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ABSTRACT

A raised-floor air-conditioning system is an effective
method for dealing with unevenly distributed heat loads in
a.room because in this system supply openings can be
precisely allocated in relation to the locations of the heat
loads. This advantage can be further enhanced by proper
design of exhaust openings from the viewpoint of ven-
tilation efficiency.

Experiments and numerical simulations of flow and
temperature fields in a room with raised-floor air con-
ditioning analyze its ventilation efficiency. The room used
is a model computer room with raised-floor air condition-

ing.
‘/§¢ The purpose of this study is to determine the most

effective method for exhausting the large amount of heat
generated by such various electric machines as computers
in a room with a raised-floor air-conditioning system.
Supply openings in the raised floor and exhausts in the
ceiling are so installed that the supply and exhaust airflow
rates are balanced locally in the small space allotted to
each supply opening. This ventilation system is intended
to prevent formation of a large recirculating flow through
the whole room that would convect and mix any heat
generated in the room throughout the whole space,
resulting in low ventilation efficiency.

Experiments and numerical simulations are performed
Sor the following five cases: (1) supply and exhaust airflow
rates are locally balanced, with no heat generation by the
computer model, (2) the same local balance as in case 1
but with heat generation by the computer; (3) airflow
rates allotted to the exhaust openings just above the
computer are greater than those of the other exhaust
openings, (4) airflow rates allotted to the exhaust open-
ings just above the computer are less than those of the
other exhaust openings; and (5) supply and exhaust

airflow rates are not locally balanced, and a large

recirculating airflow is thereby formed in the raggr_.J
The above-mentioned experiments and numerical

simulations support the following conclusions:

1. Numerical simulations reproduce the observed flow
and temperature fields with sufficient accuracy.

2. In raised-floor air-conditioned rooms, local air
balance of the exhaust and supply airflows yields
sufficiently high ventilation efficiency.

INTRODUCTION

The cooling loads of office air conditioners have
increased significantly recently because of an increase in
various types of heat sources such as electric machinery.
In particular, the increased mumbers of personal com-
puters, engineering workstations, mainframes, etc., which
generate a large amount of heat, cause serious air-con-
ditioning problems. How to exhaust such heat loads effec-
tively and how to air-condition rooms efficiently have
become major concerns for air-conditioning engineers.

The raised-floor system in offices is useful not only

for its underfloor electric cabling but also for its cooling
and personal air-conditioning system (Arnold 1990;
Spoormaker 1990; Heinemeier et al. 1990; Sodec and
Craig 1990; Hanzawa and Nagasawa 1990). In the
system, cooled air is supplied into the room from the
space between the raised floor and the original slab floor.
The primary concern of air-conditioning engineers has
been control of the air distribution by means of supply jets
discharged from openings in the raised floor. That is,
engineers up to the present have been generally concerned
with the system for supplying conditioned air into the
room. However, we believe that the raised-floor system
has the potential to become even more efficient when
combined with a properly designed exhaust system.
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Figure 1  Computer room.

Flow Unit and Locally Balanced
Air Supply and Exhaust Ventilation

The concept of the local ‘‘flow unit’’ was introduced
by several of the present authors when researching room
air distribution of conventional-flow-type clean rooms
(Murakami et al. 1987, 1988, 1989, 1990a). We em-
phasized that the flow and diffusion fields of a conven-
tional-flow-type clean room can be modeled as the serial
combination of local flow units, each of which consists of
a supply jet and the reverse flows around it. (The concept
of the local flow unit is illustrated in Figure 1.) We also
noted that contaminant discharged into one local flow unit
would not diffuse widely within the room when the air-
exhaust opening is installed in the same flow unit and the
air-exhaust rate is identical with or more than the air-
supply rate of the flow unit. (Murakami et al. 1990b).

These room airflow characteristics can be used to
control the purity and temperature of room air. The
ventilation system, in particular the one with a locally
balanced supply and exhaust airflow rate in each flow
unit, also seems useful for the raised-floor air-condition-
ing system with respect to the rapid exhaust of the heat
discharged by electric machinery, although the buoyancy
effect of the heated air would have some influence on the
flow fields. This study aims to confirm the effectiveness
of locally balanced supply-exhaust airflow rate ventilation
in the case of nonisothermal airflow with a raised-floor
airconditioning system as well as in the previously
studied case in which it was applied to the isothermal
conventional-flow-typeclean room (Murakami et al. 1988,
1990b). The influence of computer-discharged heat on
flow and temperature distributions is also analyzed in
detail.
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concept of flow unit

Analyses with Simulations and Experiments

Experiments and numerical simulations were con-
ducted using a flow-field model that is one section of a
full computer room with a raised-floor air-conditioning
system. The air exhaust system is installed in the ceiling,
whereas the air-supply system is in the raised floor of this
model. The exhaust inlets are arranged in zigzag fashion
with respect to the positions of the supply outlets. That is,
the exhaust inlets and supply outlets alternate with each

other.
Model experiments were conducted using a one-third

scale model. Numerical simulations of turbulent noniso-
thermal flow were conducted by means of the k-¢ model
(Viollet 1987; Murakami et al. 1991). The results of the
simulations are compared with those of the experiments.
The validity of the numerical analyses in this study is
confirmed here by the good correspondence between the
simulations and the experiments, which thereby allows
detailed analyses of flow and temperature fields by means
of the simulation technique.

MODEL ROOM ANALYZED

Figure 1 shows the plan of the computer room
analyzed. The mainframes of the computer are installed
throughout the floor. Air supply openings are in the raised
floor, and exhaust openings are in the ceiling. The
computers are placed over the lines of supply openings so
that cooled air flows through the computers. The com-
puters discharge heated air from their upper-side grilles.
The heat generation rate of the computers is set at 800
kcal/h per unit floor area (1 m? [10.8 ft2]). The supply jet



velocity is assumed to be at 2 m/s (393.7 fpm) and the
width of the supply opening is assumed to be 0.4 m (15.7
in.). The supply and exhaust openings alternate with each
other, as is shown in Figure 1. The range of one flow
unit formed by one supply opening is also shown in
Figure 1. The flow and temperature fields are analyzed
for a part of the room shown in Figure 1. The analyzed
domain is one section of the room.cut along the sym-
metrical plane of air distribution. Figure 2 shows detail of
the flow fields analyzed.

In this study, physical quantities such as length,
velocity, temperature, and so on, are often expressed in
normalized values that are made dimensionless by divid-
ing them by the representative values. The full-scale
representative values used here are the width of the supply
outlet A, L, = 0.4 m (15.7 in.); the average velocity at
the supply outlet A, U, = 2 m/s (393.7 fpm); and the
difference between the temperature at supply outlet A and
the average overall exhaust inlet temperature, AG, =
15.0°C. Nondimensionalized temperature is expressed as
the difference from that at supply outlet A, that is, the
temperature at supply outlet A is shifted to zero.

EXPERIMENTS
Room Model

The experiments were carried out in a one-third scale
model. The width of supply outlet A is set at 0.133 m in
Figure 2. In this model, the air supply and exhaust rate
can be controlled individually for each opening. The
exterior of the model is insulated with 10-cm-thick plastic
insulator. The inner side of the model is covered with
stainless steel plates with a reflective surface in order to
minimize the effects of radiant heat transfer.

The computer model is installed on the center supply
outlet in the raised floor. The air that flows through this
computer model is heated with an electric heater. The
upper side of the computer model is covered with wire
mesh and from this opening (hereafter called ‘‘opening
B’’) heated air is discharged into the model room. The
side walls of the computer model are insulated with 25-
mm-thick glass wool insulator.

Similarities

Similarities of the model experiment must be con-
sidered, since a scale model is used (n; = L, odet! Lo full-
scale = 1/3). In this experiment, the identical Ar number
(Ar = gBA®,L,/U,? is the only similarity considered
between full-scale and scale model. The velocity scale in
this experiment is the same (1, = U, .40/ U, o full-scale =
1). Therefore, the scale temperature difference is three
times full scale in the model experiment (n, =
050t Do Sull-scale = 3) in order to ensure an identical

Ar number (n, = n/n, 2 = 1). The scale of the heat
generation rate becomes one-third in the model experi-

uhmu inlet

5“0 L

45 q. 3:5

p 2.
53 ) -mz(v- b
(nondimentional)
Length is nondimentionalized by tha width of supply jet.
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Measurement

The air velocity was measured with a three-dimen-
sional ultrasonic anemometer with a short span (5 cm) and
also with a thermistor anemometer. The temperature of
both air and wall surface is measured with T-type (Cu-
Co) thermocouples.

Velocity and Temperature Distribution
at Supply Opening of Model

The supply jet generally has a great influence on the
airflow and temperature distribution in the room. From
the authors’ experience, a discrepancy between the results
of experiment and simulation is often due to a small
difference in the supply jets. Detailed measurements of
the model are required to ensure the same conditions in
the simulation. Therefore, measurements of the velocity
and temperature distributions at supply openings A and B
were carried out in detail.

Figures 3 and 4 show the distribution of air velocity
at supply opening A and distributions of air velocity and
temperature at supply opening B. Air was heated by the
computer model at opening B. Judging from these results,
it is reasonable to conclude that the same uniform distri-
butions of velocity and temperature are given at the
boundary of the supply openings in the simulation.

CASES ANALYZED

The experimental conditions for each case analyzed
are listed in Table 1, as are the conditions of the numer-
ical simulation. Five cases were examined, with ex-
periments conducted for all save Case 1-3. Case 1-1 is the
only case without heat generation by the computer. Cases
1-1 and 1-2 are cases where supply and exhaust airflow
rates are locally balanced in each flow unit, which is
composed of the supply jet and the reverse flows surroun-
ding it. Thus most of the supplied air for each opening is
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exhausted from the exhaust inlets allotted to that flow
unit. Cases 2 and 3 are cases where the airflow rates
allotted to exhaust openings E; and E,, just above the
computer model, are increased/decreased in comparison
with those of the other exhaust openings. In Case 4, the
supply and exhaust airflow rates are made unequal by
closing exhaust opening D,. In this case, a large recir-
culating flow is formed within the whole room model.
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NUMERICAL SIMULATION

Considering the bilateral symmetry in the Y-direction
of the flow field shown in Figure 2, only half of the ex-
perimentally analyzed domain (from cross section 1 to the
wall in Figure 2) is taken up for numerical analyses. The
analyzed domain is discretized by a mesh system of 72(X)
X 15(Y) X 23(Z) = 24,840.

Three-dimensional computations based on the k-¢
two-equation turbulence model (Viollet type, Viollet 1987;

TABLE 1
Specifications for Cases Analyzed
) Cases 1~1 122 1-3 2 3 4
item E S E S 5 E S E S E S
air volumse (kg/h) | 202 | «— — |~ ]| - -— - — — -—
SUDDlVAOU“N velocity (a/s) 20 | - — | — | ~ -— — - - — 4=
temperature (C) | — - |1268| « | « -— = - -— -~ -—
air volume (kg/h) | 332 | « = |« I = — += — — - -—
S“DDIYB outlet velocity (w/s) 076 - | « |~ || | — | « | ~ - -—
temperature (C) | — - 1630 « | « - - - - - -—
. D, :123
air volume (kg/h) [ 52 | « — |« |~ 10| « 7] <« D:: 0 -
e
oxhiast inioy temperature (C) | — - |31.6(30.4(30.2|36.2| 36.0 | 20.2| 27.7 0: :_33;5 L Eab.
D Dz Dz H Dz =
discharge of heat | | _ D. :680 | D, : 580
capacity {kcal/h) 230 11737153 | 980 950 | 40§ 10 D;:0 |D,: ~
air volume (kg/h) 132 | — S I U — |ie7] - E. B -
123
exhaust inlet temperature (C) | _ - E,:54.8|E,:56.6
£ €, 458 |47.9]48.1 | 524 | 53.5 | 429 | 44.6 £::36.0 | E.:35. 9
ischarge of heat | E :1640|E,:1750
capacity (kcal/h) 2410{2870127001 1 830] 1820 125704 2640 E,:540 | E;:530
difference of temperature _ ol
batwaa sxhaust snd. sapoly £5) 149 (16.1]16.2] 159|161 | 147 [16.2 | 16.2 16.2
Ar number (% 107%) = - |1.86(202|2.03|200|203|1.86|203| 205 | 203
amount of inner heat - -
generator (kcal /h) = | 2850

note E : experiment, S : simulation

CONVERSION FACTORS:F=Tx 1.8+ 32
fom =m/s X 197
Ib./h=kg/hx22

L



Murakami et al. 1991) are conducted. The basic equations
are listed in Table 2. Boundary conditions used are shown
in Table 3 (Launder and Spalding 1974; Murakami et al.
1991).

Conditions of numerical simulations correspond
exactly to those of the experiments, as shown in Table 1.
Case 1-3 is added in the simulation. In this case, the
boundary conditions of the vertical walls are different
from the others—in order to analyze the effects of the
presence or lack of solid walls in the cut model, the
boundary conditions are changed from solid walls to free
slip conditions for a symmetrical plane of the flow field.

RESULTS OF EXPERIMENTS
AND NUMERICAL SIMULATIONS

Case 1-1: Locally Balanced Supply and Exhaust
Airflow without Heat Generation

Velocity vectors at each measuring cross section in
Case 1-1 are shown in Figure 5. Since the resulting flow
fields of both the experiment and the simulation are
exactly symmetrical, only the left half of the sectional
plane is shown. Vertical profiles of the scalar velocity
(resultant velocity) distribution are shown in Figure 6.
Figure 6 also shows the scalar velocity distributions of
Case 1-2 (with heat generation) in order to compare the
two cases with respect to the effect of the buoyant heated
air discharged from the computer model.

The numerical simulation generally corresponds with
the model experiment for the velocity vector field. The
jets from floor supply outlet A move toward the ceiling
and spread horizontally. The flows that reach the walls
form downward streams (Figure 5(1), (2), (3)). Some
parts of the diverging flows along the ceiling collide with
the counterflows discharged from outlet B of the computer
model, and then they form downward flows as well.
However, some of them form a little recirculating flow
under the ceiling (Figure 5(1)). Judging from the total
flow field in the model room, each flow area allotted to
one supply jet can be modeled as a flow unit, a typical
model of which consists of a supply jet and the surround-
ing reverse flows. Thus the total flow patterns in the
room can be modeled as a serial combination of such flow
units,

In the simulation, the diverging flows along the
ceiling slip into the space between the counterflows and
the ceiling (Figure 5(1)-(b), (2)-(b)). When the diverging
flows along the ceiling reach the corner of each flow unit,
some of them are smoothly exhausted through the exhaust
inlets in the ceiling (Figure 5(3)).

Generally, the results of the simulation correspond to
the observed flow pretty well. However, some discrepan-
cy between them is observed near the side wall. While a
strong downward flow along the wall (Figure 5(1), (2),
(3), X = 0.3) is observed in the experiment, the simulated
downward flow is weak.

TABLE 2
k-6 Model Equations (Viollet Type)
?a% =0 (1)
DU, _ 1 ay, 20 a7y (U, dUN]__ .4
B, =" Bxi‘[p 24 a,‘,[ (G5 -mpe @
Dt ax, g’. ax,] +P+G—e (3)
{ OE
Dt ax‘[a ax] + (Cclpu + C"Gn u&) (4)
" d aé (5)
Dt 0xba.ax,
By (61 ax. ax, (6)
xl'ﬁ . —.-—x:-d“ ) ' (7)
K?
=% )

Ca:l.44 Cp,:i1.92 0010 0,:1.3 0,:1.0 C,:0.09

Cu:Ge>0 C,=1.44, G.S0 C,=00

TABLE 3
Boundary Conditions

(1) Supply outlet boundary
(D Supply outlet A
Uy=2.0(m/s). Ur=0.0(m/s). k,=0.005(m"/s?)
e=C, k¥, 6,=-269(C). 1=0.001(m)
@Supply outlet B
Uy=0.68(m/s), U;=0.0(m/s). k,=0.0003(m?/s?)
e=C,k¥t, 0,=63.0(C). (Casel—1:0,=269C). ¢=0.001(m)
(2) Exbhaust inlet boundary
Case 1-1,1-2,1-3 : Up=2.71(m/s), Ug=3.52(m/s)
Case 2: Up=5.79(m/s). Ue=1.98(m/s)
Case 3: Up=0.90(m/s). U,=4.44(m/s)
Case 4: Up=6.47(m/s). Up,=0.0(m/s). Ug.2=3.26(m/s). Uy=0.0(m/s)
Case 1-1,1-2,1-3, 2,3, 4 : k=free slip, e=free slip, O={ree slip
(3) Wall boundary
Un=0.0{m/s), U;(log law) : Ur,(CY2%)"*(rlp)=1/x+L JE-h(C ['2k)"*/v)
9k/0Z2=0.0, &, term in k equation : &,=¢*£,(E~h,(C}/*k)"*/v}
£=(C,k*)/(C)*%h))
(Casel-3:U, k, ¢, 0 : free slip)
h : length from the wall surface to the near — wall node
E: 9.0, ‘constant of the wall roughness (for a smooth wall)
v: 1/Re, kinematic viscosity
x: 0.4, von karman constant
(4) Finite difference scheme
Time marching : adams bashforth scheme
Convective term : upwind scheme
suffix N: normal component, T : tangential component
A.D: supply outlet A, B D.E: exhaust inlet D, E

Calulations are conducted with physical dimension.
CONVERSION FACTORS : fpm=m/s X 197
in.=m X 39

Generally good agreement between the simulations
and experiments is observed for the vertical distribution
of scalar velocity. A rather large discrepancy between
them is observed in the area where the jet from supply
opening A is mixed with the surrounding room air (Figure
6(1), X = 4.2) and in the area near the wall where down-
ward flow is observed (Figure 6(1) X = 0.3, (2) X =
0.3). In the simulation, the maximum deviation from the
experimental result here is as much as 20% of the supply
jet velocity; however, in the other areas, the difference
does not exceed 10%.
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Cases 1-2 and 1-3: Locally Balanced Supply
and Exhaust Airflow with Heat Generation

Velocity Fields Velocity vectors and the distributions
of scalar velocity for Case 1-2 are shown in Figures 7 and
8. In this case, the supply and exhaust airflow rates are
the same as those in Case 1-1; the only different condition
is heat generation.

Figure 7 shows that the results of the numerical
simulation correspond well with the observed results. The
Jjets from supply openings A (floor) and B (top of the
computer model) hit the ceiling and then spread horizon-
tally. The diverging flows along the ceiling reach the
walls and then form downward flows, which collide with
each other. After the collision, they form a recirculating
flow larger than that of Case 1-1 (Figure 7(1), (2)). In the
presence of heat generation (Case 1-2), the jet from
opening B of the model computer becomes stronger due
to the buoyancy effect, which consequently makes the
recirculating flows larger than in the case of no heat
generation (Case 1-1, in Figure 5(1), (2)). Little dif-
ference between Case 1-1 and Case 1-2 is observed in the
patterns of the velocity vectors except for the recirculating
flows, since the air exchange rate of the room is so high
that the Ar number of the buoyant jet from the computer
model is small. It may be concluded that the influence of
buoyancy is slight and that the major flow pattern is well
modeled as a serial combination of local flow units.

Figure 8 shows that correspondence between the
simulations and the experiment is greatly improved in
Case 1-2 and 1-3 compared with Case 1-1 (without heat
generation). Figure 6 shows results both with and without
heat generation. The experimental results for the two
cases show little difference; however, the simulations of
the two cases differ from each other to a certain degree
near the wall (Figure 6(1), X = 0.3; (2), X = 0.3 and X
= 2.5). The reason for this discrepancy is not clear;
however, it is probable that some errors are due to the
inadequacy of the turbulence model used here. On the
whole, it may be concluded that the influence of buoyancy
can hardly be observed in the major flow pattern except
for the small recirculating flow mentioned above. As
shown in Figure 8, for Case 1-3, all vertical boundary
planes are assumed to be symmetrical, whereas in Case 1-
2 the analyzed domain is assumed to be enclosed by solid
walls. Comparing Case 1-2 with Case 1-3, little difference
is observed in the scalar velocity distribution. However,
several differences are observed in the distribution of
turbulent kinetic energy, k, and the dissipation rate of
turbulent energy, €. (Figures of the distribution of k and
€ are omitted.) With regard to velocity distribution, the
experimental model with solid walls set at the symmetrical
plane of the flow fields has little error.

Temperature Fields The isothermal contour lines
and vertical temperature distribution of each cross section
are shown in Figures 9 and 10.
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Figure 9 shows that the heat discharged from the
computer model is convected by the airflow and spreads
out above the computer model but does not diffuse
throughout the whole space.

The temperature distribution obtained from the
numerical simulation corresponds well with the experi-
mental one except for the area just above the computer
model (Figure 10(1), X = 7.5; (2), X = 7.5; and (3), X
= 7.5). Temperature is very high above the heat dis-
charge opening in the simulation, whereas in the ex-
periment, temperature becomes rather low near the ceiling
at the same position since the cooled air from supply
opening A slips into the space. One possible reason for
this discrepancy is that in the numerical simulation, the
horizontally spreading flow along the ceiling from supply
jet A is weaker than the flow observed in the experiment
(Figure 8(1), X = 2.5, X = 4.2, X = 5.8). This phenom-
enon might suggest that the wall boundary condition at the
ceiling is mot modeled adequately and the numerical
simulation is thus not able to exactly reproduce this
slipping flow. Another possible factor might be short-
comings in the turbulence model with regard to the
turbulent transport of heat. The k-¢ model is based on the
eddy viscosity model, but this model may have significant
errors in anisotropic turbulent heat transportation (Mura-
kami et al. 1991). The latter factor should be investigated
further using some more elaborate turbulence model, such
as the differential second moment closure model. How-
ever, the present simulation predicts the entire tempera-
ture field to a sufficient degree, and the difference from
the measured value does not exceed 20% of the represen-
tative temperature difference, Aeo, at most measuring
points.

A comparison between Case 1-2 and Case 1-3 is
shown in Figure 10; differences are hardly observable in
the temperature distribution. The model with adiabatic
solid walls set at the symmetrical plane of the flow field
has little error.

In Case 1-2, where supply and exhaust airflow rates
are locally balanced in each flow unit, about 91% of the
heat is exhausted through the openings of E; and E,. That
is, the heat ratio exhausted by the inlet belonging to the
same flow unit in which heat is discharged is 91%, and
only 9% of the heat is transported to other flow units.
Thus, the locally balanced supply and exhaust airflow
ventilation system is sufficiently effective in exhausting
the heat discharged into the room.

Case 2: Decreasing Exhausting Airflow
Rate in Heat Discharged Flow Unit

Velocity Fields Velocity vectors and vertical distri-
bution of scalar velocity at each section for Case 2 are
shown in Figures 11 and 12.

The results of the numerical simulation, as in other
cases, generally correspond with those of the model
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experiment for velocity vectors. Moreover, the airflow
pattern of Case 2 is almost the same as that in Case 1-2.
It is difficult to differentiate among the airflow patterns of
Case 1-2, Case 2, and Case 3 (Figures 7, 11, and 15).

Generally good correspondence between the numer-
ical simulation and the model experiment is observed for
the vertical distribution of scalar velocity. However, at
point X = 2.5 in cross section 2, which is located at the
side of supply opening A, the values of scalar velocity ob-
tained from the numerical simulation are 20% to 50%
higher than the experimental values (Figure 12(2)). In the
region where the discrepancy is observed, the supply jet
mixes with the surrounding air, and velocity distribution
changes rapidly in the horizontal direction. Thus a small
difference in measuring points causes a large difference in
measured velocity. Perhaps the reason for the discrepancy
is not attributable only to errors in the numerical simula-
tion.

Temperature Fields Figures 13 and 14 show the
isothermal contour lines and vertical temperature distribu-
tion.

As shown in Figure 14, the temperature above the
computer model obtained in the model experiment (X =
7.5 in Figures 14(1), (2), and (3)) is a little lower than
that in the numerical simulation, as well as that in Case 1-
2. In Case 2, however, the difference between the
simulation and the experiment is smaller than in Case 1-2.
In the experiment, the temperature above the computer
model rises significantly in comparison with Case 1-2,
and this causes less difference between the simulation and
the experiment.

Comparing Case 1-2 and Case 2, although almost the
same pattern of velocity vectors is found, the temperature
fields are completely different in the two cases. On the
whole, temperature values of the room in Case 2 are
higher than those in Case 1-2 due to the reduction of the
exhaust airflow rate in the flow unit where heat is dis-
charged. The difference between supply and exhaust
airflow rates within the flow unit produces overflows into
other flow units, and part of the discharged heat is
convected toward other spaces. The ratio of heat ex-
hausted from exhaust opening E, which corresponds to the
exhaust openings of the flow unit formed by the air
discharged from the computer model, is only 63 % of the
heat discharged into the room. The rest of the heat is
exhausted from exhaust opening D, which accounts for
more than 34%, about four times more than Case 1-2.

Case 3: Increasing Exhausting Airilow
Rate in Heat Discharged Flow Unit

Velocity Fields Velocity vectors and distributions of
scalar velocity for Case-3 are shown in Figures 15 and
16.

The results of the nume.ical simulation . ~ree very
well with those of the experizaent. Moreover, the airflow

d

pattern of Case 3 is exactly the same as that of Case 1-2.
It is difficult to find any difference in airflow patterns
among Case 1-2, Case 2, and Case 3 (Figures 7, 11, and
15).

Temperature Fields Figures 17 and 18 compare the
experiment and the numerical simulation in terms of
isothermal contour lines and vertical temperature distribu-
tion.

As shown in Figure 18, the temperature above the
computer model given by the model experiment (X = 7.5
in Figures 18(1), (2), and (3)) is lower than that of the
numerical simulation, as well as that of Case 1-2. In Case
3, the difference between the simulation and the ex-
periment shows the same tendency as Case 1-2. Except
for this apparent discrepancy, the numerical simulation
reproduces the temperature fields observed in the ex-
periment with sufficient accuracy. As shown in Figure 17,
the experiment gives a rather wider range for A©® > 0.9,
so the numerical simulation predicts a rather less diffuse
field of temperature. This difference may be due to
shortcomings in the eddy viscosity model for turbulence
diffusion.

The airflow rates allotted to exhaust opening E,
which is located just above the model computer, are
increased in Case 3, so the heat discharged into the room
is immediately exhausted without diffusing throughout the
room. The ratio of exhausted heat from exhaust opening
E accounts for about 98 % of the heat discharged into the
room. That is, only 2% of the heat is convected and
transported into other flow units. It may be concluded that
this system is highly efficient in exhausting the heat
discharged within the room.

Case 4: Large Circulating Flow in Room

In Case 4, the exhaust D, of the right-side flow units
is closed, creating a general airflow pattern moving from
the right to the left side.

Velocity Fields Figure 19 shows the velocity vectors
and the scalar velocity of Case 4. The scalar velocity of
the experiment and that of the numerical simulation
correspond well with each other, on the whole.

The air discharged from the computer model inclines
to the left in both experiment and numerical simulation.
This is caused by the asymmetrical condition of the
exhaust.

Temperature Fields Figure 20 compares the ex-
periment and the numerical simulation in terms of isother-
mal contour lines and the vertical temperature distribu-
tion.

As in the other cases, there is a tendency for the
numerical simulation to predict higher temperatures above
the model computer (at X = 7.5 in the center area of
section 1) than are observed in the experiment (Figure
20(1)). Also, at X = 4.0 and 6.0 in the circulating flow
to the left of the computer model, the numerical simula-
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Figure 19 Velocity distribution in Case 4
(1) section 1 (center of the room, Y = 0) (a) experiment (b) simulation
(2) section 2 (Y = 1.125) (a} experiment (b) simulation
(3) section 3 (near the wall, Y = 2.5) (a) experiment (b) simulation.
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Figure 20  Temperature distribution in Case 4
(1) section 1 (center of the room, Y = 0) (a) experiment (b) simulation
(2) section 2 (Y = 1.125) (a) experiment (b) simulation
(3) section 3 (near the wall, Y = 2.5) (a) experiment (b) simulation.
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tion gives a higher temperature than does the experiment.

In Case 4, when the exhausts on the right side of the
space are closed, the heat discharged from the model
computer diffuses toward the left and does not diffuse
toward the right.

CONCLUSIONS

An investigation on flow and temperature distribution
in a computer room with a raised floor has been con-
ducted, concentrating especially on the air-exhaust system.
A large amount of heat is generated in such rooms by
mainframe computers and other equipment. Cooled air is
supplied through supply openings in the raised floor,
corresponding to the unevenly distributed heat loads. The
room air is exhausted through exhaust openings in the
ceiling, each of which is designed in accord with the local
air supply rate.

Scale-model experiments and numerical simulations
based on the k-¢ turbulence model were performed to
analyze the influence of the exhaust flow rates on the flow
and temperature fields.

1. When supply and exhaust airflow rates are locally
balanced, most of the heat discharged inside the room
can be exhausted near the heat source before it
diffuses throughout the whole space.

2. The concept of the flow unit is effective in compre-
hending a complicated flow and diffusion field with
many supply jets.

3. The numerical simulations and the experiments cor-
respond well for the average airflow field, although
a few differences can be observed in the jet mixing
area and where air flows downward near the wall.
However, these differences do not exceed 10% of the
supply jet velocity U, at most measuring points.

4. With regard to temperature distribution, the experi-
ment and the numerical simulation generally cor-
respond well except for the area just above the model
computer. However, the difference does not exceed
20% of the representative temperature difference,
A©,, at most measuring points.

5. When the supply and exhaust airflow rates are locally
imbalanced by decreasing the exhaust airflow rate by
45% in the flow unit where the heat is discharged,
the temperature not only of that flow unit but of the
whole room becomes higher. This results in less
ventilation efficiency when compared with the case
where the supply and exhaust airflow rates are locally
balanced.

6. When the supply and exhaust airflow rates are locally
imbalanced by increasing the exhaust airflow rate by
25% in the flow unit where the heat is generated, the
efficiency of heat exhaust is improved in comparison
with the case where the supply and exhaust airflow
rates are locally balanced.

(2

7. When the exhaust airflow rate between D, and D, is
imbalanced, it causes asymmetries in the flow and
diffusion fields. This phenomenon may result in
lower ventilation efficiency of the room.

The raised-floor air-conditioning system is an effec-
tive method for dealing with unevenly distributed heat
loads in a room because supply openings can be precisely
allocated in relation to the locations of the heat loads.
However, it can become even more effective when the
local balance of exhaust and supply airflow is considered.

NOMENCLATURE

Ar = Archimedes number = ¢ § A O,
L,/U?

C/l., Cel,

Cey, Ce3 = empirical constants in the k-¢ tur-
bulence model

E = empirical constant in log law, 9.0 in the
case of a smooth wall

G, = production of turbulent kinetic energy
by buoyancy

g gravitational acceleration

h = length from the wall surface to the

center of the adjacent cell

turbulent kinetic energy

= length scale of turbulence

scale ratio of model to full scale

Kk = production of turbulent kinetic energy
by mean shear

R~
Il

Re = Reynolds number = U,L /v

o = temperature

AO, = temperature difference between supply
and exhaust air

e" = dimensionless temperature, ©° = (6 —
0,)/40,

Uuvw = X, Y, and Z components of mean veloc-
ity vector

U, = representative velocity for nondimen-
sionalization defined by mean velocity
at supply outlet

o = dimensionless velocity, U* = U/ U,

B = coefficient of expansion

0;j = Kronecker delta

£ = turbulence dissipation rate

K = von Karman constant, 0.4

v = molecular kinematic viscosity

v, = eddy kinematic viscosity

O'k, o¢,

ot = turbulence Prandtl/Schmidt number of
k, ¢, and @ (cf. k-¢ equation)
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