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Abstract

The two-dimensional turbulent airflow generated by two non-isothermal plane wall jets in a compartment is numerically investigated
over a wide range of supply airflow rates. The low-Reynolds-number turbulence model of Nagano and Hishida, assembled in a
finite-volume-based numerical code, is used after a previous validation study involving several other formulations of the k—& model.

The results of an extensive parametric study are reported and discussed, and conclusions are drawn about the relative influences of the
room aspect ratio, the jet inlet sections, the temperature of the walls and the ratio of ventilation-to-heating airflow rates on the flow
structure and the maximum velocity in the return flow. Evidence is provided that the commeon requirements of ventilation rate in
non-industrial buildings imply airflows that lie within a mixed convection regime, where deep changes of the flow pattern can occur.
Attention is given to the parametric conditions associated with flow reversal, a situation that can seriously compromise thermal comfort.
In fact, the maximum velocity in the occupied zone may then double for the same ventilation rate, © 2000 Elsevier Science S.A. All

rights reserved.
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1. Introduction

Turbulent recirculating airflows generated by wall jets
are frequently found in the domain of room heating and
ventilation, where numerical methods have become a suit-
able and popular basis for analysis and design. The accu-
racy of the numerical approach relies greatly on the ability
of the associated turbulence model to reproduce the turbu-
lent features of momentum and heat transport.

As reviewed by Chen and Jiang [1], the high-Reynolds
k—¢ turbulence model [2] has been widely used to study
the field distributions of air velocity, temperature, turbu-
lence intensity, relative humidity, contaminant concentra-
tion and the air quality within ventilated spaces. The
dissertations of Nielsen [3] and of Restivo [4] were perhaps
the earliest studies of confined turbulent flows generated
by wall jets, having a close relevance for ventilation
problems. The physical model corresponds to a room with
a mixing flow heating-ventilation system, where fresh air
is supplied by either a two- or a three-dimensional horizon-
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tal, rectangular wall jet beneath the ceiling, the exhaust
section is located down in the opposite wall and heat is
uniformly supplied through the floor. As reported in Ref.
[4], experiments were carried out in a 1,/30 scale model,
and included LDA measurements and flow visualisation of
isothermal flows. Three different geometries of the jet inlet
section were considered, producing from essentially 2-D to
3-D flows that were analysed in a regime (Re; = 5000~
9000) where the flow structures were practically
Reynolds-independent (self-similar flows).

Restivo [4] also reported 2-D and 3-D numerical simula-
tions, using the standard high-Re k—e turbulence model
with wall-functions. A parametric study for isothermal
conditions led him to conclude that (cf. also Refs. [5-7]):
(i) the maximum velocity in the return flow (U,,) is
determined, not by the shape, but by the area of the jet
inlet section (a,), provided that its global dimensions are
small; (ii) for a constant-supply air velocity, U, increases
approximately with a, and decreases with the room length
(L). (iii) Considering a fixed supply airflow rate (e.g.,
imposed by the ventilation requirements, in a practical
situation), it was concluded that U, tends to vary in-
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versely with the square root of a,. For non-isothermal
flows, Restivo [4] concluded that the buoyancy effects
should be included both in the momentum equation and in
the terms of production /destruction of turbulence energy.
Results of 2-D calculations showed that U, increased with
the thermal load. Beyond a certain level, the wall jet
started to separate more and more prematurely from the
ceiling, until it finally originated a total flow reversal. In
addition, Restivo [4] concluded that the ratio of the room
Jength-to-height (L/H) had a relatively small influence on
the critical conditions that determine the flow reversal.

Whittle [8] used 2-D numerical calculations to investi-
gate the air movement and convective heat transfer in a
similar configuration with a window beneath the ventila-
tion (horizontal) wall jet. Higher air velocities were found
in the occupied zone for a summer configuration, due to
the assisting buoyancy effects. On the contrary, winter
conditions produced a flow pattern that was divided at
approximately mid-height into two counter-rotating cells,
as a result of the adverse buoyancy forces in the window
vicinity. Using also the finite-volume method [9] and the
standard k—g turbulence model, Skovgaard and Nielsen
[10] performed a 3-D numerical study of the isothermal
airflow generated in a full-scale room (4.2 X 3.6 X 2.4 m®,
thus with L/H=1.75) by a rectangular horizontal jet,
Jocated in the symmetry plane at an end-wall and near the
ceiling. Considering two different geometries of the jet
section (0.3 X 0.35 and 0.3 X 0.23 m?), calculations cov-
ered the range of 2200-22500 of the jet Reynolds number
(Re;, based on 4,), corresponding to N, =1-11 air
changes per hour. The 3-D characteristics of the flow were
evidenced by the location of U,: not in the symmetry
plane, but near the side walls. Furthermore, the results
verified the simplified models that are frequently used in
the design of mixing flow ventilation systems:

Um .= clMc (1&)
and
Ua= CzlfM_o (1b)

where M, is the jet momentum and ¢, and c, are con-
stants. These relations are valid for fully turbulent flows
and limited to the same room geometry (L/H). An alter-
native, apparently more general expression was suggested:

iy

“L+x,

D!rm ==fLU:-'K (].C)

where x, is the distance to the virtual origin of the jet, K,
is a constant depending on the type and geometry of the
supply air terminal, and f; is a function only of the two-
or three-dimensional character of the jet flow, when it hits
the opposite wall. For the two jet geometries, respectively,
the values 3.9 and 4.2, for K, and 0.435 and 0.42 for f,,

are reported in Ref. [10] (determined with the assumption
of x,=0). For nearly 2-D flows, a value of f; = 0.7 is
referred in Ref. [11].

These simplified models lose validity for lower flow
regimes. Due to the effects of low turbulence level, the
airflow pattern can no more be considered self-similar, and
the design parameters will be Reynolds-dependent. In fact,
most situations in room heating and ventilation of non-in-
dustrial buildings involve low velocity airflows, that are
neither fully turbulent and developed nor completely lami-
nar, and may lie in a mixed-convection flow regime,
Turbulence models that account for low-Reynolds-number
and near-wall turbulence decay effects should therefore be
used. Over the past two decades, several different versions
of the so-called ‘‘low-Re”” k—e& turbulence model have
been proposed and extensively tested in a variety of
isothermal boundary layer [12] and ventilation [13] prob-
lems, and in natural convection flows [14,15]. The applica-
tion of such models to mixed-convection recirculating
flows, like those commonly occurring in room ventilation,
has however been scarcer [16-18],

In a recent work by the authors [19], the problem of the
2-D confined, mixed convection airflow generated by two
non-isothermal plane wall jets was investigated numeri-
cally and experimentally. Measurements of the turbulent
velocity and temperature fields in a 1 X 1 m? cross-section
cavity were reported. Eight low-Reynolds-number k-&
turbulence models were comparatively tested, together with
a simplified version of the two-layer wall-function model
of Chieng and Launder [20]. The latter achieved a rather
satisfactory performance when used with the same fine
grid that placed all the wall-adjacent nodes well inside the
viscous sublayer (max x, < 0.45). However, the best over-
all approach to the experimental data was achieved with
the low-Re model of Nagano and Hishida [21]. Its results
were still improved by varying the turbulent Prandtl num-
ber, Pr, and the ‘‘constant’” C,, in the & equation,
according to appropriate functions.

This methodology was thus successfully validated and
has been used with confidence in our subsequent calcula-
tions. In the present work, an extensive program of sys-
tematic 2-D calculations is reported, aiming to study the
influences of the relevant geometric, dynamic and thermal
parameters on the flow and heat transfer characteristics
over a wide range of airflow rates. The physical model,
schematically represented in Fig. 1, can be identified as a
mixing flow heating—ventilation system, where fresh air is
horizontally injected adjacent to the ceiling, and heat is
supplied by a warm vertical wall jet at the floor level.
Analysis of results is greatly based on the dimensional
plots of the maximum velocity in the occupied zone,
represented by U, against the ventilation rate, N,., which
allow to clearly identify the different flow regimes: natu-
ral, mixed and forced convection. The flow field details
are mostly illustrated as streamline patterns, giving empha-
sis to the mixed convection regime and the structural
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Fig. 1. Geometric configuration of the heating—ventilation system.

changes associated with the buoyancy-induced flow rever-
sal.

4

2. Numerical method

In order to simplify the problem, the confined turbulent
airflow was considered to be 2-D, incompressible, steady-
state in average and the Boussinesq approximation [22]
was assumed for the fluid physical properties.

The numerical method is based on the solution of the
Reynolds-averaged equations for the conservation of mass,
momentum and thermal energy. In analogy with laminar
flow, the turbulent stresses and heat fluxes that arise in
these equations are related to the mean velocity and tem-
perature gradients through the Boussinesq concept of tur-
bulent viscosity, »,. In the k-& turbulence model, v, is
obtained from the usually called Prandtl-Kolmogorov rela-
tion:

v, =f,C,K*/& (2)

thus implying the solution of two further transport equa-
tions for the turbulent kinetic energy, k, and its dissipation

rate, & (or &, cf. Table 1). The set of equations to be
solved can be cast into the generalised conservation equa-
tion (cf. Nomenclature for further symbol identification):

3 d 3
axj(u.fqb) axj (I:#ax)) +S¢ (3)
where the diffusibility I}, and the source-term S, take the
different meanings indicated in Table 1, according to the
dependent variable represented by ¢.

The terms P, and G, in the k and & equations repre-
sent the rates of shear production and buoyancy produc-
tion /destruction of turbulence energy, respectively. As
listed in Table 1, the transport equations are written in the
general low-Reynolds-number form of the k—& turbulence
model. They differ from their basic version in the high-Re
model [2] by the inclusion of (i) the viscous diffusion
terms in all transport equations, (ii) the modifying func-
tions f that make the terms containing constants C depen-
dent upon the local level of turbulence and, in some cases,
(iii) additional terms denoted by D, and E, in the k and &
equations, respectively, to better represent the near-wall
behaviour of turbulence. After previous validation tests
involving several other formulations [19], the low-Re model
proposed by Nagano and Hishida (NH) [21], and specified
in Table 2, was selected for the present calculations,
incorporating the following expressions for the turbulent
Prandtl number Pr, and the ‘‘constant’” C, (Refs. [23,24],
respectively):

~ k[l —exp(—x}/A")]
A k'[1 —exp(—x;/B*)]

C,, = tanh|v/u| (5)

4

where A*=26, B*=50 and k' = k/0.55.
The partial differential equations were discretized using
the finite-volume method described in Ref. [9] and the

Table 1
Values of I, and S, in the general transport equation (3)
Transported property ¢ I S,
Mass 1 0 0
: apc[ 9 Bu}
Momentum in i-direction u; vhe=v+y=v+f,C,— T -8 BT-T )+ —| vy
& p dx; dx; ax;
vy
Thermal energy T Qe = o= ¥ F;‘- 0
v,
Turbulent kinetic energy k v+ ;' P+G,— &+ D,
k
T g Y G .
Dissipation rate of k g v+ = -k-(,ﬂ C. Pi—fC.,5+C,C,G)+E,

n du;  Bu; | du; % v, oT
=p|— 4 — et =g f—
L 8x;  Ax; | dx; k=8P Pr, ax;

"&= g+ D, is adopted as the ‘‘dissipation variable’* for the computational convenience of specifying its value at the walls as zero.
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The low-Re k-& turbulence model of Nagano and Hishida [21]: constants, wall-boundary conditions (BC) for k and #; modification functions (£} and

extra-terms (D,, E,)

C,, Ce, oy a, k,—BC &,—BC
1.45 1.9 1.0 1.3 0
L f f Dy E,
x| ) e | o e ]
P =03 —Re2 == e,
1 exp( % 1 1 — 0.3 exp(—Re; 2v ) w(l —-f, e

convective fluxes at each face of the control volumes were
approached with the hybrid central /upwind difference
scheme. Velocities and pressures were calculated by the
SIMPLEC algorithm with the enhancements recommended
in Ref. [25], and the discretized equations were solved by a
tri-diagonal matrix algorithm. After grid-dependence tests
[19], a 70 X 70 non-uniform staggered grid was used for
the present calculations. The criteria for convergence of
the iterative calculation, to be simultaneously satisfied,
were: (i) normalised sum of the absolute residuals for the
discretized equations <5 X 107%; (ii) maximum mnor-
malised iterative change <5 X 10~° for all variables; (iii)
relative iterative change of the outlet temperature < 0.01%
and (iv) overall energy balance satisfied to within 0.05%
of the thermal energy conveyed into the cavity by the jets.

By exploratory calculations [19], it was verified that, for
levels of I, <10%, the flow field solutions were rather
insensitive to the assumed distributions and precise values
of k and Z at the inlet sections. In fact, the transport
equations of these variables are source-term dominated,
and the global level of turbulence intensity in the recircu-
lating flow domain is mainly established by the strong
shear production of k in the early mixing layer of the jets.
In contrast, the shape of the streamwise velocity inlet
profiles was observed to significantly affect the growth of
the jets and the local wall heat transfer rate up to a
distance of 25-30 slot widths. Thus, in all calculations,
uniform profiles were assumed for k and Z (as well as for
T) at the jet inlet sections, with the values:

by = 151202 (6)

g‘in = k?njz/l‘s (?)

respectively, where L_ is a length scale for dissipation,
taken here as d;/2, and an average value of /, = 4% was
assigned for both jets. Since a wide range of jet flow rates
was to be considered, either a parabolic or a logarithmic
(or mixed, with gradual transition) channel flow profile
was specified for the streamwise mean velocity compo-
nent, according to the value of each jet Reynolds number.
At the outlet section, zero normal gradients were specified
for all variables, except for u, which was iteratively cor-
rected to ensure overall mass balance (see Ref. [19] for
details). The temperature value was specified on the

isothermal solid walls, where the no-slip condition was
assumed for velocity.

3. Results and discussion
3.1. Flow reversal

In the course of laboratory experiments carried out with
the same experimental set-up described in Ref. [19], impor-
tant disturbances were observed in the structure of the
recirculating flow, which were mainly due to the dominant
effect of the downward buoyancy forces at the entry region
of the horizontal jet. Specifically, a complete flow reversal
was verified for the parameter configuration defined by:
L/H=1 (H=1.04 m), d/H=0.019, Re,=373 (U, =
0.14 m/s), Re,/Re,=18, Fr,=17 and 6, =053
[26,27]. The corresponding flow and temperature fields
calculated with the present methodology are illustrated in
Fig. 2. They are characterised by the inversion of the
normally clockwise circulation of the main vortex, which
is imposed by the downfall of the incoming cold air
(horizontal jet) along the left side wall. Consequently, the
upcoming warm jet is prematurely separated from the wall
and deflected to the right. As it will be referred again later,
the numerical predictions indicate that such occurrence
may be critical for the thermal comfort in room ventilation,
since the maximum velocity in the lower part of the
compartment (generally represented by U,.) almost dou-
bles with respect to a clockwise circulation flow pattern at
a similar ventilation rate (U_, =0.88U, against 0.46U,,
respectively — cf. Fig. 2(d) with Figs. 5(b) and 8(b) in
Ref. [19]). In fact, in a normal clockwise-rotating flow
pattern, the flow associated with U is fed by the recircu-
lation itself. However, with flow reversal, it is further
reinforced by the (cumulative) warm and cold air incoming
flows, as it is apparent from Fig. 2(a).

The particular conditions that may lead to the flow
reversal come out as a result of the parametric study
presented in the next section.

3.2. Parametric study

‘For optimisation purposes in the scope of thermal com-
fort, systematic calculations were conducted to assess the
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Fig. 2. Predicted flow reversal for the parametric configuration quoted in Refs. [26,27]: (a) streamline pattern (A¥ = 0.345), (b) isotherms (A ® = 0.05), (c)
velocity vectors and (d) lines of isovalues of the velocity modulus. (5 =1.04 m, U, =0.14 m/s.).

influence of the different geometric, dynamical and ther-
mal parameters on the flow and heat transfer character-
istics in a room with a mixing flow heating—ventilation
system, such as the one sketched in Fig. 1. The ranges of
parameter values covered by the calculations are given in
Table 3.

Characterising a balance between the inertia and the
viscous forces, a global (air supply) Reynolds number is
here defined as Re,=U,L /v, where U, and L. are
characteristic velocity and length scales of the incoming

Table 3

Scheme of the parametric study, for the configuration of Fig. 1. Fixed
parameters: H=3 m, T, =T, = 25°C and d;, =d, = d. The same tem-
perature value is assigned to all the four walls

Influence of: L/H d/H a,

Rey /Re, Re,

L/H 1-4  0.02 025,05 1 107'-10°

d/H 3 0.01-0.1 0.25 1 107! -10°

e, 3 0.02 0-0.5 1 1071 -10°

Re, /Re, 3 0.02 0.25 0.25-10 107 '-10°
0.5 0.5-2

forced flow, respectively, expressed by U, = (U,d, +
u.d,)/(d,+d,) and L, =d, +d,. Consequently, Re, =
Re, + Re, under the Boussinesq approximation, and U, =
(U, + U,)/2if d,=d, =d, as considered in the course of
the present study. Being directly proportional to the supply
airfflow rate, Re, is likewise proportional to the air ex-
change rate for a given room geometry. In practical prob-
lems of room ventilation, this parameter is usually ex-
pressed by the number of air changes per hour, N,.,
which can be written as:

N, = 36000~ [ 8
. = 36000 £ (07" (8)
if both jets are assumed to contribute for the air renewal.
In turn, the balance between buoyancy and inertia forces
may be represented by a global Archimedes number Ar,
[=(Gry/Re})-(L./H)?, cf. Nomenclature] or, locally in
each inlet region, by the respective jet Froude number
Fr{= Uj/[gij(T,—Th)]Vz, j=12}

For every study of a parameter influence, Re, was
made to vary approximately between 10™' and 105 (m-g
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~ 10°~10"") ranging from purely buoyant to forced flow
regimes, through a mixed convection zone where the flow
may be unstable due to the conflict between the two
natures of forces. To set the numerical results free from
any ‘‘hysteresis’’ effects, which naturally occur when ap-
proximate solutions of the relevant variables are taken as
initial guesses [4], every iterative calculation was started
with the following initial field distributions: zero-velocity,
uniform temperature at some level between 7, and T, and
k and & were initialised with the average of the respective
values at the jet inlets,

The results of the parametric study will now be exposed
and discussed.

3.2.1. Room geometry
The influence of the room aspect ratio on the flow
characteristics was studied for values of L/H between 1

(a) Re,/(HL) [m-?]
0.182 182 1820
] Sy e et gt :
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Fig. 3. Influence of L/H on the maximum velocity in the return flow
U, as a function of the number of air changes per hour N,.: (a)

®, =0.25 and (b) O, =0.5. (——): Curves fitted to the set of results
obtained with L/H =2, 3 and 4. (d /H = 0.02 and Re, /Re, =1.).
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Fig. 4. Relation between U, and characteristic (average supply air)

velocity U, as a function of Fr(= Fr, = Fr,) and of Re,. (B, =0.25,
d/H=002 and Re, /Re, =1).

and 4, taking d/H =0.02 and Re,/Re,=1 (ie., equal
ventilation and heating airflow rates), and two wall-tem-
perature levels: ®, =025 and 0.5. For each of these
cases, Fig. 3(a) and (b) shows the variation of the maxi-
mum velocity in the return flow, U, as a function of N,..
It is seen that, for a given air exchange rate, U, is not
significantly affected by the room aspect ratio, particularly
for L/H > 2. The results with L/H = 1 [omitted in Fig.
3(a)] present lower values of U, for N, > 50 h™'") and,
for @ = 0.5, they show discontinuities in the range 1 <N,
< 10 h™!, that are associated to the occurrence of the flow
reversal, as described previously. In these cases, it was
observed that the flow pattern is rather similar to that of
the configuration represented in Fig. 2, where Re, /Re, =
1.8.

Three distinct zones are apparent in these figures, corre-
sponding to three flow regimes: (i) a natural convection
flow regime, below N, =0.1-0.3, where U, remains-
constant, thus unaffected by the increasing momentum of
the jets, because the recirculating flow is primarily pro-
moted by the buoyancy forces that accelerate the incoming
warm airflow of the vertical jet; (ii) a mixed convection
regime up to N, =30 h™', where the inertia and the
buoyancy forces are globally of the same order of magni-
tude, and U, grows approximately as N./? [or as U./?,
for a fixed room geometry, cf. Eq. (8)]; (iii) finally, a
forced convection regime with a linear dependence of U,
on N,., where the flow pattern is nearly independent of the

) Such lower values of U, are probably due to the effects of numeri-
cal diffusion, which prevail in the regions where the flow is not aligned
with the Cartesian grid directions, As L/ H grows, the extension of such
regions loses importance relatively to the whole calculation domain,
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(@) Re./(HL) [m? flow, starting at about Re, > 1.5 X 10* (Fr > 8.5), for any
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Fig. 5. Variation of the maximum velocity in the return flow in the mixed
convection regime for L/ H > 2: (a) @, = 0.25 and (b) &, = 0.5. (Sym-
bols with the same meaning as in Fig. 3; d / H = 0.02 and Re, /Re, =1.).

Reynolds number (self-similar flow) and U, /U. (or
U, /Re,) is almost constant for each L/H (cf. Egs. (1a),
(1b) and (1c)).

The relations Re,/HL and Fr/HL — proportional to
N,, — are labelled in the upper axis of Fig. 3(a) and (b),
for easier reference to the non-dimensional parameters
(note that Fr, = Fr, = Fr when Re,/Re,=1). Thus, it
may be said that the zones corresponding to the mixed
convection regime are naturally centred on the values of
the jet Froude number Fr close to unity. This is more
apparent in the non-dimensional representation of Fig. 4,
which allows to conclude that, for Fr = 1 (and verified for
all studied values of @, ), U, is close to the values of the
supply air average velocity (i.e., U, /U =1). Besides,
Fig. 4 shows clearly the regime of self-similarity of the

referred by other authors for different one-jet configura-
tions: e.g., Re; = 5000-8000 [4] and Re; = 8100 [28].

By Fig. 3(a) and (b), it may also be inferred that the
most common values of room ventilation requirements in
non-industrial buildings — generally, N,. between 0.3 and
5-10 h™' [29,30] — lie in the mixed convection flow
regime, thus emphasising the importance of a reliable
assessment of heat transfer for the numerical prediction of
such low-turbulence flows. The details of the box-limited
zones in Fig. 3(a) and (b) are represented in Fig. 5(a) and
(b), respectively, where the best fits found for the U, ~ N,
relations are plotted in linear coordinates. A comparison of
these latter allows to better quantify the influence of the
wall-temperature level ), on the maximum velocity in the
occupied zone: for example, when 6, = 0.25, the value
U,=02 m/s — usually taken as the limit- level for
thermal comfort — is reached with five air changes per
hour, while N,, = 8.5 h™! will be needed, when @, = 0.5.
The opposing effect on U_ of an increasing @,, in the
natural and mixed convection regimes, is related to the
decrease of the assisting buoyancy forces acting on the
vertical (warm) jet, since the temperature level of the
internal ambient increases with ©,,.

It was verified that, within the range of velocity values
with practical interest, the central region of the compart-
ment remains practically isothermal, as expected for a
mixing flow ventilation system. Therefore, the temperature
at the centre ®, may be taken as representative of the
ambient temperature level in the occupied zone. Thus,
from Fig. 6, it can be predicted that, keeping &, = 0.25
and Re, /Re,=1, the effective heating of the room will

Regl 1754

0.001 0.1 10
1.0 3 AR AL L SR SE L ISR iy S T B ), [ Bty

0.0001 0.01 1 102
Fr

Fig. 6. Variation of the temperature at the center &, with the flow regime
for different values of L/H. (d /H = 0.02 and Rey, /Re, =1.).



L —

334 J.J. Costa et al. / Energy and Buildings 32 (2000) 327343

(a) - LIH=1:
Reg=500; Fry(=Fr,)=0.285

(b) - LIH=2:
Reg=1000; Fry=0.57

(¢) - LIH=3:
Res=1500;
Fry=0.855

(d) - LIH=4: Re;=2000; Fry=1.14

Fig. 7. Streamline patterns for different room geometries, with L/H = 1-4, for the same air exchange rate: N,, =3.05 h™'. (d/H =0.02, ®, = 0.25 and

Re,/Re, = 1).

be accomplished only for Fr>1 (Re, > 1750, approxi-
mately) and, as expected, more difficult to achieve as L/H
increases.

The following figures illustrate some relevant aspects of
the influence of the room geometry on the flow structure.
The predicted streamline patterns at a fixed air exchange
rate of N,, =3.05 h~! are represented in Fig. 7(a)-(d), for
increasing values of the room aspect ratio L/H between 1
and 4. In any of these configurations, the flow field is
essentially characterised by the main clockwise recircula-
tion, which determines the airflow rate sweeping the lower
part of the occupied zone and, consequently, the value of

U,_.. The secondary, counter-clockwise recirculation asso-
ciated with the separation of the return flow from the left
part of the bottom wall, as shown in Fig. 7(b)-(d), is a
characteristic of the mixed convection flow regime.? It
represents a poorly ventilated zone that is wider for higher
L/H. In spite of the different geometries, the sequence
from (a) to (d) in Fig. 7 illustrates the changes that could

% This detail was exclusively observed for values of the jet Froude
number in the range 0.1 < Fr <10, irrespective of L/H (=2) and of
d/H.
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normally be observed in the flow of the horizontal jet
when its discharge velocity is gradually increased. [Note
that, for fixed H and N,., Re, (as well as Fr,) increase
directly with L/H (cf. Eq. (8))]. In Fig. 7(a) (Fr,, = 0.285),
it is seen that, due to the adverse buoyancy forces, the
horizontal (cold) jet falls down as it enters the room, which
is a characteristic of the whole regime of natural convec-
tion. However, the corresponding zone of separated flow
remains very restricted by the upcoming flow of the
vertical (warm) jet, which was meanwhile accelerated by
the assisting buoyancy forces. This is also the case in Fig.
7(b) (Fr, = 0.57), where the separation of the cold jet
from the adjacent wall is very slight and just indicated by
the negative (and minimum) value of the stream function.

In Fig. 7(c) and (d), such separation is no longer observed.
From the present predictions, it could be stated that, for
values of Fr, greater than unity, inertia becomes dominant
over buoyancy in the domain of the cold jet, which then
remains definitively attached to the top wall. In particular
for L/H=3, it was verified that the critical Froude
number (in this sense) was Fr, =~ 0.53.

The just described details of the flow are more clearly
identified with the three flow regimes in Fig. 8, for a room
aspect ratio of L/H =3: (a) natural, (b) mixed and (c)
forced convection regimes. As will be seen in Section
3.2.3, under more critical conditions regarding the conflict
between inertia and buoyancy forces (e.g., for Re, /Re, > 1
and @, > 0.25), important modifications of the flow pat-

Fig. 8. Flow patterns that are Iypica] of the
(L/H=13, d/H=0.02).

(c) - Reg=20000, Fry=11.4; N,.=40.7h™",

Veetion regimes, for &, = 0.25 and Re, /Re, = 1: (a) natural, (b) mixed and (c) forced convection.
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tern may occur in the mixed convection regime, including
the complete flow reversal with a variety of transitional,
complex flow structures.

For the mixed convection configuration of Fig. 8(b)
(i.e., Re, =2000, N, =4 h™!), the predicted isoline dis-
tributions of (a) the velocity modulus, (b) the turbulent
viscosity and (c) the turbulence intensity are graphically
represented in Fig. 9, where the occupied zone of the room
is delimited by a dashed line (cf. definition in Ref. [31]).
Apart from the outlet region, the higher velocity values are
registered in the domains of the vertical jet (IV|/U, = 2.3,
at y/H = 0.12) and of the horizontal jet ([V|/U, = 1.56, at
x/L =0.086), thus outside the occupied zone. Within it,
the maximum velocity is U, = 0.66U,, at the level y/H
= 0.073 in the return flow — a value that complies with
the recommended air velocity limits for thermal comfort

(cf. Ref. [32]). Fig. 9(b) shows that the flow in the lower
left region of the compartment remains practically laminar,
This feature is also common to the whole natural convec-
tion regime, where the level and the distribution of », are
nearly independent of Re,. On the contrary, in the forced
convection regime, the numerical results showed that the
turbulence level tends to significantly increase with the
supply airflow rate, and the whole flow field remains
frankly turbulent. Fig. 9(c) indicates that the occupied zone
is characterised by low levels of the turbulence intensity
(1, £ 20%), which increase towards the outlet side of the
room. The higher values of I, are registered in the free-
mixing layers of the horizontal jet (=45%) and of the
vertical jet (= 40%), nearly at the locations where they are
hit by the upcoming warm airflow and by the return flow,
respectively.

Fig. 9. Lines of isovalues of the non-dimensional (a) velocity modulus, I\_J.I U, (b) turbulent viscosity, » * = »,/ v, and (c) turbulence intensity, I, for the
mixed convection configuration of Fig. 8(b): Re, = 2000, Fry=1.14; N, =4 h~ !, U =0.258 m/s. (- - - =): Limits of the occupied zone.
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3.2.2. Width of the jet inlet sections

The width of jet inlet sections was made to vary within
the range d/H = 0.01-0.1, keeping d, =d,=d and the
remaining conditions as quoted in Table 3. Fig. 10(a) and
(b) show the influence of d/H on U,,/U,, for Re,(H/d)
=4 X 10* and 2 X 10°, respectively (i.e., corresponding
to U,=0.1 and 0.5 m/s). The right and the upper axis
provide a direct relation between N, and U_ . It may be
directly inferred that, for a fixed supply air velocity in a
compartment with a given geometry, the maximum veloc-
ity in the return flow varies approximately as (d/H)'/?.

Generally, the determining parameter is the required
ventilation rate for a certain application. In Fig. 11(a), the
variations of U, /U, with d/H are plotted for specific
values of the supply airflow rate — i.e., for fixed values of
Re, or of the air exchange rate, N,., if the room geometry
(L/H) is the same. Thus, it may be concluded that, for the
higher flow regimes, U, /U. increases linearly with d/H,
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Fig. 10. Influence of d/H on the maximum velocity in the return flow,
for fixed values of the supply air velocity: (a) U, = 0.1 m/s and (b)
U=05m/s.(L/H=3, 8, =025 and Re, /Re,=1.).
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Fig. 11. (a) Dimensionless and (b) dimensional representation of the
dependence of U, on the jet slot width, d, for different values of Re,
(i.e., of the supply airflow rate) in the mixed convection flow regime.
[L/H=3, ®,=0.25 and Re, /Re,=1; H=3 m. ("): Locations of
the probable minima of U_,.].

a variation that becomes less uniform and more accentu-
ated for lower ventilation rates (N,, <4 h™', Re, < 2000).

The inference from Fig. 11(a) of the absolute values of
U, for practical purposes is somewhat difficult, since U,
varies inversely with d/H, when Re, is kept constant.
Alternatively, Fig. 11(b) illustrates the corresponding di-
mensional relations U, ~ d, allowing to conclude that: (i)
for higher levels of the supply airflow rate (N, > 10 h™',
and constant), U, varies inversely with d, according to
relations like:

Uy =0.244 +2.064 X 107°d" "' [m], forN,=10h"'
(92)

or

U,=0312+530%X10"3d" ' [m], forN,=20h""'
(9b)
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(a) - dIH=0.02, Fr,=0.57.

(&) - dIH=0.066, Fr,=0.095.

Fig. 12. Streamline patterns for Re, = 1000 (N, = 2 h™'): (a) d/H = 0.02 and (b) d/H = 0.066. (L/H =3, @, =025 and Re,/Re,=1; H=3m.).

In such cases, the flow field is essentially dominated by
inertia and the variation of U, with an increasing d is
mainly determined by the inherent decrease of the initial
momentum of the jets. (ii) For lower air exchange rates
(N, <4h™" in the figure), that are more common to room
ventilation problems, the variations of U, present minima
within the studied range of d, which might, in this sense,
correspond to optimal values of 4 and are marked by an
asterisk in Fig. 11(b): d,, =3.6, 8.1 and 11.6 cm, for
N,.=1, 2 and 4 h™', respectively. The corresponding
fitted curves (dashed lines) are thus divided into two
branches. When d <d,,, the variation of U is sull
typical of the forced flow regime, as explained above in
(D). For constant Re,, higher jet slot widths imply lower
initial momentum of the jets and, as d increases above
d > the flow field becomes gradually more dominated by
the buoyancy forces. These forces act mainly in the do-
main of the vertical jet flow (which is wider as d grows),
by accelerating it, thus promoting the increase of the rate
of recirculating airflow and, therefore, of the return flow
associated with U, .

In Fig. 12, a comparison is made of the flow fields
calculated for Re, = 1000 (N, =2 h™"'), considering two
different values of the jet slot widths, (a) d/H = 0.02 and
(b) 0.066, lying each from either side of d, on the
corresponding curve in Fig. 11(b) (i.e., d = 0.06 and 0.198
m, respectively). It is seen that the total return airflow rate

— represented, in dimensionless terms, by (¥, —1)° —
is clearly greater in the latter case: 9.37 against 7.85.*Fig.
12 shows also the different evolutions of the horizontal
cold jet: in (a), it remains attached to the ceiling (inertia
dominated), while in (b), it ‘‘falls down’’ prematurely, as
it is typical in the natural convection flow regime
(buoyancy-dominated).

Thus, one might say that each minimum of U, marked
in Fig. 11(b) approximately represents the conditions for
transition between the domains of predominance of the
buoyancy and the inertia forces, for the respective value of
Re, (or of N,.). Such critical conditions are plotted in Fig.
13 as a function of d/H, for a room geometry of L/H = 3;
however, Fig. 3(a) suggests that they should be applicable
to any value of L/H between 1 and 4, under the same
remaining parameters. It should be remarked that the linear
relation Re, ~d/H (or N~ d) shown in Fig. 13 is
equivalent, by the definition of Re,, to a *‘critical” value
of the mean jet discharge velocity, that is almost indepen-

* The subtractive value ¥ =1 [dashed lines in Fig. 12(a) and (b)]
means the cumulative airflow rate of both jets (see the definition of ¥),
which is equal to the exhaust airflow rate.

* For Reg =500 (N,,=1h" 1), the difference is much more notorious
(cf. the values of U, on the comresponding curve in Fig. 11(b)):
W, =11.9 and 18.5, for 4 =0.06 and 0.198 m, respectively.
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N, erlt”')

a/H

Fig. 13. Critical Re, (and N,.) as a function of the jet slot widths, stating
a transition between the domains of forced and natural convection, in the
horizontal jet flow development. (L/H = 3, @, = 0.25 and Re,, /Re, =
1; H=3m.).

dent of d/H, but will certainly depend on other parame-
ters that were kept constant in the present study (e.g., ©,,,
Re,/Re,, A®,, or even H). Such value may be called
optimum in the sense that it is related with a minimum
U, and it reads U, =0.13 m/s when H=3 m.
3.2.3. Ratio between the ventilation and heating airflow
rates. Temperature of the walls

In this section, an analysis is made of the effects of
varying the ratio between the horizontal and the vertical jet
Reynolds numbers and the temperature of the walls. It is
shown that these are the parameters that, under certain
combined conditions, determine the occurrence of drastic
modifications of the flow structure, namely the complete
flow reversal. Considering a compartment with L/H =3,
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Fig. 14. Influence of the temperature of the walls @, on the maximum
velocity in the return flow U, as a function of the air exchange rate N,
for equal jet flow rates (i.e., Re, /Re,=1). (L/H=3, d/H=0.02;
H=3m).

and d/H=0.02 for both jets, the ratio Re,/Re, was
made to vary between 0.25 and 10, for @, =0.25, and
from 0.5 to 2, for ©, = 0.5 (cf. Table 3). In any case, the
range Re, =10"'-10° was covered, while @, is taken
uniform and equal for all the walls.

In agreement with the conclusions drawn in Section
3.2.1, after the comparative analysis of Fig. 5(a) and (b),
the results plotted in Fig. 14 show that, as the level of @,
is increased, the maximum velocity in the return flow
tends to decrease, mainly in the natural and mixed convec-
tion flow regimes. Such effects derive essentially from the
decreasing importance of the (normally assisting) buoy-
ancy forces acting in the domain of the vertical jet.

It was already referred, with respect to Fig. 3(b)
(Re,/Re, =1, 6, =05, L/H = 1), that a higher temper-
ature of the walls promoted the occurrence of flow rever-
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Fig. 15. Influence on U, of varying the ratio of the horizontal to the
vertical jet Reynolds numbers Re,, /Re,: (a) @, = 0.25 and (b) @, = 0.5.
Symbols A and O represent the values of Re, /Re, for which flow
reversal occurs. In (a), no data were plotted for Re, /Re, =4, in the
range N, =0.25-2.5 h™', because no satisfactorily converged solutions
were obtained. (L/H =3, d/H =002 H=3m.).
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Fig. 16. Variation with the flow regime of the temperature at the centre of
the room, for different Rey /Re,, and (a) ©, = 0.25, (b} ©, = 0.5. The
inner frames represent the normally recommended limits for N,. and for
the indoor ambient temperature. (L /H =3, d /H=0.02; H=3 m.).

sal in the mixed convection flow regime. In such cases,
the “‘reversed’’ flow pattern was very similar to the one
represented in Fig. 2 (Re,, /Re, = 1.8, ©, = 0.53). Besides
allowing to conclude that the value of U, almost doubles
relatively to a clockwise circulation flow pattern at a
similar ventilation rate, Fig. 2(a)-(d) suggested the set of
conditions that support the definitive ‘‘downfall’’ of the
horizontal jet (and, therefore, the flow reversal), namely:
(i) a relatively warm indoor ambient — thus reinforcing
the adverse buoyancy forces acting on it —, which is
promoted by a higher ©,,; (i) higher cold (horizontal) jet
than warm (vertical) jet airflow rate, i.e., Re,/Re, > 1.
In fact, these assertions can be more precisely inferred
from Fig. 15(a) and (b). It is seen here that, for a certain
ventilation rate N, , the maximum velocity in the return
flow is not significantly affected by changing @, or
Re,/Re,, except when the flow reversal occurs (in the
box-limited zone), i.e.: for Re,/Re, >4, if ©,=0.25,
and for Re,/Re, =15, if ©,=0.5. In such cases, the

thermal discomfort. However, considering simultaneously
the recommended intervals for the room air temperature
(generally, between 20 and 26°C [27]) and for the air
exchange rate, N,. (cf. the box-limited zones in Fig. 16(a)
and (b)), it may be concluded that such risks of discomfort
by flow reversal should typically be expected in Summer
situations, i.e., when the temperature of the walls is rela-
tively high and heating (vertical jet) is dispensable
(Re,/Re, — ).

Finally, in Fig. 17(a)-(e), a sequence of streamline
patterns is presented, as obtained for @, = 0.5, Re,/Re,
=2 and increasing airflow rates that ranged from the
natural (a) to the forced convection (e¢) flow regimes,
passing through a complete flow reversal (c) in the mixed
convection regime. It is interesting to note that, in the
transitions between direct-reversed—direct rotations of the
main recirculation (corresponding, approximately to the
transitions between flow regimes), flow patterns appear
that are qualitatively similar in the sense that they are
divided into two main recirculating cells rotating oppo-
sitely (cf. Fig. 17(b) and (d)).

4, Conclusions

Using a previously validated 2-D calculation code, an
extensive parametric study was conducted to determine the
influence of the most relevant geometrical, dynamic and
thermal parameters on the structure of the turbulent airflow
inside a compartment that is typically equipped with a
two-jet heating—ventilation system. A wide range of veloc-
ities was covered. The dimensional plots of the variations
of U,, the maximum velocity in the return flow, as a
function of the air exchange rate, N, ., allowed a clear
identification of the different flow regimes, ranging from
natural to forced convection. Evidence was shown that the
range of ventilation rates that are commonly required for
acceptable thermal comfort and indoor air quality in resi-
dential buildings lies in the mixed convection flow regime,
where U, varies approximately with N5, The effects of
varying the room geometry, the jet inlet sections, the
temperature of the walls and the ratio between ventilation
and heating airflow rates were quantified and discussed in
detail. The results showed that, for a given room geometry
and a fixed airflow rate (low to moderate, i.e., Res <
3000-4000), it is possible to find an optimum width of the
jet inlet sections, d,, which allows a minimum U,. In
the mixed-convection regime (thus, with relevance for
room ventilation), the airflow structure can be strongly
modified by the effect of adverse buoyancy forces. A
complete flow reversal can then occur if particular condi-
tions are associated, namely: (i) inherently low-to-mod-
erate momentum of the jets, (ii) significant temperature
difference between the walls and the incoming cold air,
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+ (€) - Re,=7500, N, ;=153 h™'; Fr=5.8.

Fig. 17. Streamline patterns obtained for @, = 0.5 and Re,, /Re, =2, as Re, is successively increased. (L/H =3, d/H=0.02; H=3 m.).
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and (iii) ratio of the horizontal (cold) to the vertical
(warm) jet flow rates greater than unity. In a practical
situation, the flow reversal may present a risk of thermal
discomfort, since the level of the maximum velocity in the
occupied zone is doubled relatively to a clockwise circulat-
ing flow pattern at a similar ventilation rate. Such risk
should be considered mainly for typical Summer condi-
tions, i.e., when the temperature of the walls is relatively
high and the heating (vertical jet) is unnecessary (Re, /Re,

— @),

5. Nomenclature

ay
Arg

Cel’
Cu

d, d,
Dk

[

S fo 1
Fr,

sz’ Ce.'l

gi

area of the jet inlet section [m?*]

global Archimedes number [= g B(T, —
T,)H/U?]

constants of turbulence model

constant of turbulence model

jet slot width [m]

extra-terms in the k and & equations
functions of low-Re k—& models

jet Froude number {=U,/[gBd,(T, -
T,)1%)

gravitational acceleration in the i-direc-
tion [m - s?]

rate of buoyancy production/destruction
of turbulence kinetic energy [m? - s 7]
Grashof number [= g (T, — T,)H> /v?]
room height [m] o
turbulence intensity { = [ + v'%)/2]'/2
/U, from measurements; or =
(2k/3)"/? /U,, from calculations}
turbulence kinetic energy (= Wi/, /2) [m?
s S_z]

room length [m]

characteristic length (= d, +d,) [m]
pressure [N - m™?]

=p + 2/3pk, for numerical convenience
(N-m™?]

rate of shear production of k [m?-s™?]
molecular /turbulent Prandtl number
global Reynolds number (= U.L_/v)

jet Reynolds number (= U,d,/v)
local-turbulence Reynolds number (=
k?/vE)

source-term in Eq. (3)

temperature [°C]

reference temperature [= (7}, + T,)/2]
[°C]

mean velocity components [m - s™']
mean velocity in the i-direction [m:s™']
friction velocity [= (7, /p)"/*] [m-s~"']
characteristic velocity scale {=(U,d, +
U,d,)/(d,+d,)} [m-s"']

U, (U,)
U,

m

Superscripts

+

Subscripts
¢
h

— e
-
—.

Os < 0B

References

horizontal (vertical) jet velocity [m-s™!]

maximum velocity in the return flow [m -
-1

s™']

spatial coordinates (cf. Fig. 1) [m]

normal distance to the nearest wall [m]

dimensionless wall-distance (= u, x,/v)

molecular thermal diffusibility [m?-s~']
turbulent thermal diffusibility [m? - s~ ']
thermal expansion coefficient [K™']
dissipation rate of k (§=e+ D)) [m*-
§77]

generic variable

diffusibility in mean-flow equations

von Karman constant (= 0.4187)
molecular kinematic viscosity [m? - s™']
turbulent kinematic viscosity [m” - s 7]
fluid dynamic viscosity (= pvr) [N-s-
m~2]
dimensionless
T,)/(T, — T)]
fluid density [kg - m ™3]

constants of turbulence model

turbulent shear stress, (= —pu?’) [N-
m~2]

wall shear stress {= u(du/dx,),} [N-
m~2]

stream function [m? - s~ '] (dimensionless:

temperature [= (T —

fluctuating quantity
dimensionless wall variables

centre of the room
horizontal jet
inlet condition
spatial indices
generic jet
direction normal to a surface
outlet condition
turbulent

vertical jet

wall condition

jet inlet section
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