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SUMMARY 
The effeot of surfaoe-mounted single and multiple obstaoles in the 
path of a two-dimensional wall jet is investigated experimentally 
and theoretically using a finite differenoe solution of the flow 
oonservation equations. It is found that both the height, 
measured from the surface, and depth along the flow of an obstacle 
affect the distanoe from the supply slot at whioh the jet is about 
to separate, ie. the critical distance. The presenoe of an 
obstaole aooelerates the deoay of the jet and the deoay inoreases 
further when the jet separates from the surface. With ailtiple 
obstaoles the diffusion of the jet increases as the relative height 
of the obstacles d/h inoreases. 

1 . INTRODUCTION 

From a thermal oomfort viewpoint it is required to know the air 
velooity and temperature distribution in the occupied zone of a 
room. However, from energy utilieation consideration• it i• al•o 
required to know the velocity and temperature distribution outside, 
a• well as within, the ocoupied zone. Temperature etratifioatioa 
and high· air velooities olose to room surfaces influence the enertJr 
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demand for the air conditioning plant. The flow both inaic:t. and 
outside the ooaupied zone is determined by the initial oomliti~~ 
of the air jet as well as the manner in whioh the air jet ~· 
diffused in the conditioned room and whether the jet is influenced 
by physical barriers or obstructions along its flow path (1,2). 

The air distribution system designer relies on diffuser performance 
data supplied by the manufacturer. This data is usually obtained 
by testing the diffuser in accordance with some standard prevailing 
in the manufacturer's country (3) or the ISO standard (4). These 
standards speoify miniDuD room dimensions, experimental set-up, 
instrumentation type and accuracy as well as a recoJ1111ended test 
procedure for different devices. The standards assume isothermal 
conditions as the basis for evaluating the aerodynamic 
ohAraoteristios of grilles and diffusers and in the oase of a 
surface-bound air supply, a smooth surface only is considered. 
These assumptions are seldom realised in pratice particularly with 
buoyant flows and when obatructions such as structural beama and 
light fitting• are preaent in the path of a ceiling jet. Such 
factor• could significantly affect the air velocity and temperature 
distribution in the ocaupied zone (5-9). 
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Until recently, these effects could only be evaluated by physical 
modellinq which is expensive, time consuming and the results could 
be influenced by scaling effects (10). With recent advances in 
mathematical modelling techniques, a number of investigators have 
developed computer programs for solving flow problems involving 
large recirculating zones (11-13). These programs have been 
adapted by numereous workers to solve various ventilation problems 
ranging from clean room applications (14), general room air 
movement studies (15), air jet diffusion (2), to predicting fire 
spread in a building (16). 

In this paper the factors which inf luenoe the diffusion of a wall 
jet that are not treated by diffuser testinq standards are studied 
experimentally and theoretically. The effects of buoyanay and 
both sinqle and multiple obstacles in the path of a two-dimensional 
wall jet are considered. A wall jet test facility was employed 
for the experimental study and a finite difference computer program 
was used for the theoretical solution. 

2. NUMERICAL SOLUTION 

The air velocity and temperature distributions in a ventilated room 
are usually calculated by solving, in finite difference focn, the 
conservation equations of momentum, energy and mass which govern 
the air flow and convective heat transfer in the room either in two 
or three-dimensions. The effect of turbulence is described by 
means of a suitable turbulence model which represents the 
stochastic processes of ~urbulence by steady-state equivalents. A 
widely used turbulence model is a two-equation model representing 
the kinetic energy of turbulence, k, and its dissipation rate, 
E. This is usually referred to as the k- E turbulence model and 
has been used by many investigators. When this model is applied 
the two conservation equations of k and E are also solved in 
finite difference focn in addition to those equations of momentum, 
energy and mass. 

The computer program TEACH (12), which was written to solve the 
two-dimensional conservation equations. has been adapted for 
solving the flow of a wall jet. Because in this instance the 
interest lies in the flow close to the wall and around wall-mounted 
obstacles a non-uniform finite difference grid was chosen to allow 
for a very fine grid in those regions for improved accuraay. 
Momentum and energy entrainments at the free boundary of the jet 
were incorporated in the boundary conditions. To predict 
separating and reattaching flows due to the presence of obstacles 
in the path of the jet a subroutine was written for this purpose 
which specifies the boundary conditions around the obstacles. For 
a non-isothermal flow buoyancy terms were added to the conservation 
equations of the vertical component of velocity, the kinetic energy 
and its dissipation rate to ·allow for the buoyanay force due to the 
temperature difference within a computational cell. Further 
details of this program are found in references {12) and {2). 
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3. EXPERIMENTAL FACILITY 

A wall jet riq comprising a fan, an electric heater, a damper, a 
plenum chamber, a variable nozzle and a channel open at the top and 
at one end was used for the experimental investigation, Fig. 1. 
The air jet leaves the nozzle to enter a channel Sm long and lm 
wide were measurements are made. The nozzle which had the same 
width as the channel was of variable height ranging from 19 to 
35:mm. 

The velocity measurements were carried out using three different 
types of DANTEC constant temperature hot wire or hot film 
anemometers according to the flow situation being investigated. 
An x-array hot wire probe was used for measuring the two velocity 
components in isothermal £lows involving velocities greater than 
about 2m/s, a temperature compensated hot wire probe was used for 
measuring velocities in excess of 2m/s in non-isothermal flows and 
an omini-directional temperature-compensated hot film was used for 
measuring low velocities in both isothermal and non-isothermal 
flows. The temperatures were measured with screened thermocouple 
wire. The Reynolds number for the tests with isothermal flow was 
19000 and that for non-isothermal flow was 1900 

The velocity distribution across the nozzle showed a flat profile 
e~cept very close to the side walls of the channel. However, all 
measurements were carried out in the centre of the channel to 
ensure the presence of two-dimensional flow. 

The movement of the instruments across the jet was accurately 
performed using a stepper motor under computer control. The 
accuracy in positioning the anemometers across the jet is estimated 
to be ± 0. 1 :mm for the hot wires and ;!; 0. 5:mm for the hot film. 
The collation and analysis of data was also carried out using the 
same personal computer. The acouraay in the velocity measurements 
is estimated to be j; 4%. 

4. RESULTS AND DISCQSSIQN 

4.1 Plane !all Jet Without Obstruction 

The plane wall jet has been extensively investigated and 
experimental data for both isothermal and non-isothermal jets is 
found in the literature {17, 18). 

To validate the numerical solution, normalised velocity and 
temperature profiles in the fully developed region of the jet (ie. 
downstream of the core) obtained using the numerical solution are 
compared with experimental results in Fiq. 2 (a and b). It is 
shown that the theoretical profiles are very close to the 
experimental ones. 
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Figure 3 shows the deo~y of the maximum velocity of the jet u. 
with distanoe from the nozzle. The theoretioal prediotions whioh 
are also substantiated by experimental data for isothermal flow and 
non-isothermal flow at Ar ~ 0.012 show that the effect of 
buoyancy on a hot jet moving over a floor or a oold jet on a 
ceiling is to increase the diffusion process and this subsequently 
decreases the maximum jet velocity more rapidly. For Archimedes 
numbers Ar greater than about 0.02 the buoyancy foroe overcomes the 
Coanda effect and the jet separates from the surface. Similar 
observations were made by Nielsen et al (15) for a wall jet in a 
room. In normal ventilation applications this is a very 
undesirable situation as complete .mixing of the jet with room air 
oannot be attained and furthermore large velocities will be present 
in the region where the jet penetrates the occupied zone. 

4.2 Attaghed Wall Jet yith a Single Obltagle 

When a wall jet encounters an obstacle attached to the wall, Holmes 
and Sachariewioz (19) found that the jet can take one of three 
courses: 

(i) 
(ii) 

(iii) 

almost unaffected by the obstacle; 
separates from the surface and reattaches downstream of the 
obstacle; 
completely separates from the surface. 

There are a number of factors that oan influence the jet behaviour, 
such as the size of the obstacle, its distance from the inlet, the 
Reynolds number, the turbulence level of the supply, the 
temperature difference between the supply and the room etc. 
Holmes and Sachariewioz studied the effect of the height of a 
square section obstacle and its distance from the inlet on the flow · 
in a purpose built wall jet test rig. Nielsen (8, 9) studied 
experimentally the effect of obstacle height, its distance from the 
inlet and the Archimedes number on the penetration depth of the jet 
into the occupied zone of a room. However, none of these 
investigations studied the effect of the height to depth ratio 
d/b of the obstacle. Previous work with rectanqular prisms in a 
wind tunnel by one of the authors (20) showed a significant 
influence of d/b on the flow around the pri8Dl8. In room air 
conditioning practice, large variations in d/b oan be present in 
integrated ceiling designs inororporating light fittings and beams. 

Figure 4 shows the measured and predicted velocity profiles at a 
distance of 0.26 h downstream of a single obstacle of d/b • 0.8 
and xd/h = 31 representing a reattached flow similar to type 
(ii) mentioned earlier. Knowing the steep velocity gradients in 
the vicinity of a £low separation the numerical solution predicts 
the velocity distribution satisfactorily. The decay of the 
maximum velocity of the jet is shown in Fig. 5 and here again good 
agreement is found between the numerical solution and the 
experimental measurements. The figure shows that the DBXilml jet 
velocity decreases as the flow approaches the obstacle, then 
abruptly increases as the jet passes over the obstacle, and finally 
gradually decreases after reattachement. In general, the obstacle 
causes a faster decay of the jet velocity as a result of the 
increased diffusion due to localised separation in the vicinity of 
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the obstacle. A theoretical flow pattern for a reattached flow 
over an obstaole is shown as a velocity vector plot in Fiq. 6. 

4.3 Segarated, !all Jet With a Single Obatogle 

Figure 7 shows the velocity profile across a separated wall jet at 
a distance of 0.26h dOYnatream of an obstacle. The position of 
the obstacle is the same as that for Fiq. 4. however. the height of 
the obstacle was increased to cause the jet to separate. In Fig. 
4. d/h = 1.3 and in Fiq. 7 d/h = 2.68. By comparing these 
two f igurea it is seen that a qr.eater diffusion of the shear layer 
(outer boundary of jet) occurs downatream of the obstacle when the 
jet reattaches to the surface. However, by comparing the decay of 
the maximum velocity for the separated jet. Fig. a. with that for 
the reattached jet, Fig. 5 it is olear that the velocity decay for 
the separated jet is faster sinoe after separation. the jet behaves 
as a free plane jet entraining air on both sides . With a 
separating jet it was only possible to obtain velocity traverses 
close to the obstacle as the jet leaves the channel shortly after 
separation. The theoretical flow pattern for a wall jet 
separating over an obstacle is depicted. in Fig. 9. 

The effect of the obstacle dimensions on the critical distance xc 
(ie. the minimum distance from the supply slot at whioh the jet 
reattaches to the surface downstream of the obstacle) is depicted 
in Fig. 10. These fesults are for an isothermal jet and the 
critical distance was determined by smoke visualisation. It is 
clear that the height to depth ratio d/b of the obstacle has a 
major influence on the critical distance. An increase in b/h 
from 1.2 to 1.6 almost doubles xe for the same value of d/b. 

The theoretical prediction of the critical distance for an obstacle 
of b/h = 1.65,althouqh underestimat•• th• effect of the depth of 
the obstacle, is in general aqreement with the experimental 
results. It should be noted that with usinq smoke it is difficult 
to determine the precise position of the critical point. This is 
mainly due to the flow close to the obstacle beinq highly disturbed 
causing rapid dispersion of the smoke and furthermore the flow 
exhibits a hystere•i• effeat, ie. different values of xe can be 
obtained. when the obstacle is moving away from the supply and when 
it is approaching it (19). Results obtained from reference (19) 
are also plotted in Fiq . 10 for square obstacles moving aYay from 
the slot. Considerinq the diffiaulty in determining the critical 
distance and the differences in the experimental conditions, the 
aqreement with the present results is satisfactory. 
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4.4 !all Jet with Multiple Qbstacles 

In praotioe, the oeilings of ventilated rooms are not always smooth 
and often roughness elements are present either for the purpose of 
liqhtinq distribution or for an aesthetio purpose or both. The 
effect of uniform ceiling roughness on the diffusion of wall jet is 
not treated in diffuser testing standards nor is it usually 
considered in diffuser nomograms. Surface roughness can 
substantially acoelerate the deoay of maximum jet velocity as shoYn 
in Fig. 11. Consequently, the throw of the jet can be qreatly 
reduced resulting in a deficient diffusion of the jet with room 
air . The figure shows a comparison between the maximum velooity 
decay for a jet over rough surfaces with that for a smooth surface, 
both flows being isothermal . Experimental results reported by 
Rajaratnam (17)for roughness ratio dlh up to 0.12 are also 
plotted and show a close agreement with the results from the 
numerical solution for roughness heights of similar values . Aa 
the heiqht of the roughness blocks increase the decay of the 
maximum velooity becomes more rapid due to the increased diffusion 
of the jet with the surrounding stagnant air caused by localised 
separation at each obstacle. The predicted results are for a 
pitch ratio Pih ·of 6.6 . However, in one case Pih of 5.1 was 
also used without any significant effect on the velocity decay. 

5. CQNCLUSIONS 

The presence of an obstacle in the path of a wall jet enhances the 
diffusion of the jet and accelerates the decay of maximum velocity 
even when the jet remains attached to the surface. The throw of 
the jet decreases as a result and this ought to be considered in 
the design of air distribution in rooms with ceiling-mounted or 
wall-mounted obstacles. 

It was found that both the height d and depth b of an obstacle 
relative to the height of the supply slot h influence the 
critical distance of the obstacle from the slot xc . The critical 
distance increases as the obstacle becomes more 'streamlined', ie. 
as bib increases.~ ~ ; -,,..~ ~:~::-=t,,.ci..~ . 

When the jet separates, the max:imlln velocity decays faster than 
when it reattaches to the surface doYnStream of an obstacle. 
However, where the separating jet enters the occupied zone a large 
increase in the room velocity is expected in that region which will 
affect the thermal comfort in the room. 

For a jet f lowinq over a rough ceiling, the decay of the jet 
velocity increases as the height of the roughness elements 
increases. No significant effeot of the pitoh of the elements on 
the jet diffusion was detected. 

The finite difference solution produced results which were in 
general agreement with experimental data for a number of complex 
floYB involving extensive recirculating zonee. This demonstrates 
the potential of numerical solutions in prediotinq room air 
movement particularly at the design stage. 
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Ar Arohimedes number < Sgh8 o /u~) 

b width of obstacle 
d heiqht of obstacle 
q gravitational aooeleration 
h heiqht of supply slot 
p obstacle pitch 

Re Reynolds number (U0 h/ V) 

Um maximum jet velocity 

U0 slot velooity 

x axial distance from slot 

xc critical axial distance of obstacle from slot 

xd axial distance of obstacle from slot 

y distance normal to surface 

.~\ y 0 . 5 distance normal to surface where u • ~ U. ·-*} - · 8 coefficient of thermal expansion 

a difference in temperature between the slot and jet 

a difference between the slot air temperature and the maximwD m 

jet temperature 

ao difference in temperature between the slot and room air 

v kinematio viscosity of air 
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