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ABSTRACT
The basis of mixing ventilation is the airflow supply to the room by means of jets initiated
from the ventilation diffusers. To avoid the draught problem, the design of mixing ventilation
makes uses the throw term, which is defined as the distance to the supply air terminal in
which the jet centreline mean velocity is decreased to a given value. Traditionally, the throw is
measured by the supply air device manufacturer. The throw is applied by designers to estimate
the velocity levels in the occupied zone. A standard for determining the throw is the CEN
standard CEN/TC156/WG4 N86 "Draft Standard. Air terminal Devices. Aerodynamics
Testing And Rating For Mixed Flow Application".
The measurement of the throw is very time consuming even with the free jets and the
influence of the room (the effect of confinement) is not considered. The objective of the
present study is to give a basis for modifying the existing design and testing method used to
predict the velocities in the occupied zone during the design process. A new method which
may probably be more easier than the existing methods and at the same time give a better
precision by including the confinement effect.
In this thesis two methodological systems of experiment and numerical simulations have been
used. The numerical predictions are used in comparison with the measurements. The
reasonable agreement of the above mentioned methods is implemented to numerical study of
the other room configurations which are not experimentally studied. This examining method
allows the possibility of studying a lot of configurations and in this manner generalising of the
results. Although the experimental part was made for both model-scale and full-scale test
rooms, a large amount of data was obtained for a new test room whose dimension are
systematically varied. All of studies have been made for the isothermal case and the
measurements of velocities and pressures conducted along the room perimeters. The effect of
short and deep rooms on the properties of the jet ( velocities, pressure, integral scale, jet
momentum, the rate of spreading of jet and turbulence intensities) have been carried out.
Some old and recent investigations have been examined. Specially the concept of correlations
from open to closed rooms is criticised. It is also shown that the flow field in a confined room
is affected by many other factors than the Reynolds number. The surface pressure on the
perimeters was used to calculate the reaction forces at the corners which causes recirculating
bubbles at corners. A study of the turbulent axisymmetric jet which is the basic element in
turbulent shear flows and some restrictions of the traditional measurement techniques at the
region of interest in ventilation applications are discussed. The jet momentum is measured by
weighing on a balance. Also a study of jets which collide with a wall , that is impinging jet,
the effect of walls and confinement on the jet momentum have experimentally and
numerically been carried out. A new momentum balance model was developed for both the
free jet and confined one. An empirical relation has been found for estimation of the room’s
rotation centre which is used for validation of CFD results.
Finally, it is found that the jets in a ventilated room which are a combination of free jet, wall
jet and impinging jet differ from the traditional wall jets. The rate of spreading of the jet and
the maximum velocity decay in a ventilated room are also different depending on the room
size and its confinement.
Keywords: turbulent, wall jet, impinging jet, free jet, confinement effect, pressure, throw,
experimental, numerical, corner, momentum, mixing ventilation.

To Ghazalé

”I am an old man now, and when I die and go to Heaven there are two
matters on which I hope for enlightenment. One is quantum
electrodynamics and the other is the turbulent motion of fluids. And
about the former I am rather optimistic”.
Horace Lamb (1932)
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Nomenclature
(The International System of units (SI) is used throughout the thesis)

2
Anisotropic stress, ui u j / k − δ ij
3
A
Stress invariant, 1 − 9 / 8( A2 − A3 )
A2
Stress invariant, aij aij
A3
Stress invariant, aij a jk akl
A(0) Area of nozzle opening
A(x) Cross section of jet
b(x) Width of jet
C1 , C2 , C3 , CD , Cµ
Turbulence model constants
D
Diameter of impingement plate
d
Diameter of nozzle
dA Area differential ( dA = 2πrdr )
F
Flow force (total momentum flux) defined in equation (15)
f
Quantity defined in (2.14)
h
Distance between nozzle and plate (impingement height)
aij

I
k
M(x)
M0
m&
ni

Relative turbulece intensty ( I =

(

)

u' 2 / U × 100 )

Turbulence kinetic energy
Kinematic momentum flux
Exit kinematic momentum flux at nozzle ( M0 = ρU0 2 A(0) )
Specific momentum flux ( m& = M / ρ )
Component of unit vector normal to wall
pa
Pressure in the ambient
Stagnation pressure
ps
pw
Pressure on the impingement plate (wall)
Centreline mean pressure
pc
pλ
Resulting pressure
Q
Volumetric flow rate
R
Net force registered by balance (reaction force)
Re
Reynolds number
Rt
Turbulent Reynolds number
r
Radial distance from the axis of symmetry
Jet exit velocity
U0 , Ui , Uin

Nomenclature
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Jet centre-line mean velocity
u
The instantaneous velocity in the x-direction
Local mean velocity in the x, y, z directions respectively
U, V , W
u’, v’, w’
Fluctuating velocities in the x, y, z directions respectively
Radial velocity component, positive outwards from the axis of symmetry
Vr
x0
Distance to virtual origin
Uc

[∇ U ]
2

x

1 ∂  ∂U  ∂ 2 U
=
r
+
r ∂r  ∂r  ∂x 2

2
∂ 1 ∂
 ∂ Vr
[∇ U ]r = ∂r  r ∂r (rVr ) + ∂x 2
2

Greek symbols
α
δij
ε
~
ε

ε ij
υt
υ

µ

θ

λ
ρ

τ
φ ij

Entrainment coefficient
Kronecker delta
Dissipation rate of turbulence kinetic energy
Isotropic issipation rate of turbulence kinetic energy
Dissipation rate of Reynolds stress
Turbulent viscosity
Kinematic viscosity
Dynamic viscosity
Angle at which induced flow enters the jet
Thermal conductivity
Density
Shear stress
Pressure-strain correlation

Superscrpits
-

Mean value

Subscripts
( )a

The expression within parenthesis is evaluated at location a
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Introduction

1.1 Overview
In mechanical ventilation, room air is always supplied by means of diffusers.
Supply of air with high velocity through the diffuser creates a so called jet. The
air flow motion has a primary source of kinetic energy and momentum flux which
is created by a pressure drop across the diffuser. The jet flow in a ventilated room
is usually a combination of a number of jets: free jet, impinging jet, wall jet,
buoyant jet and so on. In this thesis, the behaviour of the jet in a confined room is
compared to its behaviour in a large (infinite) room. The jets in ventilated rooms
have three different flow regimes, laminar, transitional and turbulent which
creates difficulties in modelling and measurements. A major part of it is turbulent
and turbulence itself is another less understood phenomena. Due to its irregularity
and random variation it may be impossible to recognise all of its behaviour. That
is why we use time averaging to model the turbulence and almost all our attempt
in measurement and modelling deals with mean values.
The first publication on turbulent jets are the observations of Young(1800). He
showed that the included angle of a turbulent jet is independent of the jet
velocity, see List (1982). Later on, many studies have been done on free jets,
impinging jets and wall jets. Some part of this thesis is concerned with the
impingement of a jet on a plate (wall) to better understand the impingement
phenomena and using the findings on a wall-jet and its behaviour in room air
flow. Although the jets have been of interest and studied in many industrial
applications their behaviours in a confined space, which is the case in
mechanically ventilated room, is poorly understood.

1.2 Mechanical ventilation
Ventilation is defined as "controlled supply and exhaust of the air to improve the
indoor air quality" (Malmström 1989). According to this definition, it is clear
that understanding of the air movements in ventilated rooms is essential to be
able to create occupant comfort when designing a ventilation system. Because of
its good possibility of controlling the temperature distribution, effectiveness and
air quality, mixing ventilation has been used intensively.
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There are different types of ventilation principles, Li (1992):
• Momentum-controlled mixing ventilation- in this type of ventilation the
recirculation of air is created to dilute the indoor contaminants by means of a
high initial momentum in the supply device. The air is isothermally supplied in
the room.
• Buoyancy-controlled mixing ventilation- Like as the previous method but the
air supply is non-isothermal. The supply air temperature can be higher than the
room’s, i.e. heating in winter, or lower than the room air temperature, i.e.
cooling process during the summer time.
• Buoyancy-controlled displacement ventilation-This is a common type of
ventilation in Scandinavia. The fresh air with a low velocity is supplied at the
floor level to create a relative uncontaminated occupied zone and a
contaminated higher zone at ceiling level. The efficiency of this type of
ventilation is questionable when there are a lot of heat sources operating in the
room. That is, the boundary of the above mentioned layers will be mixed and
contaminants of the upper layer penetrate into the occupied zone.
However, the concern of this study is the isothermal mixing ventilation. The jet
behaviour studied here can be used as a starting point to study the jets in airconditioned rooms by including the effect of temperature field.

1.3 Objectives of this study
The main objective has been to explore the difference between jets in a ventilated
room (enclosures) and traditional ”free” jets. Therefore a comprehensive study
both experimental and numerical, of jet behaviours in a number of different
configurations have been carried out (see the configurations on the book cover).
This study has been focused on the following issues:
1. A free jet issuing from a round nozzle was studied to explore spreading rate,
maximum velocity decay, jet momentum balance and entrainment process. A
new model for jet momentum balance was developed.
2. The impingement of a round jet on a flat surface was studied to examine the
wall-effects and characteristics of the impingement process. The results were
compared with those of a free jet.
3. To clarify the principle of constancy of momentum in the downstream
direction, which is controversial, the jet momentum in the downstream
direction calculated from traditional measurements (hot-wire, LDA and
pressure measurements) was compared to those obtained from a new, effective
and simple method. The new method was based on the measurement
(weighing) of the reaction force on the impingement plate. The momentum
calculation was done for different room sizes.

Chapter 1
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4. The rotation centre for a ventilated room was calculated by means of pressure
measurements on the room perimeters (ceiling and wall) and compared to
those obtained from CFD calculations. An empirical relation was suggested for
the location of the rotation centre which can be used for validation of
numerical predictions.
5. The velocity measurements, using hot-wire-anemometry, were conducted both
for the ceiling level and the floor regions. By using the measurements in the
ceiling region the behaviour of jets in confined rooms was compared with
those in open rooms. By using the velocity measurements on the floor level the
maximum velocity , which is used as an indicator for the velocities in the
occupied zone, has been analysed.
6. The throw concept which is used by supply device manufacturers in open
rooms, has been criticised in such a way that the confinement effect and room
size is included.
It is worth noting that the theories, data and figures which are presented here are
complementary to the papers and it is the author’s opinion that it is not necessary
to repeat all results which are already presented in the papers.
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2.1 Free jet
A free jet may be classed as an outflow from a nozzle or a slot into a large
stagnant environment. The mixing process with the surrounding fluid
(entrainment) creates turbulence and consequently the jet width increases up to a
distance where it dissipates. The first experiments on plane turbulent jets were
conducted by Förthmann (1934). Later on, the flow field studies were continued
by other researchers which can be found in Rajaratnam (1976). A unique
experimental study of the turbulence and pressure field of a plane turbulent free
jet was reported by Miller & Comings (1957). They pointed out that the static
pressure contribution can not be neglected.
Circular turbulent jets have also been a basic element in the study of free shear
flows. An early measurement of the turbulence variables of the circular jet is that
of Corrsin (1946). An extensive experimental study which received a great
attention was that of Wygnanski & Fiedler (1969). The elimination of the
confinement effects in the work of Wygnanski & Fiedler was criticised by
Hussein et al. (1994) and Karimipanah & Sandberg (1994).
The theoretical solution of the plane turbulent free jets is also old, referring to
Rajaratnam (1976) and Schlichting (1979).

Figure 2.1 Definition sketch of round turbulent free jet.
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A free jet has two main regions, see figure 2.1, the flow stabilising (development)
region which is continued with a constant mean centreline velocity up to the end
of the jet potential core; the established or the so called fully developed region
which begins from the end of the core region. Because of a turbulent mixing
process and entrainment of the flow from the still ambient, the edge of the jet is
not straight but for presenting the jet width in downstream direction one assumes
an average straight line as shown in figure 2.1. In the above figure the virtual
origin is located upstream of the jet exit but this can vary from case to case. This
point can be obtained by curve fitting to measured values at different downstream
locations.

2.1.1

Equations of free jet in a still ambient

The full time-averaged momentum equations and the continuity equation for an
axisymmetric jet can be written in the following form

∂ 2
1∂
1 ∂p
U + u' 2 ) +
r(UVr + u' v' r ) = −
+ υ[ ∇ 2 U ] x
(
∂x
r ∂r
ρ ∂x

(2.1)

∂
1∂
1 ∂p
2
UVr + u' v' r ) +
r Vr + v' r 2 = −
+ υ[ ∇ 2 U ]r
(
∂x
ρ ∂r
r ∂r

(2.2)

∂
∂
Ur ) + (Vr r ) = 0.
(
∂x
∂r

(2.3)

(

)

To solve the above equations numerically, the stress term u' v' r due to turbulent
fluctuations must be modelled, see chapter 4.

2.1.2

Entrainment of air into the flow

The jet flow entrains fluid from the surroundings into the jet and depending on
the direction of the entrained flow, it influences the jet momentum. The jet flow
rate increases downstream. Ricou and Spalding (1961) measured the entrainment
in circular jets directly. The flow rate of the jet is:
∞

Q = ∫ UdA
0

(2.4)

Chapter 2

Jet Flows

and the increase in flow rate due to entrainment
dQ
= 2π bVe > 0
dx

21

(2.5)

where Ve is the entrainment velocity (not necessarily normal to the jet axis) and
b is the nominal outer boundary of the jet. The jet interacts with its environment
by entrainment of ambient air. The growth of the volume flowrate Q in terms of
the velocity components U ( x, b) and Vr ( x, b) , see Fig. 2.2., at the jet boundary is

[

]

dQ
= 2π b U ( x, b) − Vr ( x, b)
dx

(2.6)

Normally, one assumes that the entrainment of ambient air occurs at right angles,
i.e. U ( x, b) = 0 . However, we assume that the entrained air enters the jet
boundary at an angle θ and subsequently the relation between the velocity
components is
U ( x, b( x )) = Vr ( x, b( x )) tan θ ( x )

(2.7)

The growth of the width of the jet is assumed to follow a linear relation
b = kx

(2.8)

Solving equation (2.6) for Vr ( x, b( x )) gives
dQ
dx
Vr ( x, b( x )) =
2π b(k tan θ − 1)

(2.9)

The entrainment constant is obtained experimentally and is defined as

α = Ve / Uc

(2.10)

The flow rate at any downstream section is related to the flow rate, Q0 , from the
nozzle by
Q / Q0 = C3 ( x / d )

where C3 is an experimental constant , see e.g. Rajaratnam (1976).

(2.11)
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Momentum balance of a free round jet

In this subsection it is assumed that the jet emerges from a “free“ nozzle, i.e.
there is no support that may constrain the flow.
The kinematic momentum flux, M, of a turbulent jet is defined as
M ≡ ∫ ρU 2 dA

(2.12)

where U is the instantaneous axial velocity

Figure 2.2. The entrainment angle of the jet.

The flow force F in the x-direction or total momentum flux of the jet is

(

)

F ≡ ∫ ρU 2 + p dA

(2.13)

where p is the average pressure relative to the hydrostatic pressure in a quiescent
ambient.
After making a Reynolds decomposition into mean value and fluctuating
component the flow force becomes
F( x ) =

b( x )

∫
0

[(

) ]

ρ U + u' + p dA( x ) ≡
2

2

b( x )

∫ f ( x, r )dA

(2.14)

0

To determine the flow force (or momentum flux) by measuring the velocity and
pressure field is very laborious and difficult. Most experimental results concern
only the axial mean velocity profile. Weighing of the jet gives directly the flow
force and is therefore an attractive alternative. Neglecting viscous stresses, the
change in flow force is due to inflow along the sloping sides and radial inflow of
axial momentum.

Chapter 2
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∂
d
db
+∫
F = f ( x, b )2π
f ( x, r ) 2πrdr
dx
dx 0 ∂x
b

(2.15)

Putting the kinematic viscosity equal to zero one obtains from the momentum
equation the following relation
r

∂
∂
f ( x, r ) = − ( rρ (UVr + u' v' r ))
∂x
∂r

(2.16)

and therefore the change in flow-force becomes
d
db
− ρ(UVr + u' v' r ) b 
F = 2π b  f ( x, b)
dx
dx



(2.17)

If one neglects the fluctuating terms at the jet boundary, the terms on the right
hand side become
d
db 2
db
F = pπ
+ 2π b  ρU 2
− ρUVr 
dx
dx 1444
dx4444
 42
b
123
3
(I)

(2.18)

( II )

The second term on the right hand side of equation (2.18) is due to inflow of
momentum and after inserting (2.7) and (2.8) it becomes expressed in the radial
velocity Vr
(II):

2π bρ Vr 2 ( x, b) tan θ (k tan θ − 1)

(2.19)

which in terms of the change of flow rate is equal to
2

(II):

 dQ  tan θ
 dx 
2π b( k tan θ − 1)

(2.20)

According to the entrainment hypothesis one has the following relation between
the growth of the flow rate and the centreline velocity Uc ( x )
dQ
= α ( 2π bUc )
dx

(2.21)

where α is the entrainment coefficient that we assume is equal to α =0.026.
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The decay of the centreline velocity follows the relation
Uc ( x )
1
=C
U0
( x / d + x0 / d )

(2.22)

where x0 is the distance to the virtual origin.
As example of the magnitude of the constants for a free jet we take the velocity
decay for a jet issuing from a nozzle with diameter 2.5 cm and for x/d<50 it
holds; C= 6.68 and x 0 /d=0.685, see Fig 2.3.

Figure 2.3 Centreline velocity variation with distance from the nozzle exit (d=2.5
cm and Re d ≈ 4.5 × 10 4 ).

Neglecting the virtual origin by putting x0 = 0 in equation (2.22) and combining
with equations (2.20)-(2.21), one obtains
(II):

α 2 C 2 k tan θ M0
2(k tan θ − 1) x

(2.23)

The pressure relative to the hydrostatic pressure along the jet boundary is
obtained from the Bernoulli theorem assuming that the flow outside the jet is
irrotational

Chapter 2
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p[ x, b( x )] = − ρ

1 2
U ( x, b) + Vr 2 ( x, b)]
[
2

(2.24)

which in terms of radial velocity component becomes
1
p[ x, b( x )] = − ρ Vr 2 ( x, b)(1 + tan 2 θ )
2

(2.25)

The pressure term in equation (2.18), i.e. term (I), then becomes
2
1 (1 + tan θ ) 2 2 2 M0
db 2
=−
p( x, b)π
2 k α C
4 (−1 + k tan θ )
dx
x

(2.26)

Finally the change in flow force becomes after substituting (2.23) and (2.26) into
equation (2.18)
d
1
F = KM0
x
dx

(2.27)

where

2
k
k 2 (1 + tan θ ) 
tan θ
K =α C 
−
2
k
θ
−
2
tan
1
4 ( −1 + k tan θ ) 
(
)

2

2

(2.28)

The coefficient K as a function of the angle in radians is given below when
assuming α=0.026, C=6.68 and k=0.10.
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Figure 2.4. Variation of K as a function of the entrainment angle.
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If one assumes that the angle θ is constant k becomes independent of x, and one
obtains
F( x ) − F( x0 ) = KM0 ln

x
x0

(2.29)

If one furthermore assumes that F( x 0 ) = M 0 then
F( x )
x
− 1 = K ln
M0
x0

(2.30)

In reality one usually has overpressure close to the nozzle so F( x0 ) > M0 . It
should be noted that the analysis carried out in this section is similar to that made
by Kotsovinos and Angelidis (1991) for a plane jet.

2.2 Buoyant jet
By definition, buoyant jets and plumes are very similar. If the body forces are the
basic characteristics of a fluid motion it is a so-called "plume". A transitional
flow motion which converts a jet flow to a plume one is a "forced plume" or
buoyant jet. A good summary of behaviours of the buoyant jets and plumes is that
edited by Rodi (1982).

2.3 Impinging jet
The problem of a turbulent jet impinging on a flat plate (wall ) has been widely
studied with different configurations. In all early investigations, the prediction of
the momentum flux follows the same procedure as in a classical boundary layer.
The impinging jet is an interesting test case due to its different flow regions (i.e.
the potential core region, the free jet region, the impinging or flow deflection
region and the wall jet region). A review up to the 70s on impinging jets may be
found in Gauntner et al. (1970).
Since the axisymmetric jet impingement constitutes a well defined case, it is a
good tool in understanding more complicated situations. Taylor (1966) discussed
the dynamics of the region where a jet striking a plane surface obliquely is
transformed into a thin sheet. Some other early and recent investigators have also
studied the free and impinging jet phenomena: Beltaos and Rajaratnam (1973)
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provided detailed results for the impingement region and enlarged the scope of
results which were available in the free jet and wall jet regions. Foss and Kleis
(1976) and Foss (1979) investigated the oblique impingement of an axisymmetric
jet on a large plane surface to identify the characteristics of the flow-field.
Gutmark et al (1978) presented an experimental study of the turbulent structure
on the centre-line of a two-dimensional impinging jet. They pointed out that the
impingement of the jet is not affected by the presence of the plate over 75% of
the distance between the nozzle and the plate and also the turbulent properties of
the jet change from their equilibrium level close to the impingement region. Bedii
Özdemir and Whitelaw (1992) studied the aerodynamic and thermal aspects of
the wall jet flow formed after angled impingement of an axisymmetric jet. Dianat
et al (1991) numerically studied the flow resulting from the orthogonal impact of
a circular jet on a solid flat surface. The impinging jet is somewhat similar to
stagnation flow in which an infinite stream impinges on a finite body. In our
investigation we used the impinging jet configuration as shown in figure 2.5. The
flow field is divided in three regions, see also Beltaos and Rajaratnam (1973), I) a
free jet region, II) the impingement region and III) the wall jet region, see figure
2.5. According to Beltaos and Rajaratnam (1973), there are also transitional
regions between these regions.

r

Figure 2.5 Impinging jet configuration.

Although the impingement of round jets on a flat surface can not explain all
behaviours of the wall jet used in ventilating rooms, it can be a benchmark to
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study the latter case. The impingement of round jets is extensively used in other
industrial applications (e.g. combustion engineering and in paper industries and
so on) which is far from the ventilation applications. But a great deal of
knowledge found in other engineering areas help to understand jet behaviour in
ventilated rooms.
A free jet that approaches a wall is decelerated by the adverse pressure gradient
and is then deflected by the wall to turn into a radial wall jet. The wall jet region
for a free circular jet impingement has, among others, been studied by Poreh &
Cermak (1959), Bradshaw & Love (1961) and Poreh et al. (1967). Tani and
Komatsu (1964) investigated the free jet, wall jet and impinging jet regions of a
plane jet. They found an inviscid rotational flow type solution for the
impingement region. Miller and Comings (1957) investigated the static pressure
distribution and turbulence properties of a free turbulent jet. A more detailed
experimental and analytical study of a plane turbulent impinging jet was reported
by Beltaos and Rajaratnam (1973).
Recently, numerical predictions and improvements of impinging flow have
received large attention, not because of their simplicity, but due to the presence of
different flow regions. Craft (1991) attempted to modify the standard ε -equation
and showed that the wall-reflection model, with reference to distance from the
wall, increases the Reynolds stress normal to the wall and consequently has an
incorrect effect on the impinging flow predictions. To overcome these
difficulties, a new wall reflection term with no reference to wall normal vectors
was developed and promising results were reported, see Craft & Launder (1992)
and Craft et al. (1993). When Craft et al. (1993) tested a low-Reynolds model and
three Reynolds stress models, they found that the new wall-reflection model gave
better results but also pointed out that none of the models could successfully
predict the effects of Reynolds number. This shortcoming was believed to depend
on a failure in the two-equation eddy viscosity concept used in the near-wall
sublayer. We used the new scheme recommended by Launder (1995) and found
that the prediction of the static pressure along the centre-line was another
problem to be solved. According to el Baz et. al (1993) the pressure should be
described everywhere as ( pa − ρ v' 2 ) , which is not possible to do in the
commercial code used here. In Karimipanah & Sandberg (1996a), however, when
adding the predicted static pressure to the dynamic pressure due to turbulent
fluctuations, assuming that ρu' 2 ≈ ρ v' 2 in the centre-line, the prediction will be
corrected compared to the measured pressures (by Pitot tube) at the centre-line.
This requires the normal stress in the streamwise direction to be predicted.
However, the result of prediction may depend on the turbulence model used.
Another possibility is to add the measured values of the normal stress to the
predicted static pressure which ,in turn, causes dependence on the measured
values. In this investigation the first suggestion is used to predict the centre-line
pressure.
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Conservation of momentum

The question of constancy of the momentum flux in streamwise direction is a
controversial one. Many researchers reported a decrease in the momentum, for
instance Bradbury (1965), Goldschmidt (1975), Gutmark and Wygnanski (1976),
Heskestad (1965), Knystautas (1964), Kotsovinos (1975), Miller and Comings
(1957), Van der Hegge (1957) and Scheider (1985). Others reported increasing
momentum, as e.g. Bicknell, see Kotsovinos (1975), Hussain and Clark (1977)
and Ramaprian & Chandrasekhara (1985). Panchapakesan & Lumley (1993) and
more recently Hussein et al (1994) reported constancy of momentum. In their
report, Kotsovinos and Angelidis (1991) attributed the increasing or decreasing of
the jet momentum flux to the direction of the streamline of induced flow which
enters the jet. Schneider discussed the entire flow field and the entrainment
region using a multiple scaling approach for inner and outer flow. He pointed out
that the momentum flux vanishes as the distance from the orifice tends to
approach infinity. And also he tried to show that too large total momentum flux
(i.e. increasing flux) obtained by Hussain and Clark is due to that they did not
account for the reversal flow near the edge of the jet. Hussain and Clark reported
a remarkable increase of momentum flux for both the laminar and turbulent cases
and pointed out that the momentum flux is not completely balanced by the mean
static pressure integral. Hussein et al used a large enclosure stating that the
previous measurements which recorded increasing or decreasing of momentum
are not valid due to the model scale (i.e. small enclosure size which leads to
losses due to reverse flow) and discrepancies due to errors in hot-wire
measurements. In the velocity measurement based calculations of the momentum,
see Karimipanah & Sandberg (1994a), we used the following definition for the
stream-wise momentum flux:

[

+∞

M = 2πρ ∫ U 2 + u' 2 −
0

1
2

(v'

2

)]

+ w' 2 ydy = M 0

(2.31)

Estimation of the momentum has been conducted in three ways: from velocity
measurements, from pressure measurements on the impinging plate and direct
weighing of the jet. We used a large laboratory hall as enclosure to avoid the
appearance of reversal flow. The results show different trends with different
methods of measurement, see Fig. 6 in Karimipanah & Sandberg (1994a). The
momentum obtained from the velocity measurements show increasing effect,
whereas calculations based on the pressure measurements show that the
momentum first decreases and then increases. But the momentum calculation
which is based on the weighing of the jet, show that the momentum is nearly
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constant but it is higher than exit momentum. The latter may be the most correct
one because we are weighing the momentum directly and the different error
sources in this case are probably less than in the other cases. It is not far from
reality if we suggest that in the regions of non-preservation one may trust
weighing of the jet more than velocity recording. Because of the typical room
length in ventilated rooms (about 40 equivalent diameter of the supply device) we
were not interested in measuring far-field properties, which assumes selfpreservation condition, as other investigators did. In the region of the present
work the concept of self-preserving is not valid and of course the half-width and
the mean velocity decay constant are not constant for different stations and
Reynolds numbers. Figure 7 in Karimipanah & Sandberg (1994a), shows the
recorded centre-line velocity variation with distance from the supply compared
with those of Wygnanski and Fiedler (1969) and Hussein et al (1994). In spite of
the different choice of individual measurement points, it is evident that the decay
constant ”differs”. To show that the centreline velocity variations are dependent
on the room size and different stations, a comparison has been made with the
measurements of Wygnanski & Fiedler (1969) and Hussien et al (1994), see
figure 8 in Karimipanah & Sandberg (1994a). The values reported in Wygnanski
& Fiedler (1969) lie below all other results which now is assumed to be an effect
of the small enclosure used, as suggested in Hussien et al (1994) and
Panchapakesan & Lumley (1993). Because of the enclosure size, the half width
reported in Wygnanski & Fiedler (1969) is lower compared to Hussien et al
(1994) and Karimipanah & and Sandberg (1994a). Note that, because of the good
agreement between the LDA and FHW data in Hussien et al (1994), only the
FHW data were used. In Karimipanah & and Sandberg (1994a) the half-width
( η1/ 2 ) varied between 0.090 and 0.124. The nozzle diameter was about the same
(2.5 cm) as in Wygnanski & Fiedler (1969) and Hussien et al (1994), but the exit
velocity in this study was different, see table 2.1.
Table 2.1

The difference in half width of the jet in different investigations.
Investigation

Wygnanski & Fiedler (1969) :
Stationary hot wire
Hussien et al (1994):
Stationary hot wire
Flying hot wire
Karimipanah & Sandberg
(1994a):
Stationary hot wire

Jet half-width
( η1/ 2 )

Jet exit velocity
[m/s]

0.086

51

0.102
0.094

56

0.090 - 0.124

17.7
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It is worth mentioning that the initial conditions effect jet properties e.g. the
turbulence kinetic energy, see George (1988).

2.3.2

Momentum balance of impinging jet

A jet approaching a plate will at some distance from the plate begin to “feel“ the
presence of the plate. For example the mean velocity on the centre line follows
the curve of a free jet up to some distance and then decreases (faster) to the zero
value at the impingement point, see Fig. 2.6
The distance from the plate where the centre line velocity starts to deviate from
the free jet curve is taken as the location of the end of the free jet region and the
beginning of the impingement region. From the figure one can see that the effect
of the plate is felt when the distance from the plate is less than 0.14h which is in
agreement with the results obtained by Bealtos and Rajartnamn (1973).
Figure 2.7 shows the principle of how the flow force of an ideal jet is determined
by weighing. We consider the momentum balance for the indicated control
volume. Since we are looking for the vertical force we write the x-component of
the steady momentum flow equation
h

F(h) = F(0 ) − πD∫ ρ vr 2 tan θ ( x )dx

(2.32)

0

where the second term on the right hand side is the inflow of x-momentum along
the sides of the control volume. The air under the plate is assumed to be at rest
and the pressure there is therefore equal to the pressure in the ambient and the net
force becomes

R(h) = F(h) − pπ

D2
4

(2.33)

If one assumes that the pressure at the top of the control volume is equal to the
pressure in the quiescent ambient, i.e. p = 0 , the net force becomes
h

R(h) = M (0) − πD∫ ρ vr 2 tan θ ( x )dx

(2.34)

0

If one furthermore assumes that inflow across the sides is horizontal (θ=0) then
the net force becomes equal to the kinematic momentum flux at the nozzle.
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Figure 2.6 Decay of centre line velocity with different impingement heights

Figure 2.7 Determination of the flow force by recording the net force R.

2.3.3

Weighing of the jet airflow

The reaction force on the impingement plate was recorded and compared to the
momentum calculated from pressure and velocity measurements, see
Karimipanah & Sandberg (1994a, 1996a, 1996b). A digital balance was placed
under the plate for reaction force readings. It is well known that the rapid
divergence of the mean flow near the solid boundary (impingement wall) results
in strong augmentation of velocities, see e.g. Ho & Nossier (1980).
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Pressures on the impingement plate

The pressure measurements on the impingement plate were conducted by using
pressure taps on the plate. The results were compared with the solution of Beltaos
and Rajaratnam (1974), see Rajaratnam (1976. p. 232). For the pressure
distribution caused by a circular jet on the impingement plate they used
2
2


pw
r 
r 
= exp −114   = exp −0.06  
 h 
 d 
ps



(2.35)

which can be compared to our curve fittings in Karimipanah & Sandberg
(1996a,b):
2
2


pw
r 
r 
= exp −90   = exp −0.05  
 h 
 d 
ps



(2.36)

where pw is the excess wall pressure above that of theambient; ps is the
stagnation pressure (pressure on the plate centre), r is the co-ordinate in the radial
direction which is measured from the plate centre outward and d is the jet
diameter. The small discrepancies between the curves obtained by using the
equations (2.35) and (2.36) are due to the Reynolds number effect.

2.3.5

Pressures on the centre-line of the jet

When analysing the free jet flow Tollmien (1945), see also Gaunter et al. (1970),
assumed that the turbulent stress in the radial direction and the variation of the
static pressure are negligible. According to Tollmien the variation of the
centreline static pressure is
pc − pa = 0.263K32 ρUc2

(2.37)

Later on, Pai (1954) concluded that the Tollmien assumption gives large
discrepancies compared to his experiments and found that
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Uc2
pc − pa = 0.00165ρ
> 0 (for slot jet)
2
pc − pa = −0.00295ρ

Uc2
< 0 (for round jet)
2
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(2.38)

(2.39)

In the predictions the centreline pressure was compensated with its fluctuating
values (i.e. with ρu' 2 ≅ ρ v' 2 on the jet centreline) and the resulting pressure ,see
Townsend (1956) and Miller & Comings (1957) , is

p + ρ u' 2 ≅ pλ ( x )

(2.40)

This is due to the fact that the measured values by the Pitot tube are almost equal
to the fluctuating velocities. This is indicated by Townsend’s studies that the
lateral gradients of the turbulent stress in the radial direction and the static
pressure are the dominant terms at the jet centreline.

2.3.6

Momentum balance of an impinging jet
within an enclosure

Figure 2.8 shows a control volume above the impingement plate for the two
enclosures in our tests, see Karimipanah & Sandberg (1996b). In a confinement
with a width close to the width of the plate there will be a flow of momentum in
the x-direction across the sides.

Figure 2.8. Control volume for momentum balance.
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We assume that the inflow of momentum due to entrainment is relatively weak
compared to the outflow of momentum caused by the air stream leaving the
control volume and flowing towards the outlets. Furthermore we neglect pressure
variations and this gives us the following momentum balances:
Case ii):
In this case with the floor open there will be a net outflow of momentum across
the sides a-c and b-d in the supply direction (positive x). Mass balance requires
that the inflow of mass across a-b must be equal to outflow through the sides.
•

•

•

m jet = m ac + m bd

(2.41)

The net outflow of momentum is

− M jet + Mac + Mbd

(2.42)

The net out flow of momentum is equal to the force the plate exerts on the control
volume in the negative x-direction
Rii = 2π

D/ 2

∫ prdr = − M

jet

+ Mac + Mbd

(2.43)

0

We can expect the right hand to be close to zero, which implies that regions with
negative pressures must exist on the plate.

Case iii):
In this case with the floor closed there will be a net outflow of momentum across
the sides a-c and b-d in the direction opposite to the supply direction (negative x).
This gives rise to a reflection of the momentum which makes the reaction force
on the balance larger than the supply momentum. Relation (2.43) in this case
becomes

Riii = 2π

D/ 2

∫ prdr =M
0

jet

+ Mac + Mbd

(2.44)
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2.4 Wall jet
By definition, a jet which is surrounded by a wall is called ”wall-jet”. Wall jets
are of interest in various industrial applications. For example, the flow over
aerofoils, turbine and compressor blades and the flow along and on room
surfaces. Turbulent wall jets differ from free jets because of wall damping effects
and belong to an important group of shear flows. They can be divided into two
layers, see Nizou (1981): 1) an inner layer (or boundary layer region) up to the
maximum velocity point, which is basically divided into two sublayers, that is a
wall region approximately up to 0.7 times maximum velocity point, and an
external inner layer, i.e. from the point of 0.7Umax up to the point of Umax ; 2) an
outer layer defined as a free shear layer (or jet region), see figure 2.10. When a jet
leaves the slot opening, the potential core is consumed at the point where the
boundary layer growth on the surface meets the shear layer expansion on the free
boundary. The downstream flow of the core then becomes fully developed. When
designing room ventilation in practice, one uses a wall jet discharging along the
ceiling so that the high velocity region is restricted to the ceiling, freeing the
occupied zone from draught. Under normal design conditions, the jet remains
attached to the ceiling until the opposite wall is reached where it is deflected
downwards into the occupied zone, Awbi(1991).

Figure 2.10 Definition of regions and co-ordinate system of a wall jet.
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The first experimental study of wall-jets was carried out by Förthmann (1934).
He found that the velocity profiles are self-similar, except for the immediate
downstream distance from the slit and also noted that the mixing length is directly
proportional to the width of the wall-jet (l=0.068b). The first theoretical study of
a wall-jet appears to be that by Glauert (1956) using an empirical eddy viscosity
concept showing the consistence of such a theory with experimental results. An
excellent examination of experimental works on wall-jets and a collection of the
useful ones may be found in Launder and Rodi (1981). Abrahamsson et al (1994)
have studied the mean velocity, turbulent intensity, momentum and Reynolds
stresses for a turbulent two-dimensional wall-jet in a quiescent surrounding. Their
experimental results were in good agreement with the full-scale experiments in
Karimipanah and Sandberg (1994b).

2.4.1

Momentum balance of a wall jet in a
ventilated room

It is known that the jet momentum flux in the downstream direction is not
conserved in all parts of the flow, see e.g. Karimipanah & Sandberg (1994a,b)
and Abrahamsson et. al (1994). Especially in ventilated rooms where the jet is the
only momentum source, the conservation of the momentum is not possible due to
recirculation effects, see Malmström et al (1992). Furthermore, due to the
entrainment of the ambient air there may also be a change of momentum, see
Kotsovinos & Angelidis (1991) and Schneider (1985). The rate of the losses may
be clarified by the following momentum integral equation for a 2-D flow, see
Launder and Rodi (1981) and Abrahamsson et. al (1994)

2
M  U 2 + u' 2 
U
 y ∞  U2


u' 2  1
= C  max  1/ 2 ∫ 
+
dy
2
2 y
i U 

M
b
U
U
0

 max
i 
max  1/ 2
x =0
where

(

M U 2 + u' 2

)

(2.46)

is the momentum flux based on the mean velocity U and the

velocity fluctuation u’, the coefficient Ci is a correction factor that considers a
non-uniform velocity profile at the inlet. To achieve a good two-dimensionality it
is of great importance to satisfy the momentum equation (2.46), see Launder and
Rodi (1981). Figure 2.11 shows the jet momentum calculated from the pressure
measurements in the impinging region of the different room sizes compared to
the frictional losses calculated as suggested by Launder & Rodi (1981) and those
calculated from the velocity measurements, see Karimipanah (1996b). For the
range up to x/b=150 the momentum is conserved when compensated for the
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losses due to wall friction. Beyond the position x/b=150 the momentum losses
increase and the hypothesis of momentum conservation is not valid. It means that
the two-dimensionality of the flow is questionable.
The results of pressure based momentum , i.e M(p) in figure 2.11, lie above the
curve of accepted friction losses except for the case L=2H. The tendency of
decreasing M(p) in the streamwise direction is due to the increasing room length.
With the same inlet Reynolds numbers the jet loses a larger portion of its energy
in a longer room that in a shorter one. Note that M(p) , which is interpreted as
being equivalent to the reaction force at the corner, is calculated by integrating
the measured pressure profiles for the different cases in Karimipanah (1996b) as
L

M ( p) ≅

∫ ( p(s) − p )ds
min

(2.47)

s ( pmin )

where s( pmin ) is the point of minimum pressure, see e.g. figure 2 in Karimipanah
(1996b).

Figure 2.11. Comparison of calculated and measured momentum flux in
streamwise direction (case L=2H).
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The measuring techniques may be divided into the following categories.
1. Intrusive techniques, which require a sensor or a tube located at the measuring
points. For example a hot wire or a Pitot tube.
2. Non- Intrusive techniques which do not require a sensor at the measuring
point, for example Laser-Doppler Anemometry (LDA) for velocity
measurements.
One can further subdivide the techniques into:
Point measuring techniques which provide information only at a point.
Whole field measuring techniques which provide information about a
whole field, for example Particle Image Velocimetry (PIV).
Point measuring techniques are very time consuming if one wants to have
information about a whole field.

3.1 Proper choice of measuring devices
Measuring devices should be chosen carefully on the basis of their validity and
reliability. According to Sandberg (1994) by validity one means that the correct
property is measured. For instance, if one wants to measure the fluid velocity one
should ensure that it is velocity and no other property that is measured. The
reliability is agreement of measured values with the true values.

3.2 Thermal anemometry
For several decades, hot-wires and film sensors have been used for research
purposes and industrial applications. For example the hot-wire-anemometry was
developed during the 20s as a turbulence measuring tool. Parallel developments
in Netherlands and United States continued up to 70s, see Johansson &
Alfredsson (1988). Thermal sensors are a metal wire or a thin metal film on a
ceramic substance which is heated to measure fluid flow velocities. Fingerson
(1994) in his review article indicates that the sensors which are used in industrial
applications can not be used in fluid mechanics research, because such a sensors
are protected in some way and the protection causes disturbances in careful
measurements (research).
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In room airflow, thermal anemometers for point measurements (mean velocity,
turbulence and temperature) are used. Their relatively low cost and easy treatment
have made them popular and they are frequently used in room air flow studies.
Some drawbacks of these type of sensors are their insensivity to flow direction
and their inability to measure high relative turbulence intensities (related to the
low velocities) above 25%. The sensitivity to contamination which affects the
total heat transfer generated by the sensor, is also another problem that must be
solved by cleaning the room airflow. When cleaning the sensor, the calibration
must be repeated (another restriction).
By using single wires (or film sensor) the spanwise and azimuthal components of
velocities are neglected. The room airflow is almost always three-dimensional
and the response of y and z directed components are about 0.6 and 0.8 times the
component in streamwise direction. Cross-wires may be used, although their
calibration is time consuming. In the works represented in this thesis, the flow
directions were determined by carrying out visualisation (smoke).

3.3 Velocity measurements
Traditionally two different methods have been used to measure mean velocities
and related fluctuations (rms values) velocities of flow pattern. The first and most
applicable which is used for model room, in situ (full scale) and impinging jet
measurements is thermal anemometry. The second one which is very expensive
and restricted to model scale measurements but more reliable results is Laser
Doppler Anemometry (LDA). Another new method also under development and
beginning to apply for whole field measurements is Particle Image Velocimetry
(PIV).
In this thesis the mean velocities and their fluctuating values are measured by
using the fibre-film probe of DANTEC 55R76 with temperature compensating
sensor. The velocity sensor was nickel film deposited on 70 µm diameter quartz
fibre, overall length 3 mm, sensitive film length 1.25 mm, copper and gold plated
at the ends and the film was protected by a quartz coating approximately 0.5 µm
in thickness. Also, a temperature compensated bridge of type DANTEC 56C14
with 56C01 CTA single-channel system was used.
The physical measurements for particular purposes are always connected to the
medium, properties and devices that should be chosen. These choices are also in
turn dependent on the required accuracy and available methodologies. Of course
the medium in a ventilated room is air. Sandberg (1994) has reviewed the existing
measuring techniques used in room airflow. He defined the measurement ”as
assigning of numbers to something as a means of representing properties”. In
contrast to Launder and Spalding (1972) who have foreseen that in 1980
computer experiments can largely replace physical experiments, he indicated that
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development of the numerical methods and measurements must go hand in hand.
One who uses numerical simulation recognises this idea when treating the
boundary conditions in numerical codes. Without measured values in supply
devices, it is almost impossible to assess the values of inlet conditions.
The measurements of room air flow are difficult because of:
• The three-dimensionality of the flow.
• Low velocities and high turbulence intensities in occupied zone.
• Recirculations.
• The large volume when measuring in full scale.
• The presence of particles (contaminants)
In this thesis the mean velocities and their fluctuating values are measured for
open and closed rooms as shown in figure 3.1.

Figure 3.1

Room configurations. In case (c) L was varied as L=2H, 4H/3 and
2H/3 respectively.

A great number of measurement data have been collected which are used in
different parts of this thesis.

3.3.1

Velocities at ceiling level

The measured velocity profiles normalised by the maximum velocities, U m , at the
ceiling level are plotted against the distance from the ceiling, y, normalised by the
distance of half maximum velcity, i.e. y1/ 2 , are shown in figure 3.2. In the right
hand side of this figure the corresponding turbulence intensities are also plotted.
In figure 3.2 all the cases of the configurations of figure 3.1 are collected. The
velocity profiles are also compared to similarity curves of Schwarz & Cosart
(1961) and Schneider & Goldstein (1990). The following conclusions may be
drawn from figure 3.2:
1. The measured velocity profiles for the locations compared, are nearly similar
up to the distance of the half maximum velocity point, i.e. y / y1/ 2 = 1 . Beyond
this distance which is outside the jet the recirculation effects cause problems
for measurements by hot wires.
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2. The exponential curve fitting function of Schwarz & Cosart (1961) is not
suitable in these cases but the error function of Schneider & Goldstein (1990)
fitted all the measured profiles well at least to the distance y / y1/ 2 = 1 .
3. The relative turbulence intensities for all the cases are first decreasing up to the
maximum velocity point and then increasing linearly up to the distance
y / y1/ 2 = 1 . Beyond this distance, for case (c) where measurements were done,
the turbulence intensity profiles show an instable character and confirmed the
inability of a hot wire to measure in these regions.

Figure 3.2

Similarity conditions at different downstream locations for
measured velocity profiles and corresponding turbulence intensities
for all cases of configurations of figure 3.1.
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Velocities at floor level

Velocities at floor level are measured for case (c) of figure 3.1 with L=2H. All
the measurements and analysis are presented in Karimipanah & Sandberg
(1996c).

3.3.3

Spectral analyse and autocorrelation

To obtain information about time series and integral length scale one uses
spectral density analysis and autocorrelation

3.3.3.1

Energy spectra

2
By energy spectra one means how the "fluctuating energy" (u' ) is distributed on
different frequencies. It is one-dimensional analysis and mathematically is
defined for both positive and negative frequencies.
The area under the graph of the spectral density Eu' ( f ) is equal to the variance
 2
 u'  , that is




+∞
2
∫ Eu' ( f )df =  u'  .
−∞
Variance is calculated by (from measurements) :

(3.1)

N 2
N
∑ Ui − U ∑ Ui
i =1
u' 2 = i =1
(3.2)
N −1
where N is total number of independent samples and U is mean velocity.
Standard deviation, σ , is defined as

σ = var iance = u' 2

3.3.3.2

(3.3)

Autocorrelation

The correlation of the current value of the local velocity fluctuation at a fixed
point x0 and time t with its value at time t + ∆t is known as autocorrelation. The
normalised autocorrelation function is defined as:
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1 Tu' t u' t + ∆t dt
() (
)
T 0∫

(3.4)

u' 2

where ∆t is time lag (time separation) and T is measuring time.
If turbulence occurs in a flow motion of large time averaged velocity U , it is
possible for the turbulence to be advected past the point of measurement more
rapidly than the pattern of fluctuation is changing. Thus, the autocorrelation
function with time lag ∆t can be interpreted as a spatial correlation, where
separation (lag) in distance, see Sandberg et al. (1991), with Taylor’s
transformation is equal to

∆x = −U∆t

(3.5)

It means that the transportation velocity of turbulence is approximately equal to
the time averaged velocity. Thus, one can write

(

)

(

R∆x x , ∆x = R∆t x , ∆t
0
0

)

(3.6)

The integral time scale, Λ t , is obtained from the autocorrelation measurements as
∞

Λ t = ∫ R∆t ( x0 , ∆t ) dt

(3.7)

0

In the measurements one can take a special integral time scale, Λet , on the time
axis where the normalised autocorrelation function has declined to e-1 , see figure
3.3. One can see that the integral time scale Λ t is obtained when R( ∆t ) = 1 and the
time scale based on the natural log Λet is obtained when R( ∆t ) = 1 / e .
In figure 3.3 the area under the curve which is the same as the area of the
rectangles is equal to the integral time scale.
The time lag (measuring interval) must be larger than the integral time scale and
1
T
the total number of independent samples should be N = T
≥
.
∆t 2 Λ t
The Nyquist criterion requires a minimum sampling frequency, fs , to resolve a
variation with maximum frequency fmax and fs > 2 fmax . Also any f > fmax
removes the need to pass the signal through a band pass / low pass filter
In the evaluation of turbulence length scale we used the approximate Taylor
hypothesis ( that is turbulence intensity I < 20% ) but in practice I > 23% which
causes measuring difficulties when one uses a hot-wire.
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Autocorrelation function and integral time scale definitions.

Taylor’s microscale, λ t , is defined as

λt =

2u' 2
 ∂u' 
 
 ∂t 

(3.8)

2

In the measurements, the microscale, λ t , is obtained by fitting to the following
parabola to the data close to ∆t = 0 .
 ∆t 
1 − R∆t ( ∆t ) =  
 λt 

2

(3.9)

This can be done using the following equivalent relation

 ∆t 
ln(1 − R∆t ( ∆t )) = 2 ln 
 λt 

(3.10)
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The turbulence scales obtained from the measurements are transformed to
turbulence length scales, Λex and λ x , for spatial separation by multiplying by
the time averaged velocity as
Λex = UΛet

(3.11)

λ x = Uλ t

The application of the transformations in (3.11) is restricted to relative turbulence
intensities below 20%. But in ventilated rooms the relative turbulence intensities
are almost higher than the above value.
Autocorrelation function and power spectral density are mathematically related to
each other. Fourier transform of Autocorrelation function (ACF) gives power
spectral density (PSD) and inverse transform of PSD gives ACF.

E (f) ∞
−i∆tf
u'
= ∫ R( ∆t )e
d ( ∆t )
2
0
u'
1 ∞ +i  ∆t  f
R( ∆t ) =
E( f )df
∫e
2π 0

(3.12)

1
different constants are used in the literature, but according to
2π
Etheridge & Sandberg (1996) the important point is that the product of the
constants is equal to the above value. The autocorrelation function is an even
function of the time lag and also the power spectral density is an even function of
its frequency. Thus, the upper part of relation (3.12) can be rewritten as
Instead of

E (f)
∞
−i∆tf
u'
d ( ∆t )
= 4 ∫ R( ∆t )e
2
0
u'

for f > 0.

(3.13)

Comprehensive information about correlation methods and their applications in
fluid mechanics is given in Johansson & Alfredsson (1988) and Etheridge &
Sandberg (1996).
As an example the power spectral densities and the corresponding autocorrelation
functions for the cases of figure 1 are shown in figures 3.4 and 3.5. From Fig 3.4
which is only 100 cm from the supply (x/b=100) one can see that the energy
spectra is different for different cases at least up to frequency equal to 5 Hz.
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But for the case in the far-field region (x/b=400), see Fig 3.5, the energy
distribution is almost the same. This means that the jet energy at the region near
the supply is dependent on the room size and the degree of confinement. But far
downstream where the jet loses energy and the velocities are lower, the jet energy
reaches a balance level.

Figure 3.4

Power spectral density analyse and corresponding autocorrelations
for cases of figure 3.1 at the distance x/b=100 from the supply
device.

Figure 3.5

Power spectral density analyse and corresponding autocorrelations
for cases of figure 3.1(L=2H) at the distance x/b=400 from the
supply device.
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If one multiplies the vertical axis of the left hand side graphs of figures 3.4 and
3.5, i.e. E(f), by f 5/ 3 (Kolmogorov’s k −5 / 3 law) one obtains a constant variation
of the spectral density. This means that the slope is equal to 5/3 as illustrated in
the above figures. The wave number ,k, is defined as k = 2π / l there l is the eddy
size. Thus, the smallest eddies are represented by large wave numbers (see e.g.
Etheridge and Sandberg, 1996, p. 224). The energy is transferred from energy
containing eddies (large scales) to the small scales (small eddies).

3.4 Laser Doppler Anemometry
The capability of LDA in measuring both the low and high velocities without
calibration increases its popularity in research applications. But the high costs and
problems of using in big spaces (real room) have restricted this method to model
scale measuring only. Nielsen (1973) used this method for a model room to
compare with his numerical results. Like other researchers, to validate the
simulations used in this thesis Nielsen's measurements by LDA are used.
Nevertheless, if one is able to use the correct scale factors to compare the models
with full scales, the model scale measurements by the LDA method will be a
promising alternative to in situ measurements by thermal anemometry.
Karlsson et. al. (1992) also used LDA technique to measure the flow field of a
two-dimensional wall jet. In their study the inner region of the jet was of main
interest. They obtained excellent detailed turbulence near-wall data, specially
resolving the turbulent shear stress with a spatial resolution at least an order of
magnitude larger than what is possible with hot wire anemometry.

3.5 Particle Image velocimetry (PIV)
Whole field measurements by thermal anemometry and LDA are almost
impossible because of costs and time consumption. Particle Image Velocimetry
(PIV) is a promising quantitative instantaneous technique which is developing
and can help our understanding of whole flow pattern and be a useful tool for
implementation of numerical simulations. The problem with PIV is that it is not
possible to have any information about the turbulence field. Two-colour PIV
technique for two-dimensional velocity field has been used in combustion
engineering, see Nino et. al. (1993). As mentioned before, because of the threedimensionality of most flow fields this method is developing further for real flow
fields and may solve some problems in recognising the flow field of a ventilated
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room (Sandberg 1996, private communication). A brief description of the PIV
technique, see Nino et. al. (1993), is as follows:
A light sheet is passed through a seeded flow field, illuminating the particles at
time, t. At a known time later, t + ∆t , a second sheet of light is sent through the
same plane in the flow field. The images of the particles from both laser sheets
are sorted on a recording medium. Measurement of the separation between two
images of the same particle throughout the field-of-view can provide the local
velocities from:

U ( x, t ) =

∆x ( x, t )
∆t

(3.13)

where x is the particle location and ∆x is the particle displacement over the time
interval ∆t . It worth mentioning that the particle images are recorded
photographically. The particle displacements can be measured by using an autocorrelation technique or by separately interrogating the two images of different
colour and cross-correlating them.

3.6 Pressure measurements
Pressure measurements can be used to achieve information about the flow at
thecorner, impingement region and estimation of the location of the rotation
centre of the room air flow, see Karimipanah (1996c). Pressure measurements
were conducted on the ceiling and opposing wall to the supply device.
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Computational Fluid Dynamics (CFD)

4.1 Introduction
Computational fluid dynamics (CFD) has been widely used in many industrial
and research projects for over forty years to study the physics of complex flow
phenomenon and to improve design of engineering equipment. Among a
considerable variety and specialisations, one can mention: aerodynamics,
hydraulics, meteorology, ventilation engineering, combustion engineering and so
on. Because of the cost and time consumption of experiments, CFD has evolved
as an effective tool to reduce the costs and save time and it may be the only
method available when measurements are impossible to carry out. The validity
and reliability of numerical simulations are still measurement dependent and may
be for ever. Many engineers when using CFD as a design tool, try to compare the
numerical results with some measured flow properties obtained in a convenient
model-scale. If measurements and predictions coincide, the predictions can be
extended to other similar models or full-scale. CFD users should have the basic
requirements (education and experience) to ensure reasonable results. Among
thousands of publications in the CFD area, it is not impossible to find nonconverged solutions and fairly poor formulations of case studies. This thesis
attempts to learn from the mistakes and recommendations of researchers who are
involved in this area.
There are many commercial CFD codes available which are more or less similar
in the sense that they are using the same turbulence models. Solvers based on the
finite difference or finite volume approach are widely used. The finite element
solvers, like FIDAP (Fluid Dynamics Analyse Package) used in this work, are
rare. For reference to memory requirements of the finite element solvers, see
Jones & Whittle (1992). Despite the similarity of the commercial codes, their
numerical accuracy is not the same. Celik & Zhang (1995) in their numerical
uncertainty analysis of two codes, i.e. PHOENICS (Ludwig et al., 1989) and the
well-known TEACH code (Gosman & Pun, 1973; Durst & Loy, 1984), found by
means of Richardson extrapolation that the results are not the same. None of the
above two codes succeeded in simulation of a turbulent developing pipe flow and
the turbulent recirculating flow over a backward-facing step. Although the
Richardson method is not applicable in separation and reattachment points, it
gave acceptable converged results. The use of a wall function approach requires
y + > 30.0 (i.e. log-law region) was another error source. The grid line which lies
below this value causes problems in numerical accuracy.
Freitas (1995) selected five benchmark simulations for quantitative evaluation of
eight commercial CFD codes. The simulations were performed by the vendors
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themselves. The first selected three problems were laminar ((case a) steady twodimensional flow over a backward-facing step, (case b) low Reynolds number
flow around a circular cylinder, (case c)) unsteady three-dimensional flow in a
shear-driven cubical cavity) and the second group consisted of two turbulent flow
problems ((case d) flow around a square cylinder with periodic separated flow
phenomena and (case e) steady three-dimensional flow in a 180 degree square
bend). Only the first three benchmarks, i.e. laminar cases, gave acceptable results.
There are researchers, see e.g. Celik & Zhang (1995), who believe that the use of
CFD as an independent engineering tool is possible if one prepares some
quantitative measures of the numerical uncertainty (or the global error sources).
According to Celik & Zhang the uncertainties involved in CFD may be
summarised as follows:
•

Modelling error, that is the inaccuracy inherent to the mathematical model of
a certain physical phenomenon.
• Domain dependency errors, that is errors arising from finite representation of
a domain of influence such as that of flow past bluff bodies.
• Errors due to inaccurate implementation of the boundary and initial
conditions
• Multiple solution errors, where the assumption of a unique exact solution
does not apply but a unique numerical solution is still sought
• Multiple steady-state solution errors, which can be obtained by using
different relaxation factors in iterative schemes or different initial conditions.
• Iterative convergence errors, that is incomplete convergence.
• Truncation convergence errors, that is errors due to insufficient grid
refinement (i.e. discretization error).
One may distinguish the truncation convergence error from the truncation error.
The latter describes how well the differential equations are approximated by the
discretization and is the residual (remainder) terms when the numerical solution
is inserted into the exact continuous equations.
Li (1994) has illustrated the possible error sources which may appear in
numerical simulation of airflow pattern in a ventilated room, see figure 1.
It is worth mentioning that if all flow properties in some simulated cases in this
thesis are not resolved as well as required in "pure research problems", it depends
on:
i) In impinging jet calculations, very high impinging heights as occurs in
ventilation engineering are used. A proper solution of this case requires a
computer with high capacity. Turbulence models which are developed for
engineering applications and not for pure research purposes are used.
ii) In room airflow pattern calculations, the above mentioned problems will be
more pronounced because of a very large calculation domain (room with several
cubic meters in volume).
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Figure 1 The possible error sources in numerical calculations of indoor airflow,
Li (1994).
In this work, effort has been made to formulate the problems in as realistic a way
as possible. Theoretical models are developed (if there was none available) and
comparison with the experiments have been made to ensure the quality of
computations. The fluid dynamics point of view are combined with the
environmental one. It is worth noting that this thesis is in no way a complete
answer to the problems, nor is it solving all complex problems of jet flows where
research is extensively going on.

4.2 Application of CFD on the free and
impinging jet simulations
Because of the wide use of impinging jets in industrial applications, their
numerical simulation has been of interest for engineers and researchers. Thus, the
turbulent impinging jet is used as a benchmark to study different flow regions
(transition, free jet, impinging and wall jet regions). There are many attempts to
solve the flow equations, but unfortunately it is sometimes believed that if one or
some properties of jets are predicted well, it means that one can pursue the
generality of the solution method. A comprehensive numerical study of the
impinging jet as a tool to check the capabilities of turbulence models has been
driven by the UMIST researchers, sometimes called the Launder's group.
Craft (1991) in his thesis used CFD to predict some properties of free and
impinging jets. He adopted a second moment closure and developed a new model
of the pressure-scalar gradient correlation appearing in the scalar flux transport
equations. Craft also replaced the conventional production term in the standard ε
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equation by a mean strain dependent source term and showed that the well-known
wall-reflection models incorrectly predict the Reynolds stress normal to the wall
which increases in an impinging flow. Thus, a new wall reflection term which is
developed further as "a new wall reflection model" by Craft and Launder (1992)
and Craft et. al. (1993) shows promising results in predicting the jet flow field
variables. But they pointed out that none of the four schemes (including the new
wall reflection model) which were applied in impinging jet predictions, was
"entirely successful in predicting the effects of Reynolds number". This
shortcoming was explained as failure in the two-equation eddy viscosity scheme
used in the near wall sublayer.

4.3 Application of CFD on the wall jet (room
airflow) simulations
4.3.1

Historical background

Peter Nielsen (1973), now at Aalborg University in Denmark, was one of the first
to use CFD as a tool in predicting air flow in rooms. In the recent twenty years
CFD, using powerful computers, has become a widely accepted tool for
predicting the air flow motion and the indoor air quality in buildings. Nielsen´s
group have contributed with many valuable ideas to this area and is one of the
most appreciated in ventilation studies. Nielsen (1994b) has written a book on
CFD applications in which the basic ideas of simulation programs are discussed.
Chen and Van der Kooi (1988) from Delft University in the Netherlands have
developed a program which besides the calculation of energy consumption is also
used for the predicting of air flow pattern. They also are contributors of many
valuable ideas especially to indoor air quality. Lars Davidson (1989) of Chalmers
University in Sweden has successfully developed and used CFD programs to
predict the air flow and contaminant distributions. Awbi (1991) of University of
Reading in England has many publications on ventilation studies. Murakami and
co-workers , see Murakami et. al (1983), Murakami & Mochida (1987),
Murakami (1992), Murakami et. al (1994), and Kato et. al (1992), with their
super computers have a number of valuable publications in numerical studies of
air flow pattern especially in large buildings. They also contributed to the
development of turbulence models. Li (1992) used a multigrid solver to predict
the room air flow pattern and the effect of radiation was also studied. Some parts
of Li's work were done in our laboratory and it is worth noting that he was one of
those who combined his own measurements with simulation (he also contributed
to the program developments). A review of computer programs used for room air
flow simulations can be found in Jones & Whittle (1992) who also discussed the
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capabilities and restrictions of the existing programs. Except for Murakami's
group, none of the above mentioned researchers have used the Reynolds stress
turbulence models in their numerical predictions. Without any doubt, Murakami's
group is the one which has most extensively used the CFD for heating and
ventilation problems. In the fourth international conference on air distribution in
rooms, ROOMVENT'94 Krakow Poland 1994, great attention was paid to
simulation of air flow and temperature in large enclosures, see for example Off et
al. (1994), Havet et al. (1994), Guntermann (1994), Ozeki et al (1994),
Grundmann et al. (1994), Awbi & Baizhan (1994) and Buchmann et al. (1994). In
almost all of these investigations the radiation effects were included and results
indicated that more work may be done to ensure more accurate calculations
(specially in 3D). The turbulence models used were the traditional k − ε eddy
viscosity models which have well-known shortcomings. With increasing
computer capacities one can foresee that the future simulations to a great extent
will be based on more sophisticated 3D Large Eddy simulations.

4.4 The governing equations
The equations of airflow motions in a Cartesian and time averaged form may be
written as
Continuity equation:
∂Ui
=0
∂xi

(4.1)

Momentum equation:
ρ

∂Ui
∂Ui
∂P
∂ 2Ui
∂
+ ρU j
=−
+µ
+
( − ρu' i u' j ) − ρgi β∆Θ
∂t
∂x j
∂xi
∂x j ∂x j ∂x j

(4.2)

Energy equation:

ρc p

∂Θ
∂Θ
∂ 2Θ
∂
+ ρc pU j
=λ
+
( − ρcp u' j θ' ) + Q
∂t
∂x j
∂x j∂x j ∂x j

(4.3)

The averaged equations contain the Reynolds stress terms u' i u' j and the
turbulence heat flux u' j θ ' , see Li (1994). Their determination requires the
introduction of a turbulence model.
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Note that, for the isothermal case the last term in right hand side of equation (4.2)
and the energy equation (4.3) vanishes.

4.5 Turbulence and its modelling approach
Although the definition of turbulence is often unclear and changing, one may
characterise the turbulent fluid motion , see Hinze (1975) and Abbott & Basco
(1989), by
1. Its irregularity , that is random variation in time and space
2. Three-dimensionality, even if the mean flow is one- or two-dimensional.
3. Dissipativity, that is the dissipation of turbulent kinetic energy into heat by
means of viscosity effect.
4. Diffusivity, that is rapid mixing of momentum, heat and mass.
5. Turbulence appears at high Reynolds numbers.
6. Turbulence is not a property of the particular fluid itself.
However, the consideration of 'mean flow' in engineering calculations is an
approximating method which is far away from a proper overall definition and
solution to 'real turbulence' problem. Thus, an analytical solution of the field
equations 4.2 (Navier-Stokes equations) is not possible. Therefore a numerical
approach (model) must be applied. In fact, the equations are solved by
approximation methods. During the growth of turbulence modelling, a variety of
models has been presented and development of new models is still going on. The
turbulence models are divided in three categories:
•

•

Eddy-viscosity models (EVM). These models are based on a constitutive
relation linking the unknown Reynolds stress tensor by means of a turbulent
viscosity to the strain rate of the mean flow pattern. The early and widely used
one is the Boussinesq eddy viscosity concept, often also called Boussinesq
concept, and one assumes that the Reynolds stress is a linear function of the
strain rate tensor. Such a model does not capture the normal stresses well and
this leads to the neglecting of the anisotropic structure of turbulence. These
models are also called the "isotropic Boussinesq eddy-viscosity models". In
the 90:s two anisotropic versions of eddy-viscosity models were developed,
see Speziale (1987) and Launder (1993), which model the Reynolds stresses
completely and are called the ”Anisotropic eddy-viscosity models”
Reynolds stress (RSM) and Algebraic stress Models (ASM). They take the
anisotropic structure of turbulence into account, by means of a complete
expression of Reynolds stress or stress equation models. The Reynolds stress
models have no direct coupling to the mean flow field.
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Models that are not based entirely on the Reynolds equations, "Large Eddy
Simulation (LES)" falls into this category.
Solving the flow equations without any approximation or modelling. This is
called Direct numerical simulation (DNS).

4.5.1

The Isotropic Eddy Viscosity Models

The above mentioned models are based on the well known Boussinesq concept.
Depending on whether they solve zero, one and two differential equations in
conjuction with the mean flow equations they are called zero equation model, one
equation model and finally two equation model respectively, see Olovsson
(1994).

4.5.1.1

Zero equation models

These turbulence models are based on Prandtl's (1925) mixing length hypothesis
and are still widely used in many thin shear flows. Prandtl described the eddy
viscosity distribution as a function of the mean velocity gradient

µ t = ρl 2 m

∂U
∂y

(4.4)

where µ t is the turbulent or eddy viscosity and l m is the mixing length. The
mixing length which is obtained empirically, is a transverse distance over which
fluid particles maintain their original momentum.
A great weakness of the Prandtl's mixing length model is that a zero velocity
gradient will cause zero value of the turbulent (eddy) viscosity. This is not
necessarily true for instance at the centreline of a pipe.

4.5.1.2

One equation models

These models use the turbulence kinetic energy transport equation , k, to close the
equations of the flow motion. Here, instead of relating the eddy viscosity to the
mean velocity gradient, it is related to k and a specified length scale l which is
flow dependent
µ t = C' µ ρl k
k=

1
ui ' u' i
2

where C' µ is a specified constant.

(4.5)
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Two equation models

To specify the turbulence length scales as a function of position is very difficult.
To overcome such difficulties one uses a second differential which determines
the length scale l . A possible dependent variable may be z = k m l n . The most
adopted variable for which a transport equation is solved is the energy dissipation
rate ε . That is z is replaced by ε , the values of n and m are varied by different
investigators. The most commonly used values are n=-1 and m =3/2.

4.5.1.3.1

Isotropic k − ε models

These models which are intensively used in different fluid dynamical problems,
apply two further equations to solve the Navier-stokes equations. The equations
are of the kinetic energy of turbulence (k) and that of its dissipation rate ( ε ).
The most common in ventilation is the so-called "standard k − ε model" which
uses the well-known Boussinesq approach (eddy-viscosity or isotropic viscosity
hypothesis) for the Reynolds stress term in eqn. (4.2) as follows, see Rodi
(1980)and (1984)
 ∂U ∂U j  2
(4.6)
− ρ ui u j = µ t  i +
 − ρkδ ij
 ∂x j ∂xi  3
where µ t is the turbulent viscosity and δ ij is the Kroneker delta. This type of
turbulence modelling is developed for high Reynolds number modelling, see
Launder & Spalding (1972) and Rodi (1980), and will hereafter be called
”standard high Reynolds k − ε model” (SHR). Although the results are acceptable
in some flow fields, the model is handicapped in the near-wall region. In the
regions very close to the wall, the room flow is not turbulent. Also, in the
ventilated room flows there are regions where the flow is neither laminar nor
turbulent (i.e. transitional) so there is a need for a more capable model. Some
researchers believe that the SHR works well in ventilated rooms , see Chen
(1992). It is true in ventilated rooms with high inlet Reynolds numbers, like a
model room which was tested. But, as will be shown later, this is not the case in
the full scale rooms constructed by means of scaling the same model (i.e. lower
inlet Reynolds numbers).
To predict the near-wall turbulence in ventilated rooms, see Skovgaard (1991),
the "Low Reynolds Number (LRN)" turbulence model may be used. The LRN
model is analogous to the SHR model except for the eliminating of the wall
functions in LRN. The LRN seems to be more appropriate in ventilated flow
prediction. There are some fifteen versions of LRN models (Leschziner, 1992)
and a review of the most common types may be found in Patel et. al (1985). For
sake of comparison, the author chooses the followng k − ε turbulence models:
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The high Reynolds number k − ε model of Launder & Spalding (1972), SHR.
The low Reynolds number k − ε model of Launder & Sharma (1974), LS.
The low Reynolds number k − ε model of Jones & Launder (1972), JL.
The low Reynolds number k − ε model of Lam & Bremhorst (1981), LB.
The low Reynolds number k − ε model of Yakhot et. al (1992), see also
Yakhot & Orszag (1986), this is called Renormalization Group (RNG).
The low Reynolds number k − ω model of Wilcox (1993), WKO.
The anisotropic version k − ε model of Launder (1993), LA.
The anisotropic version k − ε model of Speziale (1987), SA.

A general form of equations for turbulence kinetic energy, k , and its dissipation
rate, ε, may be written as
D
∂
∂U
F + {
H
( A) =
( B) + (C ) i − {
Dt
x
x
∂
∂
destruction
additional
term
j
123 123
12
4 4
3j
convection
diffusion

(4.7)

production

For the turbulence models mentioned above the entries appearing in equation
(4.7) are tabulated in table 4.1 (k equation) and table 4.2 (ε equation).

Table 4.1

Different terms in k-equation, see equation (4.7).

Turbulence Transported
model
term
SHR
LS
1
JL
k ≡ ui' ui'
2
LB
RNG
LA
SA
WKO

k≡

1 ' '
ui ui
2

A

B

C

ρU j k


µ  ∂k
µ + t 
σ k  ∂x j


µt 

ρU j k


µ  ∂k
µ + t 
σ k  ∂x j


µt 

 ∂Ui
 ∂x j

 ∂Ui
 ∂x j

F

H

+

∂U j 

∂xi 

ρε

0

+

∂U j 

∂xi 

ρωk

0
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Table 4.2
Turbulence
model
SHR
LA
SA

LS
JL

LB

RNG

WKO
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Different terms in ε equation, see equation (4.7).
Transportted
quantity
ε=

µ  ∂Ui ∂U j 


ρ  ∂x j ∂xi 

µ  ∂  ∂ k 
~
ε =ε −2  

ρ  ∂xi  ∂x j 

ε=

ε=

A

ρU j ε

B

C

F


µ  ∂ε
ε  ∂Ui ∂U j 
µ + t 

+
σ ε  ∂x j c1 µ t 

k  ∂x
x 
∂
j
i



ρU j ~
ε  µ + µ t  ∂ε


σ ε  ∂x j

 ∂U
c f
µt  i
1 1 k  ∂x
 j
ε~

+

ε~  ∂Ui ∂U j 

c f
+
µ 
1 1 k t  ∂x

 j ∂xi 

µ  ∂Ui ∂U j 


ρ  ∂x j ∂xi 


µ  ∂ε
µ + t 
σ ε  ∂x j


ε  ∂Ui ∂U j 

c
+
µ 
1 k t  ∂x

 j ∂xi 


µ  ∂ω
µ + t 
σ ω  ∂x j


ω  ∂Ui ∂U j 

c
+
µ 
1 k t  ∂x

 j ∂xi 

ω

0

k
~
ε2

µµ  ∂  ∂u  

2

j
t
c3

 c2 f2 ρ
 
ρ  ∂xi  ∂x k  

∂xi 
k


µ  ∂ε
µ + t 
σ ε  ∂x j


ρu j ω

ε2

∂U j 

µ  ∂Ui ∂U j 
~


ρ  ∂x j ∂xi  ρU j ε

ρU j ε

c2 ρ

H

c2 f2 ρ

c2 ρ

~
ε2

ε2

0

k

−

k

c2 ρω 2

cµη 3 (1 − η / η 0 ) ε 2
1 + βη 3

k

0

The other constants and functions of table 4.2 are given in table 4.3.
Although the LRN models are still under development and have some
weaknesses, they are more promising in modelling of flow field in confined
spaces. The other differences like near-wall modelling and the predicted values of
the turbulence kinetic energy are discussed later.
One can see from the table 4.2 that the main differences in high and low
Reynolds number turbulence models appear to be in the modelling of the ε term.
As mentioned before, the low-Reynolds k − ε turbulence models have been
modified by different researchers. There are tens of versions which only differ in
the turbulence constants (i.e. Cµ , Cε 1 and Cε 2 ). Patel et al (1985) examined the
restrictions and capability of these models and found that some of them predict
some turbulence variables well but all these models fail in resolving flow fields
where the anisotropy effects are of importance.

4.5.1.3.2

Some shortcomings of the isotropic k − ε models

In the k − ε turbulence model the eddy viscosity concept is used which assumes
isotropic turbulence (i.e. equality of stress in all directions). Room air flow is
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three-dimensional and therefore the assumption of isotropy will be a coarse
approximation.
The use of well known wall functions for near wall approach, y + = uτ ⋅ y / υ , in the
standard k − ε models requires very fine grids close to the solid boundaries which
is time consuming in computations. The use of fine grids cause inaccuracy in
calculations near the walls when the dimensionless distance from the wall is less
than 30, i.e. 8 < y + < 30 , see Chen (1992). For a situation with a very small inlet
height this is a real problem. The use of a low Reynolds turbulence model which
eliminates the wall function may be a solution, but as we can see later it depends
on the formulation of the ε equation. Nevertheless, the dimensionless distance
from the wall, y + , is closely connected with boundary conditions, see Yoshizawa
(1992).
The turbulent model constants and functions ( Rt = ρk 2 / µε and
Ry = ρy k / µ ).

Table 4.3

Model
const.
Cµ

SHR
model
0.09

LS model

JLmodel

LB model

0.09

0.09

0.09

Cε 1
Cε 2
Cε 3

1.44
1.92
1.0
1.3

1.44
1.92
2.0
1.0
0.9
1.3

1.55
2.0
2.0
1.0
0.9
1.3

1.44
1.92
2.0
1.0
0.9
1.3

σk
σT
σε
fµ





exp −3. 5 /

1.0

 1 +


2
 

50  
Rt





exp −2. 5 /

 1 +


2
 

50  
Rt

(1 − exp(−0.0165R ))

 20.5 
⋅ 1 +

Rt 


2

y

2

f1

1.0

1.0

1.0

 0.05 
1 +

fµ 


f2

1.0

1 − 0.3 exp( − Rt 2 )

1 − 0.3 exp( − Rt 2 )

1 − exp( − Rt 2 )

µt

µ t = ρc µ

k2

ε

µ t = ρf µ c µ

k2

ε

µ t = ρf µ c µ

k2

ε

µ t = ρf µ c µ

k2

ε
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Table 4.3

Continued.
A ≡ 1−

 ui' u 'j 2 
9
A
−
A
;
A
≡
a
a
;
A
≡
a
a
a
;
a
=
− δ ij 
( 2 3 ) 2 ij ji 3 ij jk ki ij 
k
8
3 


Model
const.
Cµ

RNG model

Cε 1
Cε 2
Cε 3

LA model

SA model

0.0856

WKO
model
0.09

0.09

0.09

1.45
1.83

0.555
0.8333

1.125

1.085

0.8
2.0
σ ω =2.0
1.15
not documented because
1.0
µ t will be calculated from
a separate diff. eqn..
1.0
1.0
1.0
1.0
k
µ t will be calculated from
µ t = ρcµ
ω
a
separate diff. eqn., but not
documente

σk
σT
σε
fµ

f1
f2

µt
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c =
2

1.92
1/ 2
1 + 0.9 A A
2

(

)

c2 =

1.92
1/ 2
1 + 0 .9 A A
2

(

1.0
1.3
1.0

1.0
1.3
1.0

1.0
1.0

1.0
1.0

µ t = ρc µ

k2

ε

µ t = ρc µ

)

k2

ε

The non-universality of the ε equation is a reason why there are so many
modified versions of k − ε turbulence models. Mansour et. al (1988) using direct
numerical simulation (DNS) of a turbulent channel flow, obtained different
results for the dissipation rate in near-wall region when they compared different
turbulence models. This is due to the fact that in eddy viscosity models the
turbulent (eddy) viscosity, υ e , which is related to energy dissipation rate by
υ e = Cµ

k2

ε

is not valid near solid walls because of so the called low Reynolds number effect,
see Patel et. al (1985). As Yoshizawa (1992) mentioned, the wall effect is closely
associated with generation of mean velocity shear. Thus, a dissipation rate
formulation which is related to the mean velocity shear will be more successful.
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In the case of impinging jets used in this thesis, difficulties appear in
overestimating of turbulent kinetic energy and turbulent viscosity at the
impingement point (stagnation point). According to Leschziner (1992), when a jet
impinges normally on a wall, the turbulence is generated by normal straining and
this generation will be lower if one uses the exact generation rate of turbulence
energy. In both the low and high Reynolds models, the use of eddy viscosity
assumption for the k equation, especially the second term in right hand side of
equations (4.5) and (4.6), i.e. the production term (generation), leads to these
discrepancies. The generation term of equations (4.5) and (4.6) is
Pk = µ t

∂Ui
∂x j

 ∂Ui ∂U j 


+
 ∂x j ∂xi 

(4.8)

Pk can also be written as
2

 ∂V 
 ∂U ∂V 
 ∂U 
Pk = 2 µ t   + 2 µ t   + µ t 
+

 ∂x 
 ∂y 
 ∂y ∂x 
2

2

(4.9)

In the equation (4.9) the eddy viscosity concept with the Boussinesq stress-stress
relation is used. This well be compared to the exact generation rate, see
Leschziner (1992), :

 ∂U ∂V 
∂U
∂V
Pk = − ρ u' u'
− ρ v' v'
− ρ u' v' 
+
x 1
y
y
∂3
∂
∂
∂x 

1424
424
3 144244
3
I

II

(4.10)

III

Near the impingement point, the terms (I) and (II) are dominating but because of
zero flow divergence, these terms partially cancel each other. Thus, the role of
anisotropy is of importance and differs from the eddy viscosity concept which
assumes isotropic turbulence.
Another well known difficulty, which appears in using the linear eddy viscosity
models, is prediction of flows with streamline curvature. To mimic effects of
streamline curvature one may, see Cho et. al (1995), use a non-linear eddy
viscosity model which employs at least the cubic strain and vorticity components.

4.5.1.3.3

Anisotropic k − ε models

In this investigation the numerical studies were performed by using a finite
element solver CFD code (FIDAP7.51). The anisotropic k − ε turbulence model
of Launder (1993) is used. The k − ε equations in Launder's anisotropic eddy-
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viscosity model which are identical to those of the standard one (except for the c2
term) may be written as

ρ

µ t  ∂k 
∂k
∂k
∂ 
+ ρU j
=
 µ + 
 + G − ρε
∂t
∂x j ∂x j 
σ k  ∂x j 

(4.11)

ρ

µ t  ∂ε 
ε
ε2
∂ε
∂ε
∂ 
c
G
c
+ ρU j
=
µ
+
+
−
ρ



2
k
∂t
∂x j ∂x j 
σ ε  ∂x j  1 k

(4.12)

where

c1 = 1125
.
;

c2 =

1.92
;
(1 + 0.9 A1/ 2 A2 )

A ≡ 1−

9
( A2 − A3 )
8

 ∂U ∂U j  ∂ui

G = µt  i +
 ∂x j ∂xi  ∂x j
A2 ≡ aij a ji ;

A3 ≡ aij a jk aki ;

 u' i u' j 2 
aij = 
− δ ij  .
3 
 k

The Reynolds stress tensor is expressed as

(

2
k
1
k
− ρ ui ' u j ' = − ρkδ ij + 2 µ t sij + 4cL1µ t  sik skj − smn smnδ ij  − 4cL 2 µ t ω ik skj + ω jk ski

3
ε
3
ε
−4 c L 3 µ t

)

k
1
k2 
2


 ω ikω jk − ω mnω mnδ ij  + 8cL 4 cµ µ t 2  skiω li + skjω li − skmω lmδ ij  skl


ε
3
ε 
3

−8c L 5cµ µ t

2
2
1
k2 
 s + 8c µ k s s s − 8c c µ k s ω ω
s
s
−
s
s
δ


L6 t
L7 µ t
ε 2  ik jl 3 mk ml ij  kl
ε 2 ij kl kl
ε 2 ij kl kl

(4.13)
1  ∂Ui ∂U j 
−
 is the mean vorticity tensor and the model
2  ∂x j ∂xi 
constants are set as in the following table

ω ij = 

where

cL1

cL2

0.1

0.1

cL3
0.26

cL4

1.0

cL5
0

cL6
0.1

cL7
0.1
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When solving the flow pattern, the flow equations closure needs the values of
boundaries for all dependent variables. For three different cases of numerical
calculations, free jet, impinging jet and wall jet (for room air flow calculations),
the boundary conditions will be described here. It is worth noting that the
traditional wall function which was suggested for high Reynolds model by
Launder and Spalding (1974) is not mentioned here. This is due to restrictions of
this approach which was criticised by many researchers. Thus, the low Reynolds
turbulence models are applied here.
Inlet (supply) boundary conditions:
Proper inlet boundary conditions are necessary to obtain realistic results. These
were improved by Nielsen and co-workers in room airflow simulations, see
Skovgaard (1991) and Jacobsen (1993). For free- and impinging jet calculations
an excellent description may be found in Craft (1991) and references therein.
However, for wall jet calculations the following relations for inlet velocity, k and
ε boundaries are used here
kin = 1.5( I × U0 )

2

(4.16)
ε in = Cµ3/ 4 kin3/ 2 / (α × b)
where I is the relative turbulent intensity with a measured value in this
investigation (full.scale) of about 1%, U 0 = 10.82 m/s inlet velocity, Cµ = 0.09 ,
the factor α = 0.1 and the slot height b=1 cm.
For free- and impinging jet calculations the following relations for inlet velocity,
k and ε boundaries is used here, see Seyedein et. al (1994)
kin = I × U 02

ε in = Cµ kin3/ 2 / (α × d )

(4.17)

where I is the relative turbulent intensity with a measured value in this
investigation (full.scale) of about 0.8%, U 0 = 34.14 m/s inlet velocity, Cµ = 0.09 ,
the factor α = 0.05 and the jet exit diameter d=2.5 cm.
The radial inlet velocity (transversal in wall jet case) is set to zero.
Solid wall boundary conditions:
The no-slip condition, i.e. U = V = k = ε = 0 , is used in connection with the wall
boundaries.
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Outlet boundary conditions:
In all outlet boundaries the following boundary conditions are used

V = 0,

∂U ∂k ∂ε
=
=
= 0.
∂x ∂x ∂x

(4.18)

Symmetry axis boundary conditions:
In all outlet boundaries the following boundary conditions are used

U = 0,

∂V ∂k ∂ε
=
=
= 0.
∂x ∂x ∂x

(4.19)

Entrainment boundary conditions:
In caculations of free-and impinging jets the condition of zero pressure, see Craft
(1991) and U = k = ε = 0 was used.
The effect of boundary conditions:
The supply air terminals are always complicated to model in CFD codes. One
must be careful when simplifying the inlet geometry and the inflow rate.
Computer Aided Design (CAD) will be an excellent tool to implement real
geometries. The inlet velocity profile and the turbulence intensity which applies
in calculations of initial turbulence kinetic energy and its dissipation rate, are also
of importance. The measured inlet mean velocity profile can be implemented in
the code, otherwise the new flow rate and calculated mean velocity can be used
as scaling quantities. Another solution may be the use of very fine grids at the
inlet (or local mesh refinement close to the inlet) to attain nearly the same profile
as the measured one. Skovgaard (1991) studied the effects of boundary
conditions at the diffuser and its influence on the flow field and the maximum
velocities in the occupied zone. Because the local turbulence production and
destruction terms dominate over transport terms in high Reynolds number flow,
the effect of initial k and ε values is not important, see Jacobsen (1993).
According to continuity, the CFD codes must treat the outlets automatically and
this means that the same flow must be achieved at the outlet as at the inlet,
otherwise the solution is not a converged solution. In the case of non-isothermal
flow the inlet temperature boundary condition must be prescribed (measured
value) but the outlet boundary temperature adjusts automatically. The measured
temperature at the outlet will be a good tool in testing the accuracy of a numerical
prediction method.
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Reynolds stress models (RSM)

These models which also are called the second moment closures, are more
popular nowadays because of computation possibilities. In a well tested Reynolds
stress model with a new wall-reflection formulation (specially for impinging
jets), the turbulent stresses ui' u'j may be written as the following differential
transport equations (see Craft et al (1993))

(

D u' i u' j
Dt

)=d

ij

+ Pij + φ ij − ε ij

(4.20)

where

∂Uj
∂ Ui 
Pij ≡ − u' i u' k
+ u' j u' k

∂xk
∂xk 

stress production,

dij ≡

is the shear generation or the Reynolds

∂ 
k ∂ u' i u' j 
2
 cs u' l u' k
 and ε ij ≡ δ ij ε are diffusion and dissipation rates
3
∂xk 
ε ∂xl 

respectively.
The pressure-strain rate φ ij will be approximated as follows
φ ij = φ ij1 + φ ij 2 + φ w ij1 + φ w ij 2
ε
2
φ ij1 = −c1  u' i u' j − kδ ij 
k



3

φ ij 2 = −c2  Pij − Pkkδ ij 
1
3





3
3
ε
φ w ij1 = c1w  umul nm nlδ ij − ui um nm n j − u j um nm ni  fy
k

φ w ij 2 = c2 w

2

2



 ∂U

3 ∂Ui
∂Ul
3 ∂U j
ul um ( nq nqδ ij − 3ni n j ) fy − c' 2 w k  k nl nk almδ ij −
nl n j alm −
nl ni alm  fy
2 ∂xm
∂x m
2 ∂xm
 ∂xm


+ c"2 w k

1
∂Ul
nl nm  ni n j − nq nqδ ij  fy


3
∂x m

where ni is the component of unit vector normal to the wall and
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( )

f y = k 3/ 2 / c εy
l
Hε = c

ε

P −c

ε1 k k

ε2

ε2 k

= 0.08, c' 2 w = 0.1, c"2 w = 0.4
c = 1.8, c = 0.6, c = 0.5, c
1
2
1w
2w
c = 2.5, c = 1.44, c = 1.92, cε = 0.18
ε1
ε2
l

The energy dissipation rate is obtained from its own transport equation as
Dε
∂
= H (ε ) +
Dt
∂xk


k ∂ε 
 cε u' l u' k

ε ∂xl 


(4.21)

A comprehensive study and development of the Reynolds stress closures for
homogenneous turbulence may be found in Hallbäck (1993).

4.5.1.5

Large Eddy Simulation (LES)

Large Eddy simulation (LES) uses a separate approach which commonly applies
the space-averaged (or filtered) equations of fluid flow, see Ferziger (1983) and
Abbott & Basco (1989). In LES the large energy containing eddies (scales) are
resolved numerically while the small eddies which contain a small fraction of the
energy are modelled. The room air flow contains both small eddies and large
eddies. The latter may be as large as the room volume. Although, some twoequation models have been successfully used to predict the velocity field in
ventilated rooms, a more real life resolution of the airflow pattern and turbulent
behaviours requires a method which resolves both eddy types. LES differs from
traditional turbulence modelling in that spatial filtering is used instead of
temporal filtering. After filtering of the Navier-Stokes equations, the models need
to close the equations. Instead of traditionally subgrid scale (SGS) models which
have the same restrictions as wall functions in high Reynolds turbulence models,
a dynamic approach may be used, see Olsson (1995). In this method there is no
need for damping functions and the model parameter is time and space
dependent. That is, the model parameter is locally calculated in each time step
and for each grid point using different levels of space filtering.
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Filtering of the flow equations

The Navier-Stokes equations (4.1) and 4.2) for an isothermal and incompressible
flow may be rewritten as

∂Ui
=0
∂xi

(4.22)

∂Ui ∂UiU j
∂p 1 ∂ ∂Ui
+
=−
+
∂t
∂x j
∂xi Re ∂x j ∂x j

(4.23)

For filtering Purposes one may use a general filter in space and time to limit the
range of scales in the flow field, see Olsson (1995)

(

)( )

∞ ∞ ∞ ∞
f = ∫ ∫ ∫ ∫ G x − x' , t − t' f x' , t' dx' dx' dx' dt'
i
i
i
1 2 3
0 −∞ −∞ −∞

(4.24)

The filtered Navier stokes equations may be written as

∂ Ui
=0
∂xi

(4.25)

∂ Ui ∂ UiU j
∂ p 1 ∂ ∂ Ui
+
=−
+
∂t
∂x j
∂xi Re ∂x j ∂x j

(4.26)

The influence of small scales on the large scales may be introduced by the
generalised Reynolds stress as

τ ij = u' i u' j − u' j u' i

(4.27)

By substituting the relation (4.27) into equation (4.26) one obtains the filtered
momentum equations

∂ Ui ∂ Ui U j
∂ p 1 ∂ ∂ Ui ∂τ ij
+
=−
+
−
∂t
∂x j
∂xi Re ∂x j ∂x j ∂x j

(4.28)
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According to Olsson (1995) the equation (4.28) gives possibility to modelling of
turbulence depending on the form of the filter. The filter function which is related
to the time average is obtained by using the Heaviside step function, H.
G( xi − xi' , t − t' ) =

1
δ ( xi − xi' )(1 − H ( T − t' ) )
T

(4.29)

By applying the filter function (4.29) to the velocity field we have
Ui = Ui ( xi )

1T
= ∫ ui ( xi , t )dt
T0

(4.30)

Using the Reynolds decomposition , ui =< ui > +ui' , for averaged flow equations
and the filter function (4.24), the turbulent stress (4.27) which in LES is called
the Sub Grid Scale stress, may be written as
τ ij =< ui' u'j >

(4.31)

To close the flow equations, the turbulent stress should be modelled.

4.5.1.5.2

Closing the filtered flow equations

The Reynolds stress (4.27) is related to the rate of strain tensor , Sij , by so called
Sub Grid Scale (SGS) models. There are many types of sub grid scale models
which are more or less based on the modification of the well known Smagorinsky
(1963) SGS model, see Liu et al (1994). However, the generalised turbulent stress
in the widely used Smogorinsky model is defined as

τ ij = δ ijτ kk − 2C∆2 (2 Skl Skl ) Sij
1
3

1/ 2

1  ∂U ∂U j 

Sij =  i +
∂xi 
2  ∂x j

(4.32)

where C is a model parameter which is almost equal to 1.
A more accurate way is to formulate the SGS stresses, τ ij , as
τ ij = Lij + Cij + Rij

(4.33)
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where Lij = ui u j − ui u j , Cij = ui u'j + ui' u j and Rij = ui' u'j are the Leonard terms, the
cross stress terms and the SGS Reynolds terms respectively. The Leonard terms
and the cross stress terms are approximated by Bardina et. al (1980) and the SGS
Reynolds terms are presented in an isotropic manner, see Horiuti (1991) for
details.
Recently, Davidson (1996) used large eddy simulation technique to study the
recirculating effects in a ventilated room. He used both the simple Smagorinsky
model and the dynamic subgrid model and found that the latter gives good
agreement with experiments. In contrast to the results presented in Annex 20, see
Lemaire 1991, he succeeded to predict the corner recirculating bubbles. Although
the grid Davidson used was coarse the results obtained show promise in using the
large eddy simulation in room air flow predictions.

4.5.1.6

Direct Numerical Simulation (DNS)

In all above mentioned turbulence approaches, the flow equations are solved
approximately. But the large capacity of the super computers allow a numerical
solution of the three-dimensional time dependent Navier-Stokes equations
directly without using any model. Such simulations are still restricted to low
Reynolds numbers ( Re Λ ≈ 1000 ) because of memory limitations, see Larsson
(1996). DNS requires resolution of the smallest scales, the size of which are
strongly Reynolds number dependent. Le and Moin (1994) simulated the flow
over a backward-facing step using DNS method. This work is very interesting for
simulation of room air flows. The reattachment and recirculation which are of
interest in the above mentioned problem are also of vital importance in the room
air flow pattern studies. Le and Moin used the Reynolds numbers 4000 (2D case)
and 5100 (3D case) based on the step height. Thanks to such successfull
simulation by DNS and frequently used LES, the author is quite optimistic
regarding the use of these two methods for ventilated room air flows in the near
future.

4.5.2

Capabilities and restrictions of turbulence
models using practical flows

When using turbulence models in predicting the practical flows, one may take
into account the simplicity/complexity of the problem and connect the appropriate
model. Murakami (1992) analysed the effectiveness of some turbulence models
applied to some practical problems.
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One can see from the table 4.4 that both the standard and low Reynolds number
k − ε models are not capable of predicting the impinging flows. Another
interesting item is superiority of the Large Eddy Simulation (LES) which
functions well in all the flow conditions collected in the table. Leschziner (1992)
showed that the commonly used k − ε turbulence models are not appropriate to
capture the nearwall anisotropy, reattachment and recirculation. He suggests a
second moment closure model which includes the stress transport to yield a
realistic prediction of the near-wall structure and is able to capure other
complexity of the flows. A very interesting phenomena which Leschziner pointed
out is that the usually implied ε wall boundary condition, i.e. ∂ε / ∂y = 0 , is
incorrect. This is due to direct numerical simulations which indicate that ε
reaches a maximum at the wall.

Table 4.4

Relative comparison of various turbulence models for practical
modeling of enclosure (Murakami, 1992).

Turbulence model
Wall boundary condition
1. Simple flows (channel flow, pipe flow)
(local equilibrium is valid)
2. Flow with streamline curvature
1) weak curvature, convection is
dominant (usually in room)
2) strong curvature
(flow around bluff body)
3. Jet
1) normal
2) swirl
4. Impinging flow
5 Non-isothermal flow
1) weak stratification
2) strong stratification

Low.Re
.

Standard
DSM
ASM

LowRe. No.
DSM
ASM

wall
function
!

non-slip

non-slip

!

wall
function
!

!

!

×,∆
!

×
×,∆
!

6. Convective heat transfer at wall
7. Flowfield with low Reynolds No.
8. Unsteady flw, unsteady diffusion
1) highly unsteady
2) vortex shedding

!: functions well

Standard
k − ε

LES

LES

non-slip

!

wall
function
!

!

!

!

!

×,∆

!

!

!
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Summary

The knowledge of jet behaviours is of vital importance when one is concerned
with airflow motions in a ventilated room. In a mixing ventilation system, to
avoid the risk for draught in the occupied zone one uses the term ”throw”. The
throw is defined as the distance between the supply inlet and the region where the
jet velocity is reduced to a certain value. Usually, the throw is determined by
supply device manufacturers. The problem occurs when manufacturers test the
supply devices in an open space (very large room) which is far away from the
reality of jet spreading in a confined space like an office or residential room. The
results obtained from these studies show that the room’s perimeters and its size
have a strong influence on the jet spreading rate and its turbulent properties. The
spreading rate of the jet in a closed room is higher than those of a traditional wall
jet. Due to room boundaries (surfaces) and wall friction the jet momentum flux
decreases drastically in the streamwise direction. All the above mentioned
problems are confirmed both experimentally and numerically in this thesis.

5.1 Summary of papers
Below a summary of the papers are given. Grammatical errors in the original
publications have been amended.

5.1.1

Paper I

In a ventilated room air flow pattern, the jet is usually turned into an impinging
jet either by impinging onto a room surface or colliding with another jet. Thus,
the study of a round axisymmetric jet impinging on a flat surface (wall) ,which is
a standard test case of shear flows to understand the impingement phenomena
and wall effects, was experimentally carried out in paper1. In contrast to the
previous investigators who studied the self-preservation part of the jet which
begins some exit diameters downstream, these measurements were carried out to
a distance corresponding to 50 nozzle diameters from the supply nozzle which for
axisymmetric jets in ventilation applications is the distance of main interest. This
is due to the fact that rooms are usually not longer than the above mentioned
number of equivalent diameters of the supply device. Mean velocity and standard
deviation of the velocity fluctuations in the free jet and impinging jet regions, and
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the surface pressure distribution on the deflecting wall were measured to study
the differences between a free jet and an impinging jet.
The majority of analytical models for predicting the properties of a jet
downstream of the supply are based on the assumption that the kinematic
momentum is conserved. During the last decade this assumption has been
questioned in a number of papers. Therefore, in this paper the different
measurement techniques for determining the jet momentum flux in streamwise
direction were compared and discussed. A simple method which measures the
reaction force (eqvivalent kinematic momentum) on the impingement plate ,by
weighing the jet on a balance, was shown to predict the jet momentum better than
other methods. This means that the controversial question of non-conservation of
the momentum flux in the region studied here is measuring technique dependent.
When the traditional measuring methods are used, the results obtained here
show different behaviour. This is due to the fact that in the region of this study
the self-preservation criterion is not valid. The expansion of the half-width and
the mean velocity decay constant are a function of the distance in the stream-wise
direction. They are also a function of the exit Reynolds numbers. When using the
traditional measuring techniques, the momentum fluxes in the downstream
direction are not constant. But the simple weighing method shows that the
momentum flux is nearly constant at the downstream locations.

5.1.2

Paper II

When designing room ventilation in practice, one uses a wall jet discharging
along the ceiling so that the high velocity region is restricted to the ceiling thus
freeing the occupied zone from draught. Usual design procedures are based on
using correlation factors to relate velocities recorded in an "open" room to
velocities in a confined room. In order to improve design procedures a better
understanding of the properties of jets in confined rooms is necessary. In this
paper by using the experimental and numerical analysis of both model-scale and
full-scale rooms the differences of flow field for open and closed rooms are
examined.
The properties of a jet flowing in a confined room are very much different from
the properties of jets in open rooms. There is a transfer of momentum from the jet
to the moving ambient and the jet undergoes repeated deflections at the room
corners. When the jet approaches a corner it decelerates and a recirculation
bubble is created. At the corner, the pressure increases and the jet is exposed to
an adverse pressure gradient and it is deflected. Therefore, at the corners and
their vicinity the surface pressure distribution was recorded. This enabled
calculation of the reaction forces at the corners. However, the results show that
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when velocity directions are changed the pressure values will be different. It is
found that the pressure is low closed to the inlet and it becomes lower up to some
distance from the corner. This pressure drop may be caused by a combination of
the wall friction and the increasing return flow in the room. For the room lengths
L=H and L=2H, the jet arrives at the opposite corner and is deflected at the
corner and is constrained to follow the room surfaces. In the ideal short room one
assumes that the flow along the perimeter of the room keeps its jet behaviour.
The flow along the floor is regarded as a continuation of the jet flowing in the
opposite direction under the ceiling and the two air streams are assumed not to be
in contact with each other. Therefore there is no transfer of momentum between
the air streams under the ceiling and on the floor. This means that the momentum
is conserved, neglecting the wall shear stress.
In a long room (L=4H) the jet can expand such that it occupies a large fraction of
the cross section of the room. According to Grimitlin (1970) the expansion of the
jet is not constrained by the room until its cross section amounts to around 25%
of the room cross section. From then on the entrainment of air into the jet gives
rise to a contra flow in the lower part of the room. Now the jet flow and the
contra flow are in direct contact with each other and there is a direct exchange of
momentum between the two air streams. With increasing distance from the
supply air terminal the velocity in the recirculation region increases whereas the
velocity in the jet is slowed down. It is also found that for deep room (L=4H), the
jet is dissolved before it reaches the opposite wall.
The supply terminal was mounted directly under the ceiling which is the usual
position in mixing ventilation. It needed very careful adjusting to obtain the
smooth inlet velocity profile and turbulence intensity profile shown in Fig. 5 of
the paper.
The turbulence length scale variation with the distance to the supply air terminal
was measured. This integral scale grows nearly linearly with distance from the
inlet. In fact, the integral scale is of importance in grid generation of numerical
simulations. It is desired that the grid size is smaller than the length scale. The
decay of the maximum velocity, see Fig. 8 of paper, is Reynolds number
dependent and the decay is more rapid for higher supply inlet Reynolds number.
The rate of spread of the jet which is shown in Fig. 9, illustrates the tendency of
lower spreading for higher Reynolds number. It is worth noting that only the case
of open opposite wall to the supply terminal is compared with the others. The
comparison of the spreading rates for the cases of the fully open room (a); wall at
supply (b) and closed room (c), see Fig. 4 below, is shown in Fig. 10. The
spreading rate for the closed room is somewhat higher than the two other cases.
The case with back wall at the supply (b), exhibits somewhat lower spreading rate
than the open room (a).
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A general assumption of jet flow is that its momentum in the flow direction is
conserved. This is the basis for theoretical expressions relating the decay of
velocity to the distance from the supply. However, this assumption is not always
fulfilled in practice. Due to recirculation effects, in a room where the jet is the
only momentum source the conservation of the momentum is not possible, see
Malmström (1974) and Malmström et al (1992). In a wall jet, friction at the wall
reduces the momentum flux. Furthermore, due to the entrainment of the ambient
air there may also be a change of momentum. This occurs if the entrained air
enters the jet axes at an angle not equal to 90 degrees. The effect of nonperpendicular inflowing air has been discussed by Schnieder (1985) and
Kotsovinos & Angelidis (1991). The rate of the losses may be clarified by the
momentum integral equation, equation (1) in the paper, which is adopted from
Launder and Rodi (1981). However, for the range up to x/b=150 the momentum
is conserved when compensated for the losses due to measured wall friction.
Beyond the position 150 x/b the momentum losses increase and the hypothesis of
momentum conservation is not valid. It means that the two-dimensionality of the
flow is questionable.
The self-preserving condition is achieved in the region 70<x/b<250. Beyond this
distance the jet is probably influenced by recirculating flow in the room.

5.1.3

Paper III

In this paper, theoretical and also some experimental studies of a round
axisymmetric jet have been carried out. A momentum balance equation has been
obtained by analysing the "flow force" (i.e. total momentum flux) of the jet.
When the same jet impinges on a circular plate (wall), the airflow deflection and
its influences on the flow characteristics are discussed. In this case, the measured
centre-line pressures are compared to those of a free jet emerging into a very
large (infinite) space. The pressures on the plate were measured and compared to
the numerical solution. The airflow forces are measured for different flow rates
(Reynolds numbers) and impingement heights, by using a digital balance
mounted under the impingement plate. The capabilities and restrictions of an
isotropic κ-ε turbulence model are compared with an anisotropic one. The
numerical simulation of a jet with a large impingement height (110 cm)
impinging on a circular plate of fairly small diameter (D=75 cm ) causes
convergence problems. Especially if one discretizes the pressure, instabilities
occur and result in a slow convergence.
The jet flow entrains fluid from the surroundings into the jet and depending on
the direction of the entrained flow, it influences the jet momentum. The jet flow
rate increases at the sections downstream. Normally, one assumes that the
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entrainment of ambient air occurs at right angles which is not true. By assuming
that the entrained air enters the jet boundary at an angle θ a momentum balance
equation was found, see chapter 2.
To determine the flow force (or momentum flux) by measuring the velocity and
pressure field is very laborious and difficult. Most experimental results concern
only the axial mean velocity profile. Weighing of the jet gives directly the flow
force and is therefore an attractive alternative. The distance from the plate where
the centre line velocity starts to deviate from the free jet curve is taken as the
location of the end of the free jet region and the beginning of the impingement
region. It was found that by increasing the Reynolds number the momentum
increases. For all Reynolds numbers the momentum first increases up to h/d=15
and beyond this it is almost constant (nearly conserved). It means that to avoid
the entering reflected flow to the jet we may choose the impingement height
larger than 15 nozzle diameters.
The results show that the flow characteristics of an impinging jet which are
connected to the entrainment of the ambient air into the jet are not easy to predict.
In spite of a very large impingement height which is of interest in ventilated
rooms and aeroplane jets, the numerical predictions are very complicated.
The direct weighing of the air jet is a reasonable tool to study the jet momentum.
The static pressure and the turbulent stresses in the radial direction are in balance
with each other.
The ”extended to the wall” version of the k − ε turbulence model gives a good
agreement with the measured pressure on the impingement plate (wall) but the
anisotropic characteristic of the flow near the jet exit will predicted by the
anisotropic (non-linear) version of the k − ε model.

5.1.4

Paper IV

The frequent use of jet impingement flows for cooling and heating control of
components in industry has been an impetus for many numerical studies. Due to
the complexity of confined jet flows many researchers have developed special
codes. Examples are Gosman et al (1979), Jones and Marquis (1985), Zhu et al
(1987), Zhu and Shih (1994). In Zhu et al.(1987) it was noted that the upstream
conditions of the turbulence had considerable influence on the prediction of jet
flows in enclosures. All the above numerical studies were restricted to one
enclosure size only.
The results presented in this paper are based on supply of an axisymmetric jet
located in an enclosure with varying sizes. For each size of the enclosure two
locations of the exit of the air from the enclosure were used. The momentum
force of the jet was recorded by letting the air blow towards an impingement plate
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placed on a balance. By using a Pitot tube a pressure related quantity was
recorded along the centreline of the jet beginning at the nozzle and further
downstream in both the free jet region and the impingement region. The static
pressure was recorded on the impingement plate. For all enclosures numerical
predictions were carried out and compared with the experiments. To the best of
the knowledge of the author there are no systematic measurements or predictions
showing the difference between jets flowing in an ”infinite” environment and
those flowing in an enclosure. This paper is a continuation of the studies reported
in Paper III.
The jets surrounded by walls exhibit different behaviour to those streaming free.
The results showed a Reynolds number dependence despite the fact that the range
of Reynolds number was relatively limited. With increasing Reynolds number the
reaction force increases except for the smallest model.
For the case with open floor the reaction force (momentum) on the impingement
plate is smaller than the supply momentum. But for the case with closed floor
(outlets on ceiling i.e. the same level as supply inlet) the reaction force on the
impingement plate is larger compared to the supply momentum of the jet.
For the case of free jet impingement (without side walls and ceiling), the jet
width for a chosen pressure level is smaller compared to confined model ones.
The width of the jet for a chosen pressure level increases by increasing the model
room sizes (closed floor) for the same inlet Reynolds number.
The value of maximum wall shear stress for the impingement plate lie on the
same radial distance from the plate centre. It decreases with increasing model
size. Except for the smallest model where the width and length is smaller than the
height and increase in wall shear stress is due to a negative pressure created under
the impingement plate.
The jet centreline negative pressure gradient can not be neglected and the
absolute values of maximum centreline pressures are higher than those of the
stagnation point pressures on the impingement plate.
At the same inlet Reynolds number, the transition occurred at the distance
x / d ≈ 7 from the jet exit for all the cases studied.
The anisotropic version of k − ε turbulence model with a new near-wall approach
used for predictions, shows a good agreement with the measurements.
It is worth mentioning that the results obtained here and other papers in this thesis
will be used for a new test method for air terminal devices. In contrast to
CEN/TC 156/WG4 N86 Standard Draft1 , the confinement effects will be
included. The recommended values of CEN are shown in table 5.1.

1

Revised ISO 5219, EUROPIAN STANDARD - DRAFT 1992-11-04.
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Table 5.1 Geometry of models.
Present test cases (paper III)
Model size
L × W × H [m]
W/H
[-]
2.26 × 2.26 × 110
.
2.05
1.60 × 1.60 × 110
.
1.45
114
. × 114
. × 110
.
1.04
0.80 × 0.80 × 110
.
0.73

5.1.5

Europian Standard CEN/TC156/WG4
Test room size
L × W × H [m]
W/H
[-]
7.5 × 5.6 × 2.8
2.0
Recommended
1.5 - 2.2
-

Paper V

Corner flows coincide with secondary flows and are always complicated to model
and create difficulties when measuring the flow field. The velocities change
direction when the flow comes into contact with an opposite wall. To recognise
the direction which is not stable in time is not easy, especially using stationary
hot-wires which are frequently applied to measure the mean and turbulence
velocities. The effect of confinement observed in previous scale model tests
motivated this study.
Measurements of the pressure on the ceiling and a wall bounded to it which
constitutes a corner have been conducted for different room sizes in a slot
ventilated room. The effect of room size on the flow field near the corner is
pronounced. The results show that the static pressure increases when approaching
the corner which is an effect of the presence of the opposing wall and the effect
of the wall friction. The momentum of the jet when arriving at the corner is
decreased by increasing the room length. The momentum obtained from pressure
measurements is somewhat higher than obtained from hot-wire and wall friction
measurements. Because of difficulties in velocity measurements at the corners,
pressure measurement is a good alternative tool to estimate the reaction forces,
i.e. the jet momentum. An empirical relation has been found for estimation of the
rotation centre of the air flow pattern in this type of ventilated room. It was also
found that the impingement region starts when the distance from the supply
device is about 70% of the room length. This holds independently of room length.
In contrast to the measurements which show a considerable recirculating bubble
at the room corners, these corner flows could not be predicted by CFD using the
linear eddy viscosity or standard stress models. However, these effects may be
captured if one uses a second moment closure turbulence model with a new near
the wall approach now available in the literature. The relative distance to the
point where separation from the ceiling starts (i.e. impingement region begins) is
the same for all room lengths. The higher pressure level at the corner of the
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smaller room is due to the fact that the momentum losses the jet has suffered
when arriving at the corner is dependent on the room length. Finally, at the
second corner (near the floor) one has the same tendency but a smaller
recirculating bubble. The region between the point where the influence of the
opposing wall begins and the end of the room we call the ”impingement region”.
Although the room length L is varied the impinging jet region occupies the same
portion of the room. This is also confirmed by the studies of an axisymmetric jet
impinged on a flat plate, e.g. Paper III.
It is worth mentioning that Crommelin (1978) used conformal mapping to predict
the location of the rotation centre. The priority of this investigation to that of
Crommelin is that the effect of the corner recirculating bubbles and room size are
included.
The deflected flow causes anisotropy of the turbulent fluctuations. Therefore
CFD predictions require the use of a second moment turbulence model to be able
to take into account the effect of anisotropy and streamline curvatures at the
corner regions.

5.1.6

Paper VI

An examination of the behaviour of jets in other industrial applications available
in the literature shows that in a closed space the situation is very complex. There
are recirculation effects due to an opposite wall, and there are three different flow
regimes at the same time (laminar, transitional and turbulent) and finally the
enclosure size can strongly influence the jet properties. Considering a jet issuing
from a supply inlet device attached directly to the ceiling, one may observe a
combined free- and wall jet which we call a ”combined jet”. When the jet reaches
the opposite wall it is deflected (impinges) and a recirculating bubble is created at
the corner. It reattaches to the opposite wall and continues. Thus a big
recirculating bubble is created in the occupied zone. It is well known that the
growth of a wall jet is only about 30% of that of a free jet. Therefore
extrapolating the results of free jets to the wall jet is not always possible. Due to
wall damping effects a wall jet is a complicated shear flow. It will be more
difficult when it is surrounded by additional walls which causes recirculations as
in a ventilated room. Numerical simulations of such a complex flow can not be
successful when one applies the widely used standard k − ε turbulence model. A
low Reynolds model can be used in the near wall regions but the anisotropy and
streamline curvature effects require at least an anisotropic second moment
closure model. The aim of this investigation is: 1) to examine the reliability and
restrictions of a standard- and a non-linear two-equation turbulence model by
making comparison with experiments, 2) the jet momentum calculation is
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discussed by exploring a new momentum balance model and compared with an
experimental method for determining the momentum of a jet, 3) the boundary
layer thickness calculation , the turbulence integral length scale and time scale
which are based on the measurements, moreover the usefulness of this knowledge
in numerical calculations is discussed.
The results obtained from this paper can be summarised as follows:
The hot wire measurements of the velocity profiles are in good agreement with
those measured by LDA technique at least to the point of 0.5U max . Beyond this
point hot the wire is not able to measure the velocities correctly.
The effect of confinement is remarkable at the far-field region, for example at the
distance x/b>400 from the supply inlet, and is shown by higher turbulence
intensities for the cases of open end-walls. This may be due to a stronger
recirculation as in channel flows which is different from that of closed end-walls
with wall damping effects.
The anisotropic version of k − ε turbulence models shows promising results,
especially in near-field and far-field regions, compared to those obtained from
standard versions.
The integral scale grows nearly linearly with the distance to the supply air
terminal. This linearity is due to the linear growth of the boundary layer and
therefore one needs a finer grid size close to the inlet and in the near-wall region.
The decay of maximum mean velocity in a closed room is a non-linear function
of the downstream distance but it is a linear function in a room with open endwalls. Thus, the empirical decay relations obtained for traditional wall jets are not
suitable for description of the jet development in a confined room. The maximum
velocities are higher in the cases with open end-walls compared to the closed
room case. This may be due to the larger spreading rate in the closed room case,
see Karimipanah & Sandberg (1994b), and wall damping effects which influence
the recirculation region.
The jet momentum flux decreases in the downstream direction and this is not only
due to the frictional losses but also to the recirculation effects in a ventilated
room. The jet momentum is higher in the case of closed room than in those with
open end-walls. This can be due to the larger jet spreading rate and lower
maximum velocity decay in a closed room.

5.1.7

Paper VII

The air movements in a room result in complex processes such as dynamics,
thermal, climatic, mechanical and structural parameters, see Jin & Ogilvie
(1992a,b). The problem of sensation of draught in ventilated spaces is connected
to inappropriate velocities in the occupied zone. In Scandinavia, velocities higher
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than 0.15 m/s are said to be an indicator that occupants are likely to feel
discomfort. Therefore knowledge of the flow field, both mean velocities and their
fluctuations, is necessary. Both experimental and numerical analysis of the flow
field in a full scale room ventilated by a slot ventilation, with two inlet Reynolds
numbers 2440 and 7110, have been carried out.
The maximum velocity at the floor level, Urm , , in normal cases is assumed to be
the maximum velocity in the occupied zone. This maximum velocity in the
occupied zone in proportional to the inlet velocity, inlet height, the room length
L, see Nielsen (1989) and according to these results the degree of confinement. In
this paper we extrapolated U L , which extrapolates to the distance L from the
supply for a wall jet in an ”infinite space, to room length based on two different
situations (see table 1 in paper IV):
• a) A jet in an open room (only ceiling)
• b) A jet in a closed room.
Both rooms were ventilated by slot ventilation.
For case (a) we obtained a Krm ( = Urm / U L ) of 0.7 and 0.92 respectively. For case
(b) we obtained a K rm of 0.58 and 0.76 respectively. As Nielsen indicates this
might be due to the geometry effect and based on these results also due to the
Reynolds number effect. The values in case (b) are about 83% of the values in
case (a) for both Reynolds numbers. This is due to the rate of decay of the
velocity in the wall jet being less rapid in case (b). It is worth mentioning that
although the location of the maximum floor velocity shows very small Reynolds
number dependence, the distance above the floor level decreases with increasing
Reynolds number.
According to these results and previous investigations, the location of the maximum
floor velocity is at about 2 / 3 L measured from the supply air terminal and is almost
independent of the Reynolds number and room size.
Although the location of the maximum floor velocity shows some Reynolds number
dependence, the distance above the floor level decreases with increasing Reynolds
number.
According to Fanger et al. (1988), high relative turbulence intensities will increase the
sensation of draught. It is not easy to achieve low turbulence levels and low velocity
levels at the same time. By using a hot wire anemometer, the relative turbulence
intensities vary from 15% up to more than 80%. This points out the difficulty to predict
the turbulence in the occupied zone with a hot wire. Thus, there is a need for new
measuring technique capable for measuring in the occupied zone.
The velocity profile close to the wall opposite to the supply is unlike the wall jet profile
while the profiles but at the other downstream distances they are almost similar to wall
jet profiles.
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Summary
A turbulent jet is the prime basic fluid element used for mixing ventilation. The room
constrains the flow so the jet is usually turned into an impinging jet either by impinging
onto a room surface or colliding with another jet. This study is a part of a research
program with the aim of studying jets in confined spaces, see also [28]. All analytical
models for predicting the properties of a jet downstream of the supply are based on the
assumption that the kinematics momentum is conserved. During the last decay this
assumption has been questioned in a number of papers. This paper reports the findings
from an experimental study of an axisymmetric impinging jet. The following quantities
were recorded:
•
•
•

Mean velocity and standard deviation of the velocity fluctuations
Kinematics momentum by weighing the jet on a balance
Surface pressure distribution on the deflecting wall

There experiments were conducted with both a free supply nozzle and the nozzle
mounted in a wall. The findings show that there are interesting "wall effects" due to the
presence of the end-wall. The measurements were carried out to a distance
corresponding to 50 nozzle diameters from the supply nozzle which for axisymmetric
jets in ventilation applications is the distance of main interest.

1Formerly:

The National Swedish Institute for Building Research (SIB).
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Introduction
A turbulent jet impinging on a solid surface is applicable in a number of engineering
problems. Since, the axisymmetric jet impingement constitutes a well defined case, it is
a good tool in understanding more complicated situations. This paper presents an
experimental study of an axisymmetric turbulent jet impinging on a flat plate. The
problem of turbulent jet impinging to a flat plate has been widely studied with different
configuration. Taylor [1] discussed the dynamics of the region where a jet striking a
plane surface obliquely is transformed into a thin sheet. Wygnanski & Fiedler [2] in
their extensive study reported profiles of mean velocities, triple correlation coefficients,
energy balance, intermittancy, moments and turbulence scales in the self-preserving
region of the round axisymmetric turbulent jet using linearised constant temperature hot
wires. Their work was the basic reference until 1980. The first one who found that the
measurements of Wygnanski & Fiedler in the far-field region do not satisfy the
momentum integral equation, was Baker [3]. This motivated the diversified work of the
research group at the SUNY/Buffalo University, that is Capp [4], George [5], Capp et al
[6] and Hussien et al [7]. They found that the failure of the work of Wygnanski &
Fiedler was deepened on the small enclosure size and linearised hot-wire discrepancies.
Also Panchapakesan & Lumley [8] interpreted the same limitations but using other
measuring method (i.e. x-wire mounted on a moving shuttle). Some other early and
recently investigators have also studied the free and impinging jet phenomena: Beltaos
and Rajaratnam [9] provided detailed results for the impingement region and enlarged
the scope of results which was available in the free jet and wall jet regions. Foss and
Kleis [10] and Foss [11] investigated the oblique impingement of an axisymmetric jet
on a large plane surface to identify the characteristics of the flow-field. Gutmark et al
[12] presented an experimental study of the turbulent structure on the centre-line of a
two-dimensional impinging jet. They pointed out that the impinging of the jet is not
affected by the presence of the plate over 75% of the distance between the nozzle and
the plate and also the turbulent properties of the jet change from their equilibrium level
even close to the impingement region. Bedii Özdemir and Whitelaw [13] studied the
aerodynamic and thermal aspects of the wall jet flow formed after angled impingement
of an axisymmetric jet. Dianat et al [14] numerically studied the flow resulting from the
orthogonal impact of a circular jet on a solid flat surface. The impinging jet is somewhat
similar to stagnation flow in which an infinite stream impinges on a finite body. In this
investigation we used the impinging jet configuration as shown in figure 1. The flow
field is divided in three regions, see also [9], I) a free jet region, II) the impingement
region and III) the wall jet region . According to [9], there are also transitional regions
between these regions.
We recorded within all these regions the mean velocities and the turbulence
intensities. The reaction force was also recorded by placing the wall on a balance. The
static pressure distribution on the wall was recorded. Integration of the pressure
distribution gives the reaction force which ideally should be equal to the momentum
flux of the jet. In the present investigation the behaviour of the jet to a distance equal 50
exit diameters was studied. This is due to that these types of jets in rooms are usually
not projected longer than about 50 equivalent diameters until they are hindered by room
surfaces. Other investigators have been more interested in studying the self-preservation
of jet which begins further downstream. Although the impingement of the round jets on
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a flat surface can not explain all behaviours of the wall jet used in ventilating rooms, but
it can be a benchmark to study the later case. The impingement of round jets are
extensively used in other industrial applications (e.g. combustion engineering and in
paper industries and so on) which is far from the ventilation applications. But a great
deal of knowledge found in other engineering areas helps to understand (many type of
implementations is necessary) when predicting jets behaviour in ventilated rooms.

Figure 1 Impinging jet configuration and co-ordinate system

Experimental set-up
A three-dimensional jet issuing from a well designed round nozzle with D=25 mm and
contraction rate of 3:1 was used. The Reynolds numbers based on the exit velocities
were at the range of about 10 4 − 5 × 10 4 . The impinging height L, was arranged at 15,
30, 45, 60 and 70 cm downstream of the nozzle at right angles to the jet. All the velocity
measurements were accomplished by using DANTEC anemometer 56C01-56C14 and
hot-wire of type 55R76 and conventional equipment for signal processing. The pressure
on the plate was measured by means of 2 mm diameter static pressure holes which was
connected to a scanner-valve of 40 channels.

Results and discussion
Figure 2 shows for supply velocity U0 = 27.85 m/s recorded inlet profile and velocities
along the centreline of the jet. The velocity profile close to the nozzle exhibits a top-hat
profile. One sees that the mean velocity remains equal to the supply velocity until x/D=4
which is the end of zone of flow establishment. Strictly speaking, the criterion for
establishing fully developed flow is that the rate of change of mean quantities in the
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flow direction have reached an equilibrium. The magnitude of the velocity fluctuations
growths at the beginning and reaches their peak value at x/D=7 which is somewhat
beyond the end of zone of establishment. Beyond this point there is a state of steady
decay. However, the decay rate is not the same as for the mean velocity. As clearly
appears if one plots the rms value of the velocity fluctuations divided by the mean
velocity at the same point along the centre axis (relative turbulence intensity). There is a
continuous growth of the relative turbulence intensity until about 45 diameters where
the equilibrium value of about 25% is attained which is a typical value of the velocity
fluctuations recorded in the occupied zone of a room.

Figure 2

Above. Mean velocity profile close to the nozzle (D=25 mm).
Below. Mean velocity and velocity fluctuations along the centre-line.
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Figure 3 shows the relative turbulence intensity along the centreline of the jet (note that
the rms value is scaled with the measured centre-line mean velocity and not with the
inlet velocity as in Fig 2). However, the jet behaviour presented in Fig 2 and Fig 3 is in
consort with findings reported from others, see e.g. Fischer et al [15].

Figure 3

The relative turbulence intensity along the centre-line.

A free jet that approaches a wall is decelerated by the adverse pressure gradient and is
then deflected by the wall to return into a radial wall jet. Figure 4 (above) shows that
the variation of stream-wise (axial) velocity follows the curve of the free jet up to some
section and then decreases to the zero value at the impingement point. One can see from
Fig. 4 (below) that the turbulence intensities of the impinging jet at corresponding
distances close to the plate are somewhat higher than the free jet.
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Figure 4 Above. Variation of centre-line velocity at various impinging height.
Below. Variation of centre-line rms velocity.
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Figure 5 shows the decay of the centre-line velocity of the jet approaching a wall located
at distance x/L=1 (x/D=24). One can see from the figure that the effect of the wall is felt
when x/L is greater than 0.84 which is in close agreement with the findings reported by
Beltaos and Rajaratnam [9].

Figure 5 Decay of centre-line velocity of jet impinging normal to a surface.

Conservation of momentum
In contrast to the traditionally assumption of constancy of momentum flux, it is now
evident that the momentum in the stream-wise direction is not exactly conserved. The
question of non-conservation of the momentum flux is a controversial one. Many
researchers reported decreasing in the momentum, for instance Bradbury [16],
Goldschmidt [17], Gutmark and Wygnanski [18], Heskestad [19], Knystautas [20],
Kotsovinos [21], Miller and Comings [22], Van der Hegge [23] and Scheider [24].
Others reported increasing momentum, as e.g. Bicknell, see ref. [21], Hussain and Clark
[25] and Ramaprian & Chandrasekhara [26]. Panchapakesan & Lumley [8] and more
recently Hussein et al [7] reported constancy of momentum. In their report, Kotsovinos
and Angelidis [27] attributed the increasing or decreasing of the jet momentum flux to
the direction of the streamline of induced flow which enter the jet. As a interesting
discussion we choose the four cases of Schneider[24], Kotsovinos & Angelidis [27]

406

,Hussain & Clark [25] and Hussein et al [7]. Schneider discussed the entire flow field
and the entrainment region using a multiple scaling approach for inner and outer flow.
He pointed out that the momentum flux vanishes as the distance from the orifice tends
to infinity. And also he tried to show that too large total momentum flux (i.e. increasing
flux) obtained by Hussain and Clark is due to that they did not accounted for the
reversal flow near the edge of the jet. Hussain and Clark reported remarkably increasing
of momentum flux for both the laminar and turbulent cases and pointed out that the
momentum flux is not completely balanced by the mean static pressure integral. Hussein
et al using a large enclosure and motivated that the previous measurements which
recorded increasing or decreasing of momentum are not valid dependent to the model
scale (i.e. small enclosure size which leads to losses due to reverse flow) and
discrepancies due to errors in hot-wire measurements. In the velocity measurement
based calculations of the momentum we used the following definition for the streamwise momentum flux:
+∞

[

]

M = 2πρ ∫ U 2 + u' 2 − 12 (v' 2 + w' 2 ) ydy = M0
0

(1)

It is worth to note that because of using a single hot-wire here, the sum of the term
( v' 2 + w' 2 ) in Eqn (1) is set to be about 50% of u' 2 -value, see [7].
In our investigation, estimation of the momentum have been conducted in three ways:
from velocity measurements, from pressure measurements on the impinging plate and
direct weighing of the jet. We used a large laboratory hall as enclosure to avoid the
appearance of reversal flow. The results show different trends with different methods of
measurement, see Fig. 6. The momentum obtained from the velocity measurements
show increasing effect, calculations based on the pressure measurements show that the
momentum first decreases and then increases. But the momentum calculations which is
based on the weighing of the jet, show that the momentum is conserved but it is higher
than exit momentum. The latter is may be more correct one because we are weighing the
momentum directly and the different error sources in this case are probably less than in
the other cases. It is not far away from the reality if we suggest that in the regions of
non-preservation one can may be trust more in weighing of the jet instead of the velocity
recording. Because of typical room length in ventilated rooms (about 40 equivalent
diameter of the supply device) we were not interested in to measure far-field properties
which assumes self-preservation condition as other investigators did. In the region of
present work the concept of self-preserving is not valid and of course the half-width and
the mean velocity decay constant are not constant for different stations and Reynolds
numbers. Figure 7 shows the recorded centre-line velocity variation with distance from
the supply compared with those of Wygnanski and Fiedler [2] and Hussein et al [7]. In
spite of different choose of individual measure points, it is evident that the decay
constant is different as shown in Fig. 7.
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Figure 6 Variation of total average stream-wise momentum in jet.

Figure 7 Variation of centre-line mean velocity along the jet axis.
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To show that the centreline velocity variations are dependent on the room size and
different stations, a comparison have been made with the measurements of Wygnanski
& Fiedler [2] and Hussien et al [7], see figure 8. The values reported in ref [2] lies
below all other results which now is assumed to be on affect of the small enclosure used
as confirmed in [7] and [8]. Except for the case for 6 diameters downstream all of these
measurements are in nearly good agreement with the flying hot-wire data (FHW) of
Hussein et al. But the half width reported in [2] is 0.086 , in [7] 0.102 for stationary hotwire (SHW) and 0.094 for FHW data. Note that, because of the good agreement
between the LDA and FHW data in ref [7], we used only the FHW data. In the present
measurements the half-width ( η1/ 2 ) varied between 0.090 and 0.124. The nozzle
diameter in the present investigation was about the same as in [2] and [7], but the exit
velocity in this study was 17.72 m/s in contrast to 51 m/s in [2] and 56 m/s in [7]. It is
known, see George [5], that the initial condition affect jet properties as e.g. turbulence
kinetic energy, see figure 9, etc.

Figure 8 Stream-wise mean velocity profile across the jet.
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Figure 9 Variation of axial component of turbulence kinetic energy.

Conclusions
The previous investigators studied only the self-preservation part of the jet which begins
some exit diameters downstream. In the present investigation the behaviour of the jet
up to 50 jet exit diameter was studied. This is due to the fact that rooms are usually not
longer than the above mentioned number of equivalent diameters of the supply device.
The results obtained here, show different behaviour. In this region the self-preservation
criterion is not valid. The expansion of the half-width and the mean velocity decay
constant are a function of the distance in the stream-wise direction. They are also a
function of the exit Reynolds numbers. The momentum fluxes are not conserved.
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Summary
When designing mixing ventilation system it is necessary to asses the velocities in the
occupied zone. Usual design procedures are based on using correlation factors to relate
velocities recorded in an "open" room to velocities in a confined room.
The properties of a jet flowing in a confined room are very much different from the
properties of jets in open rooms. There is a transfer of momentum from the jet to the
moving ambient and the jet undergoes repeated deflections at the room corners. When
the jet approaches a corner it decelerates and a recirculation bubble is created. In order
to improve design procedures a better understanding of the properties of jets in confined
rooms are necessary.
This paper reports the finding of both experimental and numerical simulation study. The
experiments were undertaken in both a full size room and in a model. To see the
influence of the room, the room was gradually changed from an "open" room to a
standard confined room. For each configuration the following parameters were
recorded:
• Mean velocity
• Width of the jet
• Statistics of the velocity fluctuations (standard deviation and energy spectra)
• Turbulent length scale
In the corners and their vicinity the surface pressure distribution was recorded. This
enabled to calculate the reaction forces at the corners.

1Formerly:

The National Swedish Institute for Building Research (SIB).
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Introduction
Wall jets are of interest in various industrial applications. For example, the flow over
aerofoils, turbine and compressor blades, and the flow issuing from a slot in vicinity of a
surface are so-called "wall jet" Turbulent wall jets differ from the free jets because of
wall damping effects and belong to an important group of shear flows. They provide two
layers: 1) an inner layer (or boundary layer region) up to maximum velocity point, which
is basically divided in two sub-layers, that is wall region ( according to Nizou
[1],approximately up to 0.7 times maximum velocity point) and an external inner layer
(i.e. from the point of 0.7Umax up to the point of Umax ); 2) an outer layer defined as free
shear layer (or jet region), see fig. 1. When jet leaving the slot opening, the potential
core is consumed at the point where boundary layer growth on the surface meets the
shear layer expansion on the free boundary. The flow downstream of the core then
becomes fully developed. When designing room ventilation. In practice, one uses a wall
jet discharging along the ceiling so that the high velocity region is restricted to the
ceiling thus freeing the occupied zone from draught. Under normal design conditions,
the jet remains attached to the ceiling until the opposite wall is reached where it is then
deflected downwards in to the occupied zone, Awbi[2].
About two centuries ago the first observation of turbulent jets was published by
Young [3] who noted that the included angle of a turbulent jet appear to be independent
of the velocity of the jet, see List [4] as well. Later on, hundreds of reports deal with the
behaviours of turbulent jets and many are concerned with the wall-jet problem. The fist
experimental study of wall-jet was carried out by Förthmann [5]. He found that the
velocity profiles are self-similar, except for the immediate downstream distance from
the slit and also noted that the mixing length is directly proportional with the width of
the wall-jet (l=0.068b). The first theoretical study of a wall-jet appears to be that by
Glauert [6] using an empirical eddy viscosity concept and showed the consistence of
such a theory with experimental results. An excellent examination of experimental
works on wall-jets and collection of the useful ones may be found in Launder and Rodi
[7]. A combined experimental and simulating study of the velocity field in ventilated
rooms (also model-scale) was carried out by Nielsen et al [8] using LDA measurement
technique and a two-equation k − ε turbulence model. Davidson [9] in his extensive
numerical study of turbulent flow applied for ventilated rooms, have also used k − ε
model and developed a new one-equation turbulence model which was more capable
when calculating some flow properties. Abrahamsson [10] have used somewhat smaller
test room facility than the present investigation (full-scale) and studied the mean
velocity, turbulent intensity, momentum and Reynolds stresses. His experimental results
are in good agreement with our full-scale experiments. This paper reports some parts of
a diversified work which was started at the former Swedish National Institute for
Building Research (SIB), now the Department of Built Environment (Royal Institute of
Technology) in Gävle. The studies are including experiments and numerical predictions
on both the model and full scale test rooms.
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Figure 1 Local scales arrangements and co-ordinate system.

Experiments in a scale-model
The model test room , see Fig. 2, have been used with three different room length (L=H,
L=2H and L=4H). The width W=20 cm, the height H=58 cm and the supply device with
rectangular opening ( W × t where t=2 cm) was used. The width of the supply device
spans the whole width of the room so the flow is nominally two-dimensional. The
pressure distribution along the perimeter of the room was recorded by drilling 2 mm
holes in the walls. The pressure tapping were connected to a Furness micrometer via
Scanner valve. At the corners, the pressure taps were located more closer to each other.
At the each point, the time of integration was 5 minutes and the pressure is refereed to
the atmospheric pressure. Four different supply velocities 3, 5, 7 and 10 m/s were set by
using a fan connected to the room by means of a duct. For reasons of space, only the
results of two velocities 5 and 7 m/s are presented here. Figure 3 represents the pressure
measurements for two cases L=H and L=4H. The predictions for the case L=H were
made by use of the TEACHT3D Program extended by Davidson & Hedberg [11] from
the original code of Gosman & Ideriah [12]. The predictions show a nearly good
agreement with measurements. According to our knowledge, the structure of pressure
field at the corners of a ventilated room have previously not been investigated.
However, the results show that when velocity directions are changed the pressure values
will be different. It is found that the pressure is low closed to the inlet and it becomes
lower up to the some distance from the corner. This pressure drop may be caused by a
combination of the wall friction and the increasing return flow in the room. When the
jet approaches the corner, the pressure increases and the jet is exposed to an adverse
pressure gradient and it is deflected. For both room lengths L=H and L=2H, the jet
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arrived to the opposite corner and is deflected at the corner and is constrained to follow
the room surfaces. As one can see from the figure 3 the increased static pressure at the
corners is evident. In the ideal short room one assumes that the flow along the perimeter
of the room keeps its jet behaviour. The flow along the floor is regarded as a
continuation of the jet flowing in the opposite direction under the ceiling and the two air
streams are assumed not to be in contact with each other. Therefore there is no transfer
of momentum between the air streams under the ceiling and on the floor. This means
that the momentum is conserved, neglecting the wall shear stress.
In the long room (L=4H) the jet can expand such that it occupies a large fraction of the
cross section of the room. According to Grimitlin [13] the expansion of the jet is not
constrained by the room until its cross section amounts to around 25% of the room cross
section. From then on the entrainment of air into the jet gives rise to a contra flow in the
lower part of the room. Now the jet flow and the contra flow are in direct contact with
each other and there is a direct exchange of momentum between the two air streams.
With increasing distance from the supply air terminal the velocity in the recirculation
region increases whereas the velocity in the jet is slowed down. Again one can observe
from the deep room, see Fig. 3 below (L=4H), pressure curves that the jet is dissolved
before it reaches the opposite wall.

Figure 2 Model-scale test room facility.
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Figure 3 Static pressure recorded along the perimeter of the model room. Top L=H.
Bottom L=4H.
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Experiments in full-scale test room
A two-dimensional full-scale test room was arranged as shown in Fig. 4. The width
W=3.0 m, the height H=3.0 m and the length (L) is varying for different cases; L=2.H,
L=4/3 H and L=2/3 H. Inlet (slot) height b=1 cm and outlet height is 4 cm. According to
Morel [26] and [10] the inlet to the supply air terminal was designed with the
contraction ratio of 10:1 which resulted to a uniform top-hat inlet velocity profile, see
Fig. 5. The velocity measurements were done by using DANTEC anemometer 56C0156C14 and hot-wire of type 55R76. The velocities were recorded at the distances 0.8 ,
12, 45, 100, 200 and 400 x/b from the slot for L=2H and the same distances for L=4/3 H
and L=2/3 H where possible. To compare the behaviour of the jet, three cases of open
room (a), open opposite wall to the inlet (b) and closed room (c) have also been studied.

Figure 4 .Geometrical arrangements of full-scale test room facility and tested room
configurations.
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Results and discussion
The supply inlet slot ( 1 × 300cm 2 ) was well designed so that a top-hat inlet velocity
profile was obtained. The inlet turbulent intensities was about 1%. The supply terminal
was mounted directly under ceiling which is the usual position in mixing ventilation. It
needed very careful adjusting to obtain the smooth inlet velocity profile and turbulence
intensity profile shown in Fig. 5.

Figure 5 Crosswise inlet mean velocity and turbulence intensity.

The flow properties were recorded at the distances 0.8, 12, 45, 100, 200 and 400 slot
heights. The numerical simulation also made use of the FIDAP 7.04 computer program
which is a finite element solver [14]. The program uses a k − ε turbulence model with a
near wall approach to capture low Reynolds effects. Figure 6 shows the calculated
streamlines and as example the measured and calculated mean velocity profiles at the
distances 200 and 400 slot heights (case c, L=2H). As one can see from the figure the
measurements are in good agreement with the calculated values.
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Figure 6 Streamline contours and mean velocity profiles at the distances 200 x/b and
400 x/b.
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Fig. 7 shows the measured turbulence length scale with the distance to the supply air
terminal. This integral scale grows nearly linear with distance from the inlet. In fact, the
integral scale is of importance in grid generation of numerical simulations. It is desired
that the grid size is smaller than the length scale. By using this argument and
examination of Fig. 7 one may be find that a finer grid must be applied in near-wall
region and close to the inlet region. For the case with a closed long room (L=2H, see
also case c in Fig. 4) the length scale is larger in the far-field region compared to the
other cases.

Figure 7 Turbulence length scale for the cases a), b) and c) in Fig. 4 with different
room length.

The decay of the maximum velocity, see Fig. 8, is compared with the results of
Abrahamsson [10] and those of Förthmann (1934) Tailland & Mathieu (1967), and
Tailland (1970) reported in [7]. Because of using lower Reynolds number in the present
study it is evident that our results lies over the other values. The rate of spread of the jet
which is shown in Fig. 9, illustrates the tendency. It is worth to not that only the case of
open opposite wall to the supply terminal is compared with the others. The comparison
of the spreading rates for the cases fully open room (a); wall at supply (b) and closed
room (c), see Fig. 4 below, is shown in Fig. 10. The spreading rate of the for the closed
room is somewhat higher than the two other cases. The case with back wall at the supply
(b), exhibits somewhat lower spreading rate than open the room (a).
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Figure 8 Decay of the maximum mean velocity compared to the other investigations.

Figure 9 The rate of spread of the wall jet compared to other investigations.
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Figure 10 The rates of spreads of the jet for the cases (a), (b) and (C) in Fig. 4.. L=2H
in all cases.

Conservation of momentum
A general assumption at jet flow is that its momentum in the flow direction is
conserved. This is the basis for theoretical expressions relating the decay of velocity to
the distance from the supply. However, this assumption is not always fulfilled in
practice. Due to recirculation effects, in a room where the jet is the only momentum
source the conservation of the momentum is not possible, see Malmström [15] and
Malmström et al [16]. In a wall jet, friction at the wall reduces the momentum flux.
Furthermore, duo to the entrainment of the ambient air there may also be a change of
momentum. This occurs if the entrained air enter the jet axes at the angle not equal to 90
degrees. The effect of none-perpendicular inflowing air has been discussed by Schnieder
[17] and Kotsovinos & Angelidis [18]. The rate of the losses may be clarified by the
following momentum integral equation which is adopted from Launder and Rodi [7] and
modified by using the coefficient of determined initial conditions, see Abrahamsson
[10].
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M (U 2 + u 2 )
Mx =0

 U  y ∞  U2
u2  1
dy
= Ci  max  1/ 2 ∫  2 + 2 
 Ui  b 0  Umax Umax  y1/ 2
2

(1)

The coefficient Ci is a correction factor that considers a non-uniform velocity profile at
the inlet and is determined by aids of measured horizontal velocity profile at the supply
inlet.
According to Launder and Rodi [7], the satisfaction of the above two dimensional
momentum equation is of great importance to achieve a good two-dimensionality. But
they did not use the correction factor based on the inlet velocity profile.
Fig. 11 shows the momentum losses in the stream-wise direction which is also
compared with the momentum loss in consort with recorded wall friction of ref [10]. For
the range up to x/b=150 the momentum is conserved when compensated for the losses
due to measured wall friction. Beyond the position 150 x/b the momentum losses
increases and the hypothesis of momentum conservation is not valid. It means that the
two-dimensionality of the flow is questionable.

Figure 11 Momentum in the stream-wise direction.
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Self-preserving concept
Self-preservation occurs when the flows develop so that all of the terms in the governing
equations remain in relative balance at the same relative location. If the flow is selfpreserving, the equations of motion can be simplified to an ordinary differential
equation. An experimental work which caused a great attention in the research
community was measurements in self-preserving jets by Wygnanski and Fiedler [19].
They used the linearised hot-wire technique and their results became a benchmark
reference for the mean velocity profiles, turbulence stresses and triple correlation
coefficients. But Baker [20] in his numerical study of a hot axisymmetric turbulent jet
flowing into a turbulent plume, showed that the far-field data of Wygnanski and Fiedler
do not satisfy the constraint of the integrated axial momentum equation. Another
important contribution was the efforts of Townsend [21] who clarified the possibility of
self-preserving (or similarity) solutions in the jet equations.
The original similarity theory implicitly assumed that the self-preserving state was
independent of the details of the initial conditions. According to Capp et al. [22], the
linear growth rate could be attained by examination of self-preservation on the higher
order moments and with coefficients determined by the details of the initial conditions,
see also George [23] as well. Concerning the 2D wall-jet, Irwin [24] obtained an
analytical solution to the self-preserving using the momentum balance approach. This
momentum balance used in ref. [10] and the approach is followed here.

∂U
∂U ∂ (u − v ) ∂ uv
U
+V
+
+
=0
∂x
∂y
∂x
∂y
2

2

(2)

By using the velocity scale Umax and the length scale η = y / y1/ 2 we may introduce
the following relations

f (η) =

U
Umax

g11 (η) =

u2
2
Umax

g12 (η) =

uv
2
Umax

g22 (η) =

Substituting the above relations into the equation. (2) we obtain

v2
2
Umax
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 1 ∂ (Umax y1/ 2 )  η
 y1/ 2 ∂Umax  2
 f ' ∫ fdη −
U
( f + 2( g11 − g22 )) −  U
∂x
 max
 0
 max ∂x 

(3)

 y1/ 2 η g' − g' + g' = 0
12
 ∂x  ( 11 22 )

If the expressions within the brackets are constant, one has an ordinary differential
equation which means that the self-preserving situation is achieved. The second bracket
in equation 3 is sum of the other two brackets. As one can see from the Fig. 10 the third
bracket in Equation 3 , that is growth of the half-width, have a constant growth rate.
The first bracket is represented in Fig. 12. The present results have been compared to
those of Abrahamsson [10] and are in reasonably good agreement. The figure shows
that the first bracket in the region 70<x/b<250 is constant. Indeed, the conclusion is that
self-preservation is fulfilled from 70 x/b up to 250 x/x/b. The self-preserving in the far
field (i.e. x/b>250) is not possible due to recirculation flow. Furthermore, beyond this
distance it is difficult to obtain good measuring results duo to difficulties in hot-wire
measurements.

Figure 12 Possibility of self-preservation in the stream-wise direction.
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Concluding remarks
The mean velocities, turbulence intensities, turbulence length scales, mean velocity
decays, jet growth rates, momentum, pressure distributions and self-preserving
conditions for different room-sizes have been carried out. One may make the following
conclusions:
•

•

•

•

•

When the jet approaches the room corners, the pressure increases and the jet is
exposed to an adverse pressure gradient and is deflected. In the short room case,
the jet is constrained to follow the room surfaces. In the long rooms the jet can
expand such that it occupies a large fraction of the cross section of the room. The
entrainment of air into the jet gives rise to a contra flow in the lower part of the
room and the jet is dissolved before it reaches the opposite wall.
The integral scale grows nearly linear with the distance to the supply air terminal
and therefore one needs a finer grid size closed to the inlet and in the near-wall
region.
The decay of maximum mean velocity and the rate of spread of the jet decrease
with increasing inlet Reynolds number. The rate of spread of the jet in the closed
room is larger than the fully open one.
For the range up to 150 inlet heights, the loss in momentum is due to friction (see
Fig. 11) and from then the momentum loss increases which means that after
x/b=150 the momentum is not conserved and the two-dimensionality of the jet
flow is questionable.
The self-preserving condition is achieved in the region 70<x/b<250. Beyond this
distance the jet is probably influenced by recirculating flow in the room.
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Abstract
Whether or not the kinematic momentum flux of a real jet is conserved is controversial. In this
investigation, theoretical and also some experimental studies of a round axisymmetric jet
(d=0.025m) have been carried out. A momentum balance equation has been obtained by
analysing the "flow force" (i.e. total momentum flux) of the jet. When the same jet impinges
on a circular plate (wall), the airflow deflection and its influences on the flow characteristics
are discussed. In this case, the measured centre-line pressures are compared to those of a free
jet emerging into a very large (infinite) space. The pressures on the plate were measured and
compared to the numerical solution. The airflow forces are measured for different flow rates
(Reynolds numbers) and impingement heights, by using a digital balance mounted under the
impingement plate. This simple method seems to be more appropriate compared to other
experimental-based methods for the determination of the momentum. The capabilities and
restrictions of an isotropic κ-ε turbulence model are compared with an anisotropic one. The
numerical simulation of a jet with a large impingement height (44 nozzle diameter) impinging
on a circular plate of fairly small diameter (D=75 cm ) causes convergence problems.
Especially if one discretizes the pressure, instabilities occur and result in a slow convergence.
Nomenclature

A0
A(x)
b(x)
C
D
d
dA

Area of nozzle opening
Cross section of jet
Width of jet
Constant defined in equation (25)
Diameter of impingement plate
Diameter of nozzle
Area differential ( dA = 2πrdr )

[(

) ]

f = ρ U + u' 2 + p
F

2

Defined in equation (17)

Flow force (total momentum flux) defined in equation (16)

 ∂U ∂U j  ∂Ui

G = µt  i +
 ∂x j ∂xi  ∂x j
h
Distance between nozzle and impingement plate
k
Turbulence kinetic energy
M(x) Kinematic momentum flux
M 0 Exit kinematic momentum flux at nozzle ( M0 = ρU0 2 A0 )

pa
ps
pw

Pressure in the ambient
Stagnation pressure
Pressure on the impingement plate (wall)
pc
Mean centreline pressure in equations (37) and (38)
pλ
Resutlting pressure defined in equation (39)
Q
Volumetric flow rate
R
Net force registered by balance (reaction force)
Re
Reynolds number = U0 × d / υ
r
Radial distance from the axis of symmetry
U0
Jet exit velocity
Uc
Jet centre-line mean velocity
U
The instantaneous velocity in the x-direction
u' , v' r Fluctuating velocities in the x and r directions respectively

vφ'
Vr

Fluctuating velocity in the circumferential direction
Radial velocity component, positive outwards from the axis of symmetry
Distance to virtual origin
Entrainment coefficient
Dissipation rate of turbulence kinetic energy
Kinematic viscosity
Angle at which induced flow enters the jet
Density
Mean value
The expression within parenthesis is evaluated at location a

x0

α
ε
υ
θ
ρ

( )a

[

∇2 U

]

x

=

1 ∂  ∂U  ∂ 2U
r
+
r ∂r  ∂r  ∂x 2

2
∂ 1 ∂
 ∂ Vr
[∇ U ]r = ∂r  r ∂r (rVr ) + ∂x 2
2

1. Introduction
Because of the frequent use of free and impinging jets in industrial applications, the
experimental and numerical studies in this subject have been a benchmark in testing of new
turbulence models. Starting from the supply point, the flow from a jet impinging on a solid
surface can be divided into four regions: the flow establishment region up to the end of the
potential core, free jet region, impingement region and the wall-jet region.
There are many experimental and theoretical works concerning free jet impingement on a
solid surface (wall). The wall jet region for a free circular jet impingement has, among others,
been studied by Poreh & Cermak (1959), Bradshaw & Love (1961) and Poreh et al. (1967).
Tani and Komatsu (1964) investigated the free jet, wall jet and impinging jet regions of a
plane jet. They found an inviscid rotational flow type solution for the impingement region.
Miller and Comings (1957) investigated the static pressure distribution and turbulence

2

properties of a free turbulent jet. A more detailed experimental and analytical study of a plane
turbulent impinging jet was reported by Beltaos and Rajaratnam (1973).
Recently, numerical predictions and improvements of impinging flow have received large
attention, not because of its simplicity, but due to the presence of different flow regions. Craft
(1991) attempted to modify the standard ε -equation and showed that the wall-reflection
model with reference to distance from the wall, increases the Reynolds stress normal to the
wall and consequently has an incorrect effect on the impinging flow predictions. To overcome
these difficulties, a new wall reflection term with no reference to wall normal vectors was
developed and promising results were reported, see Craft & Launder (1992) and Craft et al.
(1993). When Craft et al. (1993) tested a low-Reynolds model and three Reynolds stress
models, they found that the new wall-reflection model gave better results but also pointed out
that none of the models could successfully predict the effects of Reynolds number. This
shortcoming was believed to a failure in the two-equation eddy viscosity concept used in the
near-wall sublayer. We used the new scheme recommended by Launder (1995) and found that
the prediction of the static pressure along the centre-line was another problem to be solved.
According to el Baz et. al (1993) the pressure should be prescribed everywhere as ( pλ − ρ v' 2 ) ,
which is not possible to do in the commercial code used here. In our investigation, however,
when adding the predicted static pressure to the dynamic pressure due to turbulent
fluctuations, assuming that ρu' 2 ≈ ρ v' 2 in the centre-line, the predictions can be compared
with the measured pressures (by Pitot tube) at the centre-line. This requires the normal stress
in the streamwise direction to be predicted. However, the result of prediction may be
dependent on the turbulence model used. Another possibility is to add the measured values of
the normal stress to the predicted static pressure which ,in turn, causes dependence on the
measured values. In this investigation the first suggestion is used to predict the centre-line
pressure. The final and solution needs expert discussion and perhaps a new modification in
the promising new wall-reflection model.

2. The governing equations
2.1 Equations of free jet in a still ambient
The full time-averaged momentum equations for an axisymmetric jet can be written in the
following form

∂ 2
1∂
1 ∂p
+ υ[ ∇ 2 U ] x
U + u' 2 +
r(UVr + u' v' r ) = −
∂x
ρ ∂x
r ∂r

(1)

∂
1∂
1 ∂p
2
UVr + u' v' r ) +
r Vr + v' r 2 = −
+ υ[ ∇ 2 U ]r
(
∂x
ρ ∂r
r ∂r

(2)

∂
∂
Ur ) + (Vr r ) = 0.
(
∂x
∂r

(3)

(

)

(

)

To solve the above equations numerically, the stress term u' v' r must be modelled. In this
investigation the numerical studies were performed by using a finite element CFD code
(FIDAP7.51, 1993). The anisotropic k − ε turbulence model of Launder (1993) is used. The
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k − ε equations in Launder's anisotropic eddy-viscosity model ,which, except for the
coefficients c1 and c2 are identical to those of the standard k − ε turbulence model, are as
follows

ρ

∂k
∂k
∂ 
µ t  ∂k 
+ ρU j
=
 µ + 
 + G − ρε
∂t
∂x j ∂x j 
σ k  ∂x j 

(4)

∂ε
∂ε
∂ 
µ t  ∂ε 
ε
ε2
ρ + ρU j
=
 µ + 
 + c G − c2 ρ
k
∂t
∂x j ∂x j 
σ ε  ∂x j  1 k
where

c1 = 1125
.
;

A2 ≡ aij a ji ;

c2 =

1.92
;
(1 + 0.9 A1/2 A2 )

A ≡ 1−

(5)

9
( A − A3 )
8 2

2 
 u' u'
aij =  i j − δ ij  .
3 
 k

A3 ≡ aij a jk aki ;

The Reynolds stress tensor is expressed as

(

2
k
1
k
− ρui ' u j ' = − ρkδ ij + 2 µ t sij + 4cL1µ t  sik skj − smn smnδ ij  − 4cL 2 µ t ω ik skj + ω jk ski


3
ε
3
ε
k
1
k2
2
−4cL 3 µ t  ω ikω jk − ω mnω mnδ ij  + 8cL 4cµ µ t 2  skiω li + skjω li − skmω lmδ ij  skl




ε
3
ε
3
−8cL 5cµ µ t

)
(6)

2
2
k2 
1
 s + 8c µ k s s s − 8c c µ k s ω ω

−
s
s
s
s
δ
L 6 t 2 ij kl kl
L 7 µ t 2 ij kl kl
ε
ε 2  ik jl 3 mk ml ij  kl
ε

1  ∂Ui ∂U j 
−
 is the mean vorticity tensor and the model constants are
2  ∂x j ∂xi 

ω ij = 

where

set as in the following table
Table 1. Turbulence model coefficients
cL1

cL2

0.1

0.1

cL3
0.26

cL4

1.0

cL6
0.1

cL5
0

cL7
0.1

2.1.1 Boundary conditions for simulations

The inlet is considered as a pipe and for stability reasons it extended two nozzle diameters
upstream. The inlet velocity, the turbulence kinetic energy and its dissipation rate are set as
the following profiles

R − r
U = U0 

 R 

1/ m

4

where R is nozzle radius, r is the radial co-ordinate and uin = U0 = 34.14 m/s is the jet exit
velocity. We choose m =6 so that when the flow leaves the nozzle exit the velocity profile is
close to a top-hat profile as e.g. measured by Sandberg & Karimipanah (1994a).

kin = Cµ

−1/ 2

 l 2 dU 
 m dr 

dU 

ε in = Cµ k l m 2
dr 


2

−1

2

where lm is a length scale which is defined as the variation of mixing length over the inlet
pipe diameter, see Schlichting (1979), and is assumed to be independent of the Reynolds
numbers used here
2
4
  R − r
  R − r
  − 0.061 − 
 .
lm / R = 0.14 − 0.081 − 
  R 
  R 
In the above relations Cµ = 0.09 is the turbulence model constant, The velocities and
turbulence kinetic energy are set to zero on the impingement plate (wall). For entrainment
boundary the axial velocity and turbulence kinetic energy and its dissipation rate are set to
zero.

3. Entrainment of air into the flow
The jet flow entrains fluid from the surroundings into the jet and depending on the direction of
the entrained flow, it influences the jet momentum. The jet flow rate increases at the sections
downstream. Ricou and Spalding (1961) measured the entrainment in circular jets directly.
The flow rate of the jet is:
∞

Q = ∫ UdA

(7)

0

and the increase in flow rate due to entrainment

dQ
= 2π bVe > 0
dx

(8)

where Ve is the entrainment velocity and b is the nominal outer boundary of the jet. The jet
interacts with its environment by entrainment of ambient air. The growth of the volume
flowrate Q in terms of the velocity components U ( x, b) and Vr x, b , see Fig. 1., at the jet

( )

boundary is

[

]

dQ
= 2π b U ( x, b) − Vr ( x, b)
dx

(9)
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Normally, one assumes that the entrainment of ambient air occurs at right angles, i.e.
U x, b = 0 . However, we assume that the entrained air enters the jet boundary at an angle θ

( )

and subsequently the relation between the velocity components is

U ( x, b( x )) = Vr ( x, b( x )) tan θ ( x )

(10)

The growth of the width of the jet is assumed to follow a linear relation
b = kx

(11)

(

)

Solving equation (9) for Vr x, b( x ) gives

dQ
dx
Vr ( x, b( x )) =
2π b(k tan θ − 1)

(12)

The entrainment constant is obtained experimentally and is defined as

α = Ve / Uc

(13)

The flow rate at any downstream section is related to the flow rate, Q0 , from the nozzle by
Q / Q0 = C3 ( x / d )

(14)

where C3 is an experimental constant , see Rajaratnam (1976).

4. Momentum balance of a free round jet
In this subsection it is assumed that the jet emerges from a “free“ nozzle, i.e. there is no
support that may constrain the flow.
The kinematic momentum flux, M, of a turbulent jet is defined as

M ≡ ∫ ρU 2 dA

(15)

where U is the instantaneous axial velocity

Figure 1. The entrainment angle of the jet.
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The flow force F in the x-direction or total momentum flux of the jet is

(

)

F ≡ ∫ ρU 2 dA + p dA

(16)

where p is the average pressure relative to the hydrostatic pressure in an quiescent ambient.
After making a Reynolds decomposition into mean value and fluctuating component the flow
force becomes

F( x ) =

b( x )

∫
0

[(

) ]

ρ U + u' 2 + p dA( x ) ≡
2

b( x )

∫ f ( x, r )dA

(17)

0

To determine the flow force (or momentum flux) by measuring the velocity and pressure
field is very laborious and difficult. Most experimental results concern only the axial mean
velocity profile. Weighing of the jet gives directly the flow force and is therefore an attractive
alternative. Neglecting viscous stresses, the change in flow force is due to inflow along the
sloping sides and radial inflow of axial momentum. Furthermore, neglecting the fluctuating
terms on the jet boundary the change in flow force becomes

d
db
 2 db

F = pπ
+ 2π b  ρU
− ρUVr 
dx
dx
dx
 42
b
123
1
444
4444
3
(I)
2

(18)

( II )

The second term on the right hand side of equation (18) is due to inflow of momentum and
after inserting (10) and (11) it becomes in terms of the radial velocity Vr
(II):

2π bρ Vr ( x, b) tan θ (k tan θ − 1)
2

(19)

which in terms of the change of flow rate is equal to the
2

(II):

 dQ  tan θ
 dx 
2π b( k tan θ − 1)

(20)

According to the entrainment hypothesis one has the following relation between the
growth of the flow rate and the centreline velocity Uc ( x )

dQ
= α (2π bUc )
dx

(21)

where α is the entrainment coefficient that we assume is equal to α =0.026
The decay of the centreline velocity follows the relation

Uc ( x)
1
=C
U0
( x / d + x0 / d)

(22)
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where x0 is the distance to the virtual origin.
The centreline velocity was recorded with a hot wire and for the free jet we have been
investigating it holds that for x/d<50 ; C= 6.68 and x 0 /d=0.685, see Fig 2.

Figure 2. Centreline velocity variation with distance from the nozzle exit (d=2,5 cm).

Neglecting the virtual origin by putting x0 = 0 in equation (22) and combining with equations
(20)-(21), one obtains
(II):

α 2 C 2 k tan θ M 0
2(k tan θ − 1) x

(23)

The pressure relative to the hydrostatic pressure along the jet boundary is obtained from the
Bernoulli theorem assuming that the flow outside the jet is irrotational

[

]

p x , b( x ) = − ρ

[

1 2
2
U ( x, b) + Vr ( x, b)
2

]

(24)

which in terms of radial velocity component becomes

[

]

1 2
p x, b( x ) = − ρ Vr ( x, b)(1 + tan 2 θ )
2

(25)

The pressure term in equation (18), i.e. term (I), finally becomes
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2
db 2
1 (1 + tan θ ) 2 2 2 M0
p( x, b)π
=−
2 k α C
dx
x
4 (−1 + k tan θ )

(26)

Finally the change in flow force becomes after substituting (23) and (26) into equation (18)

d
1
F = kM0
x
dx

(27)

where
2
k
tan θ
k 2 (1 + tan θ ) 
k( x) = α C 
−
2
 2 ( k tan θ − 1) 4 ( −1 + k tan θ ) 
2

2

(28)

If one assumes that the angle θ is constant as k becomes independent of x, one obtains

F( x ) − F( x0 ) = kM0 ln

x
x0

(29)

If one furthermore assumes that F( x 0 ) = M 0 then

F( x )
x
− 1 = k ln
M0
x0

(30)

It should be noted that the analysis carried out in this section is similar to that done by
Kotsovinos and Angelidis (1991) for a plane jet.

5 Impinging jet in an infinite environment
A jet approaching a plate will at some distance from the plate begin to “feel“ the presence of
the plate. For example the mean velocity on the centre line follows the curve of a free jet up to
some distance and then decreases faster to the zero value at the impingement point, see Fig. 3
The distance from the plate where the centre line velocity starts to deviate from the free jet
curve is taken as the location of the end of the free jet region and the beginning of the
impingement region. From the figure it is seen that the effect of the plate is felt when the
distance from the plate is less than 0.14h which is in agreement with the results obtained by
Bealtos and Rajartnamn (1973).
Figure 4 shows the principle for how the flow force of an ideal jet is determined by weighing.
We consider the momentum balance for the indicated control volume. Since we are looking
for the vertical force we write the x-component of the steady momentum flow equation
h

F(h) = F(0) − πD∫ ρ Vr tan θ ( x )dx
2

(31)

0
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Where the second term on the right hand side is the inflow of x-momentum along the sides of
the control volume. The air under the plate is assumed to be at rest and the pressure is
therefore there equal to the pressure in the ambient and the net force becomes

D2
R(h) = F(h) − pπ
4

(32)

Figure 3 Decay of centre line velocity with different impingement heights.

a

y b
x
h

v

v
d

c
R

D
Figure 4 Determination of the flow force by recording the net force R.

If one assumes that the pressure at the top of the control volume is equal to the pressure in the
quiescent ambient the net force becomes
h

R(h) = M0 − πD∫ ρ Vr tan θ ( x )dx
2

(33)

0
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If one furthermore assumes that inflow across the sides is horizontal (θ=0) then the net force
becomes equal to the kinematic momentum flux at the nozzle.

6. Experimental set-up
The impinging jet configuration is shown in figure 5. A balance with a circular plate of
diameter 0.75 m mounted over it, is used to weigh the air jet. When recording the pressure on
the plate the height ,h., was fixed at 1.10 m but when the force was recorded the height was
varied between 0,10--1.10 m. A well designed nozzle of outlet diameter d=2.5 cm was used as
supply inlet and was mounted in the ceiling. The Reynolds numbers based on the nozzle
diameter were in the range of about 1.3 × 10 4 to 5.6 × 10 4 .For all the cases, the pressure
measurements on the impingement plate were conducted by using 36 holes drilled in the plate.
The holes were connected by plastic tubes of diameter 1.5 mm to a digital micromanometer of
type ALNOR MP 3KDS with 0.1 pascal resolution. The sampling was undertaken by a
traditional sampling program in a computer.
The pressure measurements at the centre-line of the jet were done by using a pitot tube of 2
mm in diameter, provided only with static pressure holes which were drilled in four
symmetrically positions on the pitot tube. The influence of viscous effect to the reading of the
tube was neglected.

r

Figure 5 Impinging jet configuration.

7. Results and discussion
7.1 Weighing of the jet
Figure 6a shows the recorded flow force as a function of different heights. The results have
been normalised by the kinematic momentum at the inlet, M0 , that was determined from
velocity measurements as M0 = ρA0U02 . By decreasing the height and increasing the
Reynolds number, the momentum increases for the cases h=0.4, 0.7 and 1.1 m. This may be
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due to that the deflected flow from impingement plate which entrains the jet at the same
direction will be stronger when the inflow rate (Reynolds number) increases. This means that
the contribution of entrained reflected flow is small at low Reynolds number. For these three
heights the increasing of the reaction force continues up to Re d ≈ 5.×10 4 and beyond that the
reaction force slowly decays. We may conclude that the momentum conservation for different
impingement heights is possible for high Reynolds numbers i.e. Re d ≥ 5.×10 4 . For the case
h=0.10 m, the trend is the same and it lies under all other heights. This may be explained so
that when the impingement height is very small the direction of deflected flow changes
(opposite to the mean flow direction) and therefore by entering into the jet it decreases the jet
momentum. Thus, the flow pattern near the impingement surface which is close to the nozzle
is different from that of the plate placed far downstream. It is well known that the rapid
divergence of the mean flow near the solid boundary (impingement wall) results in strong
augmentation of velocities, see e.g. Ho & Nossier (1980). By plotting the momentum values
against the impingement heights (h) for different Reynolds numbers (figure 6b), one can see
that by increasing the Reynolds number the momentum increases. For all Reynolds numbers
the momentum first increases up to h/d=15 and beyond this distance it decays slowly. The
decay is almost linear with a slope varying from -0.0004 to -0.0011.

Figure 6 Measured reaction force for a free jet impinging on a circular plate.
(a) Versus jet exit Reynolds number for different impingement heights.
(b) Versus impingement height for different Reynolds numbers.

7.2 Pressure measurements
The pressures on the impingement plate and at the centreline of the jet have been measured
and calculated (CFD). The experimental and numerical results are compared with each other.
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7.2.1 Pressures on the impingement plate

The comparisons of the measured and predicted pressures on the impingement plate are
shown in Figure 7a. The agreement of experimental and numerical results is reasonably good.
Figure 7a also shows the comparison of the present results and the solution of Beltaos and
Rajaratnam (1974), see Rajaratnam (1976. p. 232), for the pressure distribution caused by a
circular jet on the impingement plate
2
2


pw
r 
r 
= exp −114   = exp −0.06  
 h 
 d 
ps



(34)

which can be compared to our curve fitting:
2
2


pw
r 
r 
= exp −90   = exp −0.05  
 h 
 d 
ps



(35)

where pw is the excess wall pressure above that of ambient; ps is the stagnation pressure
(pressure on the plate centre), y is the co-ordinate in r-direction which is measured from the
plate centre outward and d is the jet diameter. The small discrepancies between the curve
obtained by using the equation (34) with our measurements is due to the Reynolds number
effect. One can see from figure 7a that the pressure on the impingement plate (wall)
approaches the ambient pressure level at r / d ≈ 12( = r / h ≈ 0.27) . This point is the beginning
of the wall-jet region. Also figure 7a shows that the impinging jet region can begin about 5
diameters from the stagnation point (plate centre). In the axial direction one can see from
figure 7b that the point where the pressure is zero corresponds to the point x / d ≈ 37.5 which
one may speculate that the plate (wall) influence begins from 85% of impingement height,
which is in close agreement with results from the velocity measurements (Fig. 3). It is worth
noting that in Fig. 7b pmax is the maximum pressure obtained by measurements on the jet
axis before reaching the impingement region.

7.2.3 Pressures on the centreline of the jet

When analysing the free jet flow Tollmien (1945), see also Gaunter et al. (1970), assumed that
the turbulent stress in the radial direction and the variation of the static pressure is negligible.
According to Tollmien the variation of the centreline static pressure was found as

pc − pa = 0.263K32 ρUc2

(36)

The smallness of the experimental constant K3 = 0.075 chosen from the measurements of
Richardt (1951) was the reason that Tollmein derived such a assumption. Later on, Pai (1954)
concluded that the Tollmien assumption gives large discrepancies compared to his
experiments and found that

Uc2
pc − pa = 0.00165ρ
> 0 (for slot jet)
2

(37)
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Uc2
pc − pa = −0.00295ρ
< 0 (for round jet)
2

(38)

Figure 7 (a)Pressure measurements on the impingement plate and corresponding numerical
predictions. (b)Pressure measurements on the centre-line and corresponding numerical
predictions.

The comparison of the measured and predicted pressures on the centre-line of the jet is shown
in Figure 7b. To the predicted centreline pressure have been added ρ u' 2 ≅ ρ v' 2 to obtain the
resulting pressure ,see Townsend (1956) and Miller & comings (1957) , is
p + ρ u' 2 ≅ pλ ( x )

(39)

This is due to the fact that the measured values by the Pitot tube are almost equal to the
fluctuating velocities. This argument is indicated by Townsend studies that the lateral
gradients of the turbulent stress in the radial direction and the static pressure are the dominant
terms at the jet centreline, see equation (39). The agreement of experimental and numerical
results is good.

8 . Concluding remarks
A momentum balance has analytically been set up for a free jet and its impingement on a flat
surface in an infinite environment. The reaction force under the impingement plate has been
measured by direct weighing of the air on a balance. The pressures on the plate and centre-line
are measured and compared to the numerical predictions. The following conclusions may be
drawn:
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•
•
•
•
•

•

The flow characteristics of an impinging jet which are connected to the entrainment of
the ambient air into the jet are not easy to predict.
Due to very large impingement height which occur in ventilated rooms and aeroplane
jets numerical predictions are very difficult.
The direct weighing of the air jet is a reasonable tool to study the jet momentum.
The static pressure and the turbulent stresses in the radial direction are in balance with
each other.
To compare the measured results of the centreline pressure (by pitot tube) with those
of CFD results, one must subtract the influence of the fluctuating velocity (i.e. the y
stress) from the measured pressure.
The ”extended to the wall” version of the k − ε turbulence model gives a good
agreement with the measured pressure on the impingement plate (wall) but the
anisotropic characteristic of the flow near the jet exit will predicted by the anisotropic
(non-linear) version of the k − ε model.
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Abstract
To study the effect of confinement on jets, enclosures of different sizes were arranged around
an axisymmetric jet. The tests were conducted at Reynolds numbers between
1.3 × 10 4 - 5.6 × 10 4 . At the end of the enclosure the jet hit an impingement plate placed on an
balance and thereby the reaction force was recorded. A static pressure related quantity was
recorded along the centre line of the jet by using a Pitot tube. The pressure distribution on the
impingement plate was also recorded. All results were compared to a free jet discharging from
the same nozzle. As a complement to experiments numerical predictions were carried out
using an anisotropic k-ε turbulence model. The measurements of the reaction force clearly
reflected the flow pattern in the enclosure which is varying when the size of the enclosure is
varying. The results also showed a Reynolds number dependence despite the fact that the
range of Reynolds number was relatively limited. To the best of knowledge of the authors
there are no systematic measurements or predictions showing the difference between jets
flowing in an ”infinite” environment and those flowing in an enclosure.

Nomenclature
Crossection of confinement (AL=L2)
AL
b
Width of the jet
D
Diameter of impingement plate
d
Diameter of nozzle
dA
Area differential (dA=2###rdr)
H
Height of confinement
h
Distance between nozzle and impingement plate
L
Side length of confinement
M(x) Kinematic momentum flux
M 0 Exit kinematic momentum flux at nozzle ( M0 = ρU02 A0 )
& = M / ρ)
Specific momentum flux ( m
m&
p
Pressure
pmax Maximum pressure on the centreline of the jet
ps
Stagnation pressure
pλ
Resulting pressure as defined in equation (9)

pw
R

Re d
r
u*
v’
V
x
x0

υ

###

τ0

-

Wall pressure
Net force registered by balance (Reaction force)
Reynolds number based on nozzle diameter
Radial distance from the axis if symmetry
Friction velocity
Fluctuating velocity in the radial ,r, dirction
Volumetric flow rate
Distance from nozzle
Distance to virtual origin
Kinematic viscosity
Density
Wall shear stress
Mean value

1. Introduction
A jet discharged in an enclosure as e.g. in a ventilated room will be affected by the enclosure.
When it arrives to the opposing wall the jet is turned into an impinging jet. When a free jet
impinges on a solid surface the flow field created may be divided into three regions, free jet
region, impingement region and wall jet region respectively. In the free jet region the jets
behaviour is the same as a jet flowing in a quiescent region consisting of the same fluid. In the
impingement region the jet is affected by a strong adverse pressure gradient and is gradually
deflected. When the effect of the pressure gradient vanishes and the flow is continuing
outward from the impingement plate centre it is called the wall jet region.
Jets surrounded by walls exhibit different behaviour than those streaming free. For wall jets it
was demonstrated in Karimipanah (1996) that they were affected by the type of enclosure and
the size of enclosure. This is the case not only for wall jets but also for jets surrounded by
walls but not attached to any of the walls which is the topic of the present paper.
To the best of knowledge of the authors there are no systematic measurements or predictions
showing the difference between jets flowing in an ”infinite” environment and those flowing in
an enclosure. This paper is a continuation of the studies reported in Karimipamah and
Sandberg (1996). The results presented in this paper are based on supply of an axisymmetric
jet located in an enclosure with varying size. For each size of the enclosure two locations of
the exit of the air from the enclosure were used. The momentum force of the jet was recorded
by letting the air blow towards an impingement plate placed on a balance. By using a Pitot
tube a pressure related quantity was recorded along the centreline of the jet beginning at the
nozzle and further downstream in both the free jet region and the impingement region. The
static pressure was recorded on the impingement plate. For all enclosures numerical
predictions were carried out and compared with the experiments.
The frequent use of jet impingement flows for cooling and heating control of components in
industry have been an impetus for many numerical studies. Due to the complexity of confined
jet flows many researchers have developed special codes. Examples are Gosman et al (1979),
Jones and Marquis (1985), Zhu et al (1987), Zhu and Shih (1994). In Zhu et al (1987) it was
noted that the upstream conditions of the turbulence had considerable influence on the
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prediction of jet flows in enclosures. All the numerical studies above were restricted to one
enclosure size.

2. Experimental procedure
Four different model scale rooms, see table 1, are used. A balance provided with a circular
plate (D=0.75 m) is used to weigh the jet. The distance between the ceiling and the plate over
the balance was fixed to 1.10 m. A well designed nozzle of diameter d=2.5 cm is used as a
supply inlet mounted in the ceiling. The Reynolds numbers based on the nozzle diameter were
in the range of about 1.3 × 10 4 to 5.6 × 10 4 . Three different cases were studied. i) Free jet
impingement without any surrounding wall surfaces. These results were reported in part I. ii)
The jet surrounded by room surfaces, see figure 1, and on open floor. iii) The jet was
surrounded by room surfaces, see figure 2, and two outlets (holes with diameter 5 cm).
Pressure measurements on the centre-line of the jet were made for the cases of a free jet and
the enclosure configurations shown in figure 2. A Pitot tube of 3 mm diameter and provided
with holes drilled in four symmetrical positions around the tube were used for the reading of
the static pressure.
Table 1 Geometry of models.
Model size

L × L × H [m]
2.26 × 2.26 × 110
.
1.60 × 1.60 × 110
.
114
. × 114
. × 110
.
0.80 × 0.80 × 110
.

[

[m2]

AL / (πd 2 / 4 )
[-]

AL / AL − ( πD2 / 4)

5.1076
2.56
1.2996
0.64

10405. 12
5215.19
2647.52
1303.80

1.0947
1.2086
1.5150
3.2288

AL = L2

]

[-]

Figure 1 Case (ii): Test facility with open floor outlet. Impingement plate diameter D=0.75 m.
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Figure 2 Case (iii): Test facility with a closed room and outlets on the ceiling. Impingement
plate diameter D=0.75 m.

3. Momentum balance within the enclosure
Figure 3 shows a control volume above the impingement plate for the two enclosures in our
tests. In a confinement with a width close to the width of the plate there will be a flow of
momentum in the x-direction across the sides of the control volume.

Figure 3. Control volume for momentum balance.
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We assume that the inflow of momentum due to entrainment is relatively week compared to
the outflow of momentum caused by air stream leaving the control volume and flowing
towards the outlets. Furthermore we neglect pressure variations and this gives us the following
momentum balances:
Case ii):
In this case with the open floor there will be a net outflow of momentum across the sides a-c
and b-d in the supply direction (positive x). Mass balance requires that the inflow of mass
across a-b must be equal to outflow through the sides.
•

•

•

m jet = m ac + m bd

(1)

The net outflow of momentum is

− M jet + Mac + Mbd

(2)

The net out flow of momentum is equal to the force the plate exerts on the control volume in
the negative x-direction

Rii = 2π

D/ 2

∫ prdr = − M

jet

+ Mac + Mbd

(3)

0

We can expect the right hand part of the equation to be close to zero which implies that there
must arise regions with negative pressures on the plate.

Case iii):
In this case with the closed floor there will be a net outflow of momentum across the sides a-c
and b-d in the direction opposite to the supply direction (negative x). This gives rise to a
reflection of the momentum which makes the reaction force on the balance larger than supply
momentum. Relation (3) in this case becomes

Riii = 2π

D/ 2

∫ prdr =M

jet

+ Mac + Mbd

(4)

0

4. Results and discussion
4.1 Weighings of jets surrounded by surfaces
4.1.1 Open floor (case ii)
For the configuration shown in figure 1, the recorded reaction force on the impingement plate
is shown in figure 4ii. An important parameter for this configuration is the relation between
the cross section, AL , and the area of the openning at the bottom, ( AL − πD2 / 4 ), see the last
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column in Table 1. For an enclosure without any side walls, L → ∞ , this ratio is
asymptotically equal to 1. For the largest model, this ratio is nearly 1 and one can expect that
there are small ”confinement” effects for this size. This is also shown by the experiments. The
reaction force is in close agreement with that obtained without any confinement ( L → ∞ ).
With decreasing enclosure size the reaction force decreases and becomes negative at the
smallest size. This trend can be explained by the momentum equation (3). With decreasing
size the right hand side of (3) approaches zero due to the circumstance that the x-components
of the momentum flux across the sides a-c and b-d increases. With increasing Reynolds
number the reaction force increases except for the smallest model.
4.1.2 Outlets in the ceiling (case iii)
For the configuration in figure 2, the weighed momentum for different models are shown in
figure 4(iii). The momentum now decreases with increasing model size and is close to the free
jet level for the biggest model. This can be explained from relation (4). By decreasing the
model size the x-component of the momentum flux across the sides a-c and b-d increases and
the reaction force increases. When increasing the Reynolds number the reaction force
decreases somewhat.

Figure 4. Measured jet momentum (reaction force) for different model sizes versus Reynolds
numbers. (ii) configuration in Fig. 1, (iii) configuration in Fig. 2.

4.2 Pressure measurements
The pressures on the impingement plate at the centerline of the jet have been measured and
calculated (CFD) for all models. The experimental and numerical results are compared. All
measurements and numerical predictions were made for the configuration in figure 2 (case iii)
which resembles the situation in ventilated rooms.
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4.2.1 Pressures on the impingement plate

The results of the experimental and predicted pressures on the impingement plate are shown
in Figure 5 (a - e). The agreement between experimental and numerical results is reasonably
good. To illustrate the effect of different model sizes, the results of the experimental data for
all model sizes and the free jet impingement are summerised in figure 5(f). One can see that
with decreasing model size the static pressure increases. The confinement effect (compared to
free jet) is also remarkable.

4.2.1.1 Width of the jet on the impingement plate

From figure 5 (f) one can see that the effect of confinement is felt for different model sizes.
To analyse and understand this effect we choose the value of r/d at the point where
pw / ps = e −1 = 0.36788 as a measure of the jet width. The results are shown in table 2.
Table 2 Changing in jet width due to model size

Model (case iii)

r/d at pw / ps = e −1

No confinement
0.80 × 0.80 × 110
. m
114
. × 114
. × 110
. m
1.60 × 1.60 × 110
. m
2.26 × 2.26 × 110
. m

4.64
4.80
4.94
4.99
5.55

As one can see from table 2, the result for a free jet impingement is lower than the other cases.
Comparing the results for the confined models, it is evident that by increasing the model size
the jet width on the impingement plate increases. According to these results, there is a
remarkable difference in flow pattern between different room sizes at the same inlet Reynolds
number.
4.2.2 Wall shear stresses on the impingement plate

The wall shear stress , τ 0 , on the impingement plate was calculated from the pressure
measurements on the plate surface. The wall shear stress distribution on the plate is shown in
figure 6. It is evident that the wall shear stress first increases linearly with the radial distance r
(or y direction) to a maximum value at r / H ≈ 0.14 , where H is impinging height for case
(iii), and then decreases with increasing radial distance.
To calculate u*2 = τ 0 / ρ , the expressions (5), (6) and (7) of Beltaos & Rajaratnam (1974) are
used. There pressure distribution on the wall is
2

pw
r 

= exp −114  
 H 
ps


(5)
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Figure 5 Pressure measurements on the impingement plate and corresponding numerical
predictions for the configuration in figure 2 (case iii).

{

}

1 − exp −114( r / H ) 2 
τ0
 − 9.43( r / H ) exp −114( r / H ) 2
= 0.18
r/H
τ 0m




[
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]

(6)

τ 0 m = 0.16 ρU0 2 / ( H / d ) 2

(7)

For the calculations of this investigation we substituted the equation (5) into the equation (6)
and obtain

1 − ( pw / ps ) 
τ0
= 0.18
 − 9.43(r / H )( pw / ps )
τ 0m
r
/
H



(8)

where τ 0 m is the maximum wall shear stress.
One can see from the figure 6 that the position of the maximum wall shear stresses is the same
for all of the models and the equation of Beltaos &Rajaratnam (1974). But for the smallest
. m) the measured valuees lie above the analytical solution for r / H 〉0.2 .
model ( 0.8 × 0.8 × 11
And for the same model a separation appears at the distance r / H ≈ 0.2 and reaches a
negative value at the r / H ≈ 0.325 that is some centimetres from the plate edge. This is due to
a negative pressure developed on the plate beyond the above mentioned distance. For the other
model sizes, the wall shear stress decreases with increasing enclosure size.

Figure 6 Dimensionless wall shear stress profile on the impingement plate(deflecting surface)
for the configuration in figure 2 (case iii).

4.2.3 Pressures on the centre-line of the jet

The comparison of the measured and predicted pressures on the centre-line of the jet is shown
Figure 7. The pressure induced by fluctuations, ρ u' 2 , was added to the predicted pressure to
form the resulted pressure pλ ,see Miller & Comings (1957).
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p + ρ u' 2 ≅ pλ ( x )

(9)

The agreement between experimental and numerical results is good. The results of the
experimental and numerical attempts are summerised in figure 7(a - e). The figure represents
that with decreasing model size the static pressure increases. The confinement effect
(compared to free jet) is also remarkable see figre 7 (f). The pressure gradient on the centre
line can not be neglected, see Pai (1954), but according to figure 7(a) the approximative
relation of Pai must be improved by relation (9).

Figure 7 Pressure measurements on the center-line and corrosponding numerical predictions
for configuration of figure 2 (case iii).
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4.3. Numerical study of confined jets
In this investigation the numerical studies were performed by using a finite element solver
CFD code (FIDAP 7.5, (1993)) with an anisotrop k − ε turbulence model of Launder (1993)
modified for near wall approach, see Karimipanah and Sandberg (1996). The flow pattern was
studied for four different models mentioned in the experimental set-up with configuration of
figure 2. Although the code used here does not use a high order schemes of turbulent models,
the predictions were in fairly good agreement with the measurements.
As one can see from the figure 7 the agreement between measured and predicted values is
quite acceptable. The negative peak value of the centre line pressure occured at the distance
x / d ≈ 7 which means that the location of the transition point is the same for all cases studied
here. From figure 7(f) it is evident that the values of centre line relative pressure for the free
jet impinged on the plate is close to those of the largest model room. The centre line pressure
increases when decreasing the model size. The measured values of the stagnation pressure,
ps , and the maimum negative values of the centre line pressure, pmax , for the different case
studies of figure 2 are collected in table 3.
Table 3. The measued values of stagnation pressures and maximun centre line pressures for
different case studies at the Reynolds number Re d = 5.6 × 10 4 .

Model

ps
[pascal]

pmax
[pascal]

Free jet impingement
0.80 × 0.80 × 110
. m
114
. × 114
. × 110
. m
1.60 × 1.60 × 110
. m
2.26 × 2.26 × 110
. m

19.40
16.78
20.42
19.90
18.06

-21.18
-22.86
-22.69
-22.25
-23.87

ρ u' 2
[pascal]
15.64
-

5. Concluding remarks
Some effects of wall and confinement on the behaviour of an axisymmetric jet are studied in
this paper and following conclusions can be drawn:
• For the case with open floor the reaction force (momentum) on the impingement plate is
smaller than the supply momentum of the jet. But for the case with closed floor (outlets on
ceiling i.e. the same level as supply inlet) the reaction force on the impingement plate is
larger than the supply momentum.
• For the case of free jet impingement (without side walls and ceiling), the jet width for a
chosen pressure level is smaller compared to confined model ones. The width of the jet for
a chosen pressure level increases by increasing the model room sizes for the same inlet
Reynolds number. This holds for the case with a closed floor.
• The value of maximum wall shear stress on the impingement plate lies on the same radial
distance from the plate centre for all model sizes studied. The value decreases with
increasing model size. except for the smallest model where the width and length is smaller
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than the height and the increase in wall shear stress is due to a negative pressure created on
the impingement plate.
• The jet centreline negative pressure gradient can not be neglected and the absolute values
of maximum centreline pressures are higher than those of the stagnation point pressures on
the impingement plate.
• At the same inlet Reynolds number, the transition occurred at the distance x / d ≈ 7 from
the jet exit for all the cases studied.
• The anisotropic version of k − ε turbulence model with a new near-wall approach used for
predictions, shows a good agreement with the measurements.
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Abstract
Measurements of the pressure on the ceiling and a wall bounded to it which constitutes a
corner have been conducted for different room sizes in a slot ventilated room. The effect of
confinement observed in previous scale model tests motivated this study The results show that
the static pressure increases when approaching the corner which is an effect of the presence of
the opposing wall and the effect of the wall friction. The momentum of the jet when arriving
to the corner is decreased by increasing the room length. The momentum obtained from
pressure measurements is somewhat higher than obtained from hot-wire and wall friction
measurements. Because of difficulties in velocity measurements at the corners, pressure
measurements is a good alternative tool to estimate the reaction forces, i.e. the jet momentum.
An empirical relation has been found for estimation of the rotation centre of the air flow
pattern in this type of ventilated room. It was also found that the impingement region starts
when the distance from the supply device is about 70% of the room length. This holds
independently of room length. In contrast to the measurements which show a considerable
recirculating bubble at the room corners, these corner flows could not be predicted by CFD
using the linear eddy viscosity or standard stress models. However, these effects may be
captured if one uses a second moment closure turbulence model with a new near wall
approach now available in literature.

Introduction
Corner flows coincide with secondary flows and are always complicated to model and create
difficulties when measuring the flow field. The velocities change direction when the flow
comes into contact with an opposite wall. To recognise the direction which is not stable in
time is not easy, especially using stationary hot-wires which are frequently applied to measure
the mean and turbulence velocities. For a frictionless incompressible homogeneous fluid the
pressure, p, is determined by the velocity field, u . The pressure field is a solution of the
Poison’s equation
∆p = − ρ∇ ⋅ (u ⋅∇u)

(1)

That is to say the pressure is a global function of the flow configuration. Thus, it is reasonable
to measure the pressure on the room surfaces, and use the results to analyse other properties in
the flow field. To the best of the knowledge of the author, this type of pressure measurements
have not been done previously.
Miller & Comings [1] reported unique mean static pressure and turbulence measurements in a
free jet flow. They questioned the assumption of the mean static pressure gradient in the
direction of the jet flow is negligible compared to other mean forces on the fluid. Karimipanah
& Sandberg [2] measured the pressure distribution on the walls of a model room with variable
lengths and compared with the numerical predictions. They found that in short rooms (L=H
and L=2H) the jet arrived the opposite corner and was deflected at the corner and was
constrained to follow the room surfaces. But in the longest model room of their study the jet
expanded so it occupied a large fraction of the cross section of the room and the entrainment
of air into the jet gave rise to a contra flow in the lower part of the room. Sandberg et al [3]
used the same model room to study the attachment of a buoyant jet to the room surfaces. This
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was done by recording the pressure distribution along the room surfaces. As mentioned above,
the confinement effect of model scale rooms motivated the present full scale investigation.

Experimental set-up
A full-scale test room facility with varying room length has been arranged (see figure 1). The
room width and height is W=H=3 m, the room length is varied: L=2/3 H, L=H, L=4/3 H and
L=2H. The slot height, b, is 1 cm. The static pressure distribution along the perimeter of the
room was recorded via 2 mm diameter holes in the walls. At each point, the time of
integration was 5 minutes and the pressure is refereed to the atmospheric pressure. At the
corners, the pressure taps were located closer to each other. The pressure tapping were
connected to a Furness micrometer via solenoid vales. The supply velocity was 10.82 m/s for
all the room sizes.

Figure 1 Experimental facility and definitions.
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Results and discussion
The pressures were measured for four cases, see figure 1, and the region of interest is the
corner opposite to the supply inlet. To make comparisons possible the distance s is in figure 2
divided by the actual room length. According to the results shown in figure 2, the pressure
increases when decreasing the room length, especially at the corner, i.e. s/L=1, the pressure
levels are very high compared to the other parts of the room surfaces. This indicates the
existence of a recirculating bubble at the corners close to the ceiling. The relative distance to
the point where separation from the ceiling starts (i.e. impingement region begins) is the same
for all room lengths. The higher pressure level at the corner of the smaller room is due to the
fact that the momentum losses the jet has suffered when arriving to the corner is dependent on
the room length. Finally, at the second corner (near the floor) one have the same tendency but
a smaller recirculating bubble.

Figure 2. Pressure measurements for different room sizes. The co-ordinate s covers
the ceiling and the wall opposite to the supply.
4

Impinging region
From figure 2 it appears that in the region 0<s/L<1.0 the influence of the opposing wall begins
from about s/L=0.7. The region between the point where the influence of the opposing wall
begins and the end of the room we call the ”impingement region”. Although the room length L
is varied the impinging jet region occupies the same portion of the room. This is also
confirmed by the studies of an axisymmetric jet impinged on a flat plate, e.g. Karimipanah &
Sandberg [4].
Figure 3 shows a comparison between the measurements and predicted pressures for the case
L=2H. The agreement between predicted and measured values is quite good. The recirculation
bubble at the corner is well captured using an anisotropic version of k − ε turbulence model,
see Launder [5] and [6], available in the CFD code FIDAP7.5 [7]. The results in table 2
obtained for all room lengths were computed using the same turbulence model. Otherwise the
location of the rotation centre would have been influenced by the turbulence model used.

Figure 3. Comparison of measured and predicted pressures for L=2H (case (d)).
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Jet momentum
Figure 4 shows the jet momentum calculated from the pressure measurements in the
impinging region of the different room sizes compared to the frictional losses calculated as
suggested by Launder & Rodi [8] and those calculated from the velocity measurements. The
results of pressure based momentum , i.e M(p) in figure 4, lie above the curve of accepted
friction losses except for the case L=2H. The tendency of decreasing M(p) in streamwise
direction is due to the increasing room length. With the same inlet Reynolds numbers the jet
looses a larger portion of its energy in a longer room compared to a shorter one. Note that
M(p) , which is interpreted as being equivalent to the reaction force at the corner, is calculated
by integrating the measured pressure the profiles for the different cases in figure 1 as

L

∫ ( p(s) − p )ds

M ( p) ≅

(2)

min

s ( pmin )

where s( pmin ) is the point of minimum pressure, see e.g. figure 2.

Minimum pressure- and velocity points
Finding the minimum values of pressure and velocities are of interest when calculating the
rotation centre in a ventilated room. The pressure minimum points, see table 1, were
determined from the measured pressures on the ceiling and the wall opposite to the supply air
terminal.

Table 1. Minimum pressure point (results of pressure measurements).
Room
length
L [m]
2H
4H/3
H
2H/3

∆pmin

[Pa]
6.8
6.9
7.3
7.5

x pmin from

x pmin

y pmin from

y pmin

y pmin

inlet [m]

L

ceiling [m]

L

H

3.153
2.075
1.675
1.225

0.525
0.519
0.558
0.6125

1.6
1.6
1.6
1.6

0.27
0.40
0.53
0.80

0.53
0.53
0.53
0.53
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Figure 4. Comparison of calculated and measured momentum flux in streamwise direction.

The location of minimum velocity points for different room sizes, see table 2, were calculated
from the numerical simulations. It is evident from the tables 1 and 2 that the rotation centre of
the air flow pattern in the room is the same using either the simulated flow field or the
measured pressures on the room walls.
Because of difficulties in velocity measurements in recirculation zones, one can use the simple
pressure measurements on the walls to check the validity of the simulations. By using the
results of table 1, or table 2, the location of the rotation centre ( xrc , yrc ) can be defined as

xrc
≈ 0.55

L

yrc
≈ 0.53 
H


(3)

where L is room length, H is room height, xrc is measured from the supply inlet and yrc is
measured from the ceiling.
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Table 2. Minimum velocity point at rotation centre (results of numerical simulations).
Room
length
L [m]
2H
4H/3
H
2H/3

U min

[m/s]
0.0023
0.0030
0.0040
0.0020

xUmin from

xUmin

yU min from

yU min

yUmin

inlet [m]

L

ceiling [m]

L

H

3.448
2.163
1.5
1.0

0.575
0.540
0.500
0.500

1.50
1.30
1.9
1.9

0.25
0.32
0.65
0.97

0.50
0.43
0.63
0.63

It is worth to mention that Crommelin [9] used conformal mapping to predict the location of
the rotation centre. He used both a full-scale room of L × W × H = 5 × 3.85 × 315
. m and a 5
times smaller scale model, the inlet velocities were 0.5 and 1 m/s. He neglected the secondary
vortices at the room corners and for the full-scale room he found that xrc / L varied between

0.56 and 0.62 meters and yrc / L was varied between 0.47 and 0.51 meters. One can see from
tables 1 and 2 that the results obtained by Crommelin are nearly in consort with the results of
case (d), i.e. the room with L=2H(=6 m). The small discrepancies are due to neglecting the
influence of corner bubbles in Crommelin’s studies. The priority of this investigation to that
of Crommelin [9] is that the effect of the corner recirculating bubbles and room size are
included.

Concluding remarks
By making pressure measurements on the room surfaces it has been possible to draw the
flowing conclusions:

• The effect of room size on the flow field near the corner is pronounced. The pressure level

at the corners is affected by room length and this due to that the momentum losses of the
jet increases with the distance the jet has travelled.
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• The relative location of the point of minimum velocity (rotation centre) is independent of

the room length. An empirical relation obtained here may be used for comparison with the
numerical results.
• By changing the position of the wall opposite to the supply, i.e. changing the room length,

and measuring pressures on the ceiling and the wall it is possible to calculate the jet
momentum flux in the flow direction.
• If a jet impinges on a wall, which is the case in a slot ventilated room, the impinging region

is about 30% of room length and this holds independently of room length. The deflected
flow causes anisotropy of the turbulent fluctuations. Therefore CFD predictions require the
use of a second moment turbulence model to be able to take into account the effect of
anisotropy and streamline curvatures at the corner regions.
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experimental method for determining
the momentum of a jet, iii) the boundary
layer thickness calculation , the
turbulence integral length scale and
time scale which are based on the
measurements,
moreover
the
usefulness of this knowledge in
numerical calculations is discussed.

ABSTRACT
The air jet issuing from a supply device
is the basic flow element in a ventilated
room. Thus a careful theoretical
understanding and experimental study
of the boundary conditions at exit, wall
and the entrainment region are of vital
importance. An examination of the
behaviour of jets in other industrial
applications available in the literature
shows that in a closed space the
situation is very complex. There are
recirculation effects due to an opposite
wall, and there are three different flow
regimes at the same time (laminar,
transitional and turbulent) and finally the
enclosure size can strongly influence
the jet properties. Numerical simulations
of such a complex flow can not be
successful when one applies the widely
used standard k − ε turbulence model.
A low Reynolds model can be used in
the near wall regions but the anisotropy
and streamline curvature effects require
at least an anisotropic second moment
closure model. The aim of this
investigation is: i) to examine the
reliability and restrictions of a standardand
a
non-linear
two-equation
turbulence
model
by
making
comparison with experiments, ii) the jet
momentum calculation is discussed by
exploring a new momentum balance
model
and
compared
with
an

KEYWORDS: Turbulent jet, open room,
confined room, enclosure size.
1. INTRODUCTION
The practical importance of jet flows is
well known. The airflow in a ventilated
space covers four types of jets; free jet,
wall jet, impinging jet and confined jet.
Considering a jet issuing from a supply
inlet device attached directly to the
ceiling, one may observe a combined
free- and wall jet which we call a
”combined jet”. When the jet reaches
the opposite wall it is deflected
(impinges) and a recirculating bubble is
created at the corner. It reattaches to
the opposite wall and continues. Thus a
big recirculating bubble is created in the
occupied zone. Some properties of jets
in a ventilated room have been studied
by Karimipanah & Sandberg (1994a and
1994 b). It is well known that the growth
of a wall jet is only about 30% of that of
a free jet. Therefore extrapolating the
results of free jets to the wall jet is not
always possible. Due to wall damping
287

recirculation regions are created in the
different parts of the room influence the
jet behaviour. This report is a continued
examination of the poorly understood
confinement effects. In this paper only
the measurements done in the ceiling
region of the room are presented and
discussed. The results obtained in the
floor
region
are
presented
in
Karimipanah and Sandberg (1996c).

effects a wall jet is a complicated shear
flow. It will be more difficult when it is
surrounded by additional walls which
causes recirculations as in a ventilated
room.
A collection and examination of
experimental works on traditional walljets up to the 80:s can be found in
Launder and Rodi (1981). Abrahamsson
et al. (1994) have experimentally, using
hot-wire anemometry, studied the
turbulence field in a quiescent
surrounding. In their study, ( Re b = 10 4
based on slot height b) it was found that
self-similarity was held in the region
70<x/b<250 and the jet momentum was
conserved only in the small range of
70<x/b<150 compared to the room
length L/b=600. A part of their careful
findings was compared to some
previous results from the room used
here and the results showed very good
agreement.
Concerning
the
jet
behaviours in ventilated rooms some
recommendations, especially related to
design procedures, are given by Nielsen
(1994) using the flow element theory. In
his study the traditional free jet throw
theory and experience from the velocity
field
was
used.
Usual
design
procedures are based on using
correlation factors to relate velocities
recorded in an "open" room to velocities
in a confined room. In fact, the jet
properties in a ventilated enclosure
differ from the properties of jets in open
rooms. According to Karimipanah &
Sandberg (1994b) there is a transfer of
momentum from the jet to the moving
ambient. The jet undergoes repeated
deflections at the room corners and

2. EXPERIMENTAL PROCEDURE
Three
room
configurations
were
studied, see figure 1: a) open room, b)
open end opposite to the inlet, and c)
closed room. The height (H) and width
(W) are 300 cm. Inlet slot height b=1cm
and the aspect ratio W/b is 300.
Besides this large ratio which is a
decisive factor for two-dimensionality,
other criteria as e.g. satisfaction of
momentum equation were used to
ensure the two-dimensionality of the
room. Although in ordinary wall jet
design the aspect ratio W/b>40 is used
to ensure that any lateral change in the
flow properties occurs in a plane normal
to the slot length only, see Awbi (1991),
this is not true in confined wall jet
problems. Discussions of this restriction
and
the
complete
experimental
procedures
can
be
found
in
Karimipanah and Sandberg (1994b). A
hot wire anemometer (DANTEC 56C0156C14 with a hot-wire of type 55R76)
was used to measure the instantaneous
velocity. The relative turbulent intensity
was obtained by dividing the standard
deviation to the mean velocity. The later
was used as indicator of the turbulence
characteristics.

Figure 1
Room configurations. In case (c) L was varied as L=2H, 4H/3, H and
2H/3 respectively.
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sensibility of hot wire to high level
turbulence intensity region (i.e. outer
region). In the outer region the
turbulence intensities are in the range
40% up to 70% which is confirmed by
figure 2(b) and by Schneider &
Goldstein.
The
corresponding
turbulence intensity profiles obtained
from the recorded values are shown in
figure 2(b). The turbulence intensities
which
are
varied
for
different
downstream positions, increase to
reach a maximum peak in the region
1 < y / y1/ 2 < 1.5 , then decreases to
increase again in the recirculation
region where velocities are fairly low.
The drastically changes in turbulence
intensities that can be seen in figure 2
may be due to the changes in velocity
direction in the recirculating zone, which
causes
difficulty
in
hot-wire
measurements.

3. RESULTS AND DISCUSSION
In figure 2(a) the measured velocity
profiles are presented (case (c) L=2H)
at different downstream sections are
compared with the similarity profile of
Schwartz & Cosart(1961), and that of
Schneider & Goldstein (1994). The
latter was based on Verhoff’s (1970)
similarity profile. The exponential curve
fitting function of Schwartz & Coarst did
not fit their own hot wire measurements
well so it can not be expected to fit the
present ones. The error function of
Verhoff seems to be more correct since
it fits the measured data well which was
also confirmed by Rajaratnam (1976).
The error function used by Schneider &
Goldstein to fit their LDA measurements
of is nearly the same as the one Verhoff
used. These error functions fit these
measurements, at least the mayor part,
quite well. The scatters in hot wire
measurements appear at y / y1/ 2 > 1.0 ,
see figure 2(a), and this is due to the

Figure 2
(a) Similarity profiles of measured velocities at different downstream
positions. Configuration (c) with L=2H. (b) Corresponding relative
turbulence intensities.
Figure 3 shows for a fixed far
downstream distance from the supply,
but different room configurations, the
mean velocities and relative turbulence
intensities. For room configuration (a),
i.e. both end walls open, the velocity
profile is above both other cases and
the similarity curve of Schneider &

Goldstein (1994). But surprisingly the
turbulent fluctuating velocities in case
(b) are much higher than in case (c) the
closed room. One can speculate that
this is due to the higher velocity decay
in case (b) compared to that of case (c),
see figure 6a.
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predicted by anisotropic k − ε model are
in close agreement with the measured
values. It is worth to mention that the
anisotropic version of k − ε turbulence
model of Launder (1993, 1995) is used
successfully by the author for prediction
of free- and impinging jets, see
Karimipanah & Sandberg (1996a,
1996b and 1996c).

Figure 4 shows the comparison of the
measured velocity profiles with the
numerically calculated ones. Although
the standard k − ε turbulence model
gives acceptable results at some
distances, it is handicapped in near-field
and far-field regions where the effect of
turbulence
anisotropy
is
more
pronounced, i.e. in the transitional
region and high recirculation region. As
one can see from the figure the profiles

Figure 3
(a) Similarity condition for measured velocity profiles at x/b=400 for a
fixed room length L=2H and different room configurations.
(b) Corresponding rms velocities.

Figure 4
Comparison of measured and predicted velocity profiles at different
downstream position in configuration (c) with L=2H. Markers are
measurements, dashed lines are simulations with standard k − ε
turbulence model, and solid lines are anisotropic k − ε model.
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Figure. 5 (a) shows the measured
turbulence integral length scale which
shows good agreement with results by
Sandberg et. al (1991). The growth of
the integral scale is a consequence of
the boundary layer growth which is
shown in figure 5(b). To have a
reasonable resolution of the turbulent
eddies, it is desirable that the grid size
is smaller than the length scale. A finer
grid must be applied in near-wall region
and close to the inlet region.
The spreading rate of the jet and
the decay of the maximum velocity in
ventilated rooms is also different from
the traditional wall jet. The two following
relations are used for curve fits of the

spreading rate of the jet and its decay of
maximum velocity:

y1/ 2
x x
= A1  + 0 
b b 
b
(1)

2

n
 Ui 
x x 

 = Au  + 0 
b b
 Umax 

where A1 , Au and n are constants , and
x0 is the virtual origo of the jet which
can either be positive or negative.
The results obtained in this investigation
are compared to those of Schneider &
Goldstein (1994) and are shown in table
1.

(a) Growth of the turbulent length scale ( Λex ) in closed room.
(b) Growth of the boundary layer thickness. δ is the distance from the
ceiling to U max .

Figure 5

Table 1 The calculated constants of relation (1) related to the the spreading rate of
the jet and the decay of maximum velocity of the jet.
Model

Unconfined plane wall jet from
Schneider & Goldstein (1994):
LDV
Hot film
Pitot tube
Present fixed room length L=2H,
varying configurations:
Case (a) L=2H
Case (b) L=2H
Case (c) L=2H
Present configuration (c)
varying room length:
Case (c) L=2H
Case (c) L=4H/3
Case (c) L=2H/3

x0
b

Au

n

n/2

0.077
0.082
0.074

-8.7
-9.4
-11.6

0.0267
0.0421
0.0342

1.216
1.120
1.126

0.608
0.560
0.563

14000

0.0795
0.0802
0.0882

10.0082
5.1061
5.3745

0.0664
0.0841
0.1553

1.0540
1.0310
0.8635

0.527
0.516
0.432

7200

0.0882
0.0888
0.0880

5.3745
5.7258
6.1971

0.1553
0.1354
0.1302

0.8635
0.9013
0.9059

0.432
0.451
0.453

7200

A1 =

dy1/2
dx
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Re

b

Figure 6 ,(a) and (b), shows the decay
of
maximum
velocity
and
the
corresponding spreading rates of the jet
for the cases of figure 1 which are
obtained by curve fitting of relation (1) to
the measured values. From figure 6 (a)
and table 1 it is evident that the velocity
decay for the case (c), lower curve, is
highest. The case (b), upper curve, has
lowest velocity decay and case (c) is
between. Consequently, the degree of
confinement (i.e. number of enclosing

walls) strongly effects the velocity
decay, but the room size does not.
The Reynolds number based on the
supply inlet height, Re b , has also
strong influence on the maximum
velocity decay and the spreading rate of
the jet, see Karimipanah & Sandberg
(1994b). With higher Reynolds number
both the decay of maximum velocity and
the jet spreading rate decrease.

Figure 6
(a) Decay of the maximum mean velocities for fixed room length L=2H.
(b) Corresponding spreading rates of the jet for different room
configurations.
4. MOMENTUM BALANCE
It is known that the jet momentum flux in
downstream direction is not conserved
in all parts of the flow, see e.g.
Karimipanah & Sandberg (1994a,b) and
Abrahamsson et. al (1994). Especially
in ventilated room where the jet is the
only
momentum
source,
the
conservation of the momentum is not
possible due to recirculation effects, see
Malmström et al (1992). Furthermore,
due to the entrainment of the ambient
air there may also be a change of
momentum, see Kotsovinos & Angelidis
(1991) and Schneider (1985). The rate
of the losses may be clarified by the
following momentum integral equation
for a 2-D flow, see Launder and Rodi
(1981) and Abrahamsson et. al (1994)

(

M U 2 + u' 2
M x =0

) = C  U

2

 y1/ 2

i
 Ui  b

∞

max

 U2
u' 2  1
×  2 + 2 
dy
U
U max  y1/ 2
max

0

(2)

∫

(

)

where M U 2 + u' 2 is the momentum flux
based on the mean velocity U and the
velocity fluctuation u’, the coefficient Ci
is a correction factor that considers a
non-uniform velocity profile at the inlet.
To achieve a good two-dimensionality it
is of great importance to satisfy the
momentum equation (2), see Launder
and Rodi (1981).
Figure. 7(a) shows the momentum
losses in the stream-wise direction
which is compared with the momentum
losses due to wall friction calculated as
suggested by Launder and Rodi (1981).
In this figure the effect of room

confinement is calculated based on of
measurements , using the momentum
balance equation (2), for the cases
shown in figure 1. As can be seen in
figure 7(a), the cases (a) and (b) exhibit
more losses compared to case (c). For
a more close study of such phenomena,
the decay of maximum velocity and
turbulence intensity at the maximum
velocity point are plotted in figure 7(b).
This figure shows that as the maximum
velocity decreases in downstream
direction, the turbulence intensity
increases. The relative turbulence
intensities of case (b) are the highest

while the maximum velocities are the
lowest. This is interesting if one takes a
look at figure 7(a) which, as mentioned
before, shows that the momentum
losses are highest for the cases with
open end walls.
For the range up to x/b=150 the
momentum
is
conserved
when
compensated for the losses due to wall
friction. Beyond the position x/b=150 the
momentum losses increase and the
hypothesis of momentum conservation
is not valid. It means that the twodimensionality
of
the
flow
is
questionable.

Figure 7
(a) Momentum in the stream-wise direction. (b) Maximum velocity and
turbulence intensity decay in flow direction and for confined and open
room according to configureurations of Figure 1 (L=2H).
in channel flows which is different
from that of closed end-walls with
wall damping effects.
• The anisotropic version of k − ε
turbulence models shows promising
results, especially in near-field and
far-field regions, compared to those
obtained from standard versions.
• The integral scale grows nearly
linearly with the distance to the
supply air terminal. This linearity is
due to the linear growth of the
boundary layer and therefore one
needs a finer grid size close to the
inlet and in the near-wall region.
• The decay of maximum mean
velocity in a closed room is a nonlinear function of the downstream
distance but it is a linear function in a

5. CONCLUDING REMARKS
In this paper some problems of jet
behaviours are studied experimentally
and
numerically.
The
following
conclusions may be drawn:
• The hot wire measurements of the
velocity profiles are in good
agreement with those measured by
LDA technique at least to the point of
0.5U max . Beyond this point hot wire is
not capable to measure the velocities
correctly.
• The effect of confinement is
remarkable at the far-field region, for
example at the distance x/b>400
from the supply inlet, this is shown by
higher turbulence intensities for the
cases of open end-walls. This may
be due to a stronger recirculation as
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room with open end-walls. Thus, the
empirical decay relations obtained for
traditional wall jets are not suitable
for description of the jet development
in a confined room. The maximum
velocities are higher in the cases with
open end-walls compared to the
closed room case. This may be is
due to the larger spreading rate in the
closed room case, see Karimipanah
& Sandberg (1994b), and wall
damping effects which influence the
recirculation region.
• The jet momentum flux is decreasing
in downstream direction and this not
only due to the frictional losses but
also to the recirculation effects in a
ventilated room. The jet momentum
is higher in the case of closed room
than in those with open end-walls.
This can be due to the larger jet
spreading rate and lower maximum
velocity decay in a closed room.
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Synopsis
The problem of sensation of draught in ventilated spaces is connected to inappropriate
velocities in the occupied zone. In Scandinavia, velocities higher than 0.15 m/s are said to be
an indicator of that occupants are likely to feel discomfort. Therefore knowledge of the flow
field (both mean velocities and fluctuations) is necessary. Both experimental and numerical
analysis of the flow field in a full scale room ventilated by a slot inlet, with two inlet Reynolds
numbers 2440 and 7110, have been carried out . Results from both approaches show that the
location of the maximum velocity near the floor is nearly independent of the Reynolds
number. For a two-dimensional room, the maximum velocity at the floor level occurred at
about 2/3 room length from the supply. The distance from the floor level is dependent on the
inlet Reynolds number. The velocity profiles far away from the wall opposite to the inlet
device have the same character as a wall jet profile. However, close to the corners they are
transformed. The relative turbulence intensities measured in the return flow region are
questionable, because of a hot wire’s inability to record large fluctuations at low mean
velocities. These turbulence intensities close to floor level vary from 15 to 80 % and as the
authors have pointed out previously hot wires do not indicate the real value of the turbulence
intensities beyond 20%. Difficulties appear in numerical predictions of return flow properties.
Comparison between predicted values and experimentally obtained values show a reasonable
agreement. This is promising for future CFD-predictions. However, there is a need for an
appropriate measurement technique that can cope with reversing flow.

1 Introduction
The comfort parameters in a ventilated room are described in terms of appropriate
temperatures, and the risk of draught. The latter is related to the velocities in the occupied
zone. Existing design procedures require a velocity level below 0.15-0.20 m/s to avoid
discomfort of occupants in the region of their activities. According to Fanger et al. (1988),
high relative turbulence intensities will increase the sensation of draught. It is not easy to

achieve low turbulence levels and low velocity levels at the same time. Measurements are
more difficult due to high turbulence intensities which are out of the range of sensitivity of
frequently used hot wire anemometers, see Karimipanah & Sandberg (1994a,b). The air
movements in a room result in complex processes involving dynamic, thermal, climatic,
mechanical and structural parameters, see Jin & Ogilvie (1992a,b). Thus, a general conclusion
it is not possible to drawn. But, as mentioned before, one of the important comfort parameters
to control is the velocity level and its fluctuations. Usually, the supply air terminal is close to
the ceiling level where the velocity profiles are more or less like the traditional wall jet
profiles. But the problem occurs when the jet impinges on the opposite wall and deflects to
create the return flow above the floor. There, the low velocity levels cause difficulty in
measurements.
This report is just one in a long series in this area of fluid mechanics. Hanzawa et al. (1987),
Melikov et al. (1988, 1990) and Jin & Ogilvie (1992a,b) investigated air flow patterns in the
occupied zone. All these efforts have contributed valuable information in this area but the
problem due to its overall complexity still remains unsolved.

2 Experimental set-up
A full-scale test room with dimensions 6 × 3 × 3 m ( L × W × H ) is used. The inlet height is
1 cm and spans the whole room width to ensure two-dimensionality. The outlet height is 4
times inlet height and the locations of inlet and outlet are shown in figure 1, see also
Karimipanah & Sandberg (1994b) for more details. To measure the velocities at the floor
level, 8 stations were chosen. The stations were located at x=2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.3
and 5.6 [m] where x was measured from the supply inlet, see the co-ordinate system in figure
1. For each station, measurements were conducted from the floor up to y=70 cm using a
single hot-wire. Both mean velocities and turbulence fluctuations were obtained for each
point. The total measuring time for each point was 10 minutes. Two different supply
velocities 3.72 m/s (Re=2440) and 10.82 m/s (Re=7110) were used to study to some extent
the Reynolds number dependence.

Figure 1 The co-ordinate system and definitions in measurements.
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3 Results and discussion
The measured mean floor velocity U r profiles compared to the predicted ones are shown in
figure 2. In numerical predictions Launder’s (1993) anisotropic version of k − ε turbulence
model, see also Karimipanah & Sandberg (1996), was used. The results show a good
agreement indicating the quality of both measured and predicted values. For both inlet
velocities the maximum velocity at the floor level lies at x=4.0 m (=0.33L) from the wall
opposite to the inlet. Jin & Ogilvie (1992a,b) also found the maximum velocity for a shorter
room, L=4.8m, at the location x=0.3L. This is in agreement with the findings of Nielsen
(1989). One possible contribution to the small discrepancies between our measurements and
those reported by Jin & Ogilvie may be that their outlet location lies a short distance under the
supply inlet. Our profiles were almost the same as those of Jin & Ogilvie (1992a,b). Based on
these results and other investigations mentioned, one may generalise the findings by
concluding that the maximum velocity at the floor level of a two-dimensional ventilated room
lies about 2/3 L from the supply. It is worth mentioning that in a three-dimensional room
studied by Sandberg et al. (1991) exhibits a different behaviour. They found that the
maximum velocity at the floor level occurs at 5/6 L from the supply device.

Figure 2 Measured (symbols) and predicted (lines) velocity profiles above floor level for
different sections.
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From figure 2 it is evident that the velocity profile close to the wall opposite to the supply
(x=5.6 m) is unlike the wall jet profile, while the profiles at the other distances are almost
similar to wall jet profiles. According to Nielsen (1989), the maximum velocity at the floor
level, return flow velocity Urm , in normal cases is assumed to be the maximum velocity in the
occupied zone. This maximum velocity in the occupied zone is proportional to the inlet
velocity, inlet height, and the room length L. Nielsen used a relation between the maximum
floor velocity and the velocity , U L , extrapolated to the distance L from the supply for a wall
jet in an ”infinite” space as
U rm
= K rm
UL

(1)

where K rm was roughly estimated to be about 0.7.
In this paper we extrapolated U L to room length based on two different situations (see table
1):
a) A jet in an open room (only ceiling) of the same length as in Fig. 1.
b) A jet in a closed room as in Fig. 1.
For case (a) we obtained a K rm of 0.7 and 0.92 respectively. For case (b) we obtained a K rm
of 0.58 and 0.76 respectively. As Nielsen indicates this might be due to the geometry effect
and based on these results also due to the Reynolds number effect. Nielsen (1989) uses a
model room and here a full-scale room is used. The quotient (1) in case (b) are about 83% of
that in case (a) for both Reynolds numbers. This is due to that the rate of decay of the velocity
in the wall jet is less rapid in case (b), see Karimipanah (1996) and figure 3. It is worth
mentioning that although the location of the maximum floor velocity shows very small
Reynolds number dependence, see figure 3, the distance above the floor level is decreasing by
increasing the Reynolds number. These distances were y=3 cm and 5 cm for Re=7110 and
2440 respectively. The following relation of Nielsen (1989) may be used with acceptable
accuracy to calculate the maximum floor velocity
Urm = K p KrmU0

h
[m / s]
L + x0

(2)

where h is slot height, L is room length, x0 is the jet virtual origin , U 0 is the supply inlet
velocity and K p and K rm are decay constants for ceiling level velocities and floor level
velocities respectively.
To illustrate the turbulence characteristics the recorded rms values of the fluctuating velocities
U
and the relative turbulence intensities, I = r × 100 , are shown in figures 4 and 5 where.
u' 2
One can see from figure 4 that the values of the rms velocities are nearly constant in all
locations, except for the distances x=5.6 m and 5.3 m. But the low mean velocities result in a
high turbulence intensity of more than 70% which is outside the capability of hot wires. Jin &
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Ogilvie (1992a,b) argued that the maximum averaged turbulence intensity in their study was
less than 50% but they never commented on the quality of their measured mean velocities and
the rms values some distances above the floor level.
With respect to the above mentioned difficulties one may accept that new measuring
techniques are needed for the occupied zone in a ventilated room and until these have been
found the problem of draught will be unsolved.
Table 1 Test conditions and

UL

Conditions
U0

Re

Urm

Urm
U0

[m/s]
[m/s]
10.82 7110 1.320 0.12
3.72 2440 0.345 0.092

for open and closed room.
Open room (a)
Extrapolation to L
Urm
U L [m/s]
= Krm
UL

1.43
0.49

0.92
0.70

Closed room (b)
Extrapolation to L
Urm
U L [m/s]
= Krm
UL

1.73
0.59

0.76
0.58

Figure 3 Maximum velocity for ceiling level (upper graph) and floor level (lower graph)
respectively.
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4 Concluding remarks
Regarding air movements in the occupied zone the following conclusions may be drawn:
1. According to these results and previous investigations, the location of the maximum floor
2
velocity for a two-dimensional flow is at about L measured from the supply air terminal
3
and is almost independent of the Reynolds number and room size.
2. The value of maximum velocities at the floor level , U rm , is proportional to the velocity in
the wall jet, U L , at the end of the room. The proportionality constant is approximately
0.67 (but higher for higher inlet Reynolds numbers and lower for lower ones).
3. The effect of degree of room’s confinement is shown by that the extrapolated jet velocity at
the end of a closed room U L is reduced by 83% compared to a wall jet in an open room.
4. Although the location of the maximum floor velocity shows some Reynolds number
dependence, the distance above the floor level is decreasing with increasing Reynolds
number.
5. By using a hot wire anemometer, the relative turbulence intensities vary from 15% up to
more than 80%. This points out the difficulty of measuring the turbulence in the occupied
zone with a hot wire. Thus, there is a need for a new measuring technique capable of
measuring in the occupied zone.

Figure 4 Measured rms velocity profiles above floor level for different sections.
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Figure 5 Measured relative turbulence intensities above floor level for different sections.
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