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Summary

Recently, a lower type free-access floor system which realizes improved ease of walking and
less sense of confinement has been attracting attention. However, it is known that the lower
the design of the air supply chamber, the larger the non-uniformity of the diffuser air velocity
profile and the greater the deterioration in room temperature distribution. In this paper, an
analytical model is proposed for predicting the non-uniformity of diffuser air velocity at the
design stage. The validity of the analytical model was confirmed by the goodcoincidence of
results obtained in scale model experiments. It was found that the limit of the floor height at
which a uniform diffuser air velocity is obtained was 50 mm. Moreover, a relation was found
whereby the inverse of coefficient of
resistance at a diffuser up to a value of 1 is proportional to the maximum non-
uniformity. This indicates the possibility that design work aimed at
constructing a pressurized type under-floor air conditioning system with a

uniform air velocity profile from diffusers may be readily performed from parameters of the
coefficient of resistance at a diffuser by utilizing this relation.

1. Introduction

The rapid spread of information processing equipment has occasioned the adoption of free-
access floor system in offices, in which can be housed power lines. communication cables and
other items, and which lends itself to changes in layout. Recently, there has been much
interest in lower type free-access floor systems which provide improved comfort when walking
and alleviate the sense of confinement which is a problem with other systems. If the space in
lower systems could be used to house air supply chambers for air conditioning system, the
construction costs required for an under-floor air conditioning system could be reduced.
However, the lower the floor, the less uniform the air velocity profile from diffusers. And, it is
known that in a pressurized type under-floor air conditioning system, excessive pressurization
of air supply chambers can cause air leakage, so that the thermal environment of the room is
degraded as a result.

There have been numerous reports of scale model experiments on pressurized type under-
floor air conditioning systems and measurements of thermal environments. However, there
have been extremely few studies analysing the air velocity profile.") In this paper, we propose a
model which can be used to analyze the non-uniformity in the air velocity profile, and after
verifying the

validity of the model through scale model experiments, we studied the floor height lower limit
the limits to establishment of analytical equations. In addition. the sensitivity of factors gover
non-uniformity in diffuser air velocity was analyzed, and a method for adjustment to make
velocity profiles more uniform, as well as a simple design technique to determine the diamete
air diffuser outlets and the height of air supply chambers, were proposed.



2. Construction of an Analytical Model

The assumptions for the purpose of constructing an analytical model were as follows;
Assumption (1) : The pressure within the, chamber is higher than the air pressure in the ro
(condition of contlnwty)
Assumptlon (2) : An equal diffused air. veIocnty |s obtalned at all diffuser outlets. (continu
unlform division branch model)
_ .,Assumptlon (3),: The diffused air velocity. |s proportlonal to the 1/2 power of the press
difference between the chamber and the room. (turbulent flow model)
Assumptlon (4) :The air velocity in the chamber is distributed only in the length direction. (o
diinensional model)
Assumption (5) : A state of thermal unlformlty obtalns W|th|n the chamber (isothermal model)
2.1 Mass Balance
Physical parameters such as the helght of the chamber and the dlameter of diffuser outlet, air f
and presgure |oss ;are indicated in Figure 1. From the mass. balance we obtain the follo
relatlons
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outlets and the height of air supply chambers were proposed
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vahdlty of the model through scale model expenments, we studied the floor

lower limit and the limits to establishment of analytxtal eduatlons In ad
the sensitivity of factors governing non- -uniformity in diffuser air velocit

‘ analyzed and a method for adjustment to make air Velocity proﬁles more un

as well as'a simple design technique to determine the dlameter of air d

2. Constructxon of an Analylt'xlcal Model

The assumptlons for the purpose of constructmg an analytical model w

¢ 7 follows;
‘Assumption (1) 1 The pressure w1th1n the chamber is higher than the air pr

in the room. (condition of continuity)
Assumption (2) : An equal diffused air velocity is obtained at all diffuser o
(continuous uniform division branch model)?’
Assumption (3) : The diffused air velocity is proportional to the 1/2 power
pressure difference between the chamber and the room. (turbulent flow mod
Assumption (4) :The air velocity in the chamber is distributed only in the ]
direction. (one-dimensional model)
Assumption (5) : A state of thermal uniformity obtains within the chamber.
(isothermal model)
2.1 Mass Balance

Physical parameters such as the height of the chamber and the diame

diffuser; outlet, air flow and pressure loss.are indicated in Figure 1. Fro

mass balance, we obtain the following relations;
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Fig. 1 Analytical model for supply chamber and diffusers.
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Diffuser aperture area: 2 s=RK:'(x-d%74)-M-N -
Diffuser aperture ratio: k = Zs/ (L'W) -
Ratio of air path cross-section to floor area: 8 =DO-W)/L-W) -
Neck air velocity of chamber: U =(Q.3600).” B --
Diffuser air velocity: = B-U "k -
2.2 Momentum Balance

Taking the coordinate origin at the bulkhead, we use Equation (
approximate the air velocity at position x in the chamber length direction.



U,, =x. UL eacuns {5

The fluid momentum in the interval from x to x+dx is as in Equation (7).
(R,+dPx)+(P -12). (U,,+dU.)2 = R,+(p //2). U,2+(p /,2). A - (dx,-'DE). U,2
+ (main stream branch loss) —— (1)

The equivalent diameter of chamber3) and tube friction coefficient,’) are computed using Equation
and Equation (9). Here E and Re are the relative roughness and the Reynolds number, respectively.

DE= 1. 3. [(W. D)F).,.! w+D)210.12.-, ——  (8)
A = 0.0055.[1+(20000. - 9)

The momentum balance between the origin and position x is obtained byintegrating Equation (7)
showed as Equation (10).

fdP, = (p,-"2)-(U//L)2 1a X2.'Di-2x1dx
+ (sum of main stream branch losses) iy E P . (10)

In Equation (5), the sum of the main stream branch losses can be approximated by zero.” Hence
pressure difference within the chamber corresponding to the. ition of the nth diffuser outlet is give
Equation(l 1).

posii-1.ik “;' {f.".' 1. i 1
P.-Po = [A n.p,-'(3.Di,)-1].(p,-"2).(n.p/L)2.U2 ------- (11)

On the other hand, the position of ‘appearance of the minimum pressure is obtained from the condi
dP.,-'dn = 0, and becomes X.i. = ni.p = 2 D e/a. When 0 <X .. i.< L, the position of minimum pres
~oceurs . within;the chamber; if we suppose that the inth diffuser outlet corresponds to the positio
-occurrence of the minimum pressure, then the pressure difference within the chamber correspondin
the position of the lnth outlet is as |ver1 by Equation (12).

o1
P Po [A m.p,-'(3. DF,,) 11 (p,,2) (m. p, 'L)2 u2 — (12)

The mterval from the coordlnate ongm to the flrst dlffuser outlet can be approximately given p
therefore .the necessary pressure difference between the bulkhead and the room to obtain a des
dlffuser a|r velomty is given bs, Equatlon (13)
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At the posntlon of the inth diffuser outlet, Assumption (1) for constructlon of an analytical model obt

;-and. the necessary pressure difference between the nith -+ -+ ¢
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U = UL _ =, . = 4e smeen
The fluid momentum in the interval from x to x+dx is as in Equation (7).

PxtdPx)+(p ~2) (UxtdUs)? = Pt (o ~2) Ut+(p 2)* A -(dx/Dr)- U
+ (main stream bll'anch loss)  eeee-

The equivalent diameter of chamber® and “tube friction coefficient
computed using Equation (8) and Equqt_ign (9). Here e,and Re are the re
roughness and the Reynolds number; respectively.

Dr = 13- [(W-DP/(W+D)0125, o w0 oeve o

St Ed e= 0 0.0055:[1+(20000- e/D1+106/Re)”"‘] SR A RS e
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The momentum balance between the origin and position x is obtain
integrating Equation (7) and showed as Equation (10).

SdPx = (p.72)-(U/L)? STA x2/Dir—2x]dx
v. =+ (sum of main stream.branch losses) i~ O
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In Equation (5), the sum of the main'stream branch losses can be approxi

* by zero.?”Hence the préssure dlfference w1th1n the chambe1 corxespondmg

position of the nth diffuser outlet'is'given by Eguation(11)’

P.—Py = [A-n- p/(3 Dp)—-1] (p /2) @p LU e

!

On the other hand, the posmon of appeaxance of the minimum press

- obtained from the:condition dP..”/dn"="0, and becomes Xmix = m'p = 2:D
- When 0 <Xmin< L,’the position of minimum pressure obcurs w1th1n the cham

we suppose that the mth diffuser outlet corresponds to the position of occurre
the minimum pressure, then the pressure . deference ~within the chs
corresponding to the position of the mth outlet is as ‘given by Equation (12).

"P —Py = [/1 mp/(3 DF‘) —1] (9/2) (m p/L) R 5
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The 1nterva1 from the comdmabe ongm to the ﬁrst dlffusel outlet c:
approximately given p./2, therefore, the necessary pressure difference bef
the bulkhead and the room to obtain a desired diffuser air velocity is giv

Equation (13).

Po—P. = (1+ & 0)(p.72)v2
+ [¢ 2+ A-p/ Dl (072)-(p 271)-U2+Pr(v)  —ee-

At the position of the mth diffuser outlet, Assumption (1) for construction
analytical model obtains, and the necessary pressure difference between the



diffuser outlet and the room to obtain a desired air row velocity is as in Equation
(14). ‘

P. (1+@O) (p 2) V2o ] B Pt gy
+ [1@2+A.p,-DE. 11(P'12) (m. p,-'Q2. v2+pryy e (14)

Depending on the position of occurrence of the minimum pressure, the following two
types of distribution of pressure differences between diffusers and a room may appear.
Pressure differences between the nth diffuser outlet and the room when X.@.i.@IL is o
the form shown at the top in Figure 2, and iven by the following 91
equation.

(P-R)=(R-Po) +W(P) e (15)

On the other hand, the pressure difference between the nth diffuser outlet and the ro
when 0 <Xi.< L is as shown at the bottom of Figure 2, and given by Equation (16).

(P-P) = (P-po) + PO-P) + (P -P) - (16)
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Fig. 2 Two typical necessary pressure difference proftles between diffusers an
room.

The diffuser air velocity at the nth position may be computed using the following equati
appl ing Assumption (3), given the pressure difference between the nth Y1
diffuser and the room as computed using analytical models.

v.=Ci). @2. (P. -ry-0@2
In order for the continuity condition to hold, the air velocity at each diffuser must coin
with the average of the diffuser air velocity as determined from the analytical model



i 7z The constant.of proportionality C[) is chosen such that the average value of the compu
air velocities coincides with the air velocities at each diffuser obtained from the supply

flow.
As the outlet ollifice loss coefficient, the value 2.4, equal to the average for the



Pressure

diffuser outlet and the room to obtain a desired air flow velocity is as in Eq
(14).

Pu—P: = (1+ & 0)(p72)v?
+ [¢ 24+ A p/De—1](p72) (m-p L)2-U2+ Pr(v) . «-uu-

Depending on the position of occurrence of the minimum pressure, the foll
two types of distribution of pressure differences between defusers and a roor
appear. Pressure differences between the nth dlffLISPI‘ outlet and the room
XminzL is of the form shown at the top in Flgure 2, and given by the foll
equation. )

(Pn—Pr) = (Pn_P()) * (P()—Pr) X s
On the other hand, the pressure difference between the nth diffuser outle

the room, when 0 <Xmin< L 1s as shown at the bottom of Figure 2, and giv
Equation (16).

"Po=—P) = @a—Po) + (Pn Pm) + (Pu—P;) : | ......
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Flg 2 Two typical necessary p1essure dlfference proﬁles between
. diffusers.and a room. b o]

The diffuser air velocity at the nth position may be computed using the follo
equation applying Assumption (3), given the pressure difference between thi
diffuser and the room as computed using analytical models.

Vo = CI){Z(P.,—Pr)/p}llz » ' Br it e s

In order for the continuity condition to hold, the air velocity at each difi
must coincide with the average of the diffuser air velocity as determined fron
analytical model va. The constant of proportionality Co is chosen such tha
average value of the computed air velocities coincides with the air velociti
each diffuser obtained from the supply air flow.

As the outlet orifice loss coefficient, the value 2.4, equal to the average fo



path based on the resistance of the flow passing through the outlet, was employed.,5) As
branch loss coefficient, the value 1.1, equal to the average for the path based on the branch |
for a uniform-flow tube, was employed.’;) The air velocity per diffuser outlet obtained from
supply air flow is equivalent to the design air flow assuming that the air flow is divided equ
among all diffusers. This air velocity is denoted by v(design); using the design air flow
reference, the absolute value of the deviation in the diffuser air velocity is defined to be the n
uniformity in the diffuser air velocity. Its maximum value is further defined to be the maxi
non-uniformity.

NU.= ' 1v.-v(design) 1 -v(design).100 = (18)

The: |rregular|ty in the diffuser air velocity was adjusted by addlng filters of equal resista
' " uniformly to-all diffusers.
The filter reS|stance is expressed as a functlon of the diffuser air velocity. Here ider de
" convenience in using Pf o to denote the filter resistance at a

we cons 1 1 o
diffuser air velocity vo = 1 [m/s]. Hence the filter resistance for an arbitrary air velocity is
follows;
* Pf(v)=Pfo- (v, 1voz C e (9)

)

2.3 Range of Validity of Analytical Model
Equation (20) and Equation (21) express the conditions of mass and momentum balance at
chamber neck and diffuser outlets.

pDWU=pv.TES e
(20) :

Pi+(p,-'2). U2 P. +(p /2) V2+Pf(V) e
(21) TR i

From Equation (20) and Equation (2 1), we obtain Equation (22).
@p,1 +Pf(v)-Pi@ -~ (p -12).' Uu2.@ 1-(D-W.,/'Z sp@ @.2)-u2-11-(,8/K2@ —— (22)

Equation (22) indicates that the sign of the pressure difference between the chamber neck
.diffuser outlets.is reversed at (D. W,-' 7_s) = 1. The condition for air to flow from the neck tow
diffuser outlets is Pi @@'@P., + Pf (v)@. The condition (D. W,-' 7_ s) 1 does not sat
Assumption (1), and so the condition that the ratio of the air path cross-sectional area at the ne
_ the total area of the diffuser outlets be greater than unity must be met for the analytical model to obtain.

rol RSN Y

3. AnaIyS|s of Non unlformlty in Air FIow Velocltles

We define the unit air volume as the air flow required to accommodate the air
conditioning load per unit floor area. Diffuser air flow velocities were analvzed



path based on the resistance of the flow passing through the outlet
employed.® As the branch loss coefficient, the value 1.1, equal to the aver:
the path based on the branch loss for a uniform-flow tube, was employed.®
air velocity per diffuser outlet obtained from the supply air flow is equival
the design air flow assuming that the air flow is divided equally amo:
diffusers. This air velocity is denoted by v(design); using the design air f]
reference, the absolute value of the deviation in the diffuser air velocity is d:
to be the non-uniformity in the diffuser air velocity. Its maximum va
further defined to be the maximum non-uniformity.

NU. = [va—v(design) | ~v(design)-100 o

The irregularity in the diffuser air velocity was adjusted by adding filt
equal resistance uniformly to all diffusers.

The filter resistance is expressed as a function of the diffuser air velocity.
we consider design convenience in using Pro to denote the filter resistanc:
diffuser air velocity vo = 1 [m/s]. Hence the filter resistance for an arbitra
velocity is as follows;

Pe(v) = Pros v vo)2 e

2.3 Range of Validity of Analytical Model
Equation (20) and Equation (21) express the conditions of mass and mome
balance at the chamber neck and diffuser outlets.

p'DWU = pvvZs e
Pi+(p72)U2 = Put+t(p72)v2+Pr(v) eeeees

From Equation (20) and Equation (21), we obtain Equation (22).

{Pn+Pr(v)—Pi} = (p.72)-U2-{1-(D-W/ X s)3
= (p72)U2-{1—(B- )} e

Equation (22) indicates that the sign of the pressure difference betwee:
chamber neck and diffuser outlets is reversed at (D-W.” £ s) = 1. The conc
for air to flow from the neck toward diffuser outlets is P1 ={P. + Pr(v)}.
condition (D*W.” £ s)=1 does not satisfy Assumption (1), and so the conc
that the ratio of the air path cross-sectional area at the neck to the total area «
diffuser outlets be greater than unity must be met for the analytical moc
obtain.

3. Analysis of Non-uniformity in Air Flow Velocities

We define the unit air volume as the air flow required to accommodate th
conditioning load per unit floor area. Diffuser air flow velocities were ana.



for the range of values appearing in Table 1.

Table 1 . Dimensions and the given range of physical parameters.

Physical Parameter Symbol Unit Quantity
unit supplied air volume 0 m'/m’.h 30 40 50
i A : width of chamber w m 4.8
| height of chamber D m 0.05 - 0.30
" length of chamber 1 m 7.20 - 360
effective opening ratio RK 0.4
pitch of diffuser p m 1.2
diameter of diffuser d m 0.10 - 0.30
density of air p kg/m' 1.217 at 17T
outlet loss coefficient 0 ' 24

branch loss coefficient

100
-w36.0m
--c 80
28.8 m
60 A-21.6m
40 -c14.4 m
-v-7.2m
20
0- A
0 50 100 - 1580 200 250
80 '
~-w 36.0m4.28.8 m60 -A-21.6 m
: E
144 m

40 7.2m

>< 20
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Fig. 3 Relation between NUsi.,, and Xmin at various chamber heights. (d = 200
= 30)

- In general, the effective aperture of a diffuser outlet varies with the outlet diameter, but
here take all apertures to be 0.4.7) In consideration of the

'bility of rupture of the caulking in floor seams, the upper limit to chamber possi 1 1

pressurization was set at 50 Pa.8)

Figure 3 shows an example of analysis of the maximum non-uniformity resulting when the diffuser o
resistance is not adjusted using filters. When X.in>_L, the dynamic pressure near the neck area is h
and diffuser air flows are lower than the design values. As a result the maximum non-uniformity in



for the range of values appearing in Table 1.

Table 1. Dimensions and the given range of physical parameters.

Physical Parameter Symbol Unit Quantity
unit supplied air volume Q m*/m?-h 30 40 50
"width of chamber W m 4.8
height of chamber D m 0.05 ~ 0.30
length of chamber L m 7.20 ~ 36.0
effective opening ratio RK - 0.4
pitch of diffuser p m 1.2
diameter of diffuser d m 0.10 ~ 0.30
density of air ye) kg/m? 1.217 at 17°C
outlet Toss coefficient &o . = 2.4
|
branch loss coefficient ) - 1.1
—~ 100 : ; ’\ : :
: AN/ P ] w36.0m
2 B0f i NN Ll 288
~ 60| }< NY N L L2216,
<40 \ B i [e14.4m
3 B S e WM NY)
2 2 B, ey U, ot il N
0 : g
0 50 100 150 200 250
80 W
— 60
= L
~ 40
c
=< 20
0 : i : H i i X
0 50 100 150 200 250

D ( mm )

Fig. 3 Relation between NUix and Xmin at various chamber
heights. (d =200, Q = 30)

In general, the effective aperture of a diffuser outlet varies with the «
diameter, but we here take all apertures to be 0.4.7 In consideration
possibility of rupture of the caulking in floor seams, the upper limit to che
pressurization was set at 50 Pa.®

Figure 3 shows an example of analysis of the maximum non-unifo
resulting when the diffuser outlet resistance is not adjusted using filters.
Xmin2L, the dynamic pressure near the neck area is high, and diffuser air
are lower than the design values. As a result the maximum non-uniform:



diffuser air velocity appears in the neck area. And,.the lower the chamber height. the greater
the irregularity. On the other hand, when 0 <X.i.< L the lionuniformity is maximum at the positi
of occurrence of the pressure minimum. When the position of occurrence of m|n|mum press

‘Hl

is exceeded the lionuniformity declines, and then increases once again.’

m 80

I- 60 30 m31m2. h
-V -40 m3/m2. h

40 50 m3/m2. h

20

NUm.
80
60 -m- 2.5%
5%

40

20

1@
Cn O 50 100 150 200 250

D mm)

Fig. 4 Relation between necessary static pressure of a blower and chamber height, when NU,@t,@,, was controll
(Up: D =100, d = 200, L = 36), (Down: d = 200, L = 36, Q = 30)
When filters with the same resistance value are installed on all diffusers, the blower static pressure required to obtain the tar
diffuser air velocity is as ill Figure 4. The greater the increase in unit air volume, the higher is the pressure required of the blo
Further, the longer the chamber, the higher the pressure that must be generated by the blower. When the chamber height is
mm or less, the static pressure required of the blower tends to rise rapidly. In view of the pressure limit imposed on the cham

and the rate of increase of the static pressure required of the blower, the lower limit to the floor height is thought to be 50 mm.
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As shown in Equation (23), the ratio of the pressure loss at the diffuser to the

dynamic pressure at the neck in the chamber can define as the diffuser resistance coefficient.2)

K o.(p-12). v2+Pf (V)@,-(p...2)U2 S—

Equation (23) can rewrite as follows from Equation (5) and Equation (19).



diffuser air velocity appears in the neck area. And, the lower the chamber .
the greater is the irregularity. On the other hand, when 0 <Xmin< L th
uniformity is maximum at the position of occurrence of the pressure min
When the position of occurrence of minimum pressure is exceeded th
uniformity declines, and then increases once again.

T e e s g S v o

o 60 | | -e-30 m3/m2-h

2 | Qf —-40 m3/m2-h
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v 0 50 100 150 200 , ..250
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‘Fig. 4 Relation between necessary static pressure of a blower and
chamber height, when NUwax was controlled. ( Up: D = 100,
d =200, L. = 36), (Down: d =200, L = 36,:Q = 30)

When filters with the same resistance value are installed on all diffuse:
blower static pressure required to obtain the target diffuser air velocity is
Figure 4. The greater the increase in unit air volume, the higher is the pre
required of the blower. Further, the longer the chamber, the higher the pre
that must be generated by the blower. When the chamber height is 100 r
less, the static pressure required of the blower tends to rise rapidly. In view
pressure limit imposed on the chamber and the rate of increase of the
pressure required of the blower, the lower limit to the floor height is thought
50 mm. X

4. Analysis of Sensitivity to Factors Governing Non-uniformity

As shown in Equation (23), the ratio of the pressure loss at the diffuser 1
dynamic pressure at the neck in the chamber can define as the diffuser resis
coefficient.?

K ={¢o(p”2)v2+P(W} (07202

Equation (23) can rewrite as follows from Equation (5) and Equation (19).



+Pfo,(p @.2)/."V2@ - (8 -'K )2
+ Pfo,-'(p @,2),,'V(2@. [(4,~'(;rr . RK)@. (D,-'L). (p,~'d)212 ---- (24)

As Equation (24) indicates, the diffuser resistance coefficient is unrelated to the
't air volume or to the chamber width. Factors governing the diffuser

uni A B 1
. uresistance coefficient include the chamber height, chamber length, diffuser outlet pitch and

- o diameter, effective aperture, and diffuser filter resistance. Of these. the factors

to which the resistance coefficient is most sensitive are the diffuser pitch and
diameter. '

, The effect of factors governing the diffuser resistance coefficient on air flo-,s,,
Jirregularity was studied. Filters were used to regulate the non-uniformity of the
(diffuser air flow; the relation between the maximum non-uniformity and the
re0|procal of the diffuser resnstance coefficient for various unit air volumes
.appears in Figure 5.

w: The chamber helght tends to have a different effect at 75 mm and less
compared with heights of 100 mm and above. This is because, as indicated in
Figure 3, the minimum pressure position occurs within the chamber when the
chamber height is 80 mm or less; the pressure distribution within the chamber
changes at this height. If we suppose that for K>- 1 there is a proportional
relatlon between the maximum non- uniformity and the reciprocal of the diffuser
.resnstance coefficient. then the factors governing the maximum non-uniformity of
the diffuser .air velocity Wl|| be |dent|cal to the factors comprising the diffuser
reS|stance coefficient.

‘As indicated by Equat|on (24) the diffuser resistance coefficient is unrelated to
.the unit air volume and the chamber width; but from Figure 5, the effect of the
un|t air volume is less pronounced than that of the other factors. Among the
factors to- which.'the maximum non-uniformity is highly sensitive, the diffuser
outlet diameter, effective aperture and chamber length are given quantities at

* design time; hence the diffuser pitch,:chamber " helght and filter resistance
=+ remain to be selected dulling designing.
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Fig. 5 Relation between NUrj.. and K-' at various unit air volumes.
(D =100, d = 200, L = 36)



K = {¢&o+Pro(p72)/ v} (B k)2
= {& o+ Pro(p.72)/ v} [{4/ (7 -RK)}-(D.~L) (p~d)?]2 _

As Equation (24) indicates, the diffuser resistance coefficient is unrelated
unit air volume or to the chamber width. Factors governing the d
resistance coefficient include the chamber height, chamber length, diffuser
pitch and diameter, effective aperture, and diffuser filter resistance. Of
the factors to which the resistance coefficient is most sensitive are the d
pitch and diameter.

The effect of factors governing the diffuser resistance coefficient on ai
irregularity was studied. Filters were used to regulate the non-uniformity
diffuser air flow; the relation between the maximum non-uniformity ar
reciprocal of the diffuser resistance coefficient for various unit air vo
appears in Figure 5.

The chamber height tends to have a different effect at 75 mm and less com
with heights of 100 mm and above. This is because, as indicated in Figure
minimum pressure position occurs within the chamber when the chamber ]
1s 80 mm or less; the pressure distribution within the chamber changes ¢
height. If we suppose that for K21 there is a proportional relation betwes
maximum non-uniformity and the reciprocal of the diffuser resistance coeff
then the factors governing the maximum non-uniformity of the diffus:
velocity will be identical to the factors comprising the diffuser resis
coefficient.

As indicated by Equation (24), the diffuser resistance coefficient is unrela
the unit air volume and the chamber width; but from Figure 5, the effect
unit air volume is less pronounced than that of the other factors. Amon
factors to which the maximum non-uniformity is highly sensitive, the di
outlet diameter, effective aperture and chamber length are given quantit
design time; hence the diffuser pitch, chamber height, and filter resistance re
to be selected during designing.
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Fig. 5 Relation between NUwmax and K-! at various unit air volumes.
(D =100,d =200, L =36)



If this proportional relation is used for K@-> 1, then by specifying the maximum non-
uniformity it becomes easy to choose a diffuser pitch, chamber height, and filter
resistance values to adjust the non-uniformity in the air velocity proffle.

5. Experimental Validation of Analytical Model

Using a scale model of the air supply chamber, the validity of the analytical model for
determining non-uniformity in diffuser air velocity profiles was studied. 5.1 Experimental
Apparatus and Experimental Conditions

Due to constraints on the size of the site for experiments, the validity of the analytical
model was examined using a 1: 5 size scale model of the air supply chamber. The
similarity of air flow in an actual system and in the scale model depends on agreement
of the respective Reynolds numbers.

e (25)
Diff.. Pressure Gauge mper
Anemometer
Meter
Chamber(scale model) Fan
Distributor

Fig. 6 Schematic diagram of experimental apparatus for scale model test.

However, the air flow velocities and pressures in a 1: 5 scale model are increased to 5
times and 25 times their values respectively in an actual system, which is not practical
from the standpoint of chamber pressure resistance. The air flow is isothermal, and the
Reynolds number at actual diffuser outlets is on the order of 10,000. In other words,
because the air flow is well-developed turbulent flow, the conditions for self-similar flow
obtain. The average Reynolds number for diffuser air flow in the model is of order
5,000, so that self-similar flow conditions obtain here as well. Hence the similarity
conditions are relaxed, and for the model air flow a scale of unity was adopted.9)

Figure 6 is a schematic diagram of the model apparatus; the conditions of the model
experlments appear in Table 2. The diameter of the model diffuser outlets was set at 20
mm, in consideration of an effective aperture of 0.4. After conf|rm|ng that there were no

'leaks at Joints and points of connection with perforated plates in the model, an Annubar
‘Werential-pressure flow meter was used to measure the supplled air flow. Pressure
differences ‘were measured using a Benz manometer W|th a preC|S|on of 4- 1 Pa. Air
flow velocities were measured



If this proportional relation is used for K=1, then by specifying the max
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5. Experimental Validation of Analytical Model

Using a scale model of the air supply chamber, the validity of the ana
model for determining non-uniformity in diffuser air velocity profiles was st
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Fig._ 6 S:ch‘ematic diagram 6f exp"eﬁmental apparatus for scale model te

. However, the air flow velocities and pressures in a 1:5 scale model are incr

"o 5 tlmes ‘and 25 times their values 1espect1vely in an actual system, which
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air flow in the model is of order 5,000, so that self-similar flow conditions o
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flow a scale of unity was adopted.?

Figure 6 is a schematic diagram of the model apparatus; the conditions ¢
model experiments appear in Table 2. The diameter of the model diffuser o
was set at 20 mm, in consideration of an effective aperture of 0.4.
confirming that there were no leaks at joints and points of connection
perforated plates in the model, an Annubar differential-pressure flow mete:
used to measure the supplied air flow. Pressure differences were measured 1
a Benz manometer with a precision of 1 Pa. Air flow velocities were meas



using multiple point hot-wire anemometers (KANOMAX model 6240). Measurement er
over the measurement range determined using a wind tunnel for calibration were within
m/s.

Table 2. Dimensions of experimental equipment and conditions at 1:5 scale.

Physical Parameter Symbol Unit  Quantities(real scale)
width of chamber WM m 1.2 (6.0)
diameter of diffuser d, mm 20 (200)
effective opening ratio RG 1 (0.4)

-@e@ight ---of chamber L. 15(75) 30(150
length of chamber LM m 2(10) 3 (15)4 (20)
unit supplied air volume QM m s /mlkh 30 50
pitch of diffuser PM mm 400 300

Perforated plates were installed near the chamber neck, and by rectifying the supplied air,
veIocnty component in the chamber width direction was eliminated in so far as possible. Th
velocity distribution in the chamber width direction was measured near the neck, and
‘straightening effect of the perforated plates was confirmed. Non-uniformity in the air velo
profile in the chamber length direction were computed from the air flow velocities measu
4 along the center line of the chamber.

‘5 2 Comparison of Analysis and Experimental Results
' THe air flow velocity immediately above diffuser outlets is made unstable by the inductive ef
of et A|r ﬂow velocmes were measured at positions at which
J 1
stable air flow measurement was possible, namely above the central line through the diff
outlets, but removed a dlstance of 10 mm from a diffuser outlet plane. However, because of
* inductive effect of jet ﬂow the measured result differs from the true value of the air velo
'~ Therefore, we took the air veI00|ty per diffuser as computed from the supplied air flow to be
design air velocity, and computed correction coefficients for measurement positions from
" ratio of the average of the measured diffuser air velocities to the design air velocities; u
- “these, the measured air velocities were converted into air verci_ties directly above the diff

+¢ outlet using the following equation.

* [Air Velocity Directly above Diffuser]
[Measured Air VeIocnty] 'Measurement Position Correction Factor] ---- (26)

Because calculated values include a measurement error of + 0.3 m/s, measurement posi
correction factors were S|m|IarIy used for conversion into measurement errors directly ab
diffusers.

The: velocity distribution’ in the chamber width direction at the neck appears in

Figure 7. The air flow velocities were computed as averages of five
. measurements at each of the measurement positions. Due to the straightening
effect of:the ' -+ perforated plates, within the range of the eXperimenteI conditions,
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using multiple point hot-wire anemometers (KANOMAX model
Measurement errors over the measurement range determined using a wind :
for calibration were within *0.3 m/s.

Table 2. Dimensions of experimental equipment and conditions at 1:5 ¢

Physical Parameter Symbol Unit Quantities(real scale)
width of chamber W m 1.2 (6.0)
diameter of diffuser dm mm 20 (200)
effective opening ratio RKw ~ 1 (0.4)
height of chamber Dw mm 15(75) 30(150)
length of chamber’ Lw m 2(10) 3 (15) 4 (20)
. unit supplied air volume Qu m*/m*-h| . 30 . 50
| pitch of diffuser . 5.Pu “mm | 400 - 300

Perforated plates were installed near the chamber neck, and by rectifyir
supplied air, the velocity component in the chamber width direction
eliminated in so far as possible. The air velocity distribution in the chze

! width direction was measured near the neck, and the straightening effect «
perforated plates was confirmed. Non-uniformity in the air velocity profile :
chamber length direction were computed from the air flow velocities mea
along the center line of the chamber.

"'5.2 Comparison of Analysis and Experimental Results
" The air flow velocity immediately above diffuser outlets is made unstable
inductive eﬁ'ect of jet. Air flow velocities were measured at positions at 1

e stable air flow " measu1ement was possible, namely above the central line th

“the diffuser outlets, but removed a distance of 10 mm from a diffuser outlet |
However because of the inductive effect of jet flow, the measured result d
from the true' value of the air velocity. Therefore we took the air velocit
diffuser as computed from the supplied air flow to be the design air velocity
computed correction coefficients for measurement positions from the ratio
average of the measured diffuser a1r veloc1t1es to the design air velocities;
these, the measured air velocities were converted into air velocities directly ¢

) the dlffusex outlet usmg the followmg e.quatxon'.

[A1r Veloc1ty Dlrectly above lef\user]‘ I o
[Measured Air Veloclty]/ [Measurement Position Correctlon Factor] ----

t

Because calculated values 1nclude a measurement. error-of =+ 0.3

. measurement position. correction factors were. similarly used for conversion

measurement errors directly above diffusers.

The velocity distribution in the chamber width direction at the neck appea
Figure 7. The air flow velocities were computed as averages of
measurements at each of the measurement positions. Due to the straighte
effect of the perforated plates, within the range of the experimental condit



deviations from average values were in all cases within 4- 10 %. This confirmed
validity of Assumption (4). L
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Fig. 7 Vertical diffuser air velocity profile on the neck in the scale and the effect a
distributor by perforated panels. (1)m = 30,Lm = 4 W- @i = 1.2)

The experimental results as converted into air velocities directly above diffusers, and
air velocity profile in the chamber length direction as computed using the analytical mo

appear in Figure 8. The experimental conditions were in all cases such that (D.W,,' T
>|, satisfying this condition on the validity of the

analytical model. 5
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The experimental and analytical results reveal an increase in air velocity due to
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The experimental results as converted into air velocities directly above diffi
and the air velocity profile in the chamber length direction as computed usir
-analytical model, appear in Figure 8: . The experimental conditions were
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analytical model. 5
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reacquisition of static pressure from the neck area to the bulkhead. The range of
measurement error was set for analysis results, but in any event the results are within
the range of measurement error, thus confirming the validity of the analytical model. In
order to verify experimentally the conditions for validity of the analytical model, the
«,- chamber height of the model was changed from 15 to 10 mm, the pitch of the diffusers
" was reduced from 300 to 200 mm, and air velocities were measured under these new
conditions which deviated from the range for which the analytical model applies.
Experimental and analytical results obtained for (D. W,-' 1.s) = 0.319 appear in Figure
9. No reacquisition of static pressure is observed from the neck to the bulkhead, and
. the air velocities decline uniformly. Moreover, the air velocity profiles of the
experlmental and analytical results are reversed. These experiments thus confirmed
the, condltlons of validity of the analytical model.

4

-*-Experiment
. / Calculation

y 460§ Distance .. m,
J3) ) 4 R e '
afs hogr | o J R, : ’ i siem
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(D,@@i = 10,,pm = 200, Lm = 4, Qm = 48, Wm = 1.2)

. .—. - 6. Conclusions_

As one stage in the design of a pressurized under-floor air-conditioning system, the
diffuser air velocity profile was analyzed, and an analytical model was proposed for use
‘i predicting non-uniformity in the air velocity profile. In order to verify the validity of the
model, scale model experlments were performed, and the following conclusions were
obtained.

~ -- (1) Analysis results were ' in good coincidence With values obtained in model
'~ ekperiments, corroborating the validity of the analytical model.

(2)  The range of validity of the analytical model is that range of parameters for which
the air path cross-section at the neck is greater than the total area.of all diffuser outlets.

(3) Non unlformlty in the dlffuser air veIOC|ty profile for chamber heights of 100
< 2 {\J Ja 1Y .‘.‘..‘h.-‘ ! $
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reacquisition of static pressure from the neck area to the bulkhead. The ra
measurement error was set for analysis results, but in any event the resu
within the range of measurement error, thus confirming the validity
analytical model. In order to verify experimentally the condltlons for vali
the analytical model, the chamber height of the model was changed from 1!
mm, the pitch of the diffusers was reduced from 300 to 200 mm, and air vel
were measured under these new conditions which deviated from the ran
which the analytical model applies. Experunental and analytical r
‘obtained for (D-W.” £ s) = 0.319 appear in Figure 9. No' reacquisition of
pressure 1s observed from the neck to the bulkhead and the air velocities d
uniformly. Moreover, the air velocity profiles of the expenmental and ana
results are reversed. These experiments thus confirmed the conditions of v:
of the analytical model.
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6. , Conclusions

As one stage in the design of a pressurized under-floor air-conditioning sy.
the diffuser air velocity profile was analyzed, and an analytical model
proposed for use in predicting non-uniformity in the air velocity profile. In
to verify the validity of the model, scale model experiments were performed
the following conclusions were obtained.

(1) 1Analysié results v;'.g'érg in good cdiépidence with values obtained in n
experiments, corroborating the validity of the analytical model.

P e Sk P T .
(2) The range of validity of the analytical model is that range of paramete:
which the air path cross- sectlon at, the neck. is greater than the total area
diffuser outlets.

(3) Non-uniformity in the diffuser air velocity profile for chamber heights o}



mm to 300 mm, for which there are performance records for numerous
pressurized under-floor air-conditioning systems, were approximately 10 % or less.
The lower limit for the chamber height was 50 mm.

(4) As .a method of regulating non-uniformity in diffuser air velocity emerging as the
"'ﬂoor helght is lowered, installation of filters with same resistance value on all diffuser

'outlets is effective. Th|s method is more energy-efficient as a means of regulating

non- umformlty in_air flow velocity than is the conventional .method of installing

‘ dampers at ﬂoor dlfFusers and using the damper apertures to regulate air flow.

(5) It was shown that for diffuser resistance coefﬂments of .unity or greater, the

~ resistance coefF CIent is proportionally related to the, maX|mum non-uniformity of the

2)

3)

4)
4
6)

8)

9)

diffuser air velocﬁy Using this relation, the pressurlzed dlffuser pitch, chamber
height and filter resistance values can easuy be chosen so as to adjust non-
umformlty |n the air flow velomty profile. .

o i
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- Symbolls

D Height of chamber [m 1"
, DE ~ Equivalent diameter of chamber =~ m
S d"Y " Diameter of diffuser outlet[m " '
S Resistance coefficient of diffuser

[. e v“Length of chamber m

- Number of dlffusers in length direction’



N

p
Pf (v)

Number of diffusers in width direction
Pressure [ Pa 1
Filter resistance [ Pa

P
Q

RK

8

U

NU
NUm..
v

w
Xrnin

Subscripts

1
m

:Diffuser aperture ratio [ -1 el
. : Ratio-of air path cross-section tofloor area
::Tube friction coefficient [ - 1 -
: Outlet orificerloss coefﬁment i
- :Branch loss coefficient [ - W

Pitch of diffuser outletm
Unit air volume 3, m2.n]

" E5ective aperture of diffuser outlet

Area of diffuser [ M21

Air speed at,neck [ m,,,,s 1

Non- unlformlty in,supplied air veIOC|ty profile %
Maximum non-uniformity [ %

Diffused air velocity [-m,,s

Width of Chamber[m 1. - :

Position of appearance of minimum pressure m

i

Air dynamic viscosity coeff|C|ent M2, s1

+ Air denqlty [kgi-IM31

Neck . 5
Scale model .

inth number of diffuser outlet at which minimum pressure appears
nth number of diffuser outlet

Bulkhead
Room

Arbitrary distance .- . ¢ 0.



: Number of diffusers i in length direction [ — ]

* Number of d1ﬁ'users in width direction . [ — ]

: Pressure [Pa]

: Filter resistance [Pa]

: Pitch of diffuser outlet [m ]

: Unit air volume' [m3.m2-h]

: Effective aperture of diffuser outlet [ — ]

: Area of diffuser ' [m2] -

: Air speed at neck [m.”s]

: Non-uniformity in supplied air velocity profile [%]
..+ Maximum non-uniformity [ % ]

: Diffused air velocity [m.”s ]

: Width of Chamber : [ m }

: Position of appearance of minimum pressure [m ]

: Diffuser aperture ratio [ — ]

: Ratio of air path cross-section to floor area [ — ]

: Tube friction coefficient [ — ]

: Outlet orifice loss coefficient [ = ]

: Branch loss coefficient [ — ]

: Air dynamic v13c051ty coefficient [m2/ s]

: Air density [kg/” m’]
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Subscripts

: Neck

: Scale model |

: mth number of diffuser outlet at which minimum pressure appear
: nth number of diffuser outlet

: Bulkhead

: Room

: Arbitrary distance
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