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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-e 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 common 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 [l], the high-Reynolds 
k-e 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 (Rei = 5000-
9000) where the flow su11ctures 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 (~m) is 
determined, not by the shape, but by the area of the jet 
inlet section (a0) , provided that its global dimensions are 
small; (ii) for a constant-supply air velocity, U,m increases 
approximately with a0 and decreases with the room length 
( L). (iii) Considering a fixed supply airflow rate (e.g., 
impo ed by the ventilation requirements, in a practical 
situation), it wa concluded that urm tends to vary in-
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versely with the square root of a0 . 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 Urm increased with 
the thermal load. Beyond a cerrain 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 
length-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-s 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 m3

, 

thus with L/H = 1.75) by a rectangular horizontal jet, 
located 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 m2

), calculations cov
ered the range of 2200-22500 of the jet Reynolds number 
(Rei, based on a0), corresponding to N.c ::::: 1-11 air 
changes per hour. The 3-D characteristics of the flow were 
evidenced by the location of U.m: 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: 

(la) 

and 

(lb) 

where M0 is the jet momentum and c1 and c2 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: 

(le) 

where x0 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 fL 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 fl, 

are reported in Ref. [10] (determined with the assumption 
of x0 = 0). For nearly 2-D flows , a value of fL::::: 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 fl.ow 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 [1 2] 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 m2 cross-section 
cavity were reported. Eight low-Reynolds-number k-s 
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, Prl' and the "constant" C&J in the s 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 Urm, against the ventilation rate, Nae, 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 struct~ral 
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Fig. 1. Geometric configuration of the heating-ventilation system. 

changes associated with the buoyancy-induced flow rever
sal. 

( 

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, vt. In the k-e turbulence model, v1 is 
obtained from the usually called Prandtl-Kolmogorov rela
tion: 

(2) 

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

Table l 
Values of I'"' and Sol> in the general transport equation (3) 

Transported property </> I'</> 

Mass 0 

rate, e (or 8, 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): 

a a ( acp ) -(u .cf>)=- r- +s 
ax. J ax. "' ax. "' 

J J J 

(3) 

where the cliffusibility r</> and the source-term s"' take the 
different meanings indicated in Table 1, according to the 
dependent variable represented by cf> . 

The terms Pk and Gk in the k and e equations repre
sent the rates of shear production and buoy~cy 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-e turbulence 
model. They differ from their basic version in the high-Re 
model [2] by the inclusion of (i) the viscous diffusion 
t~nns 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 Dk and E,, in the k and e 
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 Pr1 and the "constant" Cs (Refs. [23,24], 

3 

respectively): 

K [ 1 - exp( - x: /A+ ) ] 
Pr = - - - - -----

1 K
1 [l -exp(-x:/B+)] 

(4) 

Cs = tanhlv/ul 
3 

(5) 

where A+= 26, B+ = 50 and K1 = K/0.55. 
The partial differential equations were discretized using 

the finite-volume method described in Ref. [9] and the 

0 

Momentum in i-direction U; 

k2 
v.r = v + v, = v + fµ. Cµ.-::;

e 

Thermal energy T 
IJ v, 

ar=-+-
e Pr Pr, 

0 

Turbulent kinetic energy k 
v, 

v+-
uk 

Dissipation rate of k 

• 8 = e +Dk is adopted as the "dissipation variable" for the computational convenience of specifying its value at the walls as zero. 
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Table 2 
The low-Re k- e turbulence model of Nagano and Hishida (21]: constants, wall-boundary conditions (BC) for k and e; modification functions (f) and 
extra-terms ( Dk, E, ) 

c. , CB'l <Tk 

L45 1.9 LO 

!µ. !1 !2 

[I -exp ( ~:.; ) r 1 - 0.3 exp( -Re~) 

convective fluxes at each face of the control volumes were 
approached with the hybrid centraljupwind 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 10- 5 ; (ii) maximum nor
malised iterative change ::;; 5 X 10-5 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 /1 < 10%, the flow field solutions were rather 
insensitive t~ the assumed distributions and precise values 
of k and e 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 e (as well as for 
T) at the jet inlet sections, with the values: 

kin = 1.5 /17. U/ 
Bin = k~/2 /Le 

(6) 

(7) 

respectively, where Le is a length scale for dissipation, 
taken here as d/2, and an average value of /1;. = 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 

a;, k w-BC ew-BC 

1.3 0 0 

D, E, 

-2vclk r axi 
( ai u . r 

vv,(l - fµ.) a xia~k 

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, Reg= 373 (~ = 
0.14 m/s), Reh/Rev= 1.8, Frh = 1.7 and @w = 0.53 
[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 V,m) almost dou
bles with respect to a clockwise circulation flow pattern at 
a similar ventilation rate (Urm = 0.88Uc against 0.46Uc, 
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 urm is fed by the recircu
lation itself. However, with flow reversal, it is further 
reinforced by the (cumulativ.e) 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 (ti.'/'= 0.345), (b) isotherms (ti.@= 0.05), (c) 
velocity vectors and (d) lines of isovalues of the velocity modulus. (H = 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 Reg = VcLc/ v, where Uc and Le 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, Tv - Th = 25°C and dh = dv = d. The same tem
perature value is assigned to all the four walls 

Influenceof: L/ H d / H <B>w Reh / Re . Reg 

L / H 1-4 0.02 
d / H 3 0.01-0.1 
ew 3 0.02 
Reh/ Rev 3 O.D2 

0.25; 0.5 
0.25 
0-0.5 
0.25 
0.5 

1 
I 
0.25-10 
0.5-2 

10 1_105 
10-1-105 
10-1_105 
10- 1-105 

forced flow, respectively, expressed by Uc= (Uhdh + 
Uvdv)/(dh + d) and Le = dh + d v. Consequently, Re& = 
Reh+ Rev under the Boussinesq approximation, and Uc = 
(Uh+ U)/2 if dh = d v = d, as considered in the course of 
the present study. Being directly proportional to the supply 
a:irflow rate Re

8 
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, ~c . 
which can be written as: 

Re 
Af.1c = 3600v H~ [h- 1

] (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 Arg 
[ = (GrH/Rei ) -(LJ H)2

, cf. Nomenclature] or locally in 
each inlet region, by the respective jet Froude number 
Fr;(= V/ [g {3di(Tv-T1,)]

112 j = 1,2}. 
For every study of a parameter influence, Re8 was 

made to vary approximately between 10 - 1 and 105 (Ar
8 
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:::::: 109- 10- 3 ) 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 Th and Tv, and 
k and l: 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.l. Room geometry 
The influence of the room aspect ratio on the flow 

characteristics was studied for values of L/H between 1 
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Fig. 3. Influence of L/ H on the maximuQl velocity in the return flow 
U,m, as a function of the number of air changes per hour Nae: (a) 
@w = 0.25 and (b) ew = 0.5. (--): Curves fitted to the set of results 
obtained with L / H = 2, 3 and 4. (d / H = 0.02 and Reh/ Rev= 1.). 
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Fig. 4. Relation between U.m and characteristic (average supply air) 
velocity Uc, as a function of Fr(= Frh = Frv) and of Reg . (Elw = 0.25, 
d / H = 0.02 and Reh / Rev = 1.). 

and 4, taking d/H = 0.02 and Reh/Rev= 1 (i.e., equal 
ventilation and heating airflow rates), and two wall-tem
perature levels: E>w = 0.25 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.m• as a function of N.c· 
It is seen that, for a given air exchange rate, U.m 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 Urm for N

0
c?:. 50 h- 1 (tl and, 

for E> = 0.5, they show discontinuities in the range 1 < Nnc 

< 10 h - i , 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 Reh/Rev= 
1.8. 

Three distinct zones are apparent in these figures, corre
sponding to three flow regimes: (i) a natural convection 
flow regime, below Nae:::::: 0.1-0.3, where U.m 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.c :::::: 30 h - 1, where the inertia and the 
buoyancy forces are globally of the same order of magni
tude, and U.m grows approximately as N.~12 [or as Uc112

, 

for a fixed room geometry, cf. Eq. (8)]; (iii) finally, a 
forced convection regime with a linear dependence of U,m 
on N0c, where the flow pattern is nearly independent of the 

( J) Such lower values of U..m 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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Fig. 5. Variation of the maximum velocity in the return flow in the mixed 
convection regime for L / H;::: 2: (a) @w = 0.25 and (b) @w = 0.5. (Sym
bols with the same meaning as in Fig. 3; d / H = 0.02 and Reh /Rev = 1.). 

Reynolds number (self-similar flow) and U,m/Uc (or 
U,m/Reg) is almost constant for each L/H (cf. Eqs. (la), 
(1 b) and (l e;)). 

The relations Re./ HL and Fr/ HL - proportional to 
N.

0 
- are labelled in the upper axis of Fig. 3(a) and (b), 

for easier reference to the non-dimensional parameters 
(note that Frh = Frv ==Fr when Reh/Rev= 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 ew ), u,.m is close to the values of the 
supply air average velocity (i.e., U,m/Uc::::: 1). Besides, 
Fig. 4 shows clearly the regime of self-similarity of the 

flow, starting at about Reg~ 1.5 X 104 (Fr~ 8.5), for any 
L/H. This value of Reg corresponds to jet Reynolds 
numbers of Rej ~ 7500, which is close to the values 
referred by other authors for different one-jet configura
tions: e.g., Rej::::: 5000-8000 [4] and Rej::::: 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, Nae between 0.3 and 
5-10 h- 1 [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,m - Nae 
relations are plotted in linear coordinates. A comparison of 
these latter allows to better quantify the influence of the 
wall-temperature level ew on the maximum velocity in the 
occupied zone: for example, when ew = 0.25, the value 
U,m = 0.2 m/s - usually taken as the limit · level for 
thermal comfort - is reached with five air changes per 
hour, while N.c = 8.5 h- 1 will be needed, when ew = 0.5. 
The opposing effect on Urm of an increasing @w, 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 ew. 

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 ec may be taken as representative of the 
ambient temperature level in the occupied zone. Thus, 
from Fig. 6, it can be predicted that, keeping @w = 0.25 
and Reh/Rev= 1, the effective heating of the room will 
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Fig. 6. Variation of the temperature at the center @c with the flow regime 
for different values of L/ H. (d/ H = 0.02 and Reh/ Rev=!.). 
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(a)- LIH=l: 

t 

-

Reg=500; Frh(=Frv)=0.285 

(b)-LIH=2: 

Reg=lOOO; Frh=0.57 

(c) - LIH=3: 

Reg=l500; 

Frh=0.855 

Fig. 7. Streamline patterns for different room geometries, with L / H = 1-4, for the same air exchange rate: N,c = 3.05 h- 1• (d/ H = 0.02, ew = 0.25 and 
Reh/ Rev= 1.). 

be accomplished only for Fr> 1 (Reg> 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,c = 3.05 h- 1 are represented in Fig. 7(a)-(d), for 
increasing values of the room aspect ratio L / H between 1 
and 4. lri 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,m . 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.2 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 

2 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 Hand Nae• Re (as well as Frh) increase 
directly with L/ H (cf. Eq. (8))f In Fig. 7(a) (Frh = 0.285), 
it is seen that, due to the adverse buoyancy forces, the 
horizontal (cold) jetialls down as it enters the mom, 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) (Frh = 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 . 

'//=-7.55 -

t 

-

t 

-

t 

In Fig. 7(c) and (d), such separation is no longer observed. 
From the present predictions, it could be stated that, for 
values of Frh 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 Frh :::: 0.53. 

The just described details o{ 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 Reh/Rev > 1 
and ew ;;::: 0.25), important modifications of the flow pat-

Fig. 8. Flow patterns that are typical of the 
(L/ H=3, d/ H=0.02.). 

"~ction regimes, for @w = 0.25 and Reh/Rev = 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, Nae = 4 h- 1 

), the predicted isoline dis
tribution; 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 veloci!I' values are 
registered in the domains of the vertical jet (JV I/Uc= 2.3, 
at y / H = 0. 12) and of the horizontal jet (IVI/ Uc = 1.56, at 
x/L = 0.086), thus outside the occupied zone. Within it, 
the maximum velocity is ll,;m = 0.66Uc, at the level y/H 
= 0.073 in the return flow - a value that complies with 
the recommended air velocity limits for thermal comfort 

t 

t 

(a) 

(b) 

(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 vt are 
nearly independent of Reg. 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 
(Its 20%), which increase towards the outlet side of the 
room. The higher values of It 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. 

0.66 

Fig. 9. Lines of isovalues of the non-dimensional (a) velocity modulus, IV I/Uc, (b) turbulent viscosity, v' = v,/v, and (c) turbulence intensity,/" for the 
mixed convection configuration of Fig. 8(b): Reg= 2000, Frh = 1.14; N,c = 4 h- 1

, Uc= 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 dh = dv = d and the 
remaining conditions as quoted in Table 3. Fig. lO(a) and 
(b) show the influence of d/H on °'m/Uc, for Reg(H/d) 
= 4 X 104 and 2 X 10 5

, respectively (i.e., corresponding 
to Uc"" 0.1 and 0.5 m/s). The right and the upper axis 
provide a direct relation between Nae and °'m. 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)112

. 

Generally, the determining parameter is the required 
ventilation rate for a certain application. In Fig. ll(a), the 
variations of Urm/U0 with d/H are plotted for specific 
values of the supply airflow rate - i.e., for fixed values of 
Reg or of the air exchange rate, Nae• if the room geometry 
(L/H) is the same. Thus, it may be concluded that, for the 
higher flow regimes, °'ml~ increases linearly with d/H, 

I Re~(H!d) =4x!0
4 ll 
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Fig. 10. Influence of d/ Hon the maximum velocity in the return flow, 
for fixed values of the supply air velocity: (a) U0 ""0.1 m/s and (b) 
U, ""0.5 m/s. (L/ H = 3, @w = 0.25 and Reh/ Rev= I .). 
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Fig. 11 . (a) Dimensionless and (b) dimensional representation of the 
dependence of Umr on the jet slot width. d, for different values of Re1 
(i.e., of the supply airflow rate) in the mixed convection flow regime. 
[L/H=3, Bw=0.25 and Reh/Re.= I; F/ = 3 m. ( " ): Locations of 
the probable minima of u,m .). 

a variation that becomes less uniform and more accentu
ated for lower ventilation rates (N

00 
~ 4 h- 1

, Reg ~ 2000). 
The inference from Fig. 1 l(a) of the absolute values of 

U.m for practical purposes i somewhat difficult, since U0 

varies inversely with . d/H, when Reg is kept con.stant. 
Alternatively, Fig. l l(b) illustrates the corresponding di
mensional relations urm ~ d, allowing to conclude that: (i) 
for higher levels of the supply airflow rate (N.c ~ 10 h- 1

, 

and constant), urm varies inversely with d, according to 
relations like: 

U,m = 0.244 + 2.064X10- 3r 1 [m], for Nae= lOh- 1 

(9a) 

or 

°'m = 0.312 + 5 .30X10- 3r 1 [m], for N = 2011- 1 
ac 

(9b) 
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-

(a) - d!H=0 .02, Frh=0 .57. 

(b) - d/H=0.066, Frh=0.095. 

Fig. 12. Streamline patterns for Reg= lOOO(N,c = 2h- 1
) : (a) d/ H= 0.02 and(b) d/H= 0.066. (L/H= 3, ®w = 0.25 and Reh/Rev= 1; H= 3 m.). 

In such cases, the flow field is essentially dominated by 
inertia and the variation of U,m with an increasing d is 
mainly determined by the inherent decrease of the initial 
momentum of the jets. (ii) For lower air exchange rates 
(Nae :::; 4 h- 1 in the figure), that are more common to room 
ventilation problems, the variations of U,m present minima 
within the studied range of d, which might, in this sense, 
correspond to optimal values of d and are marked by an 
asterisk in Fig. 11 (b ): d0P1 = 3 .6, 8 .1 and 11.6 cm, for 
Af.c = 1, 2 and 4 h- 1, respectively. The corresponding 
fitted curves (dashed lines) are thus divided into two 
branches. When d < d0P1, the variation of U,m is still 
typical of the forced flow regime, as explained above in 
(i). For constant Reg , higher jel slot widths imply lower 
initial momentum of the jets and, as d increases above 
d opt> 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,m . 

In Fig. 12, a comparison is made of the flow fields 
calculated for Reg = 1000 (Nae = 2 h- 1 ), considering two 
different values of the jet slot widths, (a) d/H = 0.02 and 
(b) 0.066, lying each from either side of dopt on the 
corresponding curve in Fig. ll(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/lmax - 1) 3 
-

is clearly greater in the latter case: 9.37 against 7.85.4 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,m marked 
in Fig. ll(b) approximately represents the conditions for 
transition between the domains of predominance of the 
buoyancy and the inertia forces, for the respective value of 
Reg (or of N,.J. 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 I and 4, under the same 
remaining parameters. It should be remarked that the linear 
relation Re

3
" - d/H (or Nae"~ d) shown in Fig. 13 is 

equivalent, by the definition of Reg, to a "critical" value 
of the mean jet discharge velocity, that is almost indepen-

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

4 For Reg = 500 (Nae = 1 h- 1 
), the difference is much more notorious 

(cf. the values of U.m on the corresponding curve in Fig. ll(b)): 
11'; = 11.9 and 18.5, ford= 0.06 and 0.198 m, respectively. 
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Fig. 13. Critical Re, (and N,.0 ) 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, e., = 0.25 and Reh/ Rev~ 
I ; H=3 m.). 

dent of d/fl, but will certainly depend on other parame
ters that were kept constant in the present study (e.g., ew, 
Re1jReV', A®v• or even H). Such value may be called 
optimum in the sense that it i related with a minimum 
U,m , and it reads Ur. ::::: 0.13 m/ when H = 3 m. 

""' 
3.2.3. Ratio between the ventilation and heating ai"rflow 
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 rever al . Considering a compartment with L/R = 3, 

10 

• 

0.1 · ·). · U rm"' ~.053 . .. ~ . . .. . ' 

Natural convection Mi'xed convection . . 
' . 

Forced 
convec. 

Fig. 14. Influence of the temperature of the walls @w on the maximum 
velocity in the return flow U,111 , as a function of the air exchange rate N.0 , 

for equal jet flow rates (i.e., Reh /Re" = 1). ( L / H = 3, d / H = 0.02; 
H=3 m.). 

and d/H = 0.02 for both jets, the ratio Reh/Rev was 
made to vary between 0.25 and 10, for @w = 0.25, and 
from 0.5 to 2, for Bw = 0.5 (cf. Table 3). In any case, the 
range Reg= 10- 1-105 was covered, while Bw 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 es entially from the 
decrea ing importance of the (normally as isting) buoy
ancy forces acting in the domain of the vertical jet. 

It was already referred, whh respect to Fig. 3(b) 
(Reh/Re v= l, ew = 0.5, L/H = 1), that a higher temper
ature of the wan promoted the occurrence of flow reuer-
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Fig. I 5. Influence on U"" o.f varying the ratio of the horizontal to the 
venicaljet Reynolds numbers Reh I Re .: (a) e •. = 0.25 and (b) @., = 0.5. 
Symbols • and 0 represent the values of Reh/ Re. for which flow 
reversal occurs. In (a). no data were plotted for Reb /Re.= 4, in the 
range N.,, ~ 0.25-2.5 h- 1, because no satisfac1ori.ly converged solutions 
were obtained. ( L / H = 3, d / H = 0.02; H ~ 3 m.). 
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Fig. 16. Variation with the flow regime of the temperature at the centre of 
the room, for different Reh/ Rev, and (a) @w = 0.25, (b) ®w = 0.5. The 
inner frames represent the normally recommended limits for N,0 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 (Reh/Rev= 1.8, @w = 0.53). Besides 
allowing to conclude that the value of u,m 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 <?Jw; (ii) higher cold (horizontal) jet 
than warm (vertical) jet airflow rate, i.e., Re hi Rev > l. 

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 Nae, the maximum velocity in the return 
flow is not significantly affected by changing @w or 
Reh/Rev, except when the flow reuersal occurs On the 
box-limited zone), i.e.: for Re1,/Rev ~ 4, if @w = 0.25, 
and for Reh/Rev~ 1.5, if @w = 0.5. In such cases, the 

value of u,m practically doubles, with the potential risk of 
thenna1 discomfort. However. considering simullaneously 
the recommended intervals for the room air temperature 
(generally, between 20 and 26°C [27]) and for the air 
exchange rate, Ne (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 
(Reh/Rev ~ oo). 

Finally, in Fig. l 7(a)-(e), a sequence of treamline 
pattems is presented, as obcained for @w = 0.5, Reh/Rev 
= 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 betv.·een 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 detennine the 
influence of the most relevant geometrical, dynamic and 
thennal parameters on the structure of the tw-bulent 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 °'m' the maximum velocity in the return flow, as a 
function of the air exchange rate N0c , 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 Urm varie approximately with N.~· 5 • 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. , Reg < 
3000-4000) it is possible to find an optimum width of the 
jet inlet SeCtiOllS, d opP WruCh allOWS a minimum ijrm• 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: (j) 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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(a)-Reg=l5, N,0=0 .03 h-1; Frh•0.012. 

'f'=-o.on I -

Fig. 17. Streamline patterns obtained for ew = 0.5 and Reh/Rev= 2, as Reg is successively increased. (L/H = 3, d/H = 0.02; H = 3 m.). 



- - - - ... -- -·----r"--

342 J.J. Costa et al. / Energy and Buildings 32 (2000) 327- 343 

and (iii) ratio of the horizontal (cold) to the vertical 
( wann) 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 1J Rev 
~ oo). 

5. Nomenclature 

Ce1• C,2, Ce3 
cµ 
d, dj 
Dk, E, 
/µ , fp !2 
Fri 

k 

pk 
Pr/Pr1 

Reg 
Rei 
Re 1 

area of the jet inlet section [m2
] 

global Archimedes number [ = g {3(T
0 

-

Th)H/ U/] 
constants of turbulence model 
constant of turbulence model 
jet slot width [m] 
extra-terms in the k and e equations 
functions of low-Re k-e models 
jet Froude number { = ~/[ g {3di(Tv -
Th)]t/2} 

gravitational acceleration in the i-direc
tion [m · s- 2 l 
rate of buoyancy production/ destruction 
of turbulence kinetic energy [m2 

• s- 3
] 

Grashof number [ = g {3(T
0 

- Th)H 3 / v2
] 

room height [m] 

turbulence intensity { = [(u' 2 + ?) /2]112 

/Uc, from measurements; or 
(2k/3) 112/Uc, from calculations} 
turbulence kinetic energy ( = u'; u';/2) [m2 

. s-2] 
room length [m] 
characteristic length ( = dh + d) [m] 
pressure [N · m - 2

] 

= p + 2/ 3pk, for numerical convenience 
[N · m- 2 ] 

rate of shear production of k [m 2 
• s - 3

] 

molecular/turbulent Prandtl number 
global Reynolds number ( = Uc Le/ v) 
jet Reynolds number ( = ~ d/ v) 
local-turbulence Reynolds number ( = 
k2 /vs) 
source-term in Eq. (3) 
temperature [QC] 
reference temperature [=(Th + Tv)/ 2] 
[QC] 

mean velocity components [m · s - 1 
] 

mean velocity in the i-direction [m · s - 1 
] 

friction velocity [ = C-r w/ p)112
] [m · s - t] 

characteristic velocity scale { = (uh dh + 
Uvdv)/(dh + dv)} [m · s- 1

] 

Uh (Uv) horizontal (vertical) jet velocity (m · S-I] 
U,m maximum velocity in the return flow [m · 

s-1] 

x, y spatial coordinates (cf. Fig. 1) [m] 
x

11 
normal distance to the nearest wall [m] 

X: dimensionless wall-distance ( = ur xn! v) 

Greek symbols 
a molecular thermal diffusibility [m2 

• s - 1
] 

a, turbulent thermal diffusibility [m 2 
· s - 1

] 

f3 thermal expansion coefficient [K- 1 
] 

e, 8 dissipation rate of k (8 = e +Dk) [m2 
• 

s-3] 

v, 
µ., 

p 

Superscripts 
I 

+ 
Subscripts 
c 
h 
in 
i, j 
j 
n 
0 

t 
v 
w 
0 
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• s - 1
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fluid dynamic viscosity ( = pv) [N · s · 
m-2] 

dimensionless temperature [ = (T -
Th)/ (Tv - Th)] 
fluid density [kg · m - 3 ] 

constants of turbulence model 
turbulent shear stress, ( = - pu'v') [N · 
m-2 1 
wall shear stress { = µ.,(du/dx)w} [N · 
m- 2 1 
stream function [m2 • s - 1 l (dimensionless: 
P= !/!/ (UCL)) 
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