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ABSTRACT 

Two--dimensional isothermal and non-isothermal 
airflows were measured in a full-scale room (24 ft X 18 
ft X 8ft). Measurements included the flow patterns of the 
room air, the profiles of air velocity and turbulent kinetic 
energy at the diffuser, and velocities, turbulent kinetic 
energies, and temperatures at 205 locations within the 
room. The measurement grid was non-uniform, with 
higher grid density in flow regions where relatively high 
velocity gradients were expected (e.g., the diffuser jet 
region). The data show the effects of sampling rates and 
sampling periods on the experimental results, the effects 
of internal heat load on the airflow pattern, as well as the 
difference between the diffuser jet region and the occupied 
region in terms of turbulent kinetic energy and power 
spectrums. Such detailed measurements are useful for 
evaluatirig numerical simulation models as well as for 
understanding the behavior of the room ventilation 
airflows. _j / 

INTRODUCTION 

Evaluating and improving numerical models of room 
air distribution require detailed measurements of air 
velocity, temperature, and turbulence characteristics. 
Current data are insufficient for numerical modelers 
because more data are needed for realistic low-turbulence 
ventilation flows and profiles of velocity and turbulent 
kinetic energy at the diffuser and the boundary layer over 
solid surfaces within the room. The recent symposium 
"Building Systems: Room Air and Air Contaminant 
Distribution" (Christianson 1989) identified the need for 
these data and their application to the numerical models as 
two of the six primary research needs in this field. 

Much of the detailed room air movement data 
available are from research in the 1950s through 1970s 
(Straub and Chen 1957; Miller and Nash 1971). Those 
data are valuable and have provided design guidelines for 
space air diffusion (ASHRAE 1989). Their instrumen-
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tation was not designed to measure the turbulence charac
teristics, so the turbulence features of the flow were not 
reported. 

Air diffuser manufacturers have also studied room air 
movement characteristics in full and part scale for many 
alternative diffuser designs and room designs (e.g., Hart 
and Int-Hout 1980 and Lorch and Straub 1983). These 
data help engineers select diffusers appropriate for 
specific applications. However, these data are also limited 
in detail, especially at the diffuser and at the boundary 
layers. 

Many researchers have measured air velocities in 
reduced-scale rooms and used similitude theory to inter
pret the results (e.g., Nielsen 1989; Timmons 1979; 
Murakami and Kato 1989; Zhang et al. 1989). However, 
most experiments were limited to fully developed flow 
conditions, which are not common in typical commercial 
and residential rooms. Moreover, the turbulence charac
teristics were not measured in most of these studies. 

Hanzawa et al. (1987) and Sandberg (1989) measured 
air velocities and turbulence characteristics in full-scale 
rooms. These data are valuable for understanding the 
turbulent characteristics of the room ventilation flows, but 
the spatial distribution of the velocity and turbulent kinetic 
energy was not reported. 

The objectives of the research reported in this paper 
were to (1) provide detailed experimental data for evalua
ting numerical simulation models and (2) improve the 
understanding of the turbulent characteristics of room 
ventilation flow, which is essential for improving existing 
numerical models and for developing new models. 

FACILITY AND PROCEDURES 

A room ventilation simulator has been developed for 
studying room air and air contaminant movement within 
ventilated rooms. It has an inner testing room and an 
outer room for controlling the ambient air condition of the 
inner room (Figure 1). Alternatively, air can be con
ditioned independent of the outer room condition and 
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Figure 1 Schematic of the room ventilation simulator. 

supplied to the inner test room. The inner room is 
designed on a modular basis so different room configura
tions and sizes can be investigated. Details of the room 
ventilation simulator are described by Wu et al. (1990). 

The experimental arrangements for the present full
scale tests consist of a test room (24 ft X 18 ft X 8 ft), 
an exhaust plenum (24 ft X 10 ft X 8 ft), an air delivery 
chamber, a centrifugal fan, and a probe traverse unit 
(Figure 2). Since the test room has a continuous slot 
diffuser and a continuous slot exhaust opening, the flow 
within the room is practically two dimensional (Zhang 
1991). For non-isothermal tests, 48 electrical heating 
panels (4 ft X 2 ft) are uniformly arranged on the floor 
to provide the internal heat load from 0 to 56 Btu/(h·ft2) 

(178 W /m2). The test room and the exhaust plenum 
chamber are well insulated so that heat loss through the 
walls, ceiling, and floor is negligible (Zhang 1991). 

The velocities and temperatures within the room are 
measured with a hot wire probe and a thermocouple 
probe, respectively. Both probes are mounted on the 
traverse unit. A microcomputer-based data acquisition and 
probe-positioning system has been developed to collect the 
data and move the probes automatically (Figure 3). 

l ContinlJOus slot diffuser 
2 Probe tr"o verse unit 
3 Test roorri 

4 ContlnLious slot exhoust 
5 Exhoust ptenun 
6 Flow settling screens 

7 Per f oro ted plo te 
8 Flexible connector 
9 Centrif"ugot Fa.n 

Figure 2 Experimental setup for the full-scale room. 

TABLE 1 
Experimental Conditions· 

ud Td r. T, 4T1d a 
Ta1t lft/mln) 1°Fl 1°Fl 1°Fl 1°F) Red Ar1r1 lech) 

1 350 75 75 75 0 5735 0 19.5 

2 350 75.4 90.3 142.7 67.3 5735 0.0186 19.5 

·All variables are defined in the nomenclature section. 

Additionally, the temperatures at the diffuser, exhaust of 
the test room, and the floor surface are monitored by a 
separate data logger with thermocouple. 

Two sets of data are presented in the present study 
(Table 1), in which velocities and temperatures were 
measured at 205 locations along the central section of the 
test room and at the diffuser (Figure 4). The hot wire 
probe was oriented so that the sensing wire was perpen
dicular to the two-dimensional flow plan to minimize the 
effect of the third velocity component. Additionally, the 
airflow patterns within the room were visualized by 
injecting titanium tetrachloride smoke at different loca
tions. 

RESULTS AND DISCUSSION1 

Sampling Rate and Sampling Period 

The sampling rate of velocity measurements needs to 
be sufficiently high so that the high-frequency fluctuations 
in the airflow can be captured. A representative velocity 
sample in the diffuser jet region is shown in Figure 5. 
Sampling with 250 Hz captured 95 % of the velocity 
fluctuations. This sampling frequency would also be 
suitable for the other parts of the room, since the velocity 
fluctuations there would contain lower frequency com
ponents due to the lower mean velocity gradients as 
compared to the diffuser jet region. According to Nyquist 
sampling theorem (Bendat and Piersol 1986), with such a 
sampling rate, we will be able to calculate the energy 

Hot wor~ Therrio-
prOliE"S couotes 

Figure 3 Diagram of the data acquisition and probe
positioning system. 

1The numerical form of the data presented in this paper can be 
found in Zhang (1991). 
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distribution of velocity fluctuations up to 125 Hz. An 
assumption implied is that velocity fluctuations with 
frequencies higher than 125 Hz have negligible kinetic 
energy, which is confirmed by the energy spectrum 
analysis in this paper. 

The sampling period of velocity measurements needs 
to be long enough to ensure accurate time averages of 
velocity and turbulent kinetic energy. Figure 6 shows that 
the mean velocity and turbulent kinetic energy become 
stable when the sampling period is longer than 15 sec
onds. It is noted that a longer sampling period is needed 
to obtain a stable time average for the turbulent kinetic 
energy than for the velocity. 

For the data presented in this paper, a sampling 
period of 16.384 seconds and a sampling rate of 250 Hz 
were used, which resulted in 4,096 data points for each of 
the 205 locations measured. 

Flow Pattern 

As shown in Figures 7 and 8, the common flow 
behavior was that the incoming air attached to the ceiling 
after entering the room. This is due to the Coanda effect, 
in which the pressure difference between the two sides of 
the air jet lifted the jet toward the ceiling. The air then 
traveled along the ceiling for a certain distance (called 
attachment length) until it separated from the ceiling or 
reached the opposite wall. Air below the jet was entrained 
by the jet so that a reverse flow pattern formed below the 
jet. 
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However, there were substantial differences between 
the isothermal and non-isothermal tests. In the non
isothermal test, the diffuser jet dropped midway before it 
reached the opposite wall. This was expected because the 
incoming air had a lower temperature than the room air. 
The separation point of the diffuser air jet from the 
ceiling depends on the balance between the Coanda effect 
(or inertial effect) and the thermal buoyancy effect. 

It was also observed that the airflow in the non
isothermal cases had stronger random behavior, as sug
gested by the multiple directions of the smoke movement 
observed at the same location but at different times, 
compared to the isothermal cases. 

Velocity Characteristics at the Diffuser 

The mean velocity profile at the diffuser is not 
uniform (Figure 9). Neither is the turbulent kinetic 
energy. Numerical modelers usually assume a uniform 
turbulence intensity between 4 % and 5 % (e.g., Nielsen 
1990; Murakami 1991). This would be appropriate only 
for the central part of the diffuser. The measured profile 
of turbulence intensity showed higher values (up to 7 5 % ) 
at the edges of the diffuser opening. Therefore, measured 
profiles of mean velocity and turbulence intensity at the 
diffuser are essential for evaluating numerical simulation 
models of room air distribution. 

Spatial Distribution of Mean Velocity 

Figures 10 and 11 present the spatial distributions of 
mean velocity in which all velocities throughout the room 
are made dimensionless by expressing them as a ratio to 
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Figure 10 Distribution of mean velocity (U!Ud)for test 
1: Ud = 350ftlmin, t.Trd = 0 (cross sec
tions of the horizantal and vertical lines 
represent measured locations,· length of a 
horizontal line represents magnitude). 
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Figure 9 Mean velocity (U/Ud), turbulent kinetic 
energy (2k/U /), and turbulence intensity 
(u' /U) at the diffuser. 

the diffuser air velocity. The trajectory of the diffuser jet 
can be traced by following the locations at which the 
maximum velocity occurred in each measurement column 
(xFW). A common feature of the two tests is that the 
incoming air jet bends toward the ceiling after entering 
the room. It then travels along the ceiling for a certain 
distance before separating from the ceiling again. 

In the region where the jet attached to the ceiling, the 
measured velocity profiles are similar to a "wall jet" type 
flow. The conventional "wall jet" theory (e.g., Schlich
ting 1979) may be tested with the present data to deter
mine their applicability in describing this region or if 

a. jet region: 

0.063 0.250 0.500 
0.031 0.125 0.375 n-n-- t 

b. entire flow field: 

Figure 11 Distribution of mean velocity (U/Ud)for test 
2: Ud = 350ft/min, t.Tfd = 67.3°F (cross 
sections of the horizontal and vertical lines 
represent measured locations; length of a 
horizantal line represents magnitude). 



modification is necessary for a better prediction. 
Comparing the measured velocity distributions to the 

flow patterns (Figures 7 and 8), one can see that relatively 
small velocities are present toward the central region of 
the large recirculation eddy, similar to the velocity 
distribution along the radius of a rotating body. Timmons 
(1979) assumed such flow behavior in his inviscid vor
ticity model. His model predicted well the general airflow 
patterns, although the average error in predicting the 
room air velocities was 22 % , excluding the regions close 
to wall surfaces. 

The velocity profiles close to the floor (y!H > .75) 
are not similar to the "wall jet" type of flow but are 
more or less uniform (Figures 10 and 11). With a higher 
diffuser air velocity (i.e., a higher Red than the case 
studied, a higher remaining momentum from the diffuser 
air jet would be available to the recirculation flow. Due 
to the surface effect, a "wall jet" type of flow would also 
be produced over the floor, as reported by Jin and Ogilvie 
(1990). This is an important difference between high and 
low ventilation rate flows (i.e., between high and low 
Red). 

The thermal buoyancy decreases the distance at which 
the air jet travels along the ceiling and also makes the jet 
expand faster (Figure 10 vs. 11). When the jet falls, it 
produces a region with relatively high air velocities (x/W 
= 0.5, 0.625, 0.75 in Figure 11) compared to the other 
parts of the occupied region. The average velocity in the 
occupied region is a little higher in the non-isothermal 
case than in the isothermal case (U!Ud = 0.077 vs. 
0.071) since the diffuser air jet drops to the occupied 

a. jet region: 

0.063 0.250 0.500 
0.031 0.125 0.375 
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b. entire flow field: 
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Figure 12 Distribution of turbulence intensity 
(lOOu'/Ud)fortest 1: Ud = 350ftlmin, ilTr. 
= 0 (cross sections of the horizontal and 
vertical lines represent measured locations,· 
length of a horizontal line represents mag
nitude). 

region directly before it is sufficiently mixed with the 
room air. This type of diffuser jet may cause a "cold 
draft'' and therefore should be avoided in design practice. 

Spatial Distribution of Turbulence Intensity 

The turbulence intensity is defined as the ratio 
between the standard deviation (u') of velocity fluctuations 
and the mean velocity (U). It represents the degree of 
turbulence at a local point. 

The distribution pattern of the turbulence intensity 
(Figures 12 and 13) within the test room was not as 
apparent as in the mean velocity distribution. In general, 
relatively high values were distributed in the intermittent 
region at the edge of the diffuser air jet and at the central 
region of the recirculation eddy. 

The average turbulence intensity in the occupied 
region was higher in the non-isothermal test than the 
isothermal test (29.9% vs. 23.6%), indicating that the 
thermal buoyancy contributed to the generation of tur
bulence. 

Spatial Distribution of Turbulent Kinetic Energy 

The kinetic energy of turbulence (k) is defined as 
0.5u'2. It is a more appropriate term than the turbulence 
intensity to represent the importance of turbulence effect 
on the room air motion because the latter only describes 
the degree of turbulence locally (Zhang 1991). As shown 
in Figures 14 and 15, the kinetic energy of turbulence in 
the diffuser jet region is substantially larger than in the 

a. jet region: 

0.063 0.250 0.500 
0.031 0.125 0.375 
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b. entire flow field: 
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Figure 13 Distribution of turbulence intensity (u' /Ud) 
for test 2: Ud = 350ft/min, .::lTfi = 67.3°F 
(cross sections of the horizontal and vertical 
lines represent measured locations,· length of 
a horizontal line represents magnitude). 
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occupied region, especially in the isothermal test. Since 
the magnitude of turbulent kinetic energy in a local region 
depends on the turbulence generated within the region and 
that transported from the upstream, one may infer that the 
turbulence within the room is mainly generated in the 
diffuser jet region, due to the strong interaction between 
the incoming air and the room air, and between the jet 
and the ceiling surface. The generated turbulence is then 
transported to the other parts of the room. In the transport 
process, the velocity fluctuations are also damped by the 
viscous effect, resulting in low turbulent kinetic energy in 
the occupied region. This phenomenon agrees with the 
turbulence theory (Hinze 1975), since large mean velocity 
gradients were present in the jet region but not in the 
occupied region. 

The average turbulent kinetic energy of the occupied 
region in the non-isothermal flow is approximately 130% 
larger than in the isothermal flow in this study. This is 
again due to the contribution of thermal buoyancy to the 
turbulence production, especially within the occupied 
region itself. 

Spatial Distribution of Mean Temperature 

The distribution of mean temperature for the non
isothermal test in this study is mainly determined by the 
air movement (Figure 16). As the incoming air travels 
within the room, it is heated by the adjacent warmer air 
through turbulent mixing and molecular diffusion. How
ever, the room air temperatures in the occupied region are 
much more uniform than the mean velocity distribution. 
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Figure 15 Distribution of turbulent kinetic energy 
(k/0.5Ui)fortest 2: Ud = 350ft/min, ATr. 
= 67.3°F. 

Therefore, the heat diffuses (which relates to temperature) 
much faster than the momentum (which relates to veloc
ity) in the room airflows. This is expected since the 
temperature field has different boundary conditions, and, 
additionally, the Prandtl number of the air is about 0. 7, 
which represents the ratio between the momentum and 
thermal diffusion rates (Kays and Crawford 1980). 

Energy Spectral Density Function The energy 
spectral density function E(f) is defined as 
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Figure 16 Distribution of temperature [(T - Td)/ATr.] 
for test 2: Ud = 350ft/min, ATr. = 67.3°F. 



where (u')2 is the variance representing the total energy 
of the velocity fluctuation. Elf> represents the distribution 
of the kinetic energy of turbulence fluctuations over dif
ferent frequency components. The higher frequency 
components correspond to smaller eddies and the lower to 
larger eddies. 

As shown in Figures 17 and 18, velocities in the jet 
region contain higher levels of kinetic energy of tur
bulence compared to the occupied regions. The distri
bution also extends to higher frequencies for the jet 
regions. The large velocity gradients in the jet regions are 
mainly responsible for the generation of the turbulence 
according to the turbulence theory (Hinze 1975). High
velocity gradients also generate more small eddies that 
correspond to the high-frequency fluctuations. 

Comparing Figure 16 with Figure 17, one can see 
that thermal buoyancy due to the heat production from the 
floor increases the kinetic energy of turbulence and also 
extends the energy spectrum to a higher frequency. This 
is especially apparent for the occupied regions. Therefore, 
the thermal buoyancy did contribute to the production of 
turbulence within the room. 

In the high-frequency range, the decay rate of the 
energy density functions is close tor 513 , similar to that 
in the isotropic turbulence (Hinze 1975). The energy 
contained by the velocity fluctuation components with 
frequencies higher than 100 Hz is negligible. 

SUMMARY AND CONCLUSIONS 

Detailed experimental data are presented for isother
mal and non-isothermal room ventilation flows. These 
data are useful for evaluating existing numerical simula
tion models of room air motion. Additionally, the fol
lowing can be concluded from the above discussions: 
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Figure 17 Energy spectrums of velocity signals in test 
1: Ud = 350 ft/min, AT rd = 0 (jet region: 
xfW = 0.125, y!H = 0.0521; occupied 
region: xfW = 0.375, y/H = 0.6771). 

1. The turbulence of the room ventilation flows is 
mainly generated by the diffuser air jet. The turbulent 
kinetic energy in the occupied region is much smaller 
and is distributed in a lower frequency range than the 
diffuser jet region. 

2. The internal heat load causes the diffuser air jet to 
fall earlier, resulting in a higher spatial average of 
mean velocity in the occupied region compared to the 
isothermal case with the same diffuser air velocity. 
Internal heat also contributes to the turbulence pro
duction within the room and thereby increases the 
turbulent kinetic energy and turbulence intensity in 
the occupied region. 

3. The measured velocity and turbulent kinetic energy 
profiles at the diffuser are nonuniform. The measured 
turbulence intensity at the diffuser edges is signifi
cantly higher than 4 % to 5 % , as assumed in many 
numerical simulations of room air motion. 

NOMENCLATURE 

Ar_rd Archimedes number, defined as 

Elf> 

f 
H 
k 

Q 

en 2 
.2 

pg A 1id 
Arid= u; 

energy spectrum density of velocity fluc
tuations, (ft/min)2 

frequency, Hz 
height of the room, 8 ft 
kinetic energy of turbulence, defined as 
0.5(u')2, (ft/min)2 

ventilation rate, ach (air changes per hour) 
diffuser Reynolds number, defined as 

,.:. 1 
-~ 
ij o -l-~~~~~~~__:_....:.._~uH~1Kl'1lµ...:.4w 

1J 

~-1 
c .. 

.5 -2 

-3 

-4 -1--~~~~~~--r~~~~-....-~~.--~-....-~~ 

-1.5 -1 --0.5 0 0.5 I 1.5 2 2.5 
Frequency. log(Hz} 

1- 1: jet region - 2: occupied region 

Figure 18 Energy spectrums of velocity signals in test 
2: ud = 350 ft/min, ATrd = 67.3°F (jet 
region: xfW = 0.125, y/H = 0.0521; oc
cupied region: xfW = 0.375, y/H = 
0.6771). 



T mean temperature at a measured location, °F 
Td temperature at the diffuser, °F 
Te = temperature at the exhaust, °F 
1j temperature at the floor surface, °F 
U mean velocity at a measured location, ft/min 
ud mean velocity at the center of the diffuser 

opening, ft/min 
u' standard deviation of velocity, ft/min 
W width of the room, 18 ft 
w d width of the slot diffuser, 2 in. 
x horizontal coordinate 
y vertical coordinate 
yl distance from the upper edge of the diffuser 

slot 
ll1jd temperature difference between the floor 

surface and the diffuser air 
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