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ABSTRACT

Based on the research of the convective boundary layer (CBL) temperature field in a convective
tank, this paper studies the characteristics of the CBL velocity field in the convective tank. Aluminium
powder (400 orders) is used as a tracer particle in the application of the particle image velocimetry (PIV)
technique. The experiment demonstrates: the velocity distribution in the mixed layer clearly possesses
the characteristics of CBL thermals; the velocity distribution in the top zone of the mixed layer shows
entrainment layer characteristics; the vertical distribution of turbulent characteristic variables is reasonable,
which is similar to field observations and other tank results; the error analysis demonstrates the validity
of aluminium powder, which implies the reliability of the results.
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1. Introduction

Indoor simulation has been an important means
of researching the atmosphere boundary layer, which
is able to be repeated, controlled. Willis and Dear-
dorff (1974) researched the convective boundary layer
(CBL) with a convective tank in the 1970s and 1980s,
Lu and Arya (1997a, b) simulated city heat island cir-
culation using the same tank; Yuan (2000), Sun et
al. (2000), and Miao et al. (2000) measured and an-
alyzed the temperature field in the convective tank
of the Anhui Institute of Optics and Fine Mechanics,
Chinese Academy of Sciences, which was the first time
this was done in China, and it indicated the validity
of using water tank to simulate CBL.

This paper attempts to measure and analyze the
characteristics of the CBL velocity field on the research
of the CBL temperature field in a convective tank, and
to demonstrate the validity of indoor simulation and
the PIV technique.

2. Experimental setup and similarity analysis

2.1 Convective tank and measurement method

This experiment simulates the CBL with a capping

inversion layer. Under such conditions, we use the
Particle Image Velocimetry (PIV) technique to mea-
sure the turbulent velocity of the CBL. Figure 1 shows
a sketch of the experimental setup. The laser beam
changes to a sheet ray by going through the concave
mirror, the tracer particles in the sheet ray are illumi-
nated to display their two dimensional trajectory, and
then velocities are calculated.

The following steps are performed during each ex-
periment: (i) the tank is filled up to 20 cm with am-
bient temperature water (approximately 20◦C); (ii) a
second layer, of 15 cm depth of hot water (with in-
creasing temperature) is stratified above the first one
to generate a thermally stable zone that simulates the
capping inversion of the atmosphere; (iii) aluminium
powder (400 orders) is sprinkled over the tank uni-
formly; (iv) after waiting 3–5 minutes for any distur-
bances introduced during filling to damp out, the bot-
tom of the tank is heated, (v) about 5 min after heat
is applied to the lower surface, turbulent convection
is completely developed and data acquisition starts.
The images collected by the Charge-Coupled Device
(CCD) system are saved in the computer. Every 2–3
minutes we measure temperature profiles to calculate
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Fig. 1. Sketch of experiment setup.

the mixed layer height and the inversion layer inten-
sity. To measure the profiles, the sensor is moved up
and down, which is driven by an electromotor. The
CCD visual field is near the light source in the tank,
while profile measurements are performed near on the
other side to reduce disturbances, as shown in Fig. 1.

2.2 Similarity analysis

This paper aims to study CBL above a flat underly-
ing surface, so the convection similarity assumption is
foremost (Jiang et al., 1991), namely Reynolds num-
ber (Re) similarity and Rayleigh number (Ra) simi-
larity. The Reynolds number attainable in the tank
is 102–104, while our Re based upon Re = W∗Zi/v is
2800–3900, corresponding to Willis’ experiments; The
Reyleigh number attainable in the tank is 108–1014,
while our Ra based upon Ra = gαQ0Z

4
i /vk2 is 1012,

with the same order as Willis and Deardorff’s (1974).
Furthermore, the characteristic value of W∗ in this pa-
per is 1 cm s−1, which is the same as Willis’ experi-
ment. Thus, the flow in the mixed layer can well be
considered turbulent, that is, the similarity hypothesis
is valid.

3. PIV technique and velocity analysis method

3.1 PIV technique

The PIV (Particle Image Velocimetry) technique is
a kind of image analysis technique essentially, which
was developed in the past decade and has many virtues
(Host-Madsen and McCluskey, 1994; Coupland et al.,
1987; Lauterborn and Vogel, 1984; Willert and Gharib,
1991). Because the modeling is 3-dimensional, non-

stationary, and the scale of the streamline field is wide,
two conditions should be satisfied, namely, (i) the laser
energy needs to be huge, and the visual field illumi-
nated by the sheet light source should be wide; (ii)
the scattering and tracing of tracers in the flow need
to be good.

The CCD camera system exposes the location of
particles, so we can confirm the displacement between
particles by computing two records’ similarity or re-
lation. Concretely, the images are divided into some
areas, the mean velocity of particles is to be computed,
and then we analyze conjoint areas until we cover the
entire record. The size of the area should be chosen
suitably: on the one hand, enough particles should be
included, for their light scattering is strong, thereby
we can analyze further; on the other hand, the size
should be small to ensure that the velocity in the flow
cross section will not change evidently. The typical
number of particles should be analyzed on the basis of
fact.

3.2 Velocity calculation method

First, the location of the same particle in adjoining
2(or 3) pictures should be confirmed, then the particle
velocity V can be calculated by formula (1).

V =
∆X

∆T
S. (1)

Here, ∆X is the displacement of the particle in ∆T
(time interval between the conjoining 2 or 3 pictures)
is, S is the ratio of picture length and actual length.

To estimate the velocity trajectory well and truly,
in this paper, we use 3 conjoint pictures to confirm the
velocity field, as shown in Fig. 2, where the markers
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Fig. 2. Sketch map of velocity calculation method.

�, �, and � denote respectively the location of the
particle at t1, t2, and t3. To see the idea more clearly,
the velocity trajectory in the 3 pictures is described in
one picture. We insure that both the distance between
� and� and the distance between� and� exceed 5
pixels, and the angle α does not exceed 1 radian; only
when these three conditions are satisfied at the same
time, can the three dots be the confirmed trajectory of
the same particle. Such a criterion is experiential in a
way, which should be adjusted in the process of analyz-
ing data, accordingly as the velocity is in the direction
of the trajectory tangent. The velocity is calculated
by � and �, ∆T is 0.08 seconds, d is the width of
the CCD visual field, S is d/400, namely, the actual
size of the unit pixel, so the actual displacement of the
particle is the product of pixel distance and the actual
size of the unit pixel, and the horizontal velocity u and
vertical velocity w are shown in formulae (2) and (3).

u =
d (x3 − x1)

400
· 1
0.08

, (2)

w =
d (y3 − y1)

400
· 1
0.08

. (3)

4. Velocity characteristic analysis

The visual field dimensions are 9.6 cm×9.6 cm, the
vertical range of which in the tank is 14.3–23.9 cm,
i.e., the bottom boundary of the pictures is at 14.3
cm, while the top boundary is at 23.9 cm. To know
the relative height of tracers, the mixed layer height Zi

should be determined. In this paper, the heat flux pro-
file method is adopted to calculate Zi, while the heat
flux profile can be obtained by measurement, particu-
lars of which can be seen in Stull (1991) and Kaimal
et al. (1976).

The velocity vectors are shown in Fig. 3a, where
the mixed layer height Zi is 17.3 cm and the parti-
cles mostly lie above the top of the mixed layer and

entrainment layer. Ascending motion and the descend-
ing motion of the particles can be seen obviously, and
the ascending velocity is bigger than the descending
velocity, which corresponds to the field observation.
Since the CCD field of view is limited, we cannot mea-
sure the ascending and descending motion in the whole
tank, so we cannot be sure of the area ratio of ascend-
ing and descending velocity. During free-convection,
buoyant thermals from the surface layer gain momen-
tum as they rise through the mixed layer. Upon reach-
ing the warmer free atmosphere they find themselves
negatively buoyant, but overshoot a short distance be-
cause of their momentum. This overshooting is called
penetrative convection (Deardorff, 1969). This phe-
nomena can be observed clearly on the right of Fig.
3a (in Fig. 3a and in the following figures, to make
the trend of velocity vectors more clear, we draw the
main trend with a solid line; the broken line denotes
the height of Zi).

Zi in Fig. 3b is 19.3 cm. The time interval be-
tween Fig. 3b and Fig. 3a is only 77 seconds, but
the structure of the velocity field changes radically:
the former descending area changes to an ascending
area, while the former ascending areas in the middle
and right change to a descending area. Since we can-
not screen the trajectory of particles continuously, the
life cycle of the eddy cannot be confirmed quantita-
tively, but from mere observation we can obtain that
the structure will change much in one minute at least.
As described by Fig. 3b, the left particles ascend into
the entrainment layer, while the middle and right par-
ticles descend from the entrainment layer to the mixed
layer; this process is entrainment, which corresponds
to the analysis of the temperature field.

Figure 3c continues the structure of Fig. 3b; the
Zi is also close to Fig. 3b, and the whole eddy is
prevenient development. As shown in Fig. 3d and
Fig. 3e, the particles mostly ascend, and they begin
to converge and diverge in the top of the mixed layer;
the scale of the thermal is very large. The particles
in Fig. 3f lie in an intensive ascending motion area,
velocities are big and even, and the mixed layer height
has exceeded the boundary of the lens. We can pre-
sume that the observation lies in the ascending area
of a large eddy, and the scale of the eddy is likely to
be on the order of Zi. The turbulence has developed
fully, and the CBL has developed very maturely.

5. Non-dimensional velocity fluctuations

5.1 Non-dimensional horizontal velocity va-
riance

The non-dimensional horizontal velocity variance
is plotted in Fig. 4a. As shown in the figure, there
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Fig. 3. Particles velocity vectorgraph (a) at 10:58, (b) at 10:59, (c) at 11:00, (d) at 11:02, (e) at 11:03,
(f) at 11:09.
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Fig. 4. Nondimensional standard deviations of velocity vs z/zi:  
(a) horizontal velocity and (b) vertical velocity 
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Fig. 4. Nondimensional standard deviations of velocity vs Z/Zi: (a) horizontal velocity and (b) vertical
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Fig. 5. Vertical profile of dimensional vertical kinetic
energy flux.

is no value below Z/Zi=0.4. This is because the laser
is a sheet light source and the light intensity is corre-
spondingly weak, so the trajectory of particles in the
bottom volume of the tank cannot be obtained. The
non-dimensional horizontal velocity variance increases
slightly from Z/Zi=0.45 to Z/Zi=0.57; it approaches
to some constants or changes a little in the middle
and upper mixed layer, while the variance decreases
with height above Z/Zi=1.1. This trend corresponds
to Willis and Deardorff’s (1974) results on the whole,
but the value in this paper is smaller. This discrepancy
might be due to the limited CCD visual field.

5.2 Non-dimensional vertical velocity variance

As shown in Fig. 4b, the non-dimensional verti-
cal velocity variance increases from a small value near

the lower boundary to a maximum near the middle of
the mixed layer (Z/Zi=0.57). Above the mid-level the
variance decreases with height to a small value. The
trend is slightly discrepant with Willis and Deardorff’s
(1974) results but agrees with Lu and Arya (1997b)
data very much.

5.3 Non-dimensional kinetic energy flux

Height is plotted against the non-dimensional ki-
netic energy flux, a triple correlation term, in Fig. 5.
For the horizontally homogeneous case of the labora-
tory model, we take we = w(2u2 + w2)/2. It can be
seen from the figure that we/w3

∗ increases with height
to a maximum at Z/Zi=0.63; then it decreases with
height and remains constant (zero) above the top of
the mixed layer. The results agree with Willis and
Deardorff (1974) very much although they are system-
atically larger in value, but they are close to the air-
craft observations.

6. Error analysis

6.1 The temperature error

The accidental error of temperature measurement
primarily comes from environment interference, circuit
noise, and the sampling system A/D conversion. For
this system, accidental error is 0.005 Volts or so. The
systematic error is mainly thermal hydrometer error.
The time constant of this system’s fluctuating sensor
is 0.1, while the time constant of the profile sensor is
about 0.3. So the system of temperature measurement
completely satisfies the demand of indoor simulation.

6.2 The velocity error

(1) Accidental error ∆X
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The velocity relative error can be calculated by the
error of ∆X ,∆T and S (δ∆X , δ∆T , δS). With simple
differential calculation, we can get:

δV
V

=
δ∆X

∆X
+

δS

S
− δ∆T

∆T
, (4)

where δV is indirect error. In this paper, the error of
∆X is far greater than that of ∆T and S, so we can
consider that the error only arises from ∆X , i.e:

δV
V

=
δ∆X

∆X
. (5)

The resolution of pixels is low when screening with
a single CCD, and measurement precision will suffer
certain restrictions from the optical error. Generally,
the precision of a single CCD measurement is roughly
10%.

(2) System error
The system error represents the velocity error

caused by mean velocity replacing instantaneous veloc-
ity. Namely, we replace Euler velocity with Lagrange
mean velocity; the actual measurement is:

V =
1

∆T

∫ t0+
∆T
2

t0−∆T
2

V (x, y, z, t)dt. (6)

The vector ∆X resolves into (∆x, ∆y,∆z), and ac-
cordingly, V resolves into (u, v, w).

u=
∆x

∆T
, v=

∆y

∆T
, w=

∆z

∆T
(supposing S =1).

For adopting a slice light beam,

∆y = 0,V = ui + wk .

Suppose that the coordinates of the measured par-
ticle are (x0, y0, z0, t0), so

V (x, y,z, t) = V (x0, y0, z0, t0)

+
(

∆x
∂

∂x
+ ∆z

∂

∂z
+ ∆t

∂

∂t

)
V 0

+
1
2

(
∆x

∂

∂x
+ ∆z

∂

∂z
+ ∆t

∂

∂t

)2

V 0. (7)

With ∆x = u∆T,∆z = w∆T , Eq. (7) is transformed
to:

V (x, y, z, t) = V (x0, y0, z0, t0)

+
(

u
∂

∂x
+ w

∂

∂z
+

∂

∂t

)
V 0∆t

+
1
2

(
u

∂

∂x
+ w

∂

∂z
+

∂

∂t

)2

V 0∆t2, (8)

where ∆t = t− t0, therefore

V (x, y, z, t) = V (x0, y0, z0, t0)

− 1
24

(
u2 ∂2

∂x2
+ w2 ∂2

∂z2
+

∂2

∂t2

)
V 0∆T 2. (9)

Since ∆T is very small (0.08) in this paper, the pro-
portion of the second term in Eq. (9) is very small,
and thus it can be neglected.

(3) The influence of aluminum powder gravity to
velocity measurement

The aluminum powder immersed in water will suf-
fer from gravitation, buoyancy, and drag. When alu-
minum powder descends, three kinds of force balance
quickly:

1
6
πD3g (ρAl − ρH2O) = 3πηDw, (10)

where D is the diameter of the aluminum powder, ρAl

and ρH2O are aluminum density and water density re-
spectively, and η is coefficient of viscosity. From Eq.
(10) and from experimental measurement, we obtain
that the descending velocity is less than 0.001 m s−1.
As long as the diameter of the aluminum powder is
fine enough, the influence of the gravity on the mea-
surement is minor.

7. Conclusions and discussion

This paper makes use of a tank to simulate the
CBL and analyze the velocity field with the PIV tech-
nique. The modeled CBL shows the development pro-
cess and structure characteristic similar to those in the
real atmospheric convection boundary layer. The ma-
jor conclusions are as follows:

(1) The velocity distribution in the mixed layer has
the characteristic of thermals in the CBL; ascending
velocity is big while the descending velocity is small.
The scale of the thermals increases with the rising of
the mixed layer, which enlarges in the development
course of the CBL.

(2) The velocity distribution in the top zone of the
mixed layer exhibits well the characteristics of the en-
trainment layer. The ascending area becomes a de-
scending area, and horizontal motion is evident, which
embody the continuity characteristics of fluid motion.

(3) The vertical distribution of the velocity char-
acteristic value is reasonable, which agrees with field
observation and similar convection tank experiment re-
sults.

(4) The error analysis indicates good following na-
ture of tracers. The velocity measurement truly shows
the motion characteristic of the fluid, thus the relia-
bility of the results can be proved.

Evidence is presented in support of the conclusion
that the laboratory model can be a useful method in a
detailed study of turbulence, and the PIV technique is
feasible, though some faults in the measurement con-
ditions still exist, such as the CCD field of view being
too narrow, but the measurement scheme and analysis
method are reasonably reliable. We will improve the
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experimental conditions in the future and go deep into
careful research of the velocity field.
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