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In this pa per an in ves ti ga tion of mixed con vec tion from ver ti cal heated chan nel is
un der taken. The aim is to ex plore the heat trans fer en hance ment ob tained by add -
ing a forced flow, is sued from a flat noz zle lo cated in the en try sec tion of a chan nel,
to the up-go ing fluid along its walls. Com bined forced and free con vec tion are stud -
ied in or der to in crease the cool ing re quire ments.  The study is con ceded for two
Ray leigh num ber. The first case cor re sponds to two sep a rate bound ary lay ers so
the chan nel acts as two in de pend ent plates. For the sec ond case the two bound ary
lay ers are at tached.  Cal cu la tions are car ried out with air as the work ing fluid by
chang ing the jet ve loc ity in or der to op ti mize the sys tem to give the max i mum heat
flow rate over the chim ney. The sys tem of gov ern ing equa tions is solved with a fi nite 
vol umes method and an im plicit scheme. The re sults ob tained show that the jet-wall
ac ti vates the heat trans fer, as does the drive of ambient air by the jet.
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In tro duc tion

Nat u ral con vec tion is an en ergy trans port pro cess that takes place as a re sult of buoy -
ancy in duced fluid mo tion oc cur ring in the pres ence of a body force field (grav ity). The den sity
of gases and liq uids de pends on their tem per a ture, gen er ally de creas ing with in creas ing tem per -
a ture (fluid ex pan sion). In such  a way, it is pos si ble that a con vec tion cur rent ex ist even when
there is no additional forced convection flow.

In me chan i cal and en vi ron men tal en gi neer ing, mixed con vec tion is a fre quently en -
coun tered ther mal fluid phe nom e non, which ex ists in at mo spheric en vi ron ment, ur ban can opy
flows, ocean cur rents, gas tur bines, heat exchangers, and com puter chip cool ing sys tems, etc. In
the early de vel op ment of con vec tive heat trans fer stud ies, forced and nat u ral con vec tions were
con sid ered sep a rately and the in ter ac tion be tween these two phys i cal pro cesses was ig nored.
Mod ern re search com bin ing forced and nat u ral con vec tion was ini ti ated in the 1960’s and
mainly based on ex per i men tal ap proaches [1].
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Two-di men sional chan nel formed by par al lel plates is the most fre quently used con -
fig u ra tion in con vec tion air cool ing of elec tronic equip ment. The pas sive char ac ter of cool ing
by nat u ral con vec tion makes it at trac tive for ap pli ca tions in elec tronic de vices. How ever, in or -
der to in crease the cool ing re quire ments, re searches for meth ods to im prove the heat transfer are
crucial [2-5].

Heat trans fer by nat u ral con vec tion from ver ti cal plates with uni form wall tem per a ture
or heat flux has re ceived con sid er able at ten tion, and ex ten sive dis cus sions about this sub ject are
avail able in the lit er a ture. Hugot [6] un der took an ex per i men tal study of the in ter ac tion of the
bound ary lay ers de vel op ing along two large par al lel ver ti cal plates. This study en abled him to
mea sure the lo cal heat trans fer co ef fi cients for var i ous spac ing and tem per a tures cor re spond ing to
Grashof num bers rang ing from 5·105 to 2·1011. The bound ary lay ers in ter ac tion was de fined by
com par i son with the sin gle plate re sults. More over, in for ma tion pro vided by the ve loc ity, tem per -
a tures pro files and their fluc tu a tions lead to a better knowl edge of the tur bu lence of the flow.

Myamoto et al. [7] and Auletta et al. [8] stud ied ex per i men tally nat u ral con vec tion flow
and heat trans fer in a heated ver ti cal chan nel. From a the o ret i cal point of view, the lit er a ture gives
ex ten sive re sults for both tur bu lent and lam i nar flows. Tur bu lent heat trans fer re sult ing in a chan -
nel have been re ported in ref er ences [4, 9-12]; Fedorov [10] pro posed scal ing cor re la tions for in -
duced flow rate and heat char ac ter is tics in an asym met ri cally heated chan nel. Later Versteegh et
al. [11, 12] also stud ied an asym met ri cally heated chan nel in or der to find wall func tions from the
scal ing be hav iour of the flow. Other au thors treated this prob lem for lam i nar flows [13]. The de -
vel op ment of lam i nar buoy ancy-driven con vec tion be tween two ver ti cal plane plates asym met ri -
cally heated by a con stant heat flux was stud ied by Dalbert et al. [14, 15]. Desrayaud et al. [16] un -
der took a nu mer i cal study of the lam i nar nat u ral con vec tion in an iso ther mal ver ti cal chan nel in
which rect an gu lar ribs are sym met ri cally lo cated on each wall. Kheireddine [17] stud ied the in flu -
ence of the pres sure loss on the in duced mass flux for a buoy ancy-driven flow. The cal cu la tion do -
main was ex tended far from the chan nel, and they showed that the free pres sure bound ary lo ca tion
is neg li gi ble if placed at a dis tance greater than 4 times the chan nel width. How ever the ory [18]
and ex per i ments show that both lam i nar and tur bu lent flows can oc cur at the same time if the
length of the plate is rather sig nif i cant. For the sake of com plete ness, a few stud ies con cerned the
mixed con vec tion re gime: we can cite Penot et al. [15] who pro posed use ful cor re la tions to de ter -
mine the flow rate, the fluid tem per a ture, and the Nusselt num ber. More re cently, Najam et al. [19] 
stud ied nu mer i cally the mixed con vec tion in a “T” form cav ity heated with a con stant heat flux
and sub jected to an air blast en ter ing by the bot tom. They showed the com pe ti tion be tween nat u ral 
and forced con vec tion. The heat trans fer was found max i mal in the zone where the role of nat u ral
con vec tion is more sig nif i cant.

The pres ent the o ret i cal study is con cerned with mixed con vec tion in a heated ver ti cal
chan nel sub mit ted to a ver ti cal jet of fresh air en ter ing by the bot tom. The chan nel is long
enough that the flow be comes tur bu lent be fore the exit. The in flu ence of this forced ad di tional
jet is an a lyzed by us ing the low Reynolds num ber k-e tur bu lence model in or der to sim u late the
tur bu lent flow. Nu mer i cal re sults are re ported for dry air as cool ant, and for two Ray leigh num -
bers cor re spond ing: (1) to two at tached bound ary lay ers, and (2) to two sep a rated ones.

As sump tions and gov ern ing equa tions 

 The ge om e try of the prob lem in ves ti gated herein is de scribed in fig.1. We con sider a
ver ti cal chan nel which sim u lates a chim ney. A gas jet is is sued from a flat noz zle lo cated at the
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bot tom of the chan nel. The chim ney walls are sub ject to a con stant heat flux. The flow is as -
sumed steady and in com press ible. Both nat u ral and mixed con vec tion cases are con sid ered by
us ing the Boussinesq ap prox i ma tion in which the den sity var ies lin early with tem per a ture.
Other thermo-phys i cal quan ti ties are as sumed to be con stant.

Let us in tro duce the dimensionless vari ables de fined by:
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The dimensionless gov ern ing equa tions for two-di men sional buoy ancy-driven flows,
with no vis cous dis si pa tion, can be writ ten as:

Con ti nu ity equa tion:
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Fig ure 1. Phys i cal do main and co or di nates sys tem



Tur bu lent ki netic en ergy equa tion:
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Rate of dis si pa tion of tur bu lent ki netic en ergy equa tion:
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E stands for the tur bu lent ki netic en ergy pro duc tion due to shear, while GDK is the tur bu lent ki -
netic en ergy pro duc tion due to the mean ve loc ity gra di ents, and GDB is the tur bu lent ki netic en -
ergy pro duc tion due to the buoy ancy.

The stan dard k-e model is used, so that con stants are those given by Jones et al. [20]:
C1 = 1.44, C2 = 1.92, C3 = 0.7, Cm = 0.09, se = 1.0, sk = 1.30, and Prt = 1.0.

The bound ary con di tions are:
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is the turbulence intensity.

The gov ern ing equa tions re ported above are discretized on a stag gered, non-uni form
Car te sian grid us ing a fi nite vol umes pro ce dure. In this method, for sta bil ity con sid er ations, sca -
lar quan ti ties  P, q, K, and E are cal cu lated at the cen tre (i, j) of the cells where as the ve loc ity
com po nents (U and V) are com puted on the faces of the cells (i, j ± 1/2), (i ± 1/2, j).
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Re sults and dis cus sion

In the fol low ing sec tions, heat trans fer along the hot wall, flow and tem per a ture fields
are ex am ined for two Ray leigh num ber (Ra = 9×104; Ra = 2×107) and var i ous Reynolds num bers
based on the ve loc ity of the jet at the noz zle exit, rang ing be tween Re = 0 (nat u ral con vec tion
flow) and Re = 5×104.

Based on the ve loc ity and the tem per a ture re sults, mass flow rate and heat trans fer co -
ef fi cient are an a lyzed.

Case 1 – at tached bound ary lay ers

First, he prob lem was sim u lated with H/e = 12.5 and a con stant heat flux f = 100 W/m2,
which cor re sponds to a Ray leigh num ber equal to Ra = 9×104. The Prandtl num ber is 0.71 (air). For 
low val ues of im posed heat flux – i. e. low Ray leigh num bers – the thick ness of bound ary lay ers
grow ing up along each plate is large enough so that lay ers merge on the axis, be fore reach ing the
exit sec tion of the chan nel.

The de vel op ment of the flow with dif fer ent ve loc i ties is com pared. Fig ure 2(a) shows
the nat u ral con vec tion draw ing de vel oped along the chan nel be cause of the ther mal gra di ent
which ex ists be tween the fluid and the hot walls. This ther mal draw ing will cause a ver ti cal as pi -
ra tion of air with a non-neg li gi ble mass flow rate. For this rea son, we con sid ered Re val ues up to
3×103, for forced con vec tion cases. The flow struc ture for mixed con vec tion cases are pre sented
in figs. 2(b)-(c). Gen er ally, the flow struc tures in duced in this case are dif fer ent from those ob -
served in the last one. The dif fer ence is mainly due to the pres ence of the jet (forced flow). In -
creas ing the jet Reynolds num ber, the flow im pact the chan nel walls at as cend ing X val ues. Be -
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Figure 2. Velocity development in the channel [ms–1]; Ra = 9·104



hind this im pact zone the nat u ral
con vec tion flow is de cel er ated and we
no tice the pres ence of recirculation
cells.

Keep ing Ra = 9×104; the de vel op -
ment of the con vec tion flow on both
sides of the noz zle for dif fer ent jet
Reynolds num ber are com pared. The
larger Re is, the stron ger the flow is.
This can be seen in fig. 3. In fact for the
same Ray leigh num ber (same im posed
heat flux) the flow in creases ac cord ing
to the Reynolds num ber. We no tice that
the dimensionless mass flow rate is well
cor re lated ac cord ing the re la tion ships:

2Q1 = 10246 + 12.8 Re (9)

This flow hap pens in large ma jor ity due to the drive caused by the am bi ent air blast in
the vi cin ity of the en try. Al though the flow be comes more sig nif i cant in the vi cin ity of the en try
for im por tant Reynolds num bers. In deed the im pacts of the jet on the walls stop the ad ja cent
flow, which causes the ap pa ri tion of hot points on the walls (fig. 4).
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Figure 3. Mass flow rate in both sides of the nozzle at 
the channel entry section

Figure 4. Temperature development in the channel [K]; Ra = 9×104



Fig ure 4 shows the evo lu tion of the chan nel tem per a ture for dif fer ent Reynolds num -
ber. There is no big dif fer ence in the tem per a ture evo lu tion es pe cially in the cen tre of the chan -
nel.  The ma jor dif fer ence is seen at the vi cin ity of the wall, we no tice that all along the walls the
tem per a ture de creases for as cend ing Reynolds num ber (fig. 5), be cause the drive of am bi ent air
by the jet is more and more sig nif i cant, which also ex plains why the cool ing is ob served as of the 
en try of the chan nel. The jet in ter acts with the walls more and more far from the noz zle as the
Reynolds num ber in creases. This im pact causes the for ma tion of a swirl with weak in ten sity be -
cause it op poses to buoy ancy forces, par tic u larly close to the heated walls. When the Reynolds
num ber in creases, the max i mum cool ing re gion – in which wall tem per a tures are lower – moves
to wards the exit sec tion of the chan nel.

Fig ure 6 pres ents the cor re spond ing lo cal Nusselt num bers. We no tice that an in crease
of the in let Reynolds num ber gen er ates a more in tense heat ex change. This is a pre dict able re sult 
since a high Reynolds num ber im plies a more sig nif i cant drive of the sur round ing fluid and,
con se quently, a higher wall to fluid tem per a ture gra di ent. We also ob serve that the Nusselt num -
ber de creases with the X dis tance for all the in let con di tions tested.

Case 2 – sep a rated bound ary lay ers

Last flow be hav iour for the case of sep a rated bound ary lay ers is com pared to the case
of at tached one. For the sec ond case the prob lem was sim u lated with H/e = 12.5 and a con stant
heat flux  f = 2×104 W/m2, which cor re sponds to a Ray leigh num ber equal to Ra ~2×107. The
Prandtl num ber is 0.71 (air).

For high Ray leigh num bers the thick ness of bound ary lay ers de creases sym met ri cally
with an in creas ing value of the x-com po nent ve loc ity. This re sult can be seen in fig. 7(a).

The evo lu tion of the mass flow rate in both side of the jet noz zle is showed also in
fig. 3. For high est Ray leigh num ber the evac u ated flow is al most the same of the pre vi ous
case (Ra = 9×104) the flow in creases ac cord ing to the re la tion (9). These re sults con firm that
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Figure 5. Dimensionless wall temperature for
various Reynolds number; Ra = 9×104

Figure 6. Local Nusselt number of the wall for
various Reynolds number; Ra = 9×104



this flow don’t re sult from the nat u ral con vec tion flow but in a large ma jor ity from the drive
caused by the sur round ing fluid in the vi cin ity of the en try.

The chan nel tem per a ture for dif fer ent Reynolds num bers is de picted in fig. 8  for Re = 0.
The cor re spond ing tem per a ture is too high near the wall. When Re in creases, a small cell ap pears
down of the jet, fig. 8(b)-(c). Its size in creases with in creas ing Re and cause the for ma tion of hot
zones. These zones co or di nate in creases for as cend ing Reynolds num ber val ues.

We rep re sent on fig. 9 the dimensionless wall tem per a ture for var i ous Reynolds num -
bers rang ing from 0 – free con vec tion (dot ted line) – to 5×104. The in flu ence of the jet on the wall 
tem per a ture is no tice able es pe cially for high Ray leigh num bers, be cause a higher wall heat flux
yields to a more sig nif i cant vari a tion of the wall tem per a tures, es pe cially in the re gion where the
jet in ter acts with the wall. Just in the lower part of this zone, the recirculation flow min i mizes the 
heat ex change.

Fig ure 10 pres ents the cor re spond ing lo cal Nusselt num bers. We no tice that an in -
crease of the in let Reynolds num ber gen er ates a more in tense heat ex change. This is a pre dict -
able re sult since a high Reynolds num ber im plies a more sig nif i cant drive of the sur round ing
fluid and, con se quently, a higher wall tem per a ture gra di ent. We also ob serve that the Nusselt
num ber de creases with the X dis tance for all the in let con di tions tested.

In creas ing the Reynolds num ber en hances the Nusselt num ber. This ef fect is more sig -
nif i cant at Ra = 2·107, for which the ef fect of the jet is more im por tant on the tem per a ture pro file. 
As soon as the jet op er ates, the lo cal Nusselt num ber in creases ac cord ing to the Reynolds num -
ber; which can be ex plained by the fact that the thick ness of the bound ary layer, which acts as a
heat in su la tor, de creases when the Reynolds num ber in creases. It fol lows that the con vec tive ex -
change be tween the flow and the heated plate in creases (fig.10).
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Figure 7. Velocity development in the channel [ms–1]; Ra = 2×107



We no tice for the two Ray leigh num ber treated the pres ence of hot point for which the
heat trans fer is min i mal. These zones are due to the recirculation flow be hind the jet im pact
zone. The max i mum heat ex change lo cated at the jet im pact zone in creases ac cord ing to the
Reynolds num ber.

Mokni, A., et al.: Turbulent Mixed Convection in Heated Vertical Channel

THERMAL  SCIENCE: Year 2010, Vol. 14,  No. 1, pp. 125-135 133

Figure 9. Dimensionless wall temperature for
various Reynolds number; Ra = 2×107

Figure 10. Local wall Nusselt number for various 
Reynolds number; Ra = 2×107

Figure 8. Temperature development in the channel [K]; Ra = 2×107



Con clu sions

A nu mer i cal study of both nat u ral and mixed con vec tion in a 2-D-chan nel sub mit ted to 
a con stant wall heat flux was per formed. The mixed flow is ob tained by us ing an as cend ing jet
lo cated at the en try sec tion of the chan nel. Spe cial at ten tion has been car ried to the ther mal be -
hav iour of the flow, es pe cially in the jet-wall in ter ac tion zone. More over, com pe ti tion be tween
nat u ral and forced con vec tion are fo cused; for the two stud ied cases sep a rated and at tached
bound ary lay ers.  For Reynolds num ber Re < 3000 com pe ti tion be tween forced and nat u ral con -
vec tion flows is no tice able; for Re > 3000 nat u ral con vec tion flow is over whelmed by the forced 
con vec tion flow. The drive of am bi ent air by the jet en hances the heat trans fer: the ver ti cal jet at
the en trance al lows a good ven ti la tion of the high part of the cav ity and then it’s fa vour able to
heat ex change from the cav ity to wards the ex te rior.
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No men cla ture

b –  width of the nozzle, [m]
E –  dimensionless rate of dissipation of

–  turbulent kinetic energy, [–]
e –  width of the channel, [m]
Fr –  Froude number [u0

2/gb(T0 – T4)b], [–]
Gr –  Grashof number (= gbjH4/n2l), [–]
g –  gravitational acceleration, [ms–2]
H –  length of the channel, [m]
h –  local heat transfer coefficient, [Wm–2K–1]
K –  dimensionless turbulent kinetic energy, [–]
k –  turbulent kinetic energy, [m2s–2]
M –  dimensionless mass flow rate at the inlet

–  section of the channel (=2 &m1/(e – b)ar), [–]
Nu –  Nusselt number (= hx/l), [–]
P –  dimensionless pressure, [–]
p –  pressure, [Pa]
Pr –  Prandtl number (= mcp/l), [–]
Q1 –  dimensionless mass flow rate at the inlet

    section of the channel (= &m1/(e – b)ar, [–]
Q2 –  dimensionless mass flow rate at the exit

    section of the nozzle, [–]
Ra –  Rayleigh number (= gbH4j/lan), [–]
Re –  Reynolds number (= bu0/n), [–]
T –  temperature, [K]

U, V –  dimensionless velocity components along X
–  and Y, respectively, [–]

u, v –  velocity components along x-and y-axis,
–  respectively, [ms–1]

x, y –  co-ordinates, [m]
X, Y –  dimensionless co-ordinates, [–]

Greek sym bols

a –  thermal diffusivity, [m2s–1]
e –  turbulent kinetic energy dissipation, [m2s–3]
F –  wall heat flux, [Wm–2]
l –  thermal conductivity, [Wm–1K–1]
m –  dynamic viscosity, [kgm–1s–1]
n –  kinematic viscosity, [m2s–1]
r –  fluid density, [kgm–3]
q –  dimensionless temperature, [–]

Sub scripts

m –  average
p –  wall value
t –  turbulent
x –  local value
4 –  external (ambient conditions value)
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