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ventilation arrangements are reported. The measurements were oblained by laser-

Doppler anemometry and the calculations by the solution, in finite-difference form, of
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two-dimensional, clliptic, partial-diflerential equalions representing conservation of
mass, momenlum, lurbulence energy and dissipation rale.
that the precision of calculation is adequate for design purposes although, for slots

The resulls demonstrale

much smaller than the width of the room, three-dimensional effects become important.
They quantify, for example, the extent to which a decrease in supply area leads to an
increase in air velocities for a given mass flow rate.

1 Introduction

The velocity characteristics of ventilated rooms are important
in that they help to control the comfort and well being of in-
dividuals. Temperature, radiation and humidity are also im-
portant and their influences represent an extension of the present
paper which reports calculated and measured velocity values
and their dependence on geometry and inlet flow arrangement.
The calculated values were obtained by solving two-dimensional,
elliptic, partial-differential equations and the validity of these
equations is assessed by comparison with measurements, ob-
tained by laser-Doppler anemometry, in model rooms.

Previous experimental investigations of the flow in air-con-
ditioned rooms have been reported, for example by Linke [1],
Miillejans (2], Urbach [3], Jackman [4], Schwenke [5], Hestad
[6, 7] and Nielsen [8]. Those of Hestad and Jackman were
carried out in full-scale rooms and the other authors made use
of models which allowed the advantage of improved measure-
ment accuracy as a consequence of the higher velocities asso-
ciated with the same Reynolds number. The model experi-
ments of Miillejans and Schwenke made use of flow visual-
ization and, consequently, were of a qualitative nature; other
investigations used probes and are subject to unknown uncer-
tainty in regions of high turbulence intensity and flow recir-
culation. These previous experimental investigations were main-
ly intended to provide support for simple design procedures,
based on correlation equations.

To avoid the need for extensive experimentation, Nielsen [9]
attempted to develop a calculation procedure which would allow
the prediction of the flow patterns in ventilated rooms. Thix
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work was based on the stream-function approach of Gosman,
et al. [10] and is not readily extended to three-dimensional
flows. In addition, comparison of calculated results with meas-
urements indicated the need for improvement in both calcu-
lation and measurement techniques. For example, previous
numerical work made use of a scheme with poor convergence
performance and previous measurements used instrumentation,
as indicated above, which is inappropriate to significant regions
of ventilation flows.

The present calculations were obtained by solving equations
with velocities as dependent variables and are, therefore, readily
extended to three-dimensional flows. The method makes use
of a two-equation turbulence model which, as demonstrated
by Pope and Whitelaw [11] and Gosman, Khalil, and Whitelaw
[12], is probably the most advanced model which can be justi-
fied on present knowledge. In addition, and to overcome nu-
merical problems associated with a jet of small dimension issuing
into a room of large dimensions, calculations have been per-
formed with initial wall-jet development assumptions.

The experiments make use of laser-Doppler anemometry
which does not interfere with the flow and is able to correctly
resolve the sign as well as the magnitude of velocity. The
measured velocity values are compared with corresponding cal-
culations in order to allow the procedure, with inherent as-
sumptions, to be appraised and quantitatively assessed over a
practical relevant range of parameters. Calculated results, of
significance to air conditioning and outside the range of existing
measurements, are then presented and discussed.

The flow configuration used for the experimental investiga-
tion, the laser-Doppler anemometer and measurements are de-
seribed in the following section. The calculation method and
associated assumptions are presented in section 3. Calculated
results and comparisons are reported in section 4 and discussed
in the context of air conditioning requirements. Summary
conclusions are presented in section 5.
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Fig.1 Geometrical arrangements and coordinate system

2 Flow Configuration, Measurement Technique
and Results

The geometrical arrangements used for the present measure-
ments may be represented by Fig. 1 which also indicates the
coordinate system used. The model was constructed from per-
spex with a height of 89.3 mm; other dimensions correspond to

L/H=3.0;W/H=1.0;h/H=0.056;t/H=0.16;w/W =0.5 and 1.0.

Two values of the width of the inlet slot were used to assist
the determination of the extent of influence of a three-
dimensional inlet flow on the velocity characteristics of the room.
The inlet was preceded by a smooth, plane contraction of area
ratio 2 and resulted in the initial profiles shown on Fig. 2. As
can be seen, the mean profiles are symmetric about y = 0.5k
and closely correspond to developed turbulent channel flow;
the corresponding profiles of rms of velocity, normalized with
U,, are near uniform with a center value corresponding to an
intensity #/U of 0.04. Spectrum analysis of the velocity signal
indicated typical turbulence spectra for Reynolds numbers above

around 4000. Transverse profiles along the centerline of the
slot indicate, over the central 80 percent of both slots, differ-
ences of less than two percent of the bulk velocity. Measurements
obtained at Reynolds numbers from 5000 to 10,000 (and not
presented for reasons of space) show that, within experimental
uncertainty, nondimensional profiles are independent of Rey-
nolds number for each geometry.

The determination of mean velocities and the corresponding
rms values were obtained with a laser-Doppler anemometer,
used in accordance with the recommendations of Durst, Melling
and Whitelaw [13]. It comprised a 5mW helium-neon laser, a
diffraction grating similar to that described by Wigley [14], a
lens and pinhole arrangement to collect forward scattered light
from within the intersection region of the focussed +1 and —1
order beams from the grating, and a photomultiplier. The air
supplied to the model room was passed through atomizers sim-
ilar to those described, for example, by Melling and Whitelaw
[15] and allowed near-continuous Doppler signals which were
analyzed with the help of a frequency-tracking demodulator
(Cambridge Consultants CC01). The grating was operated with

Nomenclature
a = boundary surrounding wall jet
b = boundary surrounding wall jet
Cy, C: = constants in modeled e-equation
Cp = constant in dissipation term of K-equation
C, = constant in expression for effective viscosity

Cy, Cw, ey, by = constants in correlation equations for wall jet

G = generation of turbulence energy
h = inlet slot height in room or model
H = height of room or model
K = turbulence energy
L = length of room or model
P = pressure
Re = Reynolds number (=pUsh/u)
84 = source term in general conservation equation
t = outlet slot height in room or model
U, V = components of mean velocity
%, ¥ = components of fluctuating velocity
Uoy Vo = components of inlet velocity
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Un = maximum velocity across jet
U,m = maximum velocity in reverse flow
w = width of inlet slot
W = width of room or model
z, y, z = coordinates
Za, Y» = coordinates of wall jet boundaries
z, = distance measured along periphery of room
or model
a = angle of inlet velocity

ox = constant in modeled K-equation

g, = constant in modeled e-equation
T's = exchange coefficient in general conservation
equation

¢ = variable in general conservation equation

# = laminar viscosity

e = turbulent viscosity
Herr = effective viscosity

€ = dissipation rate of turbulence energy

p = fluid density
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rotational velocities and direction which allowed the frequency-
tracking demodulator to be used to best advantage. The effec-
tive diameter of the measuring volume was 180 um and a fringe
spacing of 4.3 um insured that transit time and gradient broad-
ening effects were small and readily approximated. The largest
source of error results from the instability of the rotating grat-
ing, particularly at low rotational speeds. It is estimated that
the precision of measurements of mean velocity is better than
0.5 percent for velocities above 0.5 m/s. At this velocity, which
corresponds to a value of U/U, of 0.033 on the present figures,
the disk was rotated at 1000 rpm. The corresponding uncer-
tainty in the value of #/U was less than 0.01. In both cases,
the error tended to be random and is consistent with the scatter,
about smooth curves, suggested by Figs. 2 and 3. The uncer-
tainties increased, as a percentage of the local values, with
diminishing U/U, and %/U but do not have a significant in-
fluence on the present discussion or conclusions. Systematic
errors, due to the various broadening effects, were negligible
compared to the random variation in disk speed for velocities
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less than 0.5 m/8 and are considered in the 0.5 percent pre-
cision quoted for higher velocities.

Fig. 3 presents profiles of the longitudinal velocity compo-
nent at two values of z and for two inlet arrangements; addi-
tional measurements confirm that the flows were symmetric
about the mid-plane within measurement precision. As can be
seen, the full-width entrance slot results in profiles at z/L of
2/3 which suggest that, in the region —0.4 <z/w <0.4, the
flow is close to two-dimensional. For the shorter slot, corre-
sponding profiles show clearly that the flow is three-dimensional
even in this central region of the model. Both sets of measure-
ments indicate a major region of recirculation; additional meas-
urements, again not presented for reasons of space, indicated
two smaller regions of recirculation in the bottom left-hand
corner and top right-hand corner of the model.

In addition to the mean velocity results of Fig. 3, corre-
sponding values of the normalized rms velocity were obtained.
They are not presented in graphical form since, when nor-
malized with the bulk inlet velocity, (i.e. #/U,) they were less
than 0.15 and, except in the vicinity of the inflections in the
mean velocity distributions, very close to uniform. In the

.. vicinity of the mean velocity inflections at larger values of

z/H, the rms measurement increased to values of #@/Us of
around 0.2.

The mean velocity profiles of Fig. 3 confirm the wall-jet
behavior of the flow downstream of the entrance slot. They
show, for example, that with the present initial conditions, the
growth rate is similar to that obtained in an idealized wall-jet
configuration by Schwarz and Cosart [16]. Fig. 4 presents
measurements of the maximum velocity decay obtained in the
wall-jet configurations of Fig. 3. These more detailed measure-
ments, which include the half-width slot geometry, are com-
pared with the corresponding results of Schwartz and Cosart.
It is clear from this figure that both geometries lead to a wall-
jet configuration, although the details of the flow and in par-
ticular the peak velocities are significantly dependent upon
the initial geometry.

3 Calculation Procedure

The calculation procedure made use of the TEACH com-
puter program devised by Gosman and Pun (17] and used
extensively by many authors. It solves equations of the type

a3 d 0 d¢
% (pUg) + ‘—iy—(de’) = g(l‘o a—z)

d (iZ'3

+ e (1"¢ ay) + 8
by expressing them in finite-difference form and making use of
line by line iteration, and includes a pressure-correction ap-
proach to obtain solutions which satisfy mass conservation.
In the present calculations, the dependent variable, ¢, corre-
sponds to two components of mean velocity, U and V, and to
the turbulence kinetic energy & and to dissipation rate e. This
two-equation turbulence model was used in the form described
by Pope and Whitelaw [11]. In the vicinity of walls, the finite-
difference mesh was linked to the walls by means of the wall
functions described in reference [11]. The values of I'y and
S, correspond to the dependent variables and the associated
properties are listed in Appendix 1.

A particular difficulty associated with the use of finite-differ-
ence methods to represent the flow in a large room supplied
by a small slot lies in the distribution of grid nodes and par-
ticularly in the correct representation of the slot flow. This
difticulty is compounded by the different arrangements used in
previous experiments (see Fig. 3) and by the influence of the
shape of the U- and V- velocity profiles in the slot exit. It is
well known from the extensive wall-jet literature that the
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decay in maximum velocity and associated spreading rate are
influenced by initial conditions and yet it is not economically
practical to represent the slot flow by a large number of grid
nodes for more than sample calculations. As a consequence,
present calculations were obtained with boundary conditions
assigned along the solution domain indicated on Fig. 5(¢). Line
a is assumed to be in the fully developed region of the jet and
its precise location is unimportant provided that z, is kept
small compared to the length of the room. The location of
line b and the values of variables along it have little influence
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(e)

Fig.5 Different arrangements. (a) Hestad (1971); (b) Linear diffuser;
(c) Hestad (1974); (d) present measurements; (¢) parameters used In
wall Jet assumptions.

on the calculated results, because this boundary acts as an
outlet for the remaining flow field.

For the comparisons indicated on Fig. 7, experimental ve-
locity profiles were used along a; the K-distribution was taken
from the measurements of Nelson {18] and the edistribution
was determined assuming a simple linear variation of the length
scale up to a constant level across the jet. Along line b, as well
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as at the exit, zero streamwise gradients were imposed to all
variables. For other details see Nielsen [8]. In the air-con-
ditioning industry (see for example ASHRAE Handbook of
Fundamentals [19]), profiles of the form used along a have
been characterized by correlation equations which are indicated
together with coefficients in Appendix 2.
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4 Calculated Results and Discussion

The influence of the number of grid nodes was tested and a
sample of the results is shown in Fig. 6. These calculations
correspond to the present flow configuration and it is clear
that, although 17 X 20 grid nodes led to a “converged’’ solution,
39 X 39 grid nodes led to a different “converged’ solution. The
two sets of results are very similar but careful inspection shows
discrepancies of up to three percent. This magnitude of uncer-
tainty is likely to remain with all practically possible numbers
of grid nodes.

Four sets of experimental data, obtained with different geo-
metric arrangements, are used to appraise the capabilities of
the present procedure. Their characteristics are indicated below:

Table 1
Data L/IH h/H W/H w/W Re
Present investigations 3.0 0.058 1 1.0 5,000
Nielsen (1976) 3.1 0.056 4.7 1.0 7,100
Hestad (1971) 3.0 0006 1.2 1.0 1,800
Heatad (1974) 1.9 0003 0.9 1.0 1400

All calculations were performed with approximately 2020
grid nodes and required around 100 s of computing time on a
CDC 6600.

The comparisons shown in Figs. 7(a) and (b) relate to the
present measurements obtained along the centerline of the
model with the full-width opening. It is clear that the general
features of the measurements are correctly represented by the
calculations, although some discrepancies occur, particularly in
the area of reverse flow. This was expected, since three-di-
mensional effects are present, as can be seen in Fig. 3. Fig. 7(b)
compares peak U-velocities across the jet, plotted against the
distance from the inlet measured along the perimeter of one
longitudinal section (z,).

Fig. 7(c) compares the present calculations with measure-
ments obtained in a model with larger W/H ratio, i.e. that of
Nielsen [8]. The measured values were obtained with hot wire
anemometry but are confined to regions of the flow where
interference and signal interpretation errors are unlikely to be
important. In the calculations, initial conditions were pre-
scribed according to Schwarz and Cosart [16]. The agreement
is excellent except in the incoming jet. This might have been
improved if the correct inlet profiles were known from experi-
ments.

The results of Hestad [6, 7] were obtained with smaller
h/H ratio, in full-scale rooms. Fig. 7(d) shows the fast decay
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of the jet peak velocity, which is likely to have been accelerated
by light fittings in the test room. Apart from this discrepancy,
the agreement is good. Fig. 7(e) presents a similar comparison
for a room with a different inlet arrangement, consisting of a
slot displaced from the ceiling, as in Fig. 5(c). The agreement
is of the same order as in Nielsen’s experiments. For both sets
of measurements, predictions made use of measured data for
the initial jets.

In general, the comparisons of the previous paragraphs con-
firm that the calculation procedure is able to represent the
trends observed experimentally and, except perhaps in regions
of low velocity, to represent the measured velocities within
+5 percent. Care has been taken to prescribe measured inlet
conditions whenever they were available. In air-conditioning
practice several types of diffusers are used, and result in differ-
ent inlet profiles of both U- and V-velocities, and sometimes
separation of the jet from the ceiling and subsequent reattach-
ment. Important differences between the flow patterns pro-
duced by such diffusers may be expected.

The present calculation procedure was used to assess the
influence of an initial V-component, V,, on the maximum ve-
locity in the return flow. Calculations were performed over
the emntire flow field and relate to a large value of A/H, a8 im-
posed by grid sise limitations. Results are contained in Fig. 8
which also shows U-velocity profiles across the initial jets for
several inlet angles. Clearly, the maximum reverse velocity
Usrs is reduced as the inlet angle increases, and the effect is
strong: a deflection of 20 deg alters the velocity by ten percent.

Calculated values of the maximum reverse-flow velocity are
presented in Fig. 9 as a function of the inlet opening and for
three values of room length; the initial profiles were specified
according to the data of Schwarz and Cosart [16]. Information
of this type is particularly relevant to air-conditioning design
since it provides a rapid overview of the maximum velocities
likely to be experienced by room occupants. It is clear that the
maximum reverse-flow velocity increases with increasing supply
opening and decreasing room length for constant inlet velocity.
Fig. 9 also presents results obtained with initial profiles from
Schwartzbach {20] and appropriate to an inlet opening dis-
placed 0.075H from the ceiling; comparison of the velocity
profiles of Figs. 8 and 9 indicates that a jet with a positive V-
velocity and a reattaching jet both give rise to wall jets with
virtual origins further upstream of the inlet plane and, conse-
quently, to lower peak velocities.

Closer examination of Fig. 9 shows that, for narrow slots,
the maximum reverse velocity normalized by the bulk inlet
velocity, tends to vary as (h/HPS5. In practice, where the
flow rate is partly dependent upon air refreshment require-
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Fig. 7 Comparisons between predictions and experiments

ments, this implies that a reduction of h is accompanied by an
increase of Urm, i©. Ura~h05 approximately. The depend-
ence of U, on the length of the room is also clear; longer rooms
give rise to lower velocities, for the same inlet geometry.

Longer rooms may also give rise to unsteady flows, as ob-
served by Nielsen [8] for L/H ratios of 4.5 and over.
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5 Conclusions

The following paragraphs provide a summary of the more
important conclusions which may be extracted from the present
work.

1. It is possible, by solving appropriate elliptic-differential
equations in finite-difference form, to represent the velocity
characteristics throughout a ventilated room. The precision
of the results, as demonstrated by comparison with measure-
ments, is adequate for design purposes.

2. Since the supply openings are usually of small dimensions,
detailed information of the jet flow as a function of inlet ge-
ometry is required at a downstream location where the width
of the wall-jet is greater than that of the supply opening. Fur-
ther research is required to allow general calculations but, for
a practically important range of geometries, this information
is available and useful design calculations can be performed.

3. It has been shown that the flow in air conditioned rooms
can be represented by two-dimensional equations over much
of the width provided the supply opening is not much shorter
than the width of the room.

4. The results quantify the extent to which, with a given
air flow rate, a decrease in supply area leads to an increase in
the air velocities in the room.

5. Further work is necessary to characterize the flow through-
out rooms with small supply openings and long rooms where
flow instabilities may be expected.
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APPENDIX 1
Values of I'y and Sy in the equation

9 X -9y, 98
—(pU¢) + Fw (bVe) = 2 (1‘¢ 3z

or z
a ¢
+ ;3—1/ Iy ay) + 8.

‘ r¢ 8.
1 0 0 (Continuity)

oP 0 U a v
U pent ~ 3 + é;(“‘" 5) + @‘(ﬂ.u 5;)

oP ;] U d av
1 4 Bett - (ﬁ + % (#.ﬂ 'a—;) + 5; (ﬂ-u 0—;/)
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Corresponding constants: C, = 0.09; C, = 1.44; C; = 1.92;
gy = 1.0; 0, = 1.22

APPENDIX 2

-I;rtt)files of Longitudinal Velocity in Turbulent Wall
ets

The first known experimental investigation on the plane wall
jet was done by Forthmann [21], who was able to reduce all
mean velocity data to a single profile, when normalized by the
jet thickness and maximum longitudinal velocity. The similarity
problem of the radial and plane wall jets was later studied by
Glauert [22], and Schwarz and Cosart [16]. The latter deduced
the following expressions for the velocity scale U, (maximum
velocity across the jet) and length scale 8, (thickness of the
jet at Un/2 in the outer layer):

U,. 3‘—ZD+xo L™
Uu=C||( h )

0y = Csu (z — 2D + Z0)

where zp and —z, are the coordinates of the inlet plane and
the virtual origin of the jet - see Fig. 5(e).

Current practice in the design of air conditioning systems is
to assume that different inlet arrangements originate self-similar
turbulent jets which may still be fitted by a suitable set of
values of 7y, Cy, ¢y and Cj.. Works by Schwartzbach [20)
and the ASHRAE Handbook of Fundamentals [19] support this
assumption for several types of diffuser.

Table 2 summarizes the values for the previous coefficients
associated with the experimental data used in section 4.

Table 2

Data swh C &  Cu
Schwarz and Cosart 11.2 5.395 -0.555 0.0878
Present measurements 156.2 5.72 —-0.555 0.0678
Hestad (1971) 0.0 3.6 —-0.5 0.0678
Hestad (1974) 34.0 3.1 -0.5 0.1
Schwartzbach (ya/h = 5) 17.5 3.622 -0.5 0.062

" (ya/h = 83) 25.0 3.640 —-0.5 0.071

uw (ya/h = 15) 49.5 3.462 -0.5 0.070
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