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Mixing Time Constant for Jet Flow in Rooms
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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 CFD 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.
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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

V) thermal diffusivity (m2/s1
B velocity energy dissipation [W/kg]

. efficiency of turbulent productlon

As “micro scale of turbulence [m]: - ‘ ¥ el
v @ radian frequency [rad/s] i
I mixing time-constant Is] ;
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"Indoor, air mlxmg" is a term used to describe the physical process of the rmxlng of hot and cold aif in a room.

Usually this term refers to the stcady inhomogeneities in room temperature distribution.) The:control system of an
HVAC system always attempts to maintain the interior temperature in a prescribed band. The -ability 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 wijll not be at a uniform temperature and the actual variable sensed by lhe controller is not
well defined. The position of the sensor in the room is important. E.g. it the sensor is piaced direciiy inf' ihe jet of the
supply air diffuser, it will read the supply air temperature rather than the room air temperature.
Another consideration is the time it takes for the interior air to mix, that is, the tirne it takes 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 gecond level. The 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 points exactly” [3]. However, many HYAC systems display on-off hunting behaviour
which. is usually assumed to be due to limit cycles from the many non-linearities present.
However, the behaviour may also be due to deS|gn deflc:IenCles because important
, dynamical considerations are neglected. The HVAC “system sirmulation program which

.. represents . the, state of the art as far as dynamlcal aspects are concerned is probably
HVACSIM* [9]. In HVAéSlM* (element type 15) the interior space is modelled with two
. regions:  a fully-mlxed space. near the supply diffuser ‘and ‘a’ piston flow part near the
exhaust [10]. This model includes the flow delay for the piston flow'part of the space but it
still |gnores the time it takes for the mlxmg to take place. The main conclusion of this'paper
is that the mixing time is highly dependent on the spatial coordinatés-and often not neghglble
compared to other first-level time-constants.

A zone model which accurately reflects the room temperature dynamics must model the
flow.inside the,room in defail. This requires a flow solver-a CFD code running on a powerful
computer. In recent years the llterature (4, 6, 13, 7 12, 2] indicates that these ' methods are
finding application (for research purposes mostly) in HVAC system analysis. However, CFD
codes are difficult to use and expensive. They are currently only used in critical appiications.
For design purposes a good understanding of the physical mechanism is |mportant 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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CFD Results for a simple 2-D turbulentjet The 'standard K-¢ turbulence'model can be used to
investigate the temperature response of a fiow ﬂégd to a sudden increase in inlet air
temperature. The K-¢ modelis, well, verified and is known to be fairly reliable, except for
inaccuracies very close to boundarles [1,16). A highly Slmpllfled situation, consisting of a two-
dimensional Jet in a large enclosure, is investigatedwith the the FloVent (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. In this calculation the temperature is uniform at 15
°C in the zone. The supply jet and outside air is also at 15 °C.
~om 5 jhe jet inlet ,(spgeq ig_chosen at 15 m/s which is sufﬂmently hlgh to form a clearly
51 discernible jetlv Note in the figure how the jet attaches to the floor Zone air entramment
1_)'* causes recirculating ﬂow fi elds below and above the Inlet. The resultant
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Figure 1: Steady two- dlmensmnal flow field with unlform ternperature for ajetina
large zone of 6 mby 3 in. The jetis 1 in above the floor and 150 mm wide. The
inlet speed is 15 m/s. The boundary opposite the jet* is'a cohsfant pressure
e SieiG boundary the other are smooth walls. The K-F- turbulent model is used Velocity
e ein ~ vectors and pressure contours are, shown ey LAt
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1alowrypressure above the Jet causes lnﬂow of outsude air through the constant pressure
1,6 ~boundary In fi gureYZ the calculated turbulent klnet|c energy is- shown ‘The CF1') result also

" indieates strong turbujence in thé shear Iayers S w3

The- transient temperature field, obtalped after a sudden change of the inlet'let tetnperature to

35 'C is shown in figure 3. After., 50 S, the temperature distribution is almost fully developed,
.1, although further calcplatlorushowed that true steady state is ,not attained ‘even after 80 s. The

1 temperature historigs, at variqus. 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,
w'-;which age lnSlde the ‘et., At hi-her Ievels,,putslde the jet a mbre gradual mcrease |s observed

The

2 P Mo S , s ¥

£ PRI YA 3 | IITLLARER I SO Y Jf\ﬂr-“_,‘ ¢ e g A
S o J s tYHI, w b Slos :'_ A ki i WO
- sudden increase, jn_ temperature i the Jet mdudat}es tHe tire" of arrl\/al ‘of the Hot -air. The
. gradual increase outside, the jef mdlcates the turbulent dlffusmr] df hdt all from the ‘et and
i mlxung with the cold room air. ., .

boo 0 s Ve 13 RS oFil doaals “lii 'h;v.', o Vgl
;)’3' .1. 1 9 . ip g i i g - b LR g g i %
jx i 1 i For o IQY Lwwtd s &V EFVRDg WA D %, !
oy omn o am - < )
A UG ety s IR o @=L To | . N IR T RT AT ST
% PAG RO | e
sof, el g s AR T2 TN I 1oy 5 . . =
afde o dBTONIEE T P0G, D Beniloende i Inveaa o) 20 e Ll e ey ede
A 30 S ue P e i D Taent of tieveltey ey o087 2 Y ':v el
[ C e < PG s anhe 2 DOMGAM 9ty 22000 LI i o 10 Melanas
Yords @'t ey b bt . . 3 o v - . L
ord s Y S04 I eaiunall £ T fioipe e selive wi o Lisll wes Lastoom
& g (C 2 - ' 2 il . —_— o '
SEaBTa N o o G IV g ey ,..lJfa‘S e 8 to dmoclovel stagies . ude o EUR

by i
b P



I INTRODUCTION

1

e

lll“\“\l\\v\\
‘I‘ll“llumu..

Lz

Miite

¥

Figure 1: Steady two-dimensional flow field with umform tem-
" peraturé for a jet in a large zone of 6 m by 3 m. The Jet is l ‘m,
above the floor and 150 mm wide. The inlet speed is 15 m/s.
The boundary opposite the jet is a constant pressure boundary,
. the other are smooth walls. The K€ turbulent model is used.
“ Velocity' vectors and pressure contours are shown.

low-pressure above the jet causes inflow of outside air through the constant pres-
sure boundary; In figure 2 thei calculated turbulent kinetic energy is Shown. The
CFD result also indicates strong turbulence in the shear layers. . .

The transient temperature field, obtained after a sudden’ change 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.




2 ZONE AIR MODEL 5

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

2 Zone air model

The physical mechanism involved in the mixing process is the transportation of heat from the
temperature regions, e.g. in the vicinity of a heater, to lower temperature regions elsewhere.
transportation is brought about by turbulent diffusion. During cooling, the "coldness" must diffuse f
the supply diffuser throughout the room.

We separate the interior air temperature distribution Ti, 1, into three parts, the

bulk average Tift), the steady spatial distribution tidx. v, and the time depend~
ent spatial djs,t_r-’ibUtiph Tid(x-V, Z,1), so that
— _ A K : | - .
Tid (X1 Z, ty=: Ti.(¢) +bid (X,'V, 17) 1.

The steady spatial distribution, Tid, makes provision for stratification and other

non-l , 1
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'deal, long lasting, spatial fgmperéiqre; d:ifférenc,'es in the room. To design a

proper air distribution systﬁm 1:<\J'ra ,zlorle :rgglﬁl'rljeél prediétio'ﬁ of the steady dis1tribu-
tion to ascertain comfort in the occupied space. CFD pro-rams for room air dis-
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Figure 2: Turbulent klneuc energy field obtamed from the K—a
model The turbulent energy, | is mostly in the shear layers. 1;-«;1,

J

2 Zone air model

The physical mechanism involved in the mixing process is the transportation of
heat from the high tempcrature regions, e.g. in the vicinity of a heater, to lower
temperatire regions elsewhere. ‘The transportation is brought about bv turbu]cnt
diffusion. 'During coolnng, the coldness" must dxffuse from the, supply diffuser
throughott the room.

We separate the interior air temperature distribution Ty, into three parts, the
bulk average T(t), the steady spatial distribution Ti4(x.v,z), and the time depend-
ent spatial distribution Tiy(x.v,2,t), so that .

Tid(xd’»l,f) = T;(t) =+ Tid(x,y»z) =+ Titl(xv.v-,zst)' (l)

The steady spatial distribution, T:y, 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 Tiy, is the focus of this study.
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For a well mixed zone bid and Itd vanishes and the fully rnixed 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,| 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 tirne dependent temperature changes of the incoming air cause
heaters and cooling coils.

- Brodkey. [5, p701--derives from a Kdrm@n-Howarth type of equation. a differential equation for turbu
mixing in an isotropic homogeneous held

1d@, 12D1t, (2)
at @2
s

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 that large blobs of ‘et air break away frorn the ‘et and mix

J . :
with the.room.air. Presumably, the -dynamics of the 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 pomt Note that the CF1) results in figure 4 do not display fluctuations. The nume
model is based on calculating the mean flow and a model for the generation and dissipation of
turbulent kinetic energy. The temperature fraces in the figure are the calculated local average values.
Presumably Ti,l is given by a law similar to 2

dTid Y
T, 0t +Tid=Ti+ Tid . 3)

The mixing time for the room air mtroduces an addltlonal time- constant in the room thermal response
- measured by a temperature sensor The t|me constapt depends on the air flow pattern in the room and
. position of the diffuser: exhaust inlet, and sensor. The mixing time-constant is

\

viosdd ) sely JH G AR LS

Gl TERIICHPS ’ (4)
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For a well mixed zone T;; and T;; vanishes and the fully mixed temperature 1s
T;. If, after reaching a fully mixed state, air at a temperature different from T;, or
heat, is released locally into the room at a steady state, 7;; suddenly changes to a
non-zero value in the reglon where the disturbance takes; place..The new steady

"temperature distribution in the room is glven by f]d, and the time dependent part,
~ Tis, gradually decrenses as the new steady state is Jt'_a}ﬂer‘, iThe lopal mixing time-

constant, T,,(x,v,7), is defined as the time it takes for T;y(x,v,z,t) to decrease to
37% of the initial value it jumped to after the disturbance was introduced. This
definition is independent of the mechanism which causes the disturbance. In gen-
eral the mixing time-constant includes the time for the tlow field to be established
and the time for the heat to be transported. The flow field may be duc to natural
or forced flow. In this study we assume a steady flow field with time dependent
temperature changes of the incoming air, caused by heaters and cooling coils.

- Brodkey [5, p70] derives from a Karmédn-Howarth type of equation. a differ-

, ‘ehtia_l equation for turbulent mixing in.an isotropic homogeneous field

tdl, = D gkl
—— =120 2)
Idt A
with I, the intensity of segregation in units of local concentration per average
concentrduon D,,, [m /s] mass dlfobIVlty and 7» [m] the mxcrozscale ot the turbu-

of a couple of’ ]arge blobs of hot and cold air equatlon descrlbes the dynamlcs
of the mixing of the hot and cold blobs to a uniform temperature. The presumed
mechamsm of mixing is that large blobs of jet air break away from the jet and mix
with the room air. Presumably, the dynamics of the average temperature and the
size of the blobs are closely coupled so that equation 2 also describes the dynam-
ical response of the average temperature observed at a point. Note that the CFD

;. 1esults in figure 4 do not display fluctuations.. The numerical model is based on

calculating the mean flow and a model for the generation and dissipation of the

turbulent kinetic energy. The temperature traces in the figure are the calculated

local average values. ‘

Prlesumalbly Ty is giyqn ‘by a law sim,ilar(tp 2
“ d Giid

"dr

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

RS 2SR 5

+ depends on the air flow pattern in the room and the position of the diffuser. exhaust
’ winlet, and sensor. The mixing time-constant is

i

7\.2

Tn = RhCh == 12D
m

(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,

( (5n ya 2
Ttn . . : (5)
" 71 . =3-8¢2 ¢
- thls equa‘tlon I‘-' [\(V/kg] is the ve|00|ty energy dlssmatlon per unjt mass, and
~~~~~ et [m] is' the macro scale of the scalar bIobs For mlxmg of hot and cold air
TRt 'Sc Pr @@07 so Mol
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g deger e F el D owe DELY JLET T@@ 109* i F (6)
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‘1.~ The structure of the:turbulence i IS characterlsed by the Iocal scale lengths and energy dissipation. Th

ub t; .. 1variables depend on the flow conflguratlon and a general solution is impossible. According to White
p4721 the K-F--model can be modified to give- ‘predictions for turbulént jets; a procedure which requir

CF1) code. For a turbulent eddy of size L, and kinetic energy K, dimensional analysis [16, p444] give

Kar'
_ F_;@@ (constant) L 0 (7)
. T I 1
’ Accordlng to Schllchtlng [15, p5931 experlments indicate that the numerical

A i value of the constant is 0. 165. Smce L (the flow scale equals the concen-
" B © tration scale) . L |

L m < Sl - ! . - ' ' ' rm @@ 2 (8)
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(iiy  To estimate the mixing time-constant, the local macro scale-of turbulence and the local turbulent ki
. s r€nergy, must be obtained. These two parameters are' not independent, they are coupled through
e turbglent kinetic energy equat|on [ 1.61.. For.circular'ets the.calculation can be completed.
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CircularJets Ifturbulentenergyproductlonequalsd|331patlon Schllchtlng[l5 p5921 gives the follo

relationship for axially symmetnc flows; w1th y the radial distance from the axis, and a the mean flo
Ry the axial direction - ‘ A
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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

U ;Z@@ sech 2 104 Y) (10)
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where the value of either Cj, or R;, can be chosen arbitrarily.
To calculate t,, requires knowledge of the turbulent flow-field structure. Brod-
key [5] gives for a Schmidt number, Sc < 1,

- i 2/3 4 Lf 1/3 "
"~ \rn) 3-ScZ\e) o

In this equation € [W/kg] is the velocity energy dissipation per unit mass, and
L, [m] is the macro scale of the scalar blobs. For mixing of hot and cold air

Sc =Prx~0.7, so
L2 1/3
T = 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—& 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] gives
K3/2
€ &~ (constant) < (7)

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

tration scale),

Ly
Tm =~ 2 7K (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 i the mean flow in the axial direction

-\ 2
g = 0.165% (g—;) . 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]

~ sech? (10.4%> (10)

max
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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(10.4y/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.

This result is presented graphically in figure 5. The time-constant’is short in the shear layers where
of the mixing takes place. This observation is‘probably generally trué and can be used lo estimate
mixing time-constant for more cornplicated geornetries. The mixing time-constant is clearly a very str
function of the position of the sensor relative to the diffuser 'et. For y > x75 the mixing timecons
increases rapidly. In practice it is limited by recirculating zones near the boundaries and can not bec
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 result 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 comes into contact with:the thermocouple the temperature changes rapidl

Whole Room CharéCterisﬁ,c BroQkéy.[S,'p721 gives for the rate of turbulent energy production

P i |
11- _ (13)
! m with P the flow power il the eff|C|ency of turbulent production and M the fluid
From equatlon 6 then follows

Ve

gt R N 'rT, v o] W : (14)
1.09 (L111IM)
| 1A time-constant characteristic of a whole room 's obtalned by ta[qng L | i V,
where V is the room volume, and P pAdUo3, where Ad s the diffuser area and

UO the air speed at the diffuser.

COVE/3T A3
Tina= 1.37 (15)
ilAd Uo

e [ Iy I R RS L i F
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with the centreline mean velocity, Unax, proportional to x~!, and x the distance

" ‘alotig the axis. The relationship between K and L, is

K i Tk
LlelS[ tanh(lO._{ly/k)} : (11)

.. In the centre of the jet the scale approaches zero, indicating that no mxxmg——only
' ‘dlffusmn -takes place here. The time-constant is

5 2 = 5
¥ a X

Umax sech? (10 4v/x) tanh(10. 4y/x)|

Tm —053 (12)

Y

. This result is presentcd graphically in figure 5. The time-conStant is short in the

shear layers where: most of the mixing takes place. This observation is probably

- generally true and can be used to estimate the mixing time-constant for more com-

plicated geometries. The mixing time-constant is clearly a very strong function of

:the position of the sensor relative to the diffuser jet. 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 very. small while the theoretical result in figure 5 gives a very
large vale. The infinite theoretical result indicates that 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.
M &)
Whole Room Characterxstlc Brodkey IS, p72] gives. for the rate of turbulent
energy pl‘oductlon - S “‘ R, e P gy
_ LR ) (I ;

€= T]M skt (13)
with P the flow power, M the efficiency of turbulent production and M the fluid
mass. From equation 6 then follows

L2M 1/3
5 ) ; (14)

T = 1.09( P

yoaly

A time-constant characteristic of a whole room is obtained by taking L, = vV,
where V is the room volume, and P = %pA,,U&, where A, is the diffuser area and
Uy the air speed at the diffuser.

/
e ] 3; .
‘cma ( 1{1 ) UO (15)
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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. 1552M2,u0=15m/sand T1 =1, T~=2s.
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 15 is a spatial average and is useless for predicting the
local time~constant in the vicinity, of the temperature sensor. , Nevertheless, it gives an
indication of the magnltude of the mlxmg time-constant as a functlon 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,,m similar fashlon as equation 8, the mixing tlme-constant can be related to the
mean velocity by a correlation of the form 4

.+ Tm @@ (constant) - _§ i B (16)

. 17
where 4, is a characterlstlc Iength scale WhICh is small in the shear flow regions and can be
estimated from the slope of the mean velocnty proflle 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 numher.” Chow et al. [81 measured the steady velocity
field in seven railway stations and found that the' d|ffuser performance can be related to a
modified jet momentum
number g * d

J* Quo (17)

gAroomh

' where Q [m 3/8] is the flow rate, g = 9.81 /s, Afloo, [M2] the ﬂoor area, and 11 [m] the helght of the centre line of the diffuser

: '
1, ) 11 . . - B

above floor Ievej, Future mvestngahoq must determme.the v1ab|I|ty of these approaches.

3 Conclusion

HVAC system dynamics, although very important for maintaining acceptable indoor comfort, is often neglected in the design
process. One of the reasons for this is the lack of useful physical models for the prediction of the dynamic behaviour of some
important physical processes and subsystems. In praciice the' dynamical behaviour of a newly installed system is fixed by
adjusting the time-constants qf the controller in a sorlneyvhat arbitrary manner. However, completely satisfactory
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‘If n'= 1 all'the kinétic energy at the diffuser beéOn{es turbulent kinetic energy

lﬂ the room as the air becomes almost statxondry If the air retains some kinetic
“energy a smaller value for 1] should be used. For a room with V =54 m? Ay =

. ®(0. 15)2 m?, Up = 15 m/s and | = 1, Ty =2 5. The results of the CFD analysis

v f M) . - ’)

;i)

.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 15 is a spatial average and is useless
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-constant
as a function of zone volume and diffuser size.

In air- condluonmg mdustry, diffusers dre often charactensed by a character-
istic jet length, the throw [14, chapter 10], Wthh gwes some idea of the flow
distribution i in ‘the room. To estimate the mixing tlme constant, the throw can be
used to get an idea of the-mean velocity profile i.- Hopefully, in similar fashion
as equation 8, the mixing time-constant can be related to the mean velocity by a
correlation of the form

. L
% g_(constam)é (16)

where L; is a characteristic length scale which is small in 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 squarcd mean velocity.
Another possibility is to try to relate the time-constant to the jet momentum num-
ber. Chow et al. [8] measured the steady velocity field in seven railway stations
and found that the diffuser performance can be related to a modified jet momentum
number oUo

J=— o (17
L mibp R, & & L .‘-'T gAroomh : » ‘.‘f= )

0
A

“where O [m3/s] s the ﬂow rate g _9.81 m/s; Anqor [m 1 the ﬂoor ared;, and /i [m]

‘the height of the tentre lifie’of the' diffuser above floor level. Future’ mvestlgauon

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 the 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 somewhat 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 hlghly dependent on the
spatial position.
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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, attimes 0.1 5,0.5s, 1 5, 55, 10s and 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.



Figure 3: Temperature field development after a sudden jump in the inlet temperature.
Temperature contours are shown, from top to bottom, at times 0. 1s,0.5s,1s,5s,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.

saliy o g it oo B & i i o Sl LG 3 . T
f &R, T F e o S e E e P Y Rl S i DI i 0
S L e LT R g Ba s

pa B "IN I LR OO TR I ) L R R A 1y S

Y b N PR " g N
S T e



REFERENCES 12

',:Vf‘ ' 1 ‘.;J ‘L‘i‘ ”
S0 T s LI Wt "“'f A “il
1 i ] ¢ =l 3 o 2
Temperature
28.
0.25
26.
0.5
24.
22( 0.75
20,
1.0
18.@ 1.76
16.(
14,

00 100 200 300 400 500 600 700 800 90.D

Time

Figure 4: Temperature histories calculated at a distance of 2 m
in front of the inlet, at 0.25 m, 0.5 m, 0.75m, 1 m, 1.25 m,
1.5 mand 1.75 m above ground level.
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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.

0 70.0 80.0 90.

12



REFERENCES 13

10000

1000

X 100
! - .
10 a .
1
4
|
. 04...-02 0. .02 04 S oD !

i X ..
Fitglure 5: Mixing time-constant, T,, for self-similar flow region of axially symmetric jet. The
variables are: U,,ax---centre line mean velocity, x-distance along the axis of the jet, yradial
distance perpendicular to the axis: In-the centre, and far outside the jet, the time-constant is
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Figure 5: Mixing time-constant, T,,, for self-similar flow re-
gion of axially symmetric jet. The variables are: Uyqa—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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