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Abstract 

This paper presents a study of the dynamics of the turbulent mixing of a hot or cold air 
stream with the air in the interior of a building zone. Observations and CFO results of 
transient temperature behaviour in a fully developed jet flow field are presented. A simple 
model for the characteristic time-constant of the mixing process in a room is derived. The 
mixing of a turbulent jet, as a function of position inside the room, is also discussed. This 
mixing time-constant plays an important role in total system dynamic behaviour and 
stability. For a turbulent jet, it is shown that the mixing time is short in the flow regions 
where strong shear forces are present and increases rapidly outside the jet. This implies 
that temperature sensors placed outside the shear flow regions respond slowly to supply 
air temperature or flow rate changes. This slow response may compromise the dynamic 
behaviour of systems where the temperature sensor's output is the primary feedback 
variable for indoor temperature control. 

Nomenclature 

Symbols 
Ad 
Dm 
K 
k 
L 
Ls 
M 
p 

Pr 

diffuser area [m 2i 
mass diffusivity [m 2/51 
turbulent kinetic energy [J] 
thermal conductance [W/m.KI 
turbulent eddy size [m] 
macro length scale [m] 
fluid mass [kg] 
flow power [W] 
Prandtl number 
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Schmidt number 
zone interior air temperature [K] 
interior air temperature distribution [K] 
time coordinate [s) 
diffuser air speed [m/s] 
jet centreline mean velocity [m/s] 
room volume [m3i 

mean velocity [m/s] 
x space coordinate [m] 
y space coordinate [m] 
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Greek 
a 
& 

• ' \ .. 
TJ .. 
'A' s 
(J) 

,thermal ~iffusivity [1,1121s1 . 
y~tocity energy dissipation [W/kg] 
efficie,ncy of turbulent production 

:micro scaie of turbulence [m] · · 1• 

• r radian frequency [rad/s] i i 

mixing time-cons~~~t Is] 
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"Indoor, air . mixi~g" is ' ~ . term used t~ describe the physical process of the mixi~g of hot ·and cold ail" in a room. 
Usually this t~rm refers to the stern:~y i'nhomogeneities in room temperntum distribution.: Tl'le !COntrol system of an 
HVAC system always attempts to maintain the interior temperature in a prescribed band. · The. :~bility of the controller 
to succeed in this aim depends on the accuracy with which the interior temperature is measured. In practice, 
however. the interior air wjll not be at a uniform temperature and the actual variable sensed by .tfl~ -{:Of]~rol.lef i,s not 
well defined. The position of the sensor in the room is important. E.g. it the sensor is piaced 'direciiy id ihti jeL of u-,e 
supply air diffuser, it will read the supply air temperature rather than the room air temperature. 
Another com;ideration is the time it takes for the interior air to mix, that is, the time It takA::: to arrive at the final 
steady distribution. This time delay is important for the proper design of the control system. During the mixing 
process the local temperature may vary considerably as blobs of hot and cold air move through space. Eventually 
the blobs are broken down in smaller blobs until complete mixing is achieved. 

Almost all HVAC simulation models, and all the popular design methods, assume the room air is well-mixed. This 
implies that the interior air temperature distribution is homogeneous, and also, that the mixing time is very short and 
can be ignored. Standard design procedure Is to separate the system dynamics into two levels, a fast local level 
and a slower second lcvol. T.tie local level time-constants , ,. ·: , : , ,,.,,, 
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determine the local dynamics of.the coils. dampers etc. The second level timeconstants 
are important for the overall system control dynamics. According to the ASHRAE manual: 
"for supervisory (second level) control , the local loop (firstlevel) may be considered to meet 
the set po1nts exactly" .[3].. However, many HYAC ,systems display on-off hunting behaviour 
which, is- 1US\.-!ally assu,m~:? tp be ,d-~e tQ limi~ cycles frdm the m·any non-linearities present. 
However, the behaviour may also be due to' design ' d.eficiencies' because· important 

1 ,_dynamj~~I, c.onsiderf1ti9r;is are negleqted . ~ The HVAC '
1
system simulation prog·ram which 

1,; reP,resent~,. th~1 • s~ate! .~f 1l1~~ ... ~rt a~ far 
1 
a,s

1
• dyn.ami9~1 as~,ects are concerned ' is pr<:?bably 

! '' • HVA~~IM+ [9] .. ) n HYA¢~1lfl.~i+ ~r,1~m,~~1t typ~ 1'~}'t~~ . 1~te. ior ~pa~e: i~, modelled with tw? .. 
.,J,.11, .,:re91ons: a ful !y.-m1x~d spacei,n~c:Jr , tre s ~ply diffuser 1arid a · p1s\on flow l part near the 

, .. : px~au~t [-.1, .OJ. This mpdel inclµd~s. th~ flow delay ,for the· piston flow''part of the space but it 
·S.:till ignore~ the time it t?tk~,S fof t~e mixing' tb take place. The main" conclusion of this 'paper 
is that the mixing time is highly dependent oh the spatial cdordinates·and often not negligible 

.. 
l. 

compared to other first-level time-constants. · 
A zone model which accurately reflects the room temperature dynamics must model the 

flow)i:i~i.d.e the,r9oi;11 i11 ,de P.il. Tt;ii~ equjres .a flow1 solver-a CFD code running on a powerful 
c~rnpu!~.: In iecerif yeais' ~he \iteratµre [4, 6, 13,17, 12·; 2findicate,s·thaHhese"metho'Cls are 
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finding application (for research purposes mostly)· m HVAC system analysis. l-lbwever:· CFD 
codes are difficult to use and expensive. They are currently only used· in critical' applications. 
For design purposes a good understanding of the physical mechanism is important. In this 
regard the recent work reported by Chow et al. [8) is important. · 

The main objective of this paper is to present a highly simplified method for estimating the 
time constant of the mixing process. The method is based on the well known solution of the 
turbulent flow field in the self-similar region of a turbulent jet. Before this method is 
discussed, the non-steady development of the temperature field in a room is investigated 
with the aid of a CFD code. 
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CFO Results for a simple 2-D turbulent'1jet The'1Standard K-s turbulence·model can be used to 
investigate the temperature re~ponse of a"fldw'flefd to a sudden increase in inlet air 

temperature. The K-c model:isi well, verified c;tnd is"kpown to be fairly reliable, except for 
inaccuracies very close to boundaries [1, 16). ~ highly simplified situation, consisting of a two­
dimensional Jet in a large enclosure, is 'investigated1with the the FloVe.nt {TM) [11] code. To 

reduce the complexity of the flow field, a constant pressure boundary on the opposite wall 
opposite to the is used. The steady response obtained in this manner, is shown in figure 1. The 

zone has a length of 6 m and is 3 m high. ·1n this calculation the temperature is uniform at 15 
°C in the zone. The supply jet and outside air is also at 15 °C . 

. r'. r,. , ~ ~ _Tihe j~t i~l~t ic~Pfe'19 : iy1, 9npsen at 15 . ml~ which. is s~tt:iciently hi~h .. _ to .. f?rm ~ clearly 
1 ~ 1 drscermbl~ :·Je~.1 ~Glte rn . t~~ 11fjgure how !he, jet attaphes J~. 1 the flq~L~ ;,~.~pe"'.a1r eptramment 
:t7 h causes rec1rculatrng flow fields below and abov~Jhe Inlet. JJ1e res_ultant f 
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Figure 1: Steady two-dimensional' flow field with unifor.ni tern'perature for a jet in a 
~arge zoner o~ 6 m by 3 in. The jet is 1 in abo~e the fl~or ,f·~~ 150. ~1!1. ~ide. The 
rnlet speed 1s 15 m/s. The boundary opposite the jet ·1s a constant pressure 

,, ; )?o;un~a.ry, __ thE( oth~r ar~._s.o;iooth walls ... The; ~~F,- tur.bulent model is,~.~~~- Velocity 
-.: r, -: vectors and, pressure cqr.it9urs ar~1-~tiown .. - . ···:. ·· ' ' . ''' ; : .. · ·, · 

~ ' .J · ' .. .; l1 .J. fl: ·· 'c ·1 ••• r1 ··. · ·1 . =--._-, 
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. r F~lpw;;pressure ~9.qve t~e jet. c~~~~.,s. :.ln'flo~--:··a~ .• ·.o~fs~de air ,~hro~gh the co.nstant pressure 
1, .F1bowt1.dary.. In flgure .2, the calculatea turbt,Jlent kinetic· energy ·1s sh6wn. 'The .. CF11

) result also 
_,., . • • • • " ' . • . • .J ~ \ ft • . ,... . ' - u '"'l ' 

' indicates strong turbuje'nce. in the shear' layers . . " . , ·' ;· i •. v .~ . ' • " .J ' " ' ' · ·," 

Ttw-tr~nsient te~pe_rature field, .6~t~;p.·~~ .'\~fte$ .'a ~.tJdden c~a~~e. _dt"~r-e inJ'et· 'le~ temperature to 
35 'C 1s -.shown 1n f19ure!'.?·. 1'ft~~!?P s}r~r t~ll1~e~at~~~-_. d1~tr!~~t 1on . 1s fi l ry10st · f~lly .~e_veloped , 

'"'l· althpug~ ..further c~tcµl9t1o~shq'#,e1;:Uh~t · tr.y,f3 steady _ ~!af~ ~~ .. rot atta1n~d ·even after 80 s. The 
J: . t~mp~,rature bisto r;i~~ ,' at vari9u~7!e,~yl_s : .?~'. <fd istR,r\ce· ~9rrm :lri~ f~<?n.t .of the inlel, arei ~hown in 

• rfigl;lf~! 4, T.~e c~rv~S: 1ShRw a fast rn1 tral!.f lSn . of t~rri8~f~ture :~t- p6s1t1ons close to ' the ·ground, 
u'•ftVV~ich a; e in~i~~ f,l;l.e 'et. , /:\t ~i-her levels 11putsld.~ ~\h, .~· jet, a mbre' gra~1.ual in~rer.a~e. is,

1
observed. 
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Figure I : Steady twp-dimensional ft ow field with uniform tem-
• , . .• , . , 1 • . ; · ,> ·, I 

:· perature' for a jet in ii large' zone of 6 in by 3 m. The jet is I m, 
above the floor and 150 mm wide. The inlet speed is 15 mis. 
The boundary opposite the jet is a constant pressure boundary, 

the ot~e~ a.re. ~i;noo~h1 waJ!~. ,Jn~, ~-;-€ turbulent model is used. 
·' Velocity vectors aild pressure contours are shown. 
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low-pressure above the jet causes inflow of outside air through the con~tant pres­
sure boundaryi In figure 2 the: calculated turbulerii 1d'netic energy' is shown. The 
CFD result also indicates ·trong turbulence in the shear layers. :1 1 •. 

The transient temperature field; btaiMd"after a ~tldden''chdnge' of the inlet jet 
temperature to 35 ·c is shown in figure 3. After 50 s the temperature distribution 
is almost fully developed, although further calculation showed that true steady 
state is not attained even after 80 s. The temperature histories, at various levels. 
at a distance of 2 m in front of the inlet, are shown in figure 4. The curves show 
a fast initial rise of temperature at positions close to the ground, which are inside 
the jet. At higher levels, outside the jet, a more gradual increase is observed. The 
sudden increase in temperature in the jet indicates the time of arrival of the hot 
air. The gradual increase outside the jet indicates the turbulent diffusion of hot air 
from the jet and mixing with the cold room air. 
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2._ZONE AIR MODEL 5 

Figure 2: Turbulent kinetic energy held obtained from the K-E 
model. The turbulent energy is-mostly in the shear layers. 
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2 Zone air model 

7 

!he physical mechanism involved in the m1xmg process is the transportation of heat from the 
temperature regions, e.g. in the vicinity of a heater, to lower temperature regions elsewhere. 
transpd>rtation is brought about by turbulent diffusion. D.uring cooling, the "coldness" must diffuse f 
the supply diffuser throughout the room. . 

We separate the interior air, temperature distriputi6n Ti, 1, into three parts, the 
bulk average Ti(t), the stEfadf spatial distribution tid(x. v, and the time depend-
ent spatial dis.tribation Tid(x.V, z,, t);, so that 
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Tid (XI Z, tt=: Ti(t) +' 6id (x:'v,' 11) 
+ Tid 

The steady spatial distribution, Tid, makes provision for stratification and other 
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'deal, long lasting, spatial te~perature differences in the. room. To design a 
non.;I · · · · · 1 · · 
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proper air distribution sys~~~ ~~f.'. a *b}l~ r~9tJrr~~ pre~ictio.n of the steady distribu-

tion to ascertain comfort in the occupied space. CFD pro-rams for room air dis­
W 
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. tri 'bution are usua,1.IX restr.icted ~q,§teady. f!ow analyses. H_owever, the non-steady 
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Figure 2: Turbulent kinetic energy field o,btained from the K-E :.· , r, 
m~del ~ Th~' :turbulent energy: is mostly in ti1'e shear layer~ ~ . , ;: · ~ !i · 
: .J i: ' ' ' , .... . · , ·• 

2 Zone air model 

The physical mechanism involved in· the mixing process is the transportation of 
heat from the high temperature regions, e.g. in the vicinity of a hi:;at~r, to lower 

, · ' ' . • . ,; •o • ' I 11 I \ 

tempdature 1'egions elsewhere.' 'The tr~hsporta,~ion. i,s, .brought about by ~µrbulent 
diffusion. 'Durin'g cooling, the "coldnes.s' mt.tst diffu~e frorn the, supply diffuser 

' . . ' • • • I I , 1 I I • I ' 

throtigholit the ·room. 
We separate the interior air temperature distribution ~c/. into three parts, the 

bu.lk average f;(t), the steady spati~l distribution tc1(x.y, z.), and the time depend­

ehtspatial distribution f;c1(x.y,z,t), so th.at " 1 

T1c1(x,y,z,t) = T;(t) + tc1(x,y,z) + f;c1(x,y,z.,t). (I) 

The steady spatial distribution, ti. makes provision for stratification and other 
non-ideal, long lasting, spatial temperature differences in the room. To design a 
proper air distribution system for a zone requires prediction of the steady distribu­
tion to ascertain comfort in the occupied space. CFD programs for room air dis­
tribution are usually restricted to steady flow analyses. However, the non-steady 
distribution, given by fic1, is the focus of this study. 
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For a well mixed zone bid and ltd vanishes and the fully mixed temperature is Ti. If, after reaching a 
mixed state, air at a temperature different from Ti, or heat, is released locally into the room at a ste 
state. Ti,I suddenly changes to a non-zero value in the region where the disturbance takes place. 
new steady temperature distribution in the room is given by Tid, and the time dependent part, 
gradually decreases as the new steady state is attained. :The local mixing, timeconstant, T,, (x. V, 7 
defined as the time it takes for Tid (X@ V, ........ t) to decrease to 37% of the initial value it 'umped to after 
disturbance was introduced. This definition is independent of the mechanism which causes 
disturbance. In general the mixing time-constant includes the time for the flow field to be established 
the time for the heat to be transported. The flow field may be due to natural or forced flow. In this study 
assume a steady flow field with time dependent temperature changes of the incoming air cause 
heaters and cooling coils. 

-. : _- Brodkey. [5, p701--dedves from a·· Kdrm@n:.Howarth type of equation. a differential equation for turbu 
mixing in an isotropic homogeneous held 
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1 d@, 
dt 

1201t, 
@,2 

s 

(2) 

with @, the intensity of segregation in units of local concentration per average concentration, D,, {m 
mass diffusivity and @,, [m] the micro scale of the turbulence .. On the assumption that the zone air ca 
rcaarded as initially consisting of a couple of large blobs of hot and cold air equation 2 describes 
dynamics of the mixina of the hot and cold blobs to a uniform temperature. Tile presumed mechanis 
mixing is thar large blobs of 'et air break away from the 'et and mix 

j . - .. -
wjth the· room .air. Presumably,: the dynamics· of th~ average ·temperature and the size of the blobs 
closely coupled so that equation 2 also describes the dynarn- ical response of the avera e tempera 
observed at a point. Note that the .CF1) results in figure 4 do not display fluctuations. The nume 
modei is based on calculating the mean flpw and a mqdel for the generation and dissipation of 
turbulent kin'etic energy. The temp'erature fraces in the figure are the calculated local average values. 

Presumably Ti,I is given by a law similar to 2 

T.,. , ,dt T 1Tid =:=: ,r; + Tid -r(3) 

, • : • [j . 1 I 
' .. , 

The· irtl.xing time for, the roorn air iptrodu.ces ,an add~tional time:-.constant in the room thermal response 
· measured ·by a temp_e~~ture · sensqi .. Tt)e time-co,n.st~pt dep~nds . on the ~ir flow pattern in the room and 
, position of the diffus·er>exha'ust inle(and sensor. · The !Tiixing.time-ccmstant is 
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For a well mixed zone fi.d and f;d vanishes and the fully mixed temperature is 
1;. If, after reaching a fully mixed state, air at a temperature different from f;, or 
heat, is released locally into the room at a steady state, 1it1 suddenly changes to a 
non-zero value in the region where the. disturbance take~ ; place .. Jl).e ,new steady 

· temperature distributi~n in theroom iS'given qy ·t;tf, an·d th'e' .t.ifne ,d~p~ndent part. 
T.1. 02'rarl11allv rlec.re;lses' ~s the new stea<lv,,· state 'is. attained: ;!'he bc:i! mix in6~ time-

'"' ' I~ . 1 ' ' I . • 

constant, 'tm(x,y, z), is defined as the time it takes for f;t1(x,y, :.,t) to decrease to 
37% of the initial value it jumped to after the disturbance was inlruuuced. This 
definition is independent of the mechanism which causes the disturbance. In gen­
eral the mixing time-constant includ·es the time for the ftow field to be established 
and the time for the heat to be transported. The flow field may be due to natural 
or forced flow. In this study we assume a steady flow field with time dependent 
temperature changes of the inc;oµiing air. caused by heaters 1arid cooling coils . 

.. · Brodkey [5, p70] derives from a.Karman-Ho;war:th type of.equ_ation. a differ-

. ' . I 

ential equa~ion for .turbulent mixing in.an isotropic homogeneous ffeld 

1 di~. · -· ·Dm 
--=-12-
ls dt A; 

. ( 

(2) 

with ls the intensity of segregation ·in units of local concentration per average 
concentration, D111 [m2/s] mass diffusivity and A._1. [m] themicrp/;~q\-~ ?f, t~e turbu­
knce. Dn the assumption that the z.one air can be regarded as initially ·consisting 
of a couple of- large blobs of hot and cold air equation 2 describes the dynamics 
of th~ mixing of the hot and cold blobs to a uniform temperature. The presumed 
mechaQis.m of mixing is that large blobs of jet air break away from the jet and mix 
with th~ 'r9om air. Presumably, the dynamics of the average temperature and the 
size of 'th~ blobs are closely coupled so that equation 2 also describes the dynam­
ical , respon~e of the av~rage temperature observed at' a point. Note that the CFO 

' I' : :,1;esuHs in figure.4 do not display fluctuations. The nurnerical model is based on 
c~tlculating the mean flow <md i1 model for the generation atrd dis'sipation of the 
turbulent kinetic energy. The temperature traces in the figure are the calculated 
local_average values. 

Presumably T;c1 is given by a law similar.t9 ~ 
: : I ; ; •, ~ ; ·, ~ ' l ' ' ,' :._ ~. ' ' _" • ' : . : : ' • ' ' : • _j I ' . • ' • • ~: '• .' !_ j • ) ' : (··.:. j ( I . • ' -' ! < 

J~ ! 0 )', 1 1 ; ! ' , : .• : ._, • u \: '.,:. d7ict/'. .' ·' I · - '.. ~ I . , : · :·; ·1 ,: l l l ' ""
0 

1'1n.:..__d + T;d = T; + fi.c1. ··, I ' ' ·1 ,< • ) t , •.', I; I , • 
(3) 

The mixing time for the room air introduces an additional time-constant in the 
,room 'thermal response, as measured by a temperature sensor. The time-constant 

, ', depends9n, ~l)e air flow pattern in the room and the position of the diffuser. exhaust 
1 

, inle.t\ ap.d ,sensor. The mixing time-constant is 
' . 

' 
(4) 
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where the value of either Cl, or RI, can be chosen arbitrarily. 

To calculated ... requires knowledge of the turbulent flow-field structure. Brodkey [51 gives for a Sch 
number, Se ~ 1, 

' •,, ( ( 5 : I ) 2,' 2 
'/!1 

Ttn 
!i• 1 ' ,, ' ' • ... 

l. i:· 
71 ., 3 - Sc2 c 

·•1• ... 

11
;·;'!; · :• tri · t~is eqbatibn F~'[W/kg] is the. velo9-iJY. en'e,~gy dlssipati~n .per un,it mass, and 

f t . , I . I ' . \ ' ' l . . ~ . . . { l .. 

. ' :; "· L, [m] is the macro scale of the scalar blobs. For mixing of hot and cold air 
• ~ ' '1 til,isc ·= Pr,-@@ 07, ~6 : '1

·' · " .: ; ) •• 

I •,.'.)., ''. l - ) "i_ ! ~.'' , ',\ ., I ~~ ) \ ' ~ ·'· 
·. ' • ..... 

... 
' 

I . ' ... .. 
. :i h11' f I . ,j 

, ' ' . 

r ) j ~ ! ! • • 1 J' • 

. I ) I .:: "i',k' J (C) • I,, . I 
' i ' ' 

.... . ' 

(6) 

., ' 

(5) 

. ' 11, J The structure of the:turbulence ls .characterised· by 'the l~cal scale lengths and energy dissipation. Th 
. j : I t: :. 1variables ·depend on the flow co'hfigur'atio·n and a general solutio~ is impossible. According to White 

p4172.1 the K.-.F-. model can be .moWfied 'to give-'predidrons for turbule'nt jets; a procedure which requir 
CF1) code. For a turbulent eddy of size L, and kinetic energy K, dimensional analysis [16, p444] give 

I 

! I 
K312' 

~ !;_ .. _, : !: ., ) . ·, .. ,' , ; " F_ ;:@@(constant) L f 1 . , (7) 

' I 1' ' ' I I 1. • ~ • r ' ; :· • \ ! _, l l l 1 

-·•' ·' . Acco'rding ·~<?. Schlichting [15, p5931, experiments indicate that ihe numerical 
11 

.,·
1
·' : 

1 
• .. , • val~e.ofthe· c~r~~~.nti~9.·165 . Sinc~\· (the .(lowscaleequalstheconcen-

L )I' 

. I 
' I! \ 

~ r\ '. '. . . ''•j 

- I J , I ( ~ · 1
! ,. 

t r:~ • f & 

.·r trat1dn· scale), . . 
• : 1 .. • ,rm @@' ~ · (8) 

• • , r; :.J1Jlr , !_ • • I • ! i ' i. V./'' 
J. ( 1, • . I •; . . •: • • ' • . ,1' ,: , ,. ~ V k · i! .. 

.r • . : . l~ . f j ; '. d· 

(I'. i ·_; ro estimate the mixing 1ime-constant, the local macro scale of turbulence and the local turbulent ki 

1 : ' " ii~., : ; , ~ner,gy, mw~t. be obtajQed. These two 1parameters are' not independent, they are coupled through 
'. ,

1 
; · :r,~urb~.lent 1,dfletic. ~n_ergy equation,[ 161 .. For .. cincular ·'ets the .calculation can be completed. 

I ! , _, 

~ · 1 · , f "' :"; ; . :I : ·i :: ( i \: .· ~ 1i..i .1 : .. : 1 J.~,:. · 
CircularJets lfturbulehtenergyproductiohequalsdissipation,Schlichting[l5, p5921 gives the follo 
relationship for axially symmetric flows; with y the radial distance from the axis, and a the mean flo 

\ . . . .. -
i ... ; the axial direction ·· ·1 ; . 

1. J ~I I ; , '. f " ' - .. ":; • 
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This equation is probably not valid near walls where the diffusion term of the kinetic energy equatio 
important [151. The mean flow profile for a circular jet, in the self-similar region, is given by White 
p4741 
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2 ZONE AIR MODEL 7 

where the value of either C1z or R1i can be chosen arbitrarily. 
To calculate 't111 requires knowledge of the turbulent flow-field structure. Brod­

key [5] gives for a Schmidt number, Sc ~ 1, 

_ (~) 2/3 2 (L~) 1/3 
'tm - 2 -

7t 3-Sc E 
(5) 

In this equation E [W/kgJ is the velocity energy dissipation per unit mass, and 
Ls [mJ is the macro scale of the scalar blobs. For mixing of hot and cold air 
Sc = Pr ~ 0. 7, so 

(LI) 1/3 
't111 ~ 1.09 £ (6) 

The structure of the turbulence is characterised by the local scale lengths and 
energy dissipation. These variables depend on the flow configuration and a gen­
eral solution is impossible. According to White [16, p472] the K-E model can 
be modified to give predictions for turbulent jets; a procedure which requires a 
CFD code. For a turbulent eddy of size L, and kinetic energy K. dimensional 
analysis [ 16, p444 J gives 

K3/2 
E ~(constant)£. (7) 

According to Schlichting [ 15, p593], experiments indicate that the numerical 
value of the constant is 0.165. Since L = L.1• (the flow scale equals the concen-
tration scale), 

(8) 

To estimate the mixing time-constant, the local macro scale of turbulence and the 
local turbulent kinetic energy, must be obtained. These two parameters are not 
independent, they are coupled through the turbulent kinetic energy equation [ 16). 
For circular jets the calculation can be completed. 

Circular Jets If turbulent energy production equals dissipation, Schlichting [ 15, 
p592] gives the following relationship for axially symmetric flows, with y the 
radial distance from the axis, and a the mean flow in the axial direction 

K = o.1652 (au) z 
L2 dy 

(9) 

This equation is probably not valid near walls where the diffusion term of the 
kinetic energy equation is important [15). The mean flow profile for a circular jet, 
in the self-similar region, is given by White [16, p474] 

U
u ~ sech2 ( 10.4~) 
max X 

( 10) 
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2 ZONE AIR MODEL 8 

with the centreline mean velocity, U,,,, proportional to x 1, and x the distance along the axis. 
relationship between K and L, is 

K 
11.8 _tanh(I0.4y/x) 

R 

In the centre of the jet the scale approaches zero, indicating that.no mixing-only diffusion, takes pl 
here. The time-constant is ·· ,. · 

Tfil = 0.58 X (12) 
Uax sech 2( 10.4y/x)tanh@10. 

, •, l 

This result is presented graphically in figure 5. The time-constant'is short in the shear layers where 
of the mixing takes place. This observatfon is:·probably generally true and can be used lo estimate 
mixing time-constant for more complicated geometries. The mixing time-constant is clearly a very str 
function of the position- of the sensor rel~tive .to th~ diffuser 'et. For y > x15 the mixing timecons 
increases rapidly. In practice it.is limited by recirculating zones near the boundaries and can not bee 
infinite. Note that the observed time-constant in the centre of the jet is very small while the theore 
.result in ,figure 5 gives a very large value: The ·-infinite theoretical ·tesult indicates that no mixing t 
place in the centre, and not, that the observed temperature response should change slowly. As soo 
the unmixed hot air stream corries into contact with: the thermocouple the temperature changes rapid I 

,(, 

·' 
Whole Room Characteristi,c Bropkey.[5, p721 gives for the rate· of turbulent energy production 

,, 
. ' ... p 

11- '. (13) 
m with P the flow pow~r;· ii the efficiency of turbulent production and M the fluid 

. From equation 6 then follows :''. '' ·1
' ' " 

·. 1, p I i · ' (14) 

1.09 (ill l'M) 

· 
1 

.,, 1A tiliie-canstant chatacteristic of~ whole' ro6m ··s obtain~d , by ta~ing, L,· .· ;
1 

V, 
where V is the room volume, and P pAdUo3, where ·Ads ·the diffuser area and 
UO the air speed at the diffuser. 

;.: • 1 
... ' . 

' ' ' . ' VS/3' ' '. 1/3 . :1 1 

Tina= 1.37 (15) 
I ''. 
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2 ZONE AIR MODEL 8 

with the centreline mean velocity, Umax, proportional to x- 1, and x the distance 
•' (along the axis. The relationship between K and Ls is 

K [- ]2 
L2 = 11.-s ~tanh(10.4y/~) 

J ( x 
(11) 

, _Jn the centre of the jet the scale approaches zero, indicating that no mixing-only 
· ·.diffusion, takes place ~~re. The time-:constant is 

- ,j ' · . i1 1 .~ '. = ~.'ss i; ;. . .: .), , x · 1 ct 2) 

.· t :1T .· : __ ; Umaxsech2(10.4y/x)tanh( !0.4y/x) · 
't'' ") : :'l ~ 

.' This result is presented graphically in figure 5. The time-con:staiit is short in the 
:. shear layers where: most of the mixing takes place. This observation is probably 

- generally true and c:an be used to estimate the mixing time-const'ant for more com­
plicated geometries. The mixing time-const~nt is clearly a very strong function of 

· ,the· position of the sensor relative 'to th~ diffu!ser]et. For y > x/5 the mixing time­
constant increases rapidly. In practice it is limited by recirculating zones near the 
boundaries and can ·not become infinite. Note that the observed time-constant in 
the centre of the jet is ve1y small while the theoretical result in figure 5 gives a very 
Iarg~ vallle. The infinit'e theor~tical result inc;iic~tes tha,t no mixing takes place in 
the centre, and not, that the observed temperature response should change slowly. 
As soon as the, unmixed hot air stream comes into contact with the thermocouple 
the temperature changes rapidly. 

Whole :~~om ~1~aracteris~i'~·"" Br?d~er .[5, p72] gixes. for the ~~te qt; turbulent 
energy.:: prod_uct1oh 

1 
, , , 1 .• 1 

. . , , . ' · , ". , •• 

. . l;~·'.' ,·.j 1J-. '- . ., E=llz::;if., ,1 !. 1.:.: \. (13) 

with P the flow power, 11 the efficiency of turbulent production and M the fluid 
mas.s. Frorn_~quation 6 then follows 

I I 
t• ,,;' 

(
L2M) l/3 

'tm = 1.09 ~p . ( 14) 

A time-constant characteristic of a whole room is obtained by taking L.1. = W. 
where V is the room volume, and P = ~PAt1Uc?, where Ad is the diffuser area and 
Uo the air speed at the diffuser. 

(

y5/3) 1/3 
'tma = 1.37 --

TlAd Vo 
( 15) 
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3 CONCL US/ON 9 

If = 1 all the kinetic energy at the diffuser becomes turbulent kinetic energy in the room as the 
air becomes almost stationary. If the air retains some kinetic energy a smaller value fore 
should be used. For a room with V = 54 M3, Ad= 7r (0. 15) 2 M2, uo = 15 m/s and T1 = 1, r- = 2 s. 
The results of the CF1) analysis in figure 4 indicate a. response time between 5 and 15 
seconds, outside the jet. However, figure 1 shows that, due to the constant pressure 
boundary, very little of the kinetic energy at the diffuser is dissipated inside the room. 
The time-constant given by equation 1.5 is a spatial average and is. useless for predicting the 
local time-constant in the vicinity . of · t~e temperature sensor. , Nevertheless, it gives an 
indication of the magnitud~ of the mixing tir:ne-corstant as a func~ion of zone volume and 
diffuser size. 
In air-conditioning industry, diffusers are often 'characterised by a characteristic 'et length, the 
throw.(14, chapter 10], which'gives some' idea of the flow distribution _in the room. To estimate 
the mixing time-constant, the throw can be used to get an idea of the mean velocity profile i7. 
Hopefully, in similar fashion as equation 8, the mixing time-constant can be related to the 
mean velocity by a correlation of the form 

Tm@@(constant) ·· ~ , . (16) 

! ' 
17 

where 4, is a characterist-ic length scale wrich is srna11 i~ . the shear flow regions and can be 
estimated from the slope of the mean velocity profile. The turbulent kinetic energy, K, can be 
taken roughly proportional to the squared mean velocity.' Another possibility is to try to relate 
the time-constant to the jet momentum numllet. ' Chow et al. (81 rileasured the steady velocity 

· field in seven railway stations ~:ind found that the: diffuser performance can be related to a 
modified jet momentum " ' 
number 

J* . Quo 
gAroomh 

(17) 

• · · whore Q [m 3/S] is the flow rate, g = 9.81 rn/s, Afloo, [M2] the floor area, and 11 [m] the height of the centre line of the diffuser 

I ' 

I: ;1 ', 'I' ' \ 1 

above flqor level_. Fpture investigatio~ r,nust determine. t~e viability of these approaches. : 
, I ~ 0 ' ' , 

,, . ' I ' 

3 Conclusion ' ' . I I 

HVAC system dyr.am!cs, although very important for maintaining acceptable indoor comfort, is often neglected in the design 
process. One of the reasons for this Is the Jack of useful physical models for the prediction of the dynamic behaviour of some 
impo,rtont physicol pro90ss~s . and ~ubsystems. In prnr.tic:A the· dynamical behaviour of a newly Installed system is fixed by 
aajustirig ~~~ flme-co~s~n~ ~f th; ~ntroller in a so~erhat ~fpitrary ?1anner. Howeyer_. completely satisfactory 
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c:c:.;iiE 0 'If:rr= I all' the kinetic energy at the di ffuser · ~efo,rries turbulent kinetic energy 
·~ · -'lit the room as ,the air becorpes almost sHH.ionary. 

1 
if the air retai.ns some kinetic 

·' elie'rgy a smaller value for~ should be used. For a room v.:i,th V = 54 m3, At1 = 
~ .. ;.:- .~(9. l .?)2 .m2

, Uo ., ... 15 rnJs, and Tl . I , 't111a =~ s. 'I:he r~sulrs of the CFD analysis 
!'1•.• '" ~ .• ·. - r,!n' fi~~e 4 in~icate a _re~po_m;j! ,time between 5 ;and 15 second$; outside t~e jet. 
., . r11. f.lowever, figure l shows that, due to the constanl pressure boundary, very httle of 

- .) : th~ kinetic energy at the diffuser is dissipated inside the room. 

-' 

The time-constant given by·:equation 15 is a spatial ·average and is useless 
i 1 for predicting the. local time-constant in the vicinity of the temperature sensor. 

Nevertheless, it gives an indication of the magnitude of the mixing time-constanc 
as a function of zone volume and diffuser size ., 

In air-conditioliing industry~ ciiffusers ~re ofteh characterised. by, a character­
istic jet lengili ,the throw .(14,' c~apter IO], whifh give~ some idea of the flow 
distribution in ' the· room. To estimate the mixing time-constant, tbe throw can be 
;use.d ·to get .a'n idea of. the,, m~an velocity pr~file u. · Hopefully, in similar fashion 
as equation 8, the mixing time-constant can be related to the mean velocity by a 
correlation of the form 

Li· 
'tm ~(constant)~ 

. ;1 u 
( 16) 

where Ls is a characteristic length scale which is small in the shear ftow regions 
and can; q,e estimated'. frorn .tl;l,e ~lope .. of the mean velocity profile. The turbulent 
kinetic energy, K, can be taken roughly proportional to the squared mean velocity. 
Another possrbility is to try to relate' the time-constant to·'the jet r;io'mentum num­
ber. Chow et al. [8] measured the steady velocity field in seven railway stations 
and found that the diffuser performance can be related,tp a,mG>difiedjet momentum 
number · · · 

'' . ., : : - , , "·" '· _1~, :-: .gA~~:.h .. , i' ( 17) 
• I ;1 . . ' 1• t' • , .. , - •' ~ ' -..-, I (. 1 ' '.:: ~· l • . :> '. • • • ~ ' ,; / ' ·1.' · 1 

· where Q [m~/s]-is--the ·fto~: r.ate, ?:=?.:B l r;il \Aflqor' [m-] the ~oo~.~i~~\ : and /z [m] 
-·" ·' ·the height ofthe t:en'tre lihe'of th'e' diffuser above floor level. Future investigation 

must determine the viability of these approaches. 

3 Conclusion 

HVAC system dynamics, although very important for maintaining acceptable in­
door comfort, is often neglected in the design process. One of the reasons for this 
is che lack of useful physical models for the prediction of the dynamic behaviour 
of some important physical processes and subsystems. In practice the dynamical 
behaviour of a newly installed system is fixed by adjusting the time-constants of 
the controller in a omewhac arbitrary manner. However, completely satisfactory 
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dynamic behaviour is often not achieved. This study contributes to a better understanding of 
one of the most important dynamical processes; it shows that the position of the temperature 
sensor in a room is an important consideration from the point of view of system dynamics. A 
highly simplified model shows that the mixing time constant are highly dependent on the 
spatial position. · 
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Figure 3: Temperature field development after a sudden jump 
in the inlet temperature. Temperature t:ontours are shown. from 
top to bottom, at Limes 0.1 s, 0.5 s, I s, 5 s. I 0 s und 50 s after the 
jump in inlet temperature occurred. The isotherm at the inlet is 
at 35 ·c and the outermost one is at 15 "C. 
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Figure 3: Temperature field development after a sudden jump in the inlet temperature. 
Temperature contours are shown, from top to bottom, at times 0. 1 s, 0.5 s, 1 s, 5 s, 1 0 s and 
50 s after the jump in inlet temperature occurred. The isothenn at the inlet is at 35 'C and the 
outen-nost one is at 15 C. 
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Figure 4: Temperature histories calculated at a distance of 2 m 
in front of the inlet, at 0.25 m, 0.5 m, 0. 75 m, 1 m, 1.25 m, 

1. 5 m and 1. 75 m above ground level. 
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Fitglure 5: Mixing time-constant, T,,, for self-similar flow region of ~xially symmetric jet. The 
variables are: U,,ax---centre line mean velocity, x-distance alqng the axis of the jet, yradial 
distance per.pendicl:.llar to .the axis: ·In-the centre, and far outside the jet, the time-constant is 
very larg~. - .: · · =-:::-:..: · : ::-_ · ·· ~::. · ,, 
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Figure 5: Mixing time-constant, 'tm, for self-similar flow re­
gion uf axially symmeLric jet. The variables are: Urnax.-centre 
line mean velocity, x-distance along the axis of the jet, y­
radial distance perpendicular to the axis. In the centre, and far 
outside the jet, the time-constant is very large. 
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