhi-cone circular diffuser under 
various supply flow rates. The objective of case· 16 was to 
determine. the effect of 1the small hole on the risk of surfaee 
condensation on the diffuser. The purpose of c�se 17 was 'to 
assess the effect of thet:one-lip on' the performance of air diffu­
sion using a multi-cone diffuser. ic;'.; 

NUMERICAL METHOD AND BOUNDARY 
CONDITIONS 

For cases 1 through 12, because of the symmetry of the 
airflow patters in the envirorltnental chamber, only a quarter 
volume of the room was' studied; as shown in Figure l b. It is 

'.;r1 
....----240 ----., 

,. .J. fir',7=;11 l 125 
35 

-- - l ���;;;::::;:::==:i 7.5 x <�---'--......,�-r---1"-.-..-=lo<-�--"" -J 15 

; 
' ., 

' , I -
� 

:1 I .. 
,, • . I .,. 

•I ., !1 " ?1 

Jfr \ 'II, z 
· 

'
Figure 2a The 'multi-dine circular diffaser measured by-

, '' . · '� ; Hirano et al. Unit,· mm. 
" · 

'310' t •• : •I 

... ,('.Ji" •• 4 ,, ·, I l']f • 
200 

� · . ., ,, ,, 

. ·lfigure-?-"'; The multi-cone· circular. diffuser studied 
,, . in cases 13 through aas.e 1. Unit.'. mm. 
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noted that because the largest velocity, temperature, and 
concentration gradient o�curred along�·the jet dtrection, the 
predicted results along the jet centerline section �i;ection j-j' in 
Figure 1 b) are discussed. The PD in the jet cent�rline section 
is also more significant than in the whole room because this is 
the highest draft risk section. 

The calculation domain is a quarter volume of the envi-
------ -- ---"'- - 1 -'- - - -'- --- �L- -�..J ..J ____ �.._ __ _ ,_ _____ £ ___ ____ ..._ _ _c.._,_ _ lUlllllCllli:U l.;lli:UllUCl. 1.UC guu ucusuy l.;llUSCll lUl lllUSL Ul lllC 
COfllputations was 26 x 19 x 21 grids alongjetwise (x), vertical 
(y), and transverse (z) directions, respectively. This grid 
density accommodated both memory size limitations and 
tolerable numerical diffusion. The grid test was completed by 
using a den.ser grid system ( 45 x 26 x.42). However, no appre­
ciable difference was observed. Staggered control volumes 
were used. The finite-difference form of the time-averaged 
transport.equations were obtained by adopting a semi-integral 
approach to discretize the equations over each control volume 
of the computational grid using a hybrid-difference scheme. 
The line-by-line method was used to obtain converged solu­
tions iteratively, whereas relaxation factors and false time 
steps were employed to promote stability of the process. The 
final relaxation factor and false time step used are indicated 
here. The relaxation factors were 0. 7, 0.3, and 0.3 for pressure, 
turbulence kinetic energy, and turbulence kinetic energy dissi­
pation rate, respectively. The false time steps were 5.56 x 10-4, 
5.56 x 10-4, 5.56 x 10-4, 5.56 x 101, 5.56 x 101, 5.56 x 101, and 
5.56 x 101 for three veloCity components; enthalpy, moisture 
contents, concentration of carbon dioxide, and mean age of air, 
respectively. The turbulent viscosity field was also under­
relaxed with a value of 0.3. A run. was considered to be 
cp)\verged if tile fc;ifowing �b�curred: �-

· -

,- ,;_.- ,._• - . t r 

1: , The sum of the absolute normalized residuals in each 
' control ��hillle for pressure was controlled to less than 1 o-3. 

2. ,, The values at the monitor point stopped chan�g: 
3. The residuals reached the cutoff point or were reduced by 

several unfors uf magnilu<le. 
The velocity field needed about 20,000 iteration} to satisfy the 
convergence criterion, whereas the pressure, enthalpy and 
moisture content, me� age of air, and carbon di�xide concen­
tration required about only 12,000 iter:ations, Th� typical real­
world computation timefor 20,000 iterations at a typical grid 
density on a PC with Pentium-Pro 200MZ CPU, 128 MB 
memory, i� about 20 h<;>U)."S: Most of tl,te cpmputations were 
started with the in�tial condition being the closest flow situa­
tion, which had previously been computed. · · 

FW cases 1.3 thrpugh 1 � � : �e boun�i::U"Y . co�ciitiops 
imposed Wf'.re th<;>se_ being_ stand�d practice in 1 p.uµiericitl 
computations'. At the'outlet st�tion, whl.ch was placed 2.2 m ..... \.-, ,, ' . . 

., , . • . ; -' ' , •• ' . . J . • (11 neck diameters) downstream of the difruser'ihlet plane, the 
flow was assumed to be fully devf;loped an-cfili:e teln'peratUr� 
and relative humidity were assumed to be 2J:t-°C and 40%, 
respectivety, The inlet duct diameter was assumed to be 0.2 m 
(8 in.) and the temperature was· assumed to be 8°C. Auliifoirn 
velocity profile is-assumed at the inlet plane. The multi-cone 
circular ciiffuser was assumed to be circularly symmetrical to 

6 

the inlet direction of the supply air; hence, only half of the 
section of the diffuser was studied. The body-fitted coordinate 
system with 'O' type grid was employed in the streamwise 
direction and away from the diffuser toward the room. Figure 
2c shows the mesh system. Figure 2d shows the detailed 
diagram at the inlet region� In total, a 42 x 23 grid was chosen 
for final production runs. The iterations were terminated when 
nll +�� nkonh•+� ��o:.-l .. nlo f-n�nl:-�.-l l,.., +l.� nn--o-n-.-l:-� c,u..1._ U.L'-" u.v .;:1v1 1 .. u. '"" .u .... :uuu u...&. .'.) \UVAU•a..LJ.L.¥'\..I uy \.U""" ,,,..vut..r,,pv11uu15 
inlet 'p iane fluxes) vlere less than 5 x l o-J. The �elocity field 
needed about 15,000 iterations to satisfy the con:v-ergc; crite­
ri�� \.vttrrcns the temperature nnd conccntrution required only 
�bout 9 090· iterations. The typical .real-world computation 
t:lme for i.S 000 .iterations at a typical grid density on a PC with 
Pen"ti�m-Pro . . 200Mz CPU, 128 � memory, is about six • �I r • 
hours. · · 

' � l ).J.;. t) . . , 
For all cases, in the apsence of µrrbulence measurements,, 

uniform values for turbulence kinetjc energy and its dissipation 
rate at the inlet bounciary condition were assigned according to 

k; � 1.5 (0.04 Uj}1 E; - 0.1643 k/5! (0.1 d;). (14) . . ' . , ... 

where 

.-

=· inlet turbulence kinetic energy, s2/m2; 
= inlet turbulence kinetic energy dissipation rate, s2/m3; 

inlet 

(, 

Figure 2c < 'The 'mesh system.' 
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= inlet velocity, mis; 
= inlet characteristics length, m .  

RESULTS AND DISCUSSION•' I 

Part 1-Validation Exercise (Case·Jt through Case 3) 

The predicted velocity vectors of airflow for case.I , dse 2, 
and ca e 3 are shown in Figure 3. 'For tile low flow rate case 
(Figure 3a)jihe jet penetration length was �P.P:toxim�tely 2.3 m 
from the diffuse{Cold air dumping is obser\Jed in th�occupied 
zone.' A stagAation area formed at the upper-right r,dgi�n due to 
the lack of aft. circulation. For the medium supplf :l(G-W: rate Jase 
(Figure 3b),'thejet length extended to'�pproiiir\�t�!l the oppo� 
site wall. There is no separation point observed for the high flow 
rate case (Figure 3c ). The quantitative comparison for measured 
and predicted velocity magnitude from FL +0.5 m to +2.75 m 
at three stations away froni;the diffuser (i.e., 0.9 m, ·2. 1 m, and 
3.3 m) for case 1 and case 3 are showil"i n  Figures 4, 5, and 6, 
respectively. In general, the predicted results are in reasonable 
agreement with the measurements, although there are some 
discrepancies, especially near the ceiling region. The last 
measurement point is 0.05 m from the ceiling (FL +2.7� m), 
which is equal to the length of the sensor probe of the three­
dimensional ultrasonic anemometer. This may be. , a possible 
reason for the discrepancy of some locations close to the ceiling. 
At the 3.3 m station, the predicted jet velocity magnitude is 
obviously higher than that of the measured one for cases 2 and 3. 

The jet septtration distance obtained from prediction, 
measurement; arid empirical formulit(Rodahl 1977) of case 1 
through case 3 are depicted in Table 3. The predicted and 
measured throw data are also shown in this table. Note that the 
throw data are based on the terminal velocity of 0.3 mis. 
Rodahl's empirical formula (1977) is 

Xs 1.81 
'JA,, - Fro 

(15) 

where Xs, A0, and Ar0 are jet separation distance, diffuser 
effective area, and Archimedes number, respectively. Aro = 

g� JA,, (T, - T;n)IV;n 2, where � is vo�umep:jc expi;tnsion coef­
ficient (l/K) and V;n is maximum jet initial velocity (mis). 

It is found that the predicted data are close to the measured 
ones for ilie .small supply flow rate case but e;mib�t a signifi­
cant discrepancy for the high flow rate case. The measured and 
predicted mean PD and mean ADPI data are sho�n in_Table 
4. In general, the predicted mean PD and ADPI values are 
slightly higher than the measured data. However, the discrep­
ancy is reasonably acceptable.' The predicted mean .ADPI 
value for case 1 is low due to "old air dumping oc".urring in the 
occupied region. Note that the predicted room mean PD (PDr) 
valueSfor aln:ases are' less than 10%. . 

Part 2-Simulated Cases for an Environmentai 
Chamber (Case 4 through Case 12) 

The cbm\,ariliOn 'of cold air' distributio'ii systeins .·With 
conventional systems is discussed in this section. It is noted 

:CHc99-6-5 
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that there is ii.o;Sigillficai1tdiffererice irt arrflow distribution for 
1casb'. ana case 5 ccii.mpfil.e.Figure'1a=a.nd Figure 3b): indicat­
ipg ��,��}� ,air��jstijbu!J9�1sysit;� p_rod�c�s a r�i�tiyely ;irili­
-i:_�;�?� p�pi�o. to �·at q� a c. pventiopal syst��. �ih1;mgh 
tht. fiU:J?i>ly tJ.ow rate .qf a. cold ajr. system .�s- only around half of 
that of a cmnrentiolliµ syst�l_Il, for handling the same h!;'at load. 
T�mperature distributions of.conventional systems are quite 
uniform simply ·due to the high supply volume and the low 
temperature difference between room temperature and supply 
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temperature, as shown in Figure 7b. In mixing (or dilution) 
ventilation, where air is normally supplied outside the occu­
pied zone, the aim of designers is to achieve a homogeneous 
mixing of the supply air with room air so that a uniform 
temperature distribution is obtained and the "'contarrtination 
produced" is diluted. Cold air distribution systems using ceil-

ing diffusers supply less volume of air than the conventional 
system. Consequently, most people instinctively assume a 
higher room contaminant concentration and a lower ventila­
tion' �efficiency will be provided by' a. cold' air :distribution 
system. This study, however, ' shows tliat ·the lower supply 
volume of cold air distribution systems will not necessarily 
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TABLE 3 
Throw and Separation Data 

Meas. Pred. Empirical Meas. Pred. 
Case Ar x 1000 Xs Xs Xs TL TL 

1 5.61 2.1 2.0 2.2 2.2 2.1 

2 1 .40 3.3 3 . 1  4.32 3.6 3.5 

3 0.62 NA NA 6.48 NA NA 

Note: Xs = jet separation distance; TL = the throw jet; NA = not available. 

TABLE 4 . ·  

have this effect, as  outside air supply rates will remain the 
same ·for both types of system. The volume of 20 Lis of 
mi¢oor air (about the minimum limit for two occupants' 
ventilation air requirements) is assumed in the simulated cases 
in thls study. Also, the carbon dioxide generation rate of each 
occupant is assumed to be 4. 16 x 10-3 Us (15 Lib), and the 
carbon dioxide concentration of outdoor air is assumed to be 
300 ppm. Figures 8a and 8b show there is only � small varia­
tion of the distribution of carbon dioxide concentration 
between a conventional system and a cold air distribution 
system (case 1 and case 4). The. figures show that if the cold 
air system supplies the same volume of outdoor air to the 
room, the room mean carbon dioxide concentration will be 
�pproximat�ly similar to that of conventional supply air 

Measured and Predicted PD and ADPI Data 
\ 

Meas. PD Meas. Pred. PD 
"· 

, ?red. 
' ,\bp1 

Pred. PD, · s)'stems. However, one needs to understand that for supplying 
\)' \ . \ . 

Case (%) ADPI (%) (%) 
1 1 .9 82.4 13 .1  72. 1 7:5 

2 2.6 99.1 10.89 83.3 8.5 

3 2.7 84.76 13 .1  90.2 9.3 

Note: PD, is the average value of PD based on the whole room data. 
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the same outdoor volume to that of convennonal systems with 
less amount of supply air,_an energy penalty !J,t the cooling coil 
will result when using cc:iid air distribution systems_, reducing 
slightly the overall energy advantage. Ventilation efficiency 
can be described in term of "mean age of air." Figures 8c and 
8d show the distribution of normalized mean age of air 
(defined as local mean age of air normalized by nominal time 
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Figure 8a Carbon diqxide distribution for case 1. 
Unit: ppm. 
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Figure 8c Normalized mean age of air for case 1.  
Unit: s. 

figure 8d Normalized mean age of air for case 4. 
Unit: s. 

constant, which is the ratio of room volume to the supply air 
flow rate). Note that the normalized mean age of air is higher 
in the areas under the diffuser and wall vicinities, which corre­
sponds to the local recirculation areas that were j,dentified 
from airflow patterns. It is noted that for case 1 (Fig)lfe 8c), 
two huge areas of the room with values of higher than unity 
indicates the presence of a shortcut of supply air. In general, 
the variation of the distribution of normalized mean age of air 
bet\v�en the conventional system and the cold air distribution 
system can be considered as small. Zhang et al. 's (1994) 
experimental work using tracer'gas' showsthe same'chiiracter­
istic. In general, th� normalized mean age of air is higher in the 
areas under the diffuser and in wall vicinities. The locations 
with values greater than unity correspond to the localirecircu­
lation. areas that were identified from airflow:·patterns. The 
predicted _PD and ADPI values for cold air distributi0n 
systems with 4�C cold air (case 10 through case 1 4) an�H!"C 
cold ajr (case. 1 thr()µgh_ case 3) are,, �ho�n in Table 5.  

It is  noted that thereis no appreciable difference in PD arid 
ADPI values when directly delivering 4°C or 8°C col'd a'.ir. 
However, the possible . overdehumidifying and' :  surface 
condensation of the 4 °C cases should be addressed. -

1 0  

TABLE 5 
Predicted PD and ADPI Values 

Pred. PD Pred. ADPI 
Case Diffuser (%) (%) 

1 Ceiling nozzle (Ts = 8°C) 13 . 1  72. 1 

2 Ceiling nozzle (Ts = 8°C) 10.9 83.3 

3 Ceiling nozzle (Ts = 8°C) 12. 1 90.2 

7 Wall-mounted nozzle 6 .1  12.5 

8 Wall-mounted nozzle 4.8 67. 1 

9 Wall-mounted nozzle 7. 1 84.5 
I 

10 Ceiling nozzle (Ts = 4 °C) 15.2 56.2 

11 Ceiling nozzle (Ts = 4°C) 10.7 78.8 

12 Ceiling n
,
'?�zle (Ts = 4 °C) 13.6 93. l  

The flow patterns of cold air distribution using a wall­
mounted nozzle type diffuser for case 7, case 8, and case 9 are 
shown in Figures 9a, 9b, and 9c, respectively. In gerieral, the 
jet left the diffuser, traveled up, and then impinged bnthe ceil­
ing. The jet behavior under the ceiling can be treated as a verti­
cal free jet. As the jet was attached to the ceiling, it can be 
tak\!n as a radial jet. It is noted that the jet of case 7 dump� soon 
after reaching the ceiling, while the jets of cases 8 and 9 Jttach 
and travel a short distance after impinging the ceiling. Jt;f s also 
found that the air velocity at the opposite side of the room is 
generally lower than at the diffuser side. This is due to the 
momentum of the impinged jet decaying fast, resulting in a 
significantly higher velocity in the vicinity of the jet and the 
ceiling. Consequently, the air velocity at the opposite side of 
the room is quite small. This is true for all cases tested. The 
throws. are short; hence, this type of diffuser cannot cover a 
large area. Temperature distributions of cases 7, 8, and 9 are 
depicted in Figures-IOa, IOb, and lOc, respectively. It is;noted 
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I 
that the temperature on the diffuser side is higher than 011: the 
opposite _ side of the room for all cases. Case ? has, a hl�her 
temperature than that of case 8 and case 9 because.tl)e,!opposite 
side is effectively not ventilated. A high temperatu&�iia high 
velocity region c�os� to the opposite w� is obs�i:re��q� case 
8 and case 9, which is due to the natural convect10il ff(>m the . . ·', \: 
heated floor. This high temperature and ".elocity willf�ause 
h;igh PD values, as discussed later. Figure� I la, ld b, -�cl I le 
s�ow the predicted PD values f?r case� 1: &, �� ?·· ��Jpec­
tlvely. For case 7, as expected, high values'of PD (::;-2Q%) are 
qbserved at the side of the room with the nozzl� diffuser. The 
cold air dumping region is about one-third of. the whole room 
area� As the supply flow rate-increas�s., the.high.PD areas are 
observed in the jet region, the floor region, and the opposite 
wall region. However, the occupied zones still show low PD 
values. Th'e 'PD values· are high at the. floor re�otl betau�e of 
the reverse flow, which is induced by the' high velocity jet. The 
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]iigure 10 PredicttuL tempe_ratune for (a) case 7,; (b.) . 

_,i , 1 i 1  , • :  , ,qase �;.�nfi�(f:) case 9. Cf nit: 0C. 
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PD yalu�s at tbe 9ppoi;ite w!all region- are high because of the 
.influence of natural convectiori'.currents from the heated floor. 

.-The<PD values in1this area increased a8 the1supply .flow rates 
ifitr�d. as,seen 1n Figures 1 1  b 'aild. Jll c. The predicted mean 
AD PI values 'in the occupfed re�on foi-case7 ,'case 8, ·a:nd case 

. .  Q ar�. q.5%, 67.1 %; ,an4 M .. 5,%, respectiy,ely, as shown in 
J'able 5. Note _that th� OC9Upied region does not: include the 
,area within 0.6 m,from·1he .diffuser. It is noted that the ADPI 
values increase as the supply flow rate increases. A very low 
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Figure 11 Predicted PD distribution for (a) case 7, (b) 
case 8, and ( c) case 9. Unit: %. 

ADPI value for the low flow rate case is because there is insuf­
ficient momentum in the jet to -�en9 t_h� �old air to the occupied 
regfon. For the low flow rate case, most Qf the area of the occu­
pied region has not been vehti:lated, which results in reduced 
cold draft sensations and a low. air dH'fu,siqn enyirnnment. In 
general, it is concluded that because the jets from the wall­
mounted nozzle type diffuser lost their momentum very fast 
and. because of reversed flow, the.cold iair tended to stay close 
to tlie nozzle side with the opposite .. side of the room always 
being warmer. Thermal comfort may be a problem if this type 
of nozzle diffuser is used to ventilate a wide roomnFrom·this 
study, it is recommended that high velocity and momentum at 

the nozzle outlets should be used to ensure an acceptable 
indoor thermal comfort environment. 

Part 3-Simulation for a Multi-Cone Circular Diffuser 
(Case 1 3  through Cas-; 17) 

.. 
Figures 12a and 12b show the measured and predicted 

velocity vectors for a validation exercise. It is noted that the 
volume o(th� _predicted vortex is larger than that of the 
measured one. This is possibly due to the fact that the subtle 
effects of streamline curvature on turbulence are not included 
in the k-E turbulence model. However, the entrained airflow 
pattern is reproduced in the predicted velocity vectors. In 

: · general, the correlation between the predicted and measured 
. ,_ .profile of both figures is reasonably good. F�gures 1 3a through 

H13e shpw the velocity vectors and temperature -distributions 
:, : ' for al(�ases �t�died for the multi-cone diffu;er. The tempera­
,, . t\_lre distribution is presented in terms of the values .of the 

. �,.'.diff¢terice between - dew-point temperatUre (Tdp) air and 
- s�rface temperature of cones, referred to as TDS hereafter in 
. ,7this"paper. The cones were assumed to be made of metal with 

�-: a high thermal .conductivity.Jrlufrefore, the surface tempera-
. ture of the cones was _tiikert as the same temperature as the 

supply air (8uC). The merit of this form of presentation is that 
it not only shows the temperature distribution but also indi­
cates the surface condensation risk. It should be noted that 

'• . "' 
_ ,  , , . 1mrf'.1ce_pqndensation w.ill occur if the value ofTDS is positive 

at that point. Note that the TDS values are positive at the 
surface of the inner cone for cases 13  through case 15 (the 
values are 0. 1'6; 0�8. and 1 .02, resl'>ectively), indicating surface 

' eonden'Sation is likely to happen in this area.i cThe values 
'increase as the supply flow rate' increases due to more room air 
being entrained ·_ toward the iriner cone · (see Figures l 3a 
through Be). The TDS vfilues on ithe surfa.cescof the middle 
and the outer cones are positive because' the mixing interface 

· of room air and'Cold1air is below the cones. Figure 1 3d shows 
the .\fDS distribution of case 1 6, whieh has 'a hole of 10 mm 
diameter in the middle of the center cone. Note the TDS values 

1"• ' . · . -. ' - '=· l ""'' ' . ·1 ·  
(ii) measurement . (b) prediction . 

� :. ; . · . . . . , /Y'' "-'----�· . ' ._.! : , 
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: . ,Figurerl� (a) }Jeas,ur:e4 , .qnd (b) pre(,ijqted: yelocity 
vectors. l.[11it: /11/s. 
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Figure 13 Tempefature (fDS) cmd 'vel'bcity vectors for (a) case 13, (b) case 14, (c) case 15; (d) case 1 6, and (e) case 1 7. TDS 
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at most of the surface 9f th,e innercon�J>f thi� pase.are negative 
except at the lower part of ,the i::one. T,bis is 1?11cause the cold 
air that.is introduced through the hole in the inner cone mixes 
with rooyi air, thu� reducipg.th�girw-point temgt;rature. It w�s 
also found !fiat the TDS value a� the: surface ofthe inne� cpne 

, '°"ill decreasj! jf tJ;ie"' diawe\Cir of the . hole is inqreased, : The 
manner in·�fficp. �l;teJ�oJe. aj'fects condensation is a subj!1C! for 

'.future work., Hp�ev�r, if the hole becomes"too. big, ther:e.is a 
,c;langer of cold air dun:ip,ing. Figure 13.c; shows the; TDS distri­
,gution:�t th(f1qu_tlet viciµiJy-<Jf th,e.mJ#ti,�pne dLff\lser that has 
no cone lip. It should be noted that the TDS values at all 
surfactr.� . .\>,\ th� ,cones are less than zero beca,1:1����old a.tf d�"'qips 
directly after discj:large from the diffuser without significant 
in��_?_t!_�n_ of room ai� . . This �mp'ng �ith ipi.fil.mal entrain­ment is a�notable feature Qf the e cases:Figure 1 4  shows the 
COD;den�ati9n rate agWti�} supJ?lY, flqw r�t� (based . on the 
predr���·fo(fasl: U:i�se!�4·�;�.4�e �.5,X.�'f.ge variation of 
con� .. �tio? �a�:. !?o"*''*ii'�� ��tr\if ��?� a . �,Oled in_�e l

_
ast 

sect1,Q!,l,i t .e�, a,hJg��onden#tiQn ra�e cprresppnd� to a high 
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a· modifica­

uo� �,t�posal-for the muiti:coJ)� ruou� difftlser I� presented 
herei if3gure-151l"'ffi0Wsi�e. new. Cie'S.ign where 'li funnel shape 
of .flow·distribuiOr'l's't;'.�talled in the inner'c0ne-,ot Jie diffuser:. 
The flow distributor is niade of-a porous·�at�fi�i: There are 
two functions of the flow distributor. First, the flo� distributor 
introduces a stream of primary cold air parallel to the surface 
of the iilll.er·con��-keepirrg the inner eehe �urface from contilct­
ing the entrained warm room air. This will prevent the inner 

.'lone �urface from;con&Nisation. Second; the flow distributor 
reduces the speed of the�downward flowi hence reducing the 
risk of cold draft under the diffuser; A high room temperature 

. (26°G)' itnd relative humidity (RH ::; 60%) condition is tested 
: fo� the situation with and without this" modification. With 

'f3 
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Figure lSa CFD results for the new destgn ,diffuser. 
The TDS distribution for the case with 

' modijieation. TD� . (K) = dew-point 
temperature-suiface temperature. 

>: , ' ' ,-� 
modification (the :f;J.ow distributor installed), as shown in 
Figure 15a, the TDS contour line ·at the surface of the inner 
con� is negative, i.e., no(r:!sk ?K s.unace condensation in the 
i�er cone. Without modific:'ation (the flow distributor is •• ' • t• ' ., 11 as 1.1m�d to be blocked' off, i.e., porosity = zero), the TDS 
co1..'.to�r line al the 1urface of the inne1' cone i po iti ve. ln, uch 
a case, surface condensation occurs on the inner cone of the 
multi-bOne Circu1af�diffil�er. 

·. 
' ·· 

'. I \ 

CONCLUSION · , ; t  

A CPD mod�l 'for assessing ind�or 'itirfl�w t�njpcraturc, 
th�rmal comfort, and ventilation �ti:e�tivenet)si�tg a cold air 
distribution system has been developed ,and discussed. The 
environmental parameters considered ln-this niodel are not 
only airflow patterns and temperatures' but also relative 
humidity and s'urtace' 'condensaiion; which can' be critical in 
cold air distriotltio� systetns'. Based on the results aiicl discus­
sion, the following conclusions have bebn drawrt: · '  

• There are no significant differences in temperature distribu­
tion, airflow patterns, mean age of air, and mean carbon 
dioxide concentration at the occupied zone using a conven­
tional system compared to a cold air distribution system. 

° Ceiling nozzle type diffusers are suitable for cold air 
distribution systems. Directly supplying cold air to a 
room using a conventional square diffuser may result in 
problems of cold air dumping in occupied zones, local 
air stagnation, and condensation on the surfaces of the 
diffuser. 

• Wall-mounted nozzle type diffusers loose their jet 
momentum very fast, and because of backward flow, the 
cold air tends to have a very limited horizontal penetra­
tion into the room. 

• With the multi-cone circular diffuser, the risk of surface 

i' 1 4  

.I 

• , )  I '  

. , 

Figure JSb CFD results for the new design diffitse1: 
The TDS distribution for the case without 

· modification. TDS (K) = dew-point 
temperature-surface temperature. 

' »  . .  

. ,condensation increases as the supply flow rate increases. 
The influence of the cone lips on. airflow 'diffusion is 
very significant. Modifications to the standard multi­

' · eone circul� diffuser are pFoposed in order to prevent 
·lhe · occurrence of, surface cundensaJ.ion · and cold air 
dumping. ; -_ · x 
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