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& ABSTRACT

- Scaling method for predicting room air motion with reduced scale models was investigated
;. theoretically and experimentally with full and 1/4th scale test rooms. The critical Archimedes number,
" at which the diffuser air jet fell immediately after entering the room, was found to decrease when the room
¢ dimensions decreased. A new scaling method was proposed based on the relative deviation of Archimedes
“ number from its critical value.
Preliminary evaluation of the new scaling method was conducted by comparison between the 1/4th
- scale tests and the corresponding full scale tests, which indicated that the new scaling method predicted
well -the overall room air flow patterns, distributions of mean velocity, temperature, and levels of
turbulence intensity and turbulent kinetic energy in the occupied regions. Ways for improving the scaling
method further are also proposed.
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INTRODUCTION

Similitude modelling of room air distribution is a useful tool for studying room air distribution
and ventilation effectiveness. Using reduced scale models, a broad range of ventilation conditions can be
investigated more conveniently and less expensively, and experimental results can be applied to rooms of
different sizes. However, a proper scaling method is needed for the model tests in order to extrapolate
the model results to different sized rooms quantitatively as well as qualitatively.

~ Scaling methods have been developed for isothermal and fully developed room ventilation flows
(e.g., Pattie and Milne 1966, Timmons 1984, Baturin 1972 and Anderson and Mehos 1988), but a proper
scaling method is still not available for predicting non-isothermal and low turbulence room airflows due
to the difficulties involved (Moog 1981, Yao et al. 1986 and Christianson et al. 1988). Most realistic
room ventilation flows are non-isothermal and involve low turbulence (Zhang 1990). Developing proper
scaling methods for realistic room ventilation flows with Internal heat sources and obstructions Is one of
the research needs in the studies of room air and air contaminant distributions (Int-Hout 1989).

The objectives of the present study was to develop a new scaling method for predicting room
ventilation flows and evaluate the method with experimental measurements in an 1/4th scale model room
and its full scale prototype.
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atically satisfied.
Reynolds Number: Re, It represents the ratio of the inertial force to the viscous force. Smulanty
een the air motion within the model and its prototype requires: ]

ning (V)a=(V),, We have
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g, . For areduced scale model, n<1. Therefore, the diffuser air velocity in the model will be higher
L in its prototype if one conducts model tests based on the diffuser Reynolds number.

‘. Archimedes Number: Ar, It represents the ratio of inertial force to thermal buoyancy force.

0 lanty between the motions within the model and prototype requires:
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f- ; Therefore, the mffuser air velocity in a reduced scale model (n<1) would be smaller than in the
grototype if one conducts model tests based on the Archimedes number.

_ Froude Number: Fr, It represents the ratio of inertial force to the gravitational force. Smulanty
between the motion within the model and prototype requires:
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}éuince ()a=(g),» We have the same relation as Eq. 9.
s . Prandtl Number: Pr It represents the ratio of the thermal difﬁ.tswity to momentum dlffuswu'y (i.e.,
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which can be satisfied by using the same working fluid in the model as in the prototype and maintaining
the same testing temperatures.

In addition to the above similarity parameters, the boundary conditions need fo be maintained
Similar between a model and its prototype. This includes the equalities of U;, u,y;", ©, u’'6 and P’
between the model and its prototype at the diffuser, exhaust and surfaces of walls, ceiling and floor.
These dimensionless parameters ace affected by the diffuser characteristics and surface roughness (Zhang



et ., 1991).

D:fﬁcullies in Scaling for Non-isothermal Room Ventilation Flows s
An jdeal scaling method would satisfy the complete similarity conditions as represemeri by fi7
(4), (6), (8), (10) and (11) and maintain boundary conditions in the model similar to its pm ;
However, the restrictions on selecting a proper working fluid for the reduced-scale model room hay
it difficult to satisfy the above complete similarity conditions (Moog, 1981). Model studies are th
usually conducted with some convenient fluids (e.g., air or water), in which the distortion'o of
parameters is unavoidable. In this case, scaling methods are usually derived so that the model can py
the overall room air flow pattern and the distributions of air velocities and temperatures within the
in which one is most mterested (e.g., the occupied regions) i

for Reynolds, Archxmedes and Froude numbers results in contradictory scaling factors (Eq. 7 versus 9
That is, scaling based on the diffuser Reynolds number would result in highcr diffuser air velociq" '

When the Reynolds number is higher than a threshold, the room flow becomes fully turbulent and 10
longer depends on the Reynolds number. Therefore, for fully turbulent non-isothermal ventilation fiot
the Arclumedes number can be used as the s::almg parameter as long as the Reynolds number is highy

the room would still be diffuser Reynolds number dependam since Lhe viscous effect can not be neglec cleds
Therefore, a proper scaling method for non-isothermal low turbulence ventilation flow should accauni ( '_" :
both Arch:medes numbcr and Reynolds number similarities. et N

The Crit.ical Archimedes Number :
A horizontally projected diffuser air jet would start to change its direction to downw2
immediately after entering the room at a certain critical value (Ar,,) of Archimedes number. This value®
is different depending on direction from which the A, is reached (i.e., whether by increasing the Ar : ""
from a low value or by decreasing Ary, from a high value) due to the hysteresis of the air motion (Nieisen$
1979 and Zhang 1991).% In this paper, Ary, is defined as the value of Archimedes number at whxch the'
horizontally projected jet falls immediately after entering the room when one gradually increases” '-..
Archimedes number (either by decreasing the diffuser air velocity or by increasing the internal heat load). 2
It was found (Zhang 1991) that the critical Archimedes number decreased with the room size (Table l). _

A New Scaling Method

Itis generally recogmzed that the Archimedes number is a more important parameter for suml:tude
model study of non-isothermal ventilation flows, since it determines the trajectory of the diffuser jer.
which is a predominant factor in determining the overall air flow pattern within the room (e.g., Baturin :
1972 and Christianson et al. 1988). However, the Archimedes number in a reduced scale model test can
not be the same as that in the prototype because the critical Archimedes number decreases when the room’
size decreases as discussed in the last section,

It would be reasonable to assume that if the relative deviation from the critical Archimedes number



TABLE 1
Dimensions of the Test Rooms and the Critical Archimedes Number

-H w . Wy Ya R W, . Ye Ar[dc
(m) | (m) | (cm) | (cm) | (cm) | (cm)

1 skale prototype 24 | 183 | 508 | 3048 | 2032 | 91.44 | 0.0230
06 | 135 | 127 | 762 | 508 | 2286 | 0.0127

Afm- P (12)

(Ar,,.)
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i ‘_ It is interesting to note that the value of the scaling factor, [(Ary)/(Ar)o)""n'?, in Eq. (13) is
ween n' and 1/n, which are the scaling factors derived from Archimedes number similarity (Eq. 9) and
ﬁolds number similarity (Eq. 7), respectively. Therefore, the new scaling equation (Eq. 13) appears
a compromise between the Archimedes number similarity and the Reynolds number similarity.

EMENTAL EVAL‘UATION
perimental Facilities and Procedures
A Room Ventilation Simulator (Christianson et al,, 1992)has been developed to study room ait
- and gil: conlmmnam distribution under well controlled environmental testing conditions. For the present
;ﬁdy. three tests were conducted in an 1/4th scale test room (Figure 2) and its full scale prototype. Tost
‘ 1rl.iilncnns are listed in Table 2 in which the’ diffuser air velocities in the 1/4th scale room were
rmined based on Eq (3.’ ‘Ihe test rooms had a continuous slot d.iﬂ’user Open.lng and exhnml.
lting in two dimensional room ventilation flows (Zhang 1991). ©
. The vclocities and tempemtures within the room were measured with a hot wire ‘probe and 4
4 'hermocouple probe, respectively, “A’ microcomputer based data acquisition and probe positioning systn\
i"was developed to collect the data and move the probes automatically (Zhang et al. 1991). Additionally,
< tempemnmzs at the diffuser, exhaust of the test rooms and the floor surface were monitored by A
Parate ‘data logger with thermocouple probes Room air flow paaems were visualized wilh titaniu
tetrachloride (TiCl,) ‘smoke which is nculrally therma! buoyant_ »
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«.. . Flow Patterns The flow patterns observed in the 1/4th scale model tests were in general similar

to those observed in the prototype tests (Figures 3, 4 and 5, respectively). However, the secondary eddy
;; the upper right corner in the prototype test P4 was not clearly revealed by smoke in the 1/4th scale test
4. . - . T e - - .
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Mean Velocity. The dimensionless mean velocities measured in the 1/4th scale model tests In



Archimedes number to reduce such variation,

. To extend the application of the proposed scaling method, further researches &
e ormine the effects of room aspect ratio, diffuser location and internal obstruction of ¥
-himedes number, and to develop a functional relationship between the critical Archimds

room scale.
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ARY AND CONCLUSIONS

air
.. For non-isothermal ventilation flow, the critical Archimedes number at which th¢ ""-“’“‘_‘; ing
»ped immediately after entering the room was found to decrease with the room size. A ¥%

" thod was proposed based on the equality of the relative deviation of Archimedes nUINE -?o... ::11;
C fical values between a reduced scale model and its prototype. Comparison between the LR Ii}m
3 m. el tests based on the new scaling method and the prototype tests indicated that the new N3UAE B
-, ‘The proposed scaling method may be improved by exploring a different temperaee ‘m’ﬁ"::::‘;
s a reference for the critical Archimedes number to reduce the dependence of the predicting 5"’"\‘ sy
n the internal heat load. More experiments are also needed to determine the effects of NN aspa Gonal
i diffuser location and internal obstruction on the critical Archimedes number, and to devely 3 font
relationship between the critical Archimedes number and the room scale
Bew(TeTyY
5 = Archimedes number defined as ————— ;
FA s o of
E Fr, = Froude number defined as U(,!(g\a\e\,)“Fz which represents the ™
raR gravitational effect to inertial effect;
v g = Gravitational acceleration rate, m/s%;
P H = Room height, m;
AL Kk = Turbulent kinetic energy, (m/s)’;
b L = Length of the room (in Z direction), m;
1 = Length of the diffuser slot (in Z direction), m;
P = Thermodynamic pressure, Pa;

= Dimensionless pressure (ratio between the pressure

: at a point and P);
: P, = Diffuser pressure, Pa; "'
_H‘ : paat ™ - 022 . e Pd. -
: Pn = Pressure number defined as —-2- ; i
e pUq
Pr - = Prandtl number defined as v/ ; \
= A reference pressure (e.g., the pressure outside the test room, 't
Ugw,
Re = Reynolds number defined as - H
\J

T, t = Mean temperature and fluctuation component, °C;



T, = Maximum temperature in room (e.g., on the heated surface), °C;

y 7 = Diffuser air temperature, °C; 3 "T e
T, = Air temperature at the exhaust, °C; ;
AT =TT, °C;
AT-. = T 'le ‘CI
ATy = T, T, °C;
ATy = Temperature difference between the diffuser air and the room air, °C;
U u = Mean air velocity and fluctuation component, m/s;
v = Standard deviation of velocity, m/s; -
U, = Dimensionless mean air velocity and fluctuation component based on § ~‘_
U, = Reference velocity, diffuser velocity at the measurement plane (z=0), m!s’ y
w = Width of the test room (in X direction), m; a0l
Wy = Width of the diffuser slot (in Y direction), m;
w, = Slot width of the exhaust, m;
XYz = Eulerian Cartesian coordinates with the origin at the upper left corner ofthe 2 b
room flow (Figure 5), m;
- W = Dimensionless Eulerian Cartesian coordinates based on w,;
Y4 = Distance from the ceiling to the diffuser upper edge, m;
Y. = Distance from the ceiling to the upper edge of the exhaust, m;
o = Thermal diffusion coefficient, m’/s;
g = Thermal expansion coefficient, 1/K;
O, = Kronecker delta (=1 only when i=2 and =0 otherwise); s
e,0 = Dimensionless mean r.empemmre difference and fluctuation component; * i "‘ )
v = Kinematic viscosity, m?/s; ey
p = Air density, kg/m’®;
Subscripts
ij = Indices representing direction of coordinates
(i,j=1,2,3, referring to longitudinal, vert!cal
and lateral coordinates);
m = denote model;
P = denote prototype. -
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Figure 1 Schematic of the room geometry studied and the definition of coordinates
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Figure 2 Experimental set up for the

1/4th scale tests
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Figure 3 Comparison of flow patterns between tests M4 and P4
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a. Test M5: U,=1.19 m/s, AT,=26.8 °C
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Figure 4 Comparison of flow patterns between tests M5 and P5




a. Test M6: U=1.19 m/s, AT, ~=16.8 °C

-directions Indicate Fluct@-j.i_"tlons
- ===->Interpolated flow pattern -

b. Test P6: U=1.78 mvs, AT,=16.4 °C

Figure 5 Comparison of flow patterns between tests M6 and P6
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Figure 6 Spatial distribution of mean velocities
(—: 1/4th scale model test M4, x: prototype test P4)
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Figure 7 Spatial distribution of turbulence intensities (100u’/U)
(—: 1/4th scale model test M4, x: prototype test P4)
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Figure 9 Spatial distribution of mean temperatures [(T-Ty)/ATy]
(—: 1/4th scale model test M4, x: prototype test P4)



