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A scale model experiment is an important method to study ventilation airflow pattern inside buildings that
affects indoor air quality. The similitude criteria are the decision factors to guarantee using the result of model
study to predict actual airflow of prototype. It is important to decide the similitude criteria between scale
model and prototype. The aim of this project focuses on deciding the similitude criteria of a two-dimensional
wall jet between the model and prototype to establish same airflow pattern in an isothermal mechanically
ventilated enclosure. The parameters of the Reynolds number, Euler number, and jet momentum ratio
proposed by previous researchers are investigated to find which parameter is the similitude criterion for a two-
dimensional wall jet in isothermal condition. Experiments were conducted in two geometrically similar scale
models. The similitude criteria were verified by comparing latent parameters with airspeed distribution
following the kinematic similitude, whereas the airflow pattern following the dynamic similitude between the
model and prototype. Experimental results indicate that the Euler number is not the similitude criterion, but
the jet momentum ratio related to inlet airspeed is the similitude criterion of a two-dimensional wall jet in an
isothermal mechanically ventilated enclosure. Reynolds number may be used as the similitude criterion only
for flows at low Reynolds numbers. Our results are useful for the researcher to decide the parameters and
boundary conditions of scale model study for the prediction of prototype performance of a two-dimensional

wall jet in an isothermal mechanically ventilated enclosure.
© 2006 Silsoe Research Institute. All rights reserved
Published by Elsevier Ltd

1. Introduction

Ventilation is an important technique to regulate the
room environment and produce an appropriate micro-
climate for the occupant’s thermal comfort and indoor
air quality. The behaviour of ventilated airflow inside an
enclosure influences the air distribution, thermal envir-
onment, and contaminant concentration. In most
mechanically ventilated rooms, air-jets are used to mix
inlet air with room air. The air-jet performance
determines the distribution of thermal energy, moisture,
and fresh air in a room (Awbi, 1991).

The characteristics of an enclosed air-jet have been
studied by using prototype buildings, scale-models, and
numerical simulation. However, a precise mathematical
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model is impossible for the extremely complex micro-
structure of room airflow (Moog, 1981). Model tests will
always be required if the prototype building is not
available and no precisely mathematical-physical pre-
diction model is established. Model studies are practical
for simulating the behaviour of a prototype and can be
used to validate a numerical simulation. Similitude, or
the relation between a model and prototype, is an
important issue when using model studies (Yu, 1996).
The similitude criterion between a model and proto-
type is important to guarantee that the experimental
results of the model can be used to predict the behaviour
of the prototype building. Complete similitude of the
isothermal airflow field between the model and proto-
type must satisfy the geometric similitude, kinematic
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air-jet acceleration, m/s’

a
C,, throw constant

d  slot outlet height, m

Eu Euler number

H enclosure height, m

h  slot inlet height, m

J  jet momentum number

L enclosure length, m

L; jet throw, m

L’ length of exhaust plenum of the test cham-

ber, m
P pressure, N/m>
O airflow rate, m?/s
R~ coefficient of determination
Reynolds number
inlet jet momentum ratio, m?/s
t time, s
u  air-jet velocity, m/s
u;  air-jet velocity along the X axis, m/s

Notation

u;  air-jet velocity along the Y axis, m/s

u, terminal velocity of the air-jet, m/s

uy  air-jet velocity at diffuser, m/s

Une. maximum velocity of the air-jet at specific
. distance from the inlet wall, m/s

W  enclosure width, m

w  slot inlet width, m

x  horizontal distance from the inlet wall, m
x; distance along the X axis, m

x;  distance along the Y axis, m

y  vertical distance from floor, m

AP pressure difference, N/m?>

p  density of air, kg/m?

Subscripts
d  diffuser
m  model

p prototype

similitude, dynamic similitude, and all boundary condi-
tions (Shepherd, 1965; Baturin, 1972; Szucs, 1980; Awbi,
1991; Zhang et al., 1991). Only partial similarity
between the model and prototype could be satisfied
because most of the dimensionless parameters affecting
airflow performance have equal importance in most of
the realistic problems.

Reynolds number Re has been widely used as the
similitude criterion for an isothermal airflow in an
enclosure (Pattie & Milne, 1966; Smith & Hazen, 1968;
Albright, 1976; Timmons & Baughman, 1981; Timmons,
1984; Yao et al., 1986; Jin & Ogilvie, 1992), but
experimental results do not always show that the Reynolds
number is the appropriate similitude criterion (Zhang
et al., 1991; Adre & Albright, 1994; Yu & Hoff, 1994,
1999).

Jet momentum ratio R,,,, which is defined as the ratio
of inertia force (inlet jet momentum) and total drag
(momentum loss) due to viscous shear at the walls of the
enclosure (Adre & Albright, 1992), has been validated as
an appropriate similitude criterion through recent
experiments (Adre & Albright, 1994; Yu & Hoff, 1994,
1999), but R,, in m?/s? is a dimensional parameter and is
not a valid criterion since a similitude parameter must be
dimensionless (Murphy, 1950; Szucs, 1980). Jet momen-
tum number J was proposed by Barber et al. (1982) and
has been verified as an improper similitude criterion
between the model and prototype by experimental
validation (Timmons, 1984; Adre & Albright, 1994).

Liu et al (1995) compared three ventilation criteria
(Reynolds number, jet momentum number, and jet
momentum ratio) analytically under isothermal condi-
tions. Reynolds number was found to be the correct
similitude criterion based on a dimensional analysis and
the Navier—Stokes equations. They concluded that
previous research which showed the inappropriateness
of Reynolds number as the similitude criterion might be
the results of experimental errors, such as the failure of
similarity in turbulent boundary conditions between
the model and prototype. Using R, as the similitude
criterion will result in the same inlet airspeed u; in m/s in
both the model and prototype. The same values of u, for
the model and prototype leading to the conclusion that a
turbulent flow in the prototype will be similar to a
laminar flow in the model was questioned.

Rousseau and Albright (1996) stated an anomaly in
the use of Reynolds number as the kinematic similitude
criterion for scale modelling of slot-ventilated enclo-
sures. Reynolds number has a negligible effect on the
governing equations of fluid dynamics when compared
to that of Euler number FEu which becomes an
alternative kinematic similitude criterion instead of Re.

The conclusion of similarity analysis indicates that the
possible similarity parameters for the isothermal airflow
in an enclosure are geometry, Froude number, Euler
number, jet momentum ratio, and Reynolds number
between the model and the prototype (Yu, 1996). The
Froude number is important for compressible flow and
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for motion with free liquid—vapour surfaces in the flow
(Schlichting, 1979). The isothermal airflow in a confined
space is considered as a homogeneous fluid without free
liquid—vapour surfaces, thus the Froude number could
be neglected (Zhang, 1991). The remaining similarity
parameters require higher inlet airspeed in the model
based on Re but the same inlet airspeed between the
model and prototype based on both Fu and R,,.

The objective of this study is to investigate similitude
criteria of a two-dimensional wall jet airflow between
a scale-model and a prototype confined enclosure
for isothermal conditions. The sub-objectives are to
validate the Reynolds number, jet momentum ratio,
and Euler number that proposed by previous researches
as the similitude criteria for isothermal condition.
The ultimate purpose of this research is to develop
guidelines when using scale-models for assessing proto-
type behaviour of a two-dimensional wall jet airflow
patterns in confined spaces. The desire is to predict
airflow patterns and airspeed distribution, especially
within the animal occupied zone in the prototype
building.

2. Methods and materials
Two geometrically similar scale models representing a

scale-model and a prototype with ratio of 1:2 were
used to study airflow similitude criteria. The ratio of

Slot inlet
height 2 =20/10 mm
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geometry between the scale-model and prototype is
defined from the previous literatures (Smith & Hazen,
1968; Adre & Albright, 1994; Yu & Hoff, 1994). The
airflow patterns and variation in velocity fields were
measured by airspeed measurements. The test chambers
used are shown in Fig. 1. The slot inlet width w in m
was the same as the width of the enclosure W in m.
The inlet aspect ratio was much larger than 20, and
as a result, the airflow was treated as a two-dimensional
wall jet without the effect of side walls (Forthmann,
1934).

The scale models were made from 12-7mm thick
plywood. The inner surfaces of the models were sanded
and painted black. The front wall was made of Plexiglas
to accommodate airflow visualisation. A portion of the
top ceiling was fabricated with Plexiglas, which extended
along the length of both models for illuminating
purposes. Both models had an exhaust plenum between
the test room and exhaust duct to reduce the effect of
exhaust airflow from the slot outlet. Exhaust fan with
circular duct was provided on the outlet wall. A 150 mm
diameter duct was used for both models. Calibrated
orifice plates were used within duct to select desired
airflow rates through each model. A micro-manometer
transducer was used to measure the pressure difference
across the orifice to determine airflow rate.

Airspeed was measured with hot-film anemometers
(model 8455 and 8475; TSI, Inc., USA) which were
mounted on an traverse system automatically controlled

Test room

Exhaust plenum

Slot outlet
height d = 100/50 mm

Plexiglas

1000/500 mm

H

Outlet pipe diameter=150 mm

Orifice plate diameter=100 mm

Outlet airflow to
exhaust fan

Fig. 1. The scheme and dimensions (prototype/model) of test chambers used in this study: H, enclosure height; L, enclosure length;
W, enclosure width; L' length of exhaust plenum of the test chamber
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with a programmable logic controller. A portable
data acquisition system (model CR10; Campbell
Scientific Inc., USA) was used to collect data. The
sampling frequency was set at 16 Hz. The sampling
period was fixed at 180s per collection point to ensure
accurate time-averaged results for turbulent airflow
(Thorshauge, 1982). This sampling period was much
longer than was used in previous similar studies
(Zhang, 1991; Adre & Albright, 1994). The average
value over time, at a point, was used for analysis and
presentation. The wall jet peak velocity was measured
at values for x of 0-25L, 0-5L, and 0-75L in both the
model and prototype, where x is the specific distance
in m from inlet wall and L is the length of the enclosure
in m. Each peak velocity was determined from the
vertical jet velocity profile at specific distance from the
inlet wall.

H. YU ET AL.

3. Results and discussion

The ranges of airflow rates with corresponding
values of Re, R,,, Eu and u, used to investigate airflow
performances in an enclosure are shown in Table 1.
Typical vertical velocity profiles of a plane wall jet at
values for x of 0-25L, 0-5L, and 0-75L with inlet airspeed
of 341 and 3-56m/s for the model and prototype
respectively are shown in Fig. 2. The peak velocity of the
two-dimensional wall jet at a specific distance is
determined from the above vertical velocity profile.
The peak velocity of the air-jet decreases with the
increased distance from the inlet wall because of the
raised entrainment compensates the initial momentum
of the air-jet from the inlet.

The normalised wall jet peak velocities related to the
normalised distances from the inlet wall are shown in

Table 1
Test conditions of airflow rates without corresponding values of parameters for isothermal airflow

Test Airflow rate (Q), Air-jet velocity at  Reynolds number Inlet jet Euler number
m’/s diffuser (uy), m/s (Re) momentum ratio (Eu)
(Rin)
Prototype Minimum 0-0403 1-01 1347 0-01 0-427
Maximum 0-1420 3.55 4746 0-08 0-323
Model Minimum 0-0175 1.75 1170 0-02 0-047
Maximum 0-0763 7-63 5101 0-39 0-032
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Normalised distance from the inlet wall x / L

Fig. 2. The vertical velocity profile of a plane wall jet at distance x of 0-25L, 0-5L, and 0-75L from the inlet wall at specific inlet
airspeed as 3-41 and 3-56 m/s of the model and prototype respectively: O, prototype; X, model; x, horizontal distance from the inlet
wall; y, vertical distance from floor; L, enclosure length; H, enclosure height,; u, air-jet velocity
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Fig. 3. Normalised peak velocity at different normalised specific distance from the inlet wall: W, at 0-25L of prototype, A, at 0-5L of

prototype; @, at 0-75L of prototype; O,at 0-25L of model; A, at 0-5L of model; O, at 0-75L of model;

, regression line; u,,,.,

the maximum velocity of air-jet at specific distance from inlet wall; ug the air-jet velocity at diffuser; x, specific distance from the
inlet wall; h, height of the slot inlet

Fig. 3. All the specific distances of 0-25L, 0-5L, and
0-75L are within the range of values for x between 10/
to 100 /2 which belongs to the characteristic decay region
of a plane wall jet (Awbi, 1991). The normalised peak
velocity of a plane wall jet in the characteristic decay
region is proportional to the square root of the ratio
between the slot height /4 in m and the stream-wise
distance of the air-jet from the inlet wall x as (Awbi,
1991; Yu & Hoff, 1999):

m h
Umax — Cw \/: (1)
Ug X

where: u,,,, is the maximum velocity of the air-jet at
specific distance from the inlet wall in m/s; u, is the air-
jet velocity at diffuser in m/s; and C,, is the throw
constant.

The throw constant in the model and the prototype
are estimated as 3-89 and 3-84 respectively, and the
average value is 3-87. The similar value of throw
constant between the model and prototype indicates
that the normalised peak velocity of a plane wall jet at
comparable distance from the inlet wall is analogous
between the model and prototype.

The normalised peak velocities of the air-jet at
distances of 0-25L, 0-5L, and 0-75L from the inlet wall

versus Re, R,,, Eu, and u, are shown in Fig. 4. The plots
of the normalised wall jet peak velocity at specific
distance from the inlet wall related to the different
parameters are invariable because the self-similarity of
the peak velocity. If the normalised travel distance of the
air-jet from the inlet wall x/h is defined, the normalised
peak velocity of the air-jet only depends on the throw
constant according to Eqn (1) and is independent on the
parameters of Re, R,,, Eu, and u,.

The plots of peak velocities at specific distances from
the inlet wall varied as a function of Re, R,,, Eu, and u,
are shown in Fig. 5. The plots of peak velocities against
Re and Eu [Fig. 5(a) and (¢)] fall in different curves
between the model and prototype. Only the plots against
R, and u, [Fig. 5(b) and (d)] fall in the same curve with
data from different models. The equations of regression
lines in both models with Re, R,, and u, at values for x
of 0-25L, 0-5L, and 0-75L are shown in Table 2. All
regression lines indicate appropriate correlation with
coefficient of determination R” greater than 0-97. The
plot of peak velocities of the air-jet with Eu shows
irregular curves in both the model and prototype.

The peak velocities of the air-jet at comparable
positions are similar in both the model and prototype
only when same u,; or R, is employed. It is shown
that the same u,; or R, will result in the same peak
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Fig. 4. The normalised peak velocity of a plane wall jet related without (a)Reynolds number Re; (b) jet momentum ratio R,

(¢) Euler number Eu; and (d) air-jet velocity at diffuser uy at distance of 0-25L, 0-5L, 0-75L from the inlet wall: m, at 0-25L of

prototype, A, at 0-5L of prototype; @, at 0-75L of prototype; O, at 0-25L of model; A, at 0-5L of model; O, at 0-75L of model; L,
enclosure length; u,,,., maximum velocity of the air-jet at specific distance from the inlet wall

velocities of a plane wall jet at comparable positions
between the model and prototype. The normalised,
Reynolds-averaged Navier—Stokes equation of momen-
tum balance for an elemental portion of fluid at position
x and time 7 in S is

du;
or

EudP 1 oy

Ouj | Ouiy _ EudP | 1
B Re 0x;0x;

u;
7 dx; .
Ox;  0x;

(@)

2 6xi

where: u;, u; are the air-jet velocities in the X direction
and Y direction, respectively, in m/s; x;, x; are distances
in the X direction and Y direction, respectively, in m;
and P is pressure in N/m?.

By using the method of order of magnitude, it
confirms that above a certain threshold value 1/Re
becomes infinite and the Re can be neglected comparing
to that of Eu (Rousseau & Albright, 1996). However,
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Fig. 5. The peak velocity of a plane wall jet related without (a)Reynolds number Re; (b) jet momentum ratio R,,; (c¢) Euler number
Eu; and (d) air-jet velocity at diffuser u, at distance of 0-25L, 0-5L, 0-75L from the inlet wall: W, at 0-25L of prototype; A, at 0-5L

of prototype; ®, at 0-75L of prototype; O,at 0-25L of model; A, at 0-5L of model; O, at 0-75L of model;

, regression line; L,

enclosure length; u,,,., maximum velocity of the air-jet at specific distance from the inlet wall

the viscosity term should not be neglected for low
Reynolds number flow because of the expansion
of the air-jet is caused by the insignificant airspeed
and viscous effects in this region. Thus the possible
similitude criterion might be Re at low Reynolds
number flow (laminar inlet flow), and R,, which related
to uy; at high Reynolds number flow (turbulent

inlet flow) of a particular range. The implementation
of using R,, (or u,) as the similitude criterion in a
slot-ventilated enclosure under isothermal condition is
in agreement with the results of Adre and Albright
(1994).

Using R, as the similitude criterion results in the
design condition of scaling law between the model and
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Table 2
Regression equations of peak velocity of the air-jet u,,,, at specific distance from inlet wall in the model and prototype against
Reynolds number Re, jet momentum ratio R, and air-jet velocity at diffuser u,

Parameters Position (x) Chamber type Equations R’
Re 0-25L Model Upmax = 0-0011Re 0-9966
Prototype Upax = 0-0006Re 0-9873
0-5L Model Upmax = 0-0009 Re 0-9963
Prototype Upax = 0-0004Re 0-9909
0-75L Model Upax = 0-0007Re 0-9944
Prototype Upmar = 0-0003 Re 0-9785
R, 0-25L Model and prototype Upae = 9-4444 Rg;5145 0-9914
0-5L Model and prototype Upay = 7-5004R%:3217 0-9945
0-75L Model and prototype Upaxe = 6.3206R2;5525 0-9845

Uy 0-25L Model and prototype Upmax = 0-73%uy, 0-993
0-5L Model and prototype Upar = 0-5782uy 0-9963
0-75L Model and prototype Upar = 0-4542uy 0-9936

x, Horizontal distance from the inlet wall; L, enclosure length; R?, coefficient of determination.

prototype (denoted by subscripts m and p) as

huf, _ huf,
(L—i—H)m_(L—i—H)p )

where H is the enclosure height in m.

h h
As <L+H>m: <L+H>p’

(), = (uz), “

then:

or
Udm = Udp (5)

Using FEu as the similitude criterion will result in the
same design condition as using R,, when the pressure
difference is identical in both the model and prototype:

<2AP> _ (MP) ©)
puy ), \puz/,

where: AP is the pressure difference in N/m? and p is
the density of air-jet in kg/m>. If the same working fluid
and the same pressure difference were implemented,
then,

(), = (2), ()
or
Udm = ud,p (8)

The plot of Fig. 5(c) shows that values of Eu concentrate
at 0-11 and 0-88 in the model and prototype, respec-
tively. The parameter AP equals the pressure difference
between the inlet and outlet of the enclosure in the
analysis. The results of experiments indicate that AP is

proportional to the inertia force of the air-jet as pu3 /2,
and the values of Eu in a specific model approach to a
constant value even the inertia force of the air-jet varied.
As the loss of total energy of the air-jet varies in
different geometry model, the value of Eu concentrates
to different value in dissimilar scale models. The results
of experiments are opposed to the conclusion that the
similar airflow is defined with the same Eu by Rousseau
and Albright (1996).

Jin and Ogilvie (1990) derived the change of airflow
patterns in an enclosure under isothermal conditions as
four stages (Fig. 6). In stage 1, the incoming jet velocity
is very low and cannot reach the sidewall [Fig. 6(a)]. The
mean air velocity at the floor region is less than 0-1 m/s.
As the inlet velocity increases, the air-jet reaches the
sidewall and flows along the wall towards the floor as
stage 2 [Fig. 6(b)]. The mean air velocity at the floor
region is greater than 0-1 m/s. If the inlet velocity
continues to increase, the air-jet reaches the floor and
travels along the floor as stage 3 [Fig. 6(c)]. Further
increase of inlet air velocity will result in the fully rotary
flow as stage 4 [Fig. 6(d)]. Any further increase of the
inlet air-jet velocity will not change the airflow pattern
inside the enclosure but increase the velocity of the
rotary airflow. Distinguish of the airflow pattern inside
an enclosure under isothermal condition depends on the
length of the trajectory that the air-jet can travel along.

A plane wall Jet is diffused from a slot-inlet and is
terminated when the peak velocity of the air-jet is 0-5m/s
(ASHRAE, 1993). The distance from the diffuser to a
point where the peak velocity in the cross stream section
of the air-jet reduced to the terminal velocity is the jet
throw. The jet throw also represents the air-jet trajectory
which creates the airflow pattern inside the enclosure.
The jet throw L; in m can be derived from Eqn (1)
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Fig. 6. Four-stage airflow patterns visualised in a prototype slot-ventilated enclosure; (a) stage 1, the incoming jet velocity is very
low and cannot reach the sidewall; (b) stage 2, the air-jet reaches the sidewall and flows along the wall towards the floor,; (c) stage 3,
the air-jet reaches the floor and travels along the floor; (d) stage 4, the inlet air velocity will result in the fully rotary flow

in both the ceiling region and the floor region because the
wall-jet at the floor region behaves like a plane wall jet
after the reverse air-jet has impinged on the floor (Jin &
Ogilvie, 1990; Yu et al., 2003):

2
L= () n ©)

Uz

where u, is the terminal velocity of the air-jet in m/s.

If similar airflow patterns between the model and
prototype are proposed, then the normalised jet throws
L;/h will also be the same as

#),= (%)
| == (10)
(h m h P
Substituting Eqn (9) to Eqn (10) gives
(Cwud> 2 _ (Cwud> 2 (1 1)
U ) U Jp
and because C,,,, = C,,, then:
Uq ? Uqd ?
— ] =(— 12
(uf ) m (ut )p ( )
or
Uqg Ug
— | =(— 13
(H[ ) m (ul>p ( )

As the terminal velocity u, of a plane wall jet in both the
model and prototype is 0-5m/s, thus

Ugm = Udp (14)
The similar inlet airspeed in both the model and
prototype will result in the same jet throw which creates
similar airflow pattern inside the enclosure.

Complete similitude of the airflow field between the
scale-model and prototype requires geometric simili-
tude, kinematic similitude, dynamic similitude, and all
boundary conditions in isothermal conditions. Geo-
metric similarity requires that the model and prototype
have the same shape, and all the linear dimensions of the
model are related to the corresponding dimensions of
the prototype by a constant scale factor (Fox et al,
2004). Kinematic similarity exists between the model
and prototype when the streamline pattern is the same
and corresponding velocity ratios between velocity of
the model u, and of the prototype u, (u/u,) and
acceleration ratios between acceleration of the model a,,
and of the prototype a, (a,,/a,) are constant throughout
the flow field, where a,,, a, are the air-jet acceleration for
the model and prototype, respectively, in m/s*. If the
ratio of forces in the model and prototype to be the
same, we have dynamic similarity between the model
and prototype (Young et al., 2004).
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From the setting of experiments, geometric similarity
is validated by proposing the same shape and scaling the
linear dimensions by a constant ratio between the model
and prototype. The similar peak velocities of the air-jet
at comparative positions will result in the corresponding
velocity ratio between the model and prototype. Thus
the kinematic similarity in the model and prototype is
achieved. The airflow pattern of a two-dimensional wall
jet inside an enclosure is the result of integrated effects
between relevant forces acted on the air-jet. The similar
jet throw of the plane wall jet causes analogous airflow
pattern in an enclosure. The same inlet airspeed of a
plane wall jet in both the model and prototype will result
in the corresponding jet throw which cause similar
airflow pattern and gives dynamic similarity in the
model and prototype.

4. Conclusions

From above discussion, Reynolds number Re may be
validated as similitude criterion only at low Reynolds
number flow, and the threshold value to discriminate the
boundary of laminar flow still needs to be studied. Euler
number Eu may not be the similitude criterion for a two-
dimensional wall jet in mechanically ventilated spaces
under isothermal condition based on the experimental
results. On the other hand, the jet momentum ration R,,,,
which related to the inlet velocity u,, indicates consistent
peak velocity in comparable distance between different
models is the similitude criterion for a two-dimensional
wall jet in mechanically ventilated spaces under iso-
thermal condition. The dilemma of using the dimen-
sional parameter as similitude criterion is based on the
physical performance of the plane wall jet inside an
enclosure. The air-jet will vanish when the peak velocity
of the air-jet decreases to the terminal velocity which is a
constant value in both the model and prototype. It
requires that the inlet air-jet velocity also is identical in
both the model and prototype to get the similar air-jet
throw and airflow pattern by self-similarity of the air-jet
velocity.

These results provide evidence that the similar airflow
in geometrically alike mechanically ventilated confined
spaces under isothermal condition can be achieved by
using R,, (or u,) as similitude criterion, and are in
agreement with the results presented in the literature.
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