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INTERACTION BETWEEN FLOW ELEMENTS IN LARGE ENCLOSURES

Per Heiselberg
Department of Building Technology
and Structural Engineering
Aalborg University
Aalborg, Denmark

SUMMARY

Several sources for the air movement in large enclosures as for example diffusers, pressure
difference around the construction, cold downdraugth and thermal plumes make it difficult
to use simplified design methods for the air distribution system as the methods based on
throws of jets and penetration depths of non-isothermal jets.

When those different flow elements at the same time occur in a room they will influence
each other and the air flow pattern will depend on the individual strength of each element
and the way they act together.

The results of model experiments show that the penetration depths and the paths of cold jets
in enclosures are not influenced by the presence of distributed heat sources and only slightly
influenced by the presence of concentrated heat sources. However, different locations and
different strengths of a heat source in an enclosure may result in quite different air flow
patterns. It is therefore necessary in cases with heat sources in an enclosure to take the flow
from these air movement sources into account in the design procedure of efficient ventilation
systems.
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INTRODUCTION

Air distribution in ventilated rooms is a flow process which consists of several flow elements
such as supply air jets, exhaust flows, thermal plumes, boundary layer flows and infiltration.
The simplified design methods for each of these flow elements are very useful in situations
where the airflow pattern in a room is dominated by a single flow element or by flow
elements which are not interacting with each other. In displacement ventilation the supply
of air from a low level diffuser and the thermal plume from a heat source above the floor are
a good example of an air distribution system with different flow elements which do not
influence each other.

Air distribution with inclined jets is widely used in large enclosures when warm or chilled
air is supplied through grilles and nozzles. In many of these large enclosures where a
complicated geometry often is present different flow elements will occur at the same time
and they might influence the flow path of each other. The air flow pattern in the enclosure
will depend on the individual strength of each element and on the way they act together. It
is therefore necessary in the design procedure for the air distribution system not only to
determine the jet trajectories but at the same time to take all air movement sources into
account, to estimate if the interaction between the flow elements changes the flow path of
the individual elements and to estimate if this affects the air flow pattern and the efficiency
of the ventilation system.

In this paper experiments in a scale model are used as a first attempt to investigate how
different flow elements such as supply air jets, thermal plumes and free convection flows
interact with each other in a large enclosure, if the path of each individual flow element
changes and if this influences the overall air flow pattern in the enclosure. The main
emphasis has been put on the pathways of chilled free air jets and whether the convective
flows from both distributed and concentrated heat sources affect the pathway of the jet and
the air flow pattern in the enclosure as a function of the location of the heat source and as
a function of the heat supplied by the source.



TRAJECTORY OF A NON-ISOTHERMAL FREE AIR JET

The trajectory of a horizontal projected non-isothermal free jet can be described by equation
(1). The trajectory coordinates are defined as the geometrical place of the points where the
mean values of the velocities and temperatures reach their maximum in the vertical cross
sections of the jet.
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The equation is based on analytical studies and has been verified by experiments by several
authors. Zhivov, [1], concluded from the large dispersion of results in the literature and from
experimental data from different authors that the following values of the coefficients were
suitable:

=047, k=65, k,=50

Equation (1) then becomes:

At A [« )
y = 0.0019 » — (2)

The behaviour of a non-isothermal jet discharged into the open space is predicted rather well
with the above equation. However, Murakami, [2], has shown that it is not always possible
by the equation to predict the trajectory of a jet discharged into an enclosed space. The
reason is that in an open space the air temperature around the jet is uniform while there
often is a vertical temperature distribution in an enclosed space. When there is a temperature
gradient the temperature in the lower part of the space differs from the temperature in the
upper part and the temperature difference between the jet and its surroundings becomes
thereby smaller in the lower part. The chilled air jet in an enclosure will therefore not fall as
rapidly as it would be the case in an open space with uniform temperature.

SCALE MODEL AND SIMILITUDE

Scale model experiments are one of the methods that can be used to determine the air
distribution in large spaces. In scale model experiments it is necessary to ensure that the
physical processes occuring in the scale model represent those in the building to an
acceptable degree of accuracy. The conditions for model experiments are therefore




formulated from the governing equations in a nondimensional form and exact
correspondence is achieved by maintaining the important dimensionless parameter groups
constant which characterize fluid flow and heat transfer in enclosures. In practice in complex
cases of thermal flow processes this cannot be entirely fulfilled, however, within certain
ranges of flow conditions it is not necessary. At a sufficiently high level of velocity the
structure of the turbulence, the air flow pattern and the heat transfer will be similar at
different velovity levels and therefore independent of the Reynolds and Rayleigh numbers.
Therefore, for approximate modelling of the processes in which forced flow and natural
convection occur it is sufficient to maintain the Archimedes number constant and the
Reynolds and Rayleigh numbers above certain critical values.

Ar =identical; Re»Re; Ra»Ra,

Mierzwinski, [3], reports some results from jet tests in models and he concludes that quasi-
stabilization of the mean velocity profiles in jets occurs when Re = 2000 - 4000 depending
on the size of the model. Fissore, [4], reports that for analysis of air jets deflection a critical
Reynolds number of Re,= 1850 is adequate. Reynolds number independence for secondary
flows, ventilation efficiency etc. occur at much higher Reynolds numbers, [3, 5, 6]. At
modelling of natural convection phenomenon turbulent convection flow occur when Ra =
109- 3.3°10%

The scale model experiments were performed in a model with the dimensions (length x
width x height) 1.41 mby 0.71 m by 1.41 m. The circular air supply opening was positioned
in the middle of one of the narrow walls and had an area of A_ = 0.00442 m®. The cicular
air exhaust opening was positioned above the supply opening just beneath the ceiling and
had the same area. The supply air jet is regarded as being free from Coanda-effects from
walls etc. For visualising purposes the front wall was constructed of double glass. Except
for the short period of taking photographs the glazed wall was covered with isolation
material. All other walls were isolated.

Two types of heat sources were used. The first type was a distributed heat source consisting
of a electrically heated panel on the floor. The panel was divided into two individual zones
which made it possible to use three different heat sources. Type a: the whole floor heated,
type b: half of the floor close to the supply heated and type c: half of the floor far from the
supply heated. The second type was a concentrated heat source, type d: consisting of a
heating wire twisted around an isolated core. The heat source dimensions (diameter x
height) were 0.04 m by 0.16m.

The total amount of tests in the measurement series was about 60. For each type of
distributed heat source, type a-c, tests were run at three different supply air flow rates and
for each air flow rate at 4-5 different power outputs from the source. For the concentrated
heat source tests were run at a constant supply air flow rate with the source at three
different locations in the centre plane of the enclosure and for each location at 4-5 different
power outputs from the heat source. At one location of the concentrated heat source tests
were run at a constant power output with 5 different supply air flow rates. The supply air
temperature was kept constant through all tests. This gives a wide range of tests with
Reynolds numbers between 3600-9200 and Archimedes numbers between 0.007-0.34.



The investigations were performed under steady state air flow and temperature conditions
and the conditions were verified by regular measurements of the temperature in fixed
points and by regular measurements of the heat supply and the supply air flow rate.

The investigations intended to study the effect of the following parameters on the jet
pathway and the air flow pattern in the model:

- Archimedes number
. Type of heat source
- Location of heat source

EXPERIMENTAL RESULTS

The investigations of the pathways of the air jets and of the air flow pattern in the enclosure
were based on smoke visualizations. The smoke tests were photographed and recorded on
video. The tests selected to be presented in this paper are a representative part of the tests
performed. The experimental results are presented in the paper as photograps of smoke tests
and as figures drawn on the basis of photographs and video recordings.

Pathway of supply air jet

Figure 1 shows how the air jet pathway in an enclosure with a distributed heat source
covering the whole floor depends on the Archimedes number. The results are compared with
the predicted pathways by equation (2). The results of the smoke visualizations show that
the supply air jet pathway depends on the Archimedes number and that there is a good
correspondence between the visualizations and the predictions. Therefore the presence of
the distributed heat source seems not to influence the pathway of the supply air jet.

Figure 2 shows how the air jet pathway in an enclosure with a concentrated heat source
depends on the Archimedes number. The heat source was located in the centre plane of the
enclosure at a distance of x = 0.56 m from the wall with the supply opening. The results of
these smoke visualizations also show that the supply air jet pathway depends on the
Archimedes number but the correspondence between the visualizations and the predictions
is not very good. The air jet does not fall as rapidly as in the case with the distributed heat
source. In this case the presence of the concentrated heat source seems to influence the
pathway of the supply air jet.
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Figure 1. Jet pathway dependence on the Archimedes number with a distributed heat source,
type a, in the enclosure.
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Figure 2. Jet pathway dependence on the Archimedes number with a concentrated heat
source, type d, located in the centre plane of the enclosure at a distance of x = 0.56 m from
the wall with the supply opening.
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Figure 3. Jet pathway for different types and locations of distributed heat sources at the
(almost) same Archimedes number.

Figure 3 shows how the air jet pathway in an enclosure at the same Archimedes number
depends on the type and the location of the distributed heat source. When the differences
in the Archimedes number are taken into consideration the results show that the type and
the location of the distributed heat source do not influence the pathway of the supply air jet.

In an enclosure with a concentrated heat source figure 4 shows how the air jet pathway at
the same Archimedes number depends on the location of the heat source. Although there
is a small difference in the Archimedes number, figure 4 shows that the presence of the
concentrated heat source in all three locations influences the pathway of the supply air jet.
The largest difference between the measured and the predicted pathway is found for the
concentrated heat source located close to the wall with the supply opening and the opposite
situation is found for the concentrated heat source located far from the wall with the supply
opening. However, the differences between the air jet pathways are very small and they
might be caused by measurement uncertainties.
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Figure 4. Jet pathway for different locations of a concentrated heat source in the centre
plane of the enclosure at the (almost) same Archimedes number.

Air flow pattern in the enclosure

Figure 5 shows with a distributed heat source in the enclosure how the air flow pattern
depends on the type of the heat source and on the Archimedes number. The air flow pattern
at a low Archimedes number is almost the same for all types of heat sources. The supply air
jet reaches the opposite end wall at floor level. There is a return flow in the lower part of
the enclosure and a flow of slightly heated air is moving towards the exhaust along the wall
with the supply opening. Most of the upper part of the enclosure is not well ventilated.

At a higher Archimedes number the air flow pattern in the enclosure depends on the type
of heat source. As it was seen in figure 3 the pathway of the supply air jet is almost the same
for the different types of heat sources and it reaches the floor in the enclosure at about 3/4
of room length from the supply opening and divides into two parts. In the test case with heat
source type a, one part returns along the floor and continues upward along the wall with the
supply opening to the exhaust. Another part continues along the floor and a recirkulation




10

a: Heat source type a, Ar = 0.033 b: Heat source type a, Ar = 0.061

e: Heat source type ¢, Ar = 0.028 f: Heat source type ¢, Ar = 0.067

Figure 5. Air flow pattern dependence on the heat source type and the Archimedes number
with distributed heat sources in the enclosure.
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b: Ar=0.082

c: Ar=0.341

Figure 6. Air flow pattern dependence on the Archimedes number with a concentrated heat
source, type d, located in the centre plane of the enclosure at a distance of x = 0.84 m from
the wall with the supply opening.

zone is formed between the jet and the opposite wall. In the test case with heat source type
b a much larger part returns along the heated part of the floor and upward along the wall
and only a small part continues along the unheated part of the floor. In the test case with
heat source type c the situation is in principle the same. Here almost all the air continues
along the heated part of the floor and upward along the wall opposite the supply opening
and only a small part is recirculated.

In an enclosure with a concentrated heat source figure 6 shows how the air flow pattern
depends on the Archimedes number. The heat source was located in the centre plane of the
enclosure at a distance of x = 0.84 m from the wall with the supply opening. At a low
Archimedes number the supply air jet reaches the opposite end wall at floor level and the air
flow pattern in the enclosure looks the same as for the distributed heat source at a low
Archimedes number. At a higher Archimedes number the supply air jet reaches the floor at
the location of the heat source about 2/3 of room length from the supply opening. The air
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flow continues along the floor and upward along the wall opposite the supply opening as it
was seen in the test case with heat source type c. In both situations the convective flow from
the heat source is suppressed by the recirculating flow and the supply air jet, respectively.
In the test case with a large Archimedes number the supply air jet reaches the floor at about
1/2 of room length from the supply opening and divides into two parts. One part returns
along the floor and a recirculation zone is formed below the supply. Another part continues
along the floor and a recirculation zone is formed between the jet and the opposite wall. In
this case the air flow along the floor is not able to suppress the convective flow from the
heat source. A convective plume is formed above the heat source which transports air from
the lower part of the enclosure to the ceiling.

DISCUSSION

The tests showed that the pathway of the supply air jet depends on the Archimedes number.
A distributed heat source e.g. a heated floor or a heated part of the floor had no influence
on the pathway of the jet and the results showed a good correspondence with the predicted
pathways found in e.g. equation (2).

A concentrated heat source in the enclosure changed the pathway of the supply air jet so it
did not fall as rapidly as in the case of the distributed heat source. The vertical temperature
distribution in the enclosure was measured in two different locations outside the pathway
of the supply air jet. The measurements showed both in the case of the distributed heat
source and in the case of the concentrated heat source approximately the same temperature
gradient in the enclosure. A smaller temperature difference between the supply air jet and
its surroundings as mentioned by Murakami, [2], was therefore not the reason for the
difference in jet pathway. It was seen on the video recordings that the supply air jet almost
entrained all the warm air in the convective plume above the heat source. This gives higher
temperatures in the supply air jet and the jet will therefore not fall as rapidly as expected.
However, detailed measurements of the temperature distribution in the jet are needed before
this explanation can be verified.

For flow conditions at a low Archimedes number the experiments showed that the air flow
pattern in the enclosure was determined by the supply air jet. For flow conditions at a higher
Archimedes number where the strength of the jet becomes relatively smaller the pathway of
the jet was still independent of the type and location of the heat source, but the experiments
showed that the air flow pattern in the enclosure more and more was determined by the
convective flow from the heat source. This means that the thermal comfort and the risk of
draught in the occupied zone, because of low temperatures and high velocities in the supply
air jet, are possible to estimate from the traditional jet theory while the atmospheric comfort
and the ventilation efficiency in the occupied zone also depend on the type, location and
strength of the heat sources.
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CONCLUSION

The model experiments show that the penetration depths and the paths of cold jets in
enclosures were not influenced by the presence of distributed heat sources e.g. a heated
floor and only slightly influenced by the presence of concentrated heat sources. However,
different locations and different strengths of the heat sources resulted in quite different air
flow patterns.

In the design procedure of ventilation systems it is therefore possible to estimate the thermal
comfort and the risk of draught in the occupied zone because of low temperatures and high
velocities in the supply air jet from the traditional jet theory, while the influence of heat
sources on the air flow pattern is needed for the estimation of the atmospheric comfort and
the ventilation efficiency.
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NOMENCLATURE
A, = Air Supply Area (m?)
¢, = Specific heat (J/kg °C)
g = Gravitational acceleration (m/s?)
k, = Constant
k,;y = Constant
1 = Characteristic length (m)
At, = Temperature difference between exhaust and supply (°C)
u, = Inlet air velocity (m/s)
X = Horizontal distance (m)
y = Drop from initial centre line (m)
B =Thermal expansion coefficient (°Ch
A = Thermal conductivity (W/m °C)
u = Dynamic viscosity (kg/ms)
v = Kinematic viscosity (m?/s)
¢ = Constant




Pr
Ra
Re

[1]

[2]

[3]

(4]

(5]

(6]
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= Archimedes number, Ar, = (g B At VA )/u?
= Prandtl number, Pr = (u c )/A

= Rayleighs number, Ra= (g B At I* Pr)/v?
= Reynolds number, Re = (u, VA )/v

REFERENCES

Zhivov, A. "Theory and Practice of Air Distribution with Inclined Jets".
ASHRAE Transactions, Vol. 99, part 1, pp 1152-1159, 1993.

Murakami, S., Kato, S., Nakagawa, H. ""Numerical Prediction of Horizontal
Nonisothermal 3-d Jet in Room based on the k- Model"'. ASHRAE Transactions,
Vol. 97, part 1, 1991.

Mierzwinski, S. "'"Physical Experiment in Air Distribution Research''. Proceedings
of ROOMVENT '87, Vol. 3, June 1987, Stockholm, Sweden.

Fissore, A., Liébecq, G. ''Experimental Study of Air Jets Pathways in Large Slot
Ventilated Spaces". Proceedings of ROOMVENT '90, June 1990, Oslo, Norway.

Nielsen, P.V. "Model Experiments for Determination of Airflow in Large
Spaces''. Proceedings of Indoor Air '93, Vol. 5, pp 253-258, July 1993, Helsinki,
Finland.

Heiselberg, P., Nielsen, P.V. "The Contaminant Distribution in a Ventilated
Room with Different Air Terminal Devices". Proceedings of ROOMVENT '87,
Vol. 5, June 1987, Stockholm, Sweden.



PAPERS ON INDOOR ENVIRONMENTAL TECHNOLOGY

PAPER NO. 13: M. Skovgaard, P. V. Nielsen: Numerical Prediction of Air Dis-
tribution in Rooms with Ventilation of the Mizing Type using the Standard K, €-
Model. ISSN 0902-7513 R9042.

PAPER NO. 14: P. Kofoed, P. V. Nielsen: Thermal Plumes in Ventilated Rooms -
Measurements in Stratified Surroundings and Analysis by Use of an Eztrapolation
Method. ISSN 0902-7513 R9043.

PAPER NO. 15: P. Heiselberg, M. Sandberg: Convection from a Slender Cylinder
in a Ventilated Room. ISSN 0902-7513 R9044.

PAPER NO. 16: C. E. Hyldgaard: Water Evaporation in Swimming Baths. ISSN
0902-7513 R9045.

PAPER NO. 17: H. Overby, M. Steen-Thgde: Calculation of Vertical Temperature
Gradients in Heated Rooms. ISSN 0902-7513 R9046.

PAPER NO. 18: P. V. Nielsen, U. Madsen, D. Tveit: Ezperiments on an Ezhaust
Hood for the Paint Industry. ISSN 0902-7513 R9146.

PAPER NO. 19: L. Germann Pedersen, P. V. Nielsen: Ezhaust System Reinforced
by Jet Flow. ISSN 0902-7513 R9147.

PAPER NO. 20: P. V. Nielsen: Models for the Prediction of Room Air Distribution.
ISSN 0902-7513 R9148.

PAPER NO. 21: M. Skovgaard, P. V. Nielsen: Modelling Complez Inlet Geome-
tries in CFD - Applied to Awr Flow in Ventilated Rooms. ISSN 0902-7513 R9149.

PAPER NO. 22: M. Skovgaard, P. V. Nielsen: Numerical Investigation of Tran-
sitronal Flow over a Backward Facing Step using a Low Reynolds Number k — e
Model. ISSN 0902-7513 R9150.

PAPER NO. 23: P. Kofoed, P. V. Nielsen: Auftriebsstromungen verschiedener
Warmequellen - Einfluss der umgebenden Wande auf den geforderten Volumen-
strom. ISSN 0902-7513 R9151.

PAPER NO. 24: P. Heiselberg: Concentration Distribution in a Ventilated Room
under Isothermal Conditions. ISSN 0902-7513 R9152.

PAPER NO. 25: P. V. Nielsen: Awr Distribution Systems - Room Air Movement
and Ventilation Effectiveness. ISSN 0902-7513 R9250.

PAPER NO. 26: P. V. Nielsen: Description of Supply Openings in Numerical
Models for Room Air Distribution ISSN 0902-7513 R9251.

PAPER NO. 27: P. V. Nielsen: Velocity Distribution in the Flow from a Wall-
mounted Diffuser in Rooms with Displacement Ventilation. ISSN 0902-7513 R9252.

PAPER NO. 28: T. V. Jacobsen & P. V. Nielsen: Velocity and Temperature
Distribution in Flow from an Inlet Device in Rooms with Displacement Ventilation.
ISSN 0902-7513 R9253.



PAPERS ON INDOOR ENVIRONMENTAL TECHNOLOGY

PAPER NO. 29: P. Heiselberg: Dispersion of Contaminants in Indoor Climate.
ISSN 0902-7513 R9254.

PAPER NO. 30: P. Heiselberg & N. C. Bergsge: Measurements of Contaminant
Dispersion in Ventilated Rooms by a Passiwe Tracer Gas Technique. ISSN 0902-
7513 R9255.

PAPER NO. 31: K. S. Christensen: Numerical Prediction of Aiwrflow in a Room
with Ceiling-Mounted Obstacles. ISSN 0902-7513 R9256.

PAPER NO. 32: S. G. Fox & P. V. Nielsen: Model Ezperiments in 1990 and On-
Site Validation in 1992 of the Awr Movement in the Danish Pavilion in Seville.
ISSN 0902-7513 R9335.

PAPER NO. 33: U. Madsen, N. O. Breum & P. V. Nielsen: Local Ezhaust Ventila-
tion - @ Numerical and Ezperimental Study of Capture Efficiency. ISSN 0902-7513
R9336.

PAPER NO. 34: T. V. Jacobsen, P. V. Nielsen: Numerical Modelling of Thermal
Environment in a Displacement- Ventilated Room. ISSN 0902-7513 R9337.

PAPER NO. 35: P. Heiselberg: Draught Risk from Cold Vertical Surfaces. ISSN
0902-7513 R9338.

PAPER NO. 36: P. V. Nielsen: Model Ezperiments for the Determination of
Awrflow wn Large Spaces. ISSN 0902-7513 R9339.

PAPER NO. 37: K. Svidt: Numerical Prediction of Buoyant Air Flow in Livestock
Buildings. ISSN 0902-7513 R9351.

PAPER NO. 38: K. Svidt: Investigation of Inlet Boundary Conditions Numerical
Prediction of Air Flow in Lwvestock Buildings. ISSN 0902-7513 R9407.

PAPER NO. 39: C. E. Hyldgaard: Humans as a Source of Heat and Air Pollution.
ISSN 0902-7513 R9414.

PAPER NO. 40: H. Brohus, P. V. Nielsen: Contaminant Distribution around
Persons in Rooms Ventilated by Displacement Ventilation. ISSN 0902-7513 R9415.

PAPER NO. 41: P. V. Nielsen: Aur Distribution in Rooms - Research and Design
Methods. ISSN 0902-7513 R9416.

PAPER NO. 42: H. Overby: Measurement and Calculation of Vertical Tempera-
ture Gradients in Rooms with Convective Flows. ISSN 0902-7513 R9417.

PAPER NO. 43: H. Brohus, P. V. Nielsen: Personal Ezposure in a Ventilated
Room with Concentration Gradients. ISSN 0902-7513 R9424.

PAPER NO. 44: P. Heiselberg: Interaction between Flow Elements in Large En-
closures. ISSN 0902-7513 R9427.

Department of Building Technology and Structural Engineering
Aalborg University, Sohngaardsholmsvej 57. DK 9000 Aalborg
Telephone: +45 98 15 85 22 Telefax: +45 98 14 82 43



