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FIELD MEASUREMENTS OF BOUNDARY-
LAYER FLOWS IN VENTILATED ROOMS

Jianshun 8. Zhang, Ph.D.
Associate Member ASHRAE

Robert A. MacDonald

ABSTRACT

Profiles of air velocity and turbulent kinetic energy near
the surfaces of walls, ceilings, floors. and furnishings were
measured under field conditions for four space layours of an
office building: a partitioned office room, a single office
room, a small conference room, and a computer room. Three
types of flows near the surfaces were identified based on the
measured data: (1) near-stagnant flow that had mean veloci-
ties and turbulent kinetic energies of less than 0.05 +0.025
m/s (10 = 5 fomj and 0.001 % 0.00] (m/sf (38.75 +38.75
(fpm)2 ], respectively; (2) weak rurbulence flow that had
mean velocities and turbulent kinetic energies from 0.05 +
0.025 10 0.25 £ 0.05 m/s (10 £ 5 10 50 % 10 fpm) and from
0.001 + 0.001 10 0.01 = 0.002 (m/s)? (38.75 = 38.75 10 387.5
+ 77.5 [fom}?), respectively; and (3) strong turbulence flow
that had velocities and turbulent kinetic energies higher than
0.25 £0.05 m/s (50 = 10 fpm) and 0.01 £0.002 (m/s)? (387.5
+77.5 [fom ]2 ), respectively. The results are useful for estab-
lishing realistic airflow conditions in testing and modeling
comaminant emission from building materials and indoor
furnishings.

INTRODUCTION

Many boundary layer flows exist in ventilated rooms,
such as airflows near the surfaces of walls, floors, ceilings,

desks, partitions, etc. The flow characteristics of these’

boundary layers play an important role in determining the
rates of mass and heat transfer between these surfaces and
the ambient air, For example. the boundary-layer flows
would affect the emission rate of volatile organic compounds
{(VOCs) from building materials and indoor furnishings
(Zhang et al. 1993). Knowledge of the boundary-layer flow
characteristics under field conditions is essential for estab-
lishing realistic airfiow conditions for testing and modeling
the rates of VOC emissions from the surfaces of building
materials and indoor furnishings (ASTM 1990),

The airflow characteristics in ventilated rooms have
been measured under both laboratory and field conditions
{e.g., Matthews et al. 1987; Melikov et al. 1988: Sandberg
1989, Whittle and Clancy 1991; Zhang et al. 1992). Thesz_:
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measurements were primarily aimed at examining the condi-
tions in the occupied region or the air distributions within the
entire room. Recently, Sandberg et al. (1991) measured the
mean velocity and turbulence distribution near the ceiling
surface where a wall jet was present using a full-scale empty
testroom (3.6 mby 4.2 mby 2.5 m [11.8 ft by 13.8 fi by 8.2
ft]). However, field data of the airflow characteristics near
the surfaces of walls, floors, ceilings, and internal furnish-
ings are lacking.

In this study, the profiles of velocity and turbulent
kinetic energy were measured under field conditions for the
boundary-layer flows near the surfaces of walls, floors. ceil-
ings, and furnishings in four space layouts of an office build-
ing: a partiioned office room. a single office room. 2 small
conference room, and a computer room. The objectives were
to determine the range of velocity and turbulence levels and
their characteristics near the surfaces under realistic ventila-
tion conditions and provide field data for developing empiri-
cal models of the boundary-layer flows. The results will be
useful for establishing proper airflow conditions in conduct-
ing material emission tests using small or large chambers
and developing methods 10 extrapolate the chamber test data
to predict the VOC emission rates in real environments.

METHODS AND PROCEDURES

Test Rooms and Measurement Conditions

Measurements were conducted for the following typical
room layouts:
Room A:  a partitioned office room with two ceiling lin-
ear diffusers and two ceiling return slots (Fig-
ure 1),
a single office room with a floor-mounted air
supply diffuser and a high wall-mounted return
grille (Figure 2),
a small conference room with four ceiling lin-
ear diffusers and four ceiling return slots (Fig-
ure 3), and
a computer room with a ceiling-mounted
square radial diffuser and a high wall-mounted
return slot (Figure 4).

Room B:
Room C:

Room D
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Schematic and picture of room A: 7.6 m by 3.7
mby3.0m (25 ft by 12 ft by 10 fi). The parti-
tion dimensions are 1626 mm by 64 mm by
1829 mm (64 in. by 2.5 in. by 72 in.) and mea-
surement locations are indicated by the
numbers.

All four rooms were located in the same building. The
veatilation system of the building operated under normal
conditions on workdays (i.e., no special adjustment to the
HVAC system). The fumishings m the rooms were unal-
tered and doors were closed during the measurements. The
rooms were unoccupied duning the velocity measurements.
Airflow rates through each diffuser and return were mea-
sured using a flow hood and are shown in Figures 1 through
4, Room air temperature and humidity were aiso measured
using a psychrometer for all measurement locations (Table
1). All the surfaces investigated were not apparent heat
sources {e.g., light fixtures, walls heated by solar radiation
or radiant heating panels, etc.) or sinks (e.g., cold surfaces
of exterior walls in winter, cooling panels, etc.). Tempera-
fures over the measurement surfaces were estimated to be
within 1°C (1.8°F) of the ambient air temperature as under
normal room conditions.

Figure 2

Schematic and picture of room B: 4.6 m by 3.7
m by 3.0 m (15 ft by 12 ft by 10 ft}. Measure-
~ment locations are indicated by the numbers,

Measurement Locations

In order to cover a wide range of velocity and tarbu-
lence conditions near surfaces of walls, ceilings, floors, and
internal furnishings, measurements were made for the fol-

_ lowing locations in each room:

1. centrally located and near the floor surface in the “main
airflow path,”

2. centrally located and mnear the ceiling surface in the
“main airflow path,”

3. centrally located and near a wall surface in the “main
airflow path,”

4. centrally located and near the wall surface opposite that
of no. 4 in the “main airflow path,”

5. cenrally located and near a wall surface that is not in
the “main airflow path,”

6. near a desktop surface,

7. under a desk near a side (vertical) surface (rooms A, B,
and D) or near g bottom (horizontal) surface (room C),
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Figure3  Schematic and picture of room C: 6.7 mby 4.1 m by 3.0m (22 fi by 13.5 ft by 10 fi).
‘ Meastirement locations are indicated by the numbers.

8. near a floor surface at a corner,

9. near a ceiling surface at a corner,

10. near a wall surface at a corner, and

il. near a surface of room partitions (for room A only).

It should be noted that the “main airflow path” men-
tioned (also indicated in Figures 1 through 4 by dotted Iines)
was an anticipated one that was based solely on the loca-

tions of supply air diffuser(s) and return air grille(s). It was
not necessarily the actual main airflow path m the room
because the actual room airflow pattern was aiso affected by
the air leakages (mainly those through doors) and intemal
furnishings. We used the “main airflow path” mentioned
mainly for the convenience of identifying those measure-
ment Jocations that were most likely experiencing relatively
high air velocities near the surfaces.

Figure 4  Schematic and picture of room D: 6.7 mby 5.3 m by 3.0 m (22 ft by 17.5 ft by 10 ft).
Measurement locations are indicated by the numbers.
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TABLE 1
Local Air Temperature and Humidity Conditions at Measured Locations

Locanon | Koom A Room B Room € Room D
No. T, °C RH, % T, °C RH, % T, °C RH, % T, °C RH, %
1 23.8 33 220 33 21.6 41 19.8 52
2 235 36 23.1 40 22.3 39 19.5 50
3 243 34 23.1 28 220 34 183 53
4 24.2 34 226 2 217 30 19.1 47
5 243 38 230 34 20 40 190 4]
[ 24.5 38 22.9 30 222 37 19.0 40
7 24.3 38 22.9 28 216 38 187 46
[ 234 34 221 37 216 39 20.0 51
9 242 37 22,6 30 226 40 200 31
10 243 38 23.0 29 21.7 39 19.8 30
11 24.3 38
[ Avg 24.1 36 227 32 219 39 194 48
i Std 0.3 2 04 4 0.2 2 0.5 4

For each of the mentioned locations, measurements
were made 2.5, 5.0, 7.5, 10.0, 12.5, 15.0, 17.5, 20.0, 22.5,
25.0, 27.5, 30.0, 35.0, 40.0, 45.0, 50.0, 60.0, 70.0, 80.0,
$0.0, and 100.0 mm from the surface—a total of 21 points
per location. The probe was moved perpendicularly away
from the suzface from one point to another using a.travers-
ing system driven by a stepping motor. The stepping motor
was either controlled by a personal computer {for vertical
traversing) or a manual switching box (for horizontal tra-
versing). Data acquisition and probe traversing were per-
formed using the menu-driven C program “ROOMAIR,”
developed in-house.

Measurement Method

A single-component hot-wire probe (a straight type
with a wire diameter of 5 um) was used to measure the
instantaneous air velocity with a sampling rate of 20 Hz and
a sampling period of 204.8 seconds, which resulted in 4,096
data for each measured point. Neutrally buoyant smoke gen-
erated by titanjum tetrachloride was used to determine the
local primary airflow direction 20.0 mm (0.79 in.) from the
surface over which the profiles of air velocity and turbulent
kinetic energy were to be measured. The hot-wire probe was
then aligned with the flow so that the wire was perpendicu-
far to the local primary airflow direction for velocity mea-
surements. This minimized the effect of the probe's angle
sensitivity on the measurement accuracy.

It was observed that the local primary sirflow direction
20.0 mm (0.79 in.) from the surface was relatively stable
when the local air velocity was greater than about 0.1 m/s
(20 fpm) but less stable for a lower local air velocity. How-
gver, a previous study (Zhang et al. 1991) showed that the
angle sensitivity of the wire probe is minimal when the

vejocity 1s lower than 0.1 m/s (20 fpm). Additionelly, the

probe’s operating temperature was set at 120°C (248°F)
instead of 250°C (482°F), as commonly used in hot-wire
anemometry. This would reduce the effect of natural con-

vection (due to the heated wire itself) on the measurement
accuracy. Zhang et al. (1991) found that the detection limit
for a hot-wire probe operating at 200°C (392°F) was about
0.05 m/s (10 fpm) due to the natural convection effect (i.e.,
the heated wire probe induces a convective flow that “con-
taminates™ the airflow to be measured). For the present
study, the detection limit was found 10 be about 0.025 m/s (5
fpm) since a much lower probe operating temperature
(120°C vs. 200°C [248°F vs. 392°F]) was used. The probe
was calibrated before the measurements for the range of
0.025 to 1.25 m/s (5 to 246 fpm) using a small wind tunnel
designed for low-velocity calibrations (TSI 1989). The
overall accuracy of the velocity measurements for this study
was estimated to be within £25% or £0.015 m/s of the mea-
sured value, whichever is higher in absolute error This
means that at the low end of the velocity range (0.025m/s [3
fpm]), the measurement error could be as high as +60%.
This error estimation was based on the capability of the hot-
wire anemometry {(Zhang et al. 1991) and the airflow fea-
tures studied. Room airflows under field conditions are usu-
ally not as stable as those under well-controlled laboratory
conditions.

Data Analysis

The instantaneous air velocities measured were used to
calculate the following parameters.

Mean air velocity:

1
U= lZul. a -
ti=1
Where
U = mean air velocity (m/s),
#; = instantaneous air velocity (mv/s), and
n = total number of data (4,096 in this study).
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Turbulent kinetic energy:

n
1
U= ;Z(u;-ml @
i=1 :
where
k= wrbulent knetic energy, (m/s)*.

The turbulent kinetic energy as defined here is a mea-
sure of the turbulence leve] in the flow. The data analysis
was performed using a C program named “ROOMVENT,”
which was developed in house. ROOMVENT can directly
process the data collected by the program “ROOMAIR.”

RESULTS AND DISCUSSION

Room A

As shown in Figure 5, location 3 had the highest levels
of air velocity near the surface (e.g., about 0.3 m/s at y =
20.0 mmy). This was due to the airflow from diffuser 1 (Fig-
ure 1}. The shape of the mean velocity profile for location 3
indicates a power law reiationship between velocity and dis-
tance from the surface (i.e., U = a®, where ¢ and b are con-
stants). The highest velocity gradient occurred between y =
0 mm and 12.5 mm. This may be regarded as the inner
region in which the viscous effect is dominant, as in fully
developed boundary layer flows over a flat plate (see Kays
and Crawford 1980). Farther away from the surface, the
velocity gradient decreased asy increased, and the gradient
approached zero (ie., velocity approached maximum) at
about y = 80.0 mm. The region from y = 12.5 mm to 80.0
mm mayv be regarded as the outer region of the boundary
laver where the turbulent effect dominates the viscous

100 - — T T 4
A ow v
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al <LEm u v b
.
E v
E . B | o R+
=
§ wf oxm O v |
]
£ v
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£ v R
[
g v
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i
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02 3] 04 o4
Mean velocity: U, m/s
Figure 5  Measured mean velocities for room A

(U < 0.05 m/s for locations 1, 7, 8, 9, and 10,
and is not shown for clarity). -
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Figure 6  Measured turbulent kinetic energy for room A

k < 0.001 fm/s]? for locations 1. 7, 8, 9, and
10, and is not shown for clarity).

effect. The total boundary layer thickness for location 3 was
about 80.0 mm.,

The profile of turbulent kinetic energy (Figure 8) for
location 3 shows a local peak at y = 15.0 mm. The local
peak appears to be due to the turbulence production near the
surface instead of measurement uncertainties since the peak
location (i.e., y = 15.0 mm) cormresponds to the transition
region betweer the inner and outer regions of the boundary
layer as discussed above. Farther away from the surface (y >
20.0 mm, ie., after the local peak), the turbulent kinetic
energy became more scattered and increased with y to about
0.015 (m/s)?. This indicates that there was stronger turbu-
lence in the ambient airstream than in the boundary-layer
flow near the surface. Based on the theory of turbulence
transport (Hinze 1975), the turbulence in the ambient air-
streamn was a combination of the turbulence produced
locally by the velocity gradient near the surface and that
transported from upstream of the flow. In the case of loca-
tion 3, it may be expected that there was strong turbulence
production upstream because of the impingement of the dif-
fuser air jet on the wall surface.

Figure 5 also shows that locations 2, 4, 5, and 6 had
medium levels of air velocity near the surface (0.05 to 0.12
m/s). Each profile shows that local maximum velocities
were reached at approximately y = 20.0 £ 5.0 mm for these
locations, which was much less than y = 80.0 mm in ioca-
tion 3. The turbulent kinetic energies at locations 2, 4, 5, and
6 were between 0.001 and 0.005 (m/s)%, as shown in Figure
6. Although quite scattered, the data show that the turbulent
kinetic energy was higher near the surfaces (e.g., at v=10.0
to 20.0 mm]) thar in the ambient airstreams (e.g., ¥ > 40.0
mm) for locations 2 and 6, but this was not true for locations
4 and 5, which had turbulent kinetic energy rates of only
about 0.001 (m/s)? at ¥ =20.0 mm. This means that the local
turbulent kinetic energy near the surfaces can be different
even though the local air velocity is in a similar level,
depending on the turbulence level in the ambient airstreams.




it is interesting to note that, at location 11, the mean
velecity remained essentially zero from the surface out to
about 20.0 mm and then increased with the distance farther
away from the surface. This was likely due to the effect of
the rough surface of the partition. The partition's surface
was made of a coarsely woven fiber material that appeared
to present more resistance to the airflow than the other solid
surfaces.

The remaining locations (1, 7, 8, 9, and 10) had the
lowest air velocity levels (< 0.05 m/s) and turbulent kinetic
energy (< 0.001 [m/s]®) near the surfaces (data for these
locations are not shown in the figures for clarity). The gradi-
ent-type velocity profile cannot be clearly identified for
these locations; hence, the flows over the surfaces may be
regarded as essentially stagnant. We will call them “near-
stagnant flows™ because of their small but measurable
velocity and turbulence. These low-velocity locations
included the location under the desk (7) and the three loca-
tions at room corners (8, 9, and 10). Location i, which was
in the “main airflow path” (not necessarily the real one, as
discussed before), also had the lowest velocity and turbu-
lence level This was probably due to the fact that diffuser 1
only had a supply airflow rate of 12 L/s and that the airflows

- from diffuser 2 could not reach location 1.

Room B

Ag shown in Figures 7 and 8, locations 1, 2, 5,8,and 9
had air velocities in the range of 0.05 to 0.2 m/s and turbu-
lent kinetic energy in the range of 0.00] to 0.004 (m/s)2.
Local peaks near the surfaces cannot be clearly seen from
the profiles of turbulent kinetic energy for these locations.
The thicknesses of the boundary layers for these locations
ranged from about 10.0 to 20.0 mm. The remaining loca-
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Mean velocity: U, mls‘
Figure 7  Measured mean velocities for room B

(U < .05 mis for locations 3, 4, 6, 7, and 10,
and is not shown for clarity).
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Measured rurbulen: kinetic energy for room B
(k < 0.001 [m/s]? for locations 3. 4, 6. 7, and
10, and is not shown for clarity).

Figure 8

tions had velocities of less than 0.05 m/s and turbulent
kinetic energy leveis of less than 0.00] {m/s)?, which are
classified as the “near-stagnant flow” regime discussed
above.

Note that location 8 had a velocity profile that reached
its maximum value at 10.0 mm from the surface and then
dropped quickly as the distance from the surface increased
further, behaving like a strong wall-jet-type flow, However,
the corresponding turbulent kinetic energy (Figure 8) was
quite low (about 0.001 {m/s]?) at y = 10.0 mm and did not
show a local peak near the surface. It was not clear what had
caused such a complex flow feature. It might be due to the
instability of the mean flow.

It should be noted that locations 1, 2, 3, and 4 were not
in the actuel main awflow path created by the air diffuser
because the desk and file cabinet were in the way (Figure 2).
Therefore, relatively high velocity conditions such as in
location 3 of room A were not observed in room B, although
the airflow rate supplied by the diffuser was relatively high
(118 L/s).

Room C

As shown in Figures 9 and 10, locations 1, 2, 3, 4, &,
and 8 had air velocity levels in the range of 0.05 10 0.12 m/s
and relatively low levels of turbulent kinetic energy (0.001
to 0.002 [mfs}zj. The profiles of turbulent kinetic energy did
not show a local peak near the surfaces either, The thickness
of the boundary layers for these locations ranged from 10.0
to 30.0 mm. The remaining locations had velocities of less
than .05 m/s and turbulent kinetic energy of less than 0.001
(m/s)z.

Room D

~ As shown in Figure 11 (note the different scale used in
the graph as compared to that in Figure 5), location 2 had
the highest air velocity level near the surface {about 0.95 m/
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Figure 10 Measured turbulent kinetic energy for room C
(k < 0.001 [m/s]? for locations 5, 7, 9, and 10,
and is not shown for clarity).

s at y = 20.0 mm). The mean velocity profile is similar to
that of location 3 in room A, but with thinner inner (y =0 to
5.0+ 2.5 mm) and outer (y =5 + 2.5 to 50.0 mm) layers due
to the higher magnitude of air velocity near the surface. The
maximum twrbulent kinetic energy (Figure 12) near the sur-
face for location 2 was about 0.06 (m/s)2. It occurred at y=
2.5 mm, indicating that the local peak would be somewhere
" aty_ 2.5 mm. The turbulent kinetic energy decreased as the
distance (y) from the surface increased until it reached a
magnitude similar to that in the ambient airstream at
approximately y = 50.0 mm. This means that the turbulence

produced by the surface effect was stronger than that in the .

ambient airstream. This was apparently due to the large
velocity gradient very close to the surface, according to the
tarbulence theory (Hinze 1975). The high velocity near the
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(U < 0.05 m/fs for locations 8 and 9 and is not
shown for clarity).

surface was due to the strong jet created by the square radial
diffuser at the ceiling.

Location 3 also had a relatively high turbulent kinetic
energy near the surface (maximum of 0.016 [m/s]2 aty=17.5
mm)}, but its mean velocity profile resembled a wall-jet-type
flow with a maximum velocity of 0.35 m/s at about y = 10.0
mm. Its profile of turbulent kinetic energy also showed a
clear peak near the surface, indicating a strong turbulence
production there.

Locations 4, 5, and 10 had zir velocities near the sur-
faces in the range of 0.15 to 0.35 m/s. The thickness of the
boundary layers varied from approximately 10.0 to 30.0
mm. These locations had relatively low turbulent kinetic
energy (0.002 to 0.006 [mls]z). A local peak near the sur-
face can also be seen in the profile of turbulent kinetic
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Figure 12 Measured turbulent kinetic energy for room D
(k < 0.001 [m/s® for locations 8 and 9 and is
not shown for clarity).




energy for location 4 due to the relatively low level of turbu-
lence in the ambient airstream as compared to locations 3
and 10, which had similar levels of mean velocity.

Locations 6 and 7 had velocities of about .05 m/s and
turbulent kinetic energy of sbout 0.001 (m/s)* near the sur-
faces. The remaining locations had velocity levels of less
than 0.05 m/s and terbulent kinetic energy of less than 0.001
(m/s)? near the surfaces. The data for location 1 were pecu-
har for some unidentified reasons and were therefore
exciuded in the analyses.

SUMMARY AND CONCLUSIONS

The measured fiow conditions near the surfaces may be
summarized into the following three types.

Near-Stagnant Flow This type of flow had velocities
near the surface of less than 0.05 £ 0.025 m/s (10 £ 5 fpm),
The measured mean velocity profiles near the surface did
not show the apparent gradient type of profile similar to that
in boundary-layer flows. The turbulent kinetic energy near
the surfaces was less than 0.001 £ 0.001 (m/s)® (38.75
+38.75 [fpm]*). This type of flow typically ocours near sur-
faces at cornters and under desks.

Weak Turbulence Flow This type of flow had a
medium range of velocities (0.05+0.025t0 0.25 % 0.05m/s
{10 = 5 to 50 + 10 fpm]) near the surfaces. The turbulent
kinetic energy near the surfaces varied from less than
0.001 0.001 to 0.01 % 0.002 (m/s)? (38.75 £ 38.75t0 387.5
£77.5 [fpm]?), depending on the turbulence level in the
ambient airstreams. These turbulence levels were also mod-
erate compared to those in the ambient airstreams. The
thickness of the entire boundary layer was less than 25.0
+5.0 mm (0.98 + 0.20 in.). This type of flow typically
oceurs near surfaces in the open spaces outside the primary
airflow field created by the diffuser air jets.

Strong Turbulence Flow This type of flow had
refatively high air velocities (greater than 0.25 + 0.05 my/s
[50 + 10 fpm]) and turbulent kinetic energy (greater than
0.01 £0.002 [m/s]* [387.5 = 77.5 (fpm)?]). The mean veloc-
ity profiles either clearly showed inner and outer layers, as
in the fully developed turbulent boundary layer flow over a
fiat plate (location 3 of room A and lecation 2 of room D),
or a walljei-type flow with a maximum velocity close to
the wall (location 3 of room D). An important common fea-
ture of this type of flow appeared 1o be that a local peak of
turbuient kinetic energy could be clearly identified near the
surface, indicating a strong turbulence production due to the
surface effect. The relatively high velocities near the sur-
faces were created by the diffuser air jets. This type of flow
typically occurs near surfaces that are within the primary
airflow field created by diffuser air jet(s).

It should be noted that the four rooms included in this
study were selected to generically represent a majority of
office space configurations. The 11 locations measured in
each room were also chosen to represent a broad range of

boundary-layer flow conditions except those over heated or

. cooled surfaces (i.e., apparent nonisothermal surface condi-

tions}. The results presented in this paper can be used to rep-
resent the characteristics of boundary-layer flows in real
rooms under similar conditions. They are useful for estab-
lishing realistic airflow conditions for testing and modeling
the contaminant emissions from the surfaces of building
materials and indoor furnishings.
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