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s Division, SE-172 90 Sto
kholmAbstra
t � DNS of �uid �ow and heat transfer is presented for fully developed �ow in a verti
al
hannel at Re� = 150. Both for
ed 
onve
tion and mixed 
onve
tion (Gr = 7:68 � 106) are studied.Mean �ow and se
ond-moment quantities su
h as stresses and heat �uxes are presented. In for
ed
onve
tion, away from the vis
ous dominated layers, the shear stress term in the momentum equationbalan
es the pressure gradient. However, in mixed 
onve
tion the buoyan
y term plays a major rolewhi
h strongly modi�es the shear stress, whi
h is in
reased near the 
old wall and redu
ed near thehot wall. As a result all stresses are affe
ted in the same way. Surprisingly, the effe
t of buoyan
y ontemperature �u
tuations t2 is vi
e versa. The reason for this behaviour is given in the paper.It is shown that the effe
t of buoyan
y on the turbulen
e takes pla
e in the momentum equation. Thebuoyan
y terms in the stress equations are negligible. It is 
on
luded that Reynolds stress models shouldbe used for buoyan
y-affe
ted �ows, not be
ause an a

urate modeling of the effe
t of buoyan
y in theReynolds stress equations is needed, but be
ause no dire
t stress-strain 
oupling is assumed.1. EquationsThe equations have the form�Ui�xi = 0 (1)�Ui�t + ��xj (UiUj) = Æi1 � 1� �P�xi + 1Re� �2Ui�xj�xj + GrRe2� (T � Tref)Æ1i (2)�T�t + ��xj (UjT ) = 1PrRe� �2T�xj�xj (3)The Reynolds number Re� = u�h=� = 150 is based on the fri
tion velo
ity, u� (related tothe driving pressure gradient Æi1), and the half 
hannel width, h (h = � = u� = 1 so that� = 1=Re� ). All quantities in Eqs. 1-3 are made non-dimensional with u� , h and �T andTref � 0:5(Thot + T
old) = 0:5. The temperature at the left boundary (y = 0) is T = 1 (hotwall) and at the right wall T = 0, see Fig. 1a.The streamwise, wall-normal and spanwise dire
tions are denoted by x (x1), y (x2) and z (x3)respe
tively. Periodi
 boundary 
onditions were applied in the x and z dire
tion (homogeneousdire
tions).2. Numeri
al MethodAn in
ompressible, �nite volume 
ode is used [1℄. For spa
e dis
retization, se
ond-order 
en-tral differen
ing is used for all terms. The se
ond-order Crank-Ni
olson s
heme is used fortime dis
retization. The numeri
al pro
edure is based on an impli
it, fra
tional step te
hniquewith a multigrid pressure Poisson solver and a non-staggered grid arrangement [2℄.401
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k lines:Gr = 7:68 � 106. Solid lines: �U= �Ub;dashed lines: �T ; dash-dotted line:
onst: y+.Figure 1: Con�guration and near-wall behaviour of mean pro�les (left, hot wall).�w;y=0 �w;y=2h xmax �Ub u� �y+node;min (� �T=�y)wGr = 0 1 1 4� 15.6 1 0.4 2.69Gr = 0 (DNS [3℄) 1 1 5� 15.2 1 - 2.54Gr = 7:68 � 106 0.708 0.419 8� 9.8 0.75 0.2 2.31Table 1: Mesh details and global physi
al quantities. zmax = � for both 
ases. u� =�0:5 �(u2�)left + (u2�)right��1=2.3. ResultsFor the for
ed 
onve
tion a grid with 64� 64� 64 
ells is used and for the mixed 
onve
tion amesh with 128� 96� 96 (x; y; z) 
ells. For more details, see Table 1.For the mixed 
onve
tion 
ase it was found that a very large box size in the verti
al dire
tion(8�) was needed. If a smaller box was used no quasi-steady 
onditions were obtained, but thebulk velo
ity varied with a very low frequen
y [4℄. Figure 2 presents the mean velo
ity andtemperature pro�les as well as the normal stresses for the two 
ases. For the for
ed 
onve
tion
ase the DNS results from Ref. [3℄ are also in
luded. The agreement between the present resultsand the DNS results is fairly good.For the for
ed 
onve
tion 
ase, all quantities in Fig. 2 are symmetri
 whereas for the mixed
onve
tion 
ase they are non-symmetri
. In order to study the effe
t of buoyan
y on the �ow,we start by taking a 
loser look at the momentum equation. Equation 2 is turned into Reynoldsequations using Reynolds de
ompositionU = �U+u. Integrating the one-dimensional Reynoldsequation for �U from y = 0 to y we get0 = y � uv���y + � � �U�y ���y � �w + GrRe2� Z y0 ( �T � �Tref)dy0| {z }B (4)where the terms represent the pres
ribed driving pressure gradient, the turbulent shear stress at402
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PSfrag repla
ements y(b) Gr = 7:68 � 106.Figure 3: The terms in the integrated �U momentum equation (Eq. 4). All terms are s
aled byU2b . Thi
k solid line: driving pressure gradient plus �w; thin solid line: vis
ous shear stress;dash-dotted line: turbulent shear stress; thi
k dashed line: buoyan
y term B.y, the vis
ous shear stress at y and at the wall, and the buoyan
y for
e, respe
tively. The termsin the �U -equation are shown in Fig. 3. For the for
ed 
onve
tion we have the usual balan
ebetween vis
ous and turbulent shear stress and the pressure gradient. For the mixed 
onve
tion
ase, the buoyan
y term is aiding the �ow in the left half of the 
hannel, and it is opposing in theright half. In Fig. 3 it 
an be seen that the buoyan
y term is positive in the left part and negativein the right part. Sin
e the temperature pro�le is not symmetri
, the buoyan
y term is not zeroat y = 1. The velo
ity pro�le is also asymmetri
, and the wall shear stress at the left wall(� leftw = �(u2�)left) is different from that on the right wall (� rightw = �(u2�)right). This is also seenin Fig. 3 where the magnitude of the vis
ous shear stress at the walls are equal for the for
ed
onve
tion 
ase but not for the mixed 
onve
tion 
ase. Contrary to the for
ed 
onve
tion 
ase,the wall shear stresses are not balan
ed by the pressure gradient, but they are balan
ed by thesum of the pressure gradient and the buoyan
y for
e. Hen
e �w = �u2� = 0:5(� leftw + � rightw ) 6= 1403
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PSfrag repla
ements y(b) Gr = 7:68 � 106.Figure 5: Balan
e for the u2 equation. All terms s
aled by U3b . Solid line: DTuu; thi
k dashedline: �uu; dash-dotted line: "uu; + : D�uu; 2 : Puu; � : Guu.(see Table 1). Also, it 
an be seen that whereas in the for
ed 
onve
tion 
ase, the turbulentshear stress is linear in the region where vis
ous effe
ts are negligible this is not the 
ase for themixed 
onve
tion 
ase. The turbulent shear stress �uv is strongly modi�ed when buoyan
y isintrodu
ed, and its magnitude 
ompared with the for
ed 
onve
tion 
ase is in
reased near theright, 
old wall and de
reased near the left, hot wall, see Fig. 3. As a results all normal stressesare affe
ted in the same way, see Fig. 2b.Note that the velo
ity in all �gures have been s
aled with the bulk velo
ity. The reason is thatboth u� and the bulk Reynolds number for the mixed 
onve
tion 
ase is mu
h lower than for thefor
ed 
onve
tion 
ase, see Table 1. An alternative would be to use u� for normalizing, whi
hwould give a 20% relative de
rease in the velo
ities for the mixed 
onve
tion 
ase 
ompared tothe 
hosen normalization. We should, however, keep in mind that as we approa
h pure natural
onve
tion, we should in
lude the wall heat �ux as a s
aling parameter [5℄.Figure 1b presents the near-wall behaviour of the mean velo
ity and temperature. It 
an be404
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PSfrag repla
ements y(b) Gr = 7:68 � 106.Figure 6: Balan
e for the uv equation. All terms s
aled by U3b . Solid line: DTuv; thi
k dashedline: �uv; dash-dotted line: "uv; + : D�uv; 2 : Puv; � : Guv.
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PSfrag repla
ements y(b) Gr = 7:68 � 106.Figure 7: Balan
e for the vt equation. All terms s
aled by U2b . Solid line: DTvt; dashed line:�vt; dash-dotted line: "vt; + : D�vt; 2 : Pvt.seen that there is a distin
t linear region, both for �U and �T , up to at least y+ = 5. In theexperimental investigation of a natural 
onve
tion boundary layer in [6℄, it was found that thelinear region for the velo
ity was very small (smaller than one vis
ous unit).The overall balan
e of the �T equation (Eq. 3) di
tates that the total heat �uxq � qw = 1=(Re�Pr)� �T=�y � vt (5)must be independent of the wall-normal 
oordinate y. It 
an be seen from Fig. 2 that the �Tpro�le is not modi�ed by buoyan
y as mu
h as the velo
ity pro�le. The reason is, of 
ourse,that there is no buoyan
y term in the temperature equation. Sin
e the turbulen
e in the mixed
onve
tion 
ase is redu
ed near the left wall 
ompared to the for
ed 
onve
tion 
ase, a largerpart of the heat �ux q in Eq. 5 must near the left wall be taken 
are of by vis
ous transport(
ondu
tion) in the former 
ase. This is illustrated in Fig. 2 where it is seen that the temperaturegradient near the left wall is larger for the mixed 
onve
tion 
ase than in the for
ed 
onve
tion
ase. Also Fig. 4b shows that the vis
ous transport near the left, hot wall is larger for Gr =405
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PSfrag repla
ements y(b) Gr = 7:68 � 106.Figure 8: Balan
e for the t2 equation. All terms s
aled by Ub. Solid line: DTtt; dash-dotted line:"tt; + : D�tt; 2 : Ptt.7:68 � 106 than for Gr = 0.3.1. Analysis of balan
es of the se
ond momentsThe transport equations for u2 and uv read0 = �2uv� �U�y| {z }Puu �2�u�p�y| {z }�uu ��u2v�y| {z }DTuu + 1Re� �2u2�y2| {z }D�uu � 2Re� �u�xk �u�xk| {z }"uu +2 GrRe2� ut| {z }Guu0 = �v2� �U�y| {z }Puv �1�u�p�y � 1�v �p�x| {z }�uv ��uv2�y| {z }DTuv + 1Re� �2uv�y2| {z }D�uv � 2Re� �u�xk �v�xk| {z }"uv + GrRe2� vt| {z }Guv (6)
where the terms represent produ
tion (Puu, Puv), velo
ity-pressure gradient (�uu, �uv), tur-bulent diffusion by velo
ity 
orrelations (DTuu, DTuv), vis
ous diffusion (D�uu, D�uv), dissipation("uu, "uv) and buoyan
y (Guu, Guv), respe
tively.The transport equation for vt reads0 = �v2� �T�y| {z }Pvt � t� �p�y| {z }�vt ��v2t�y| {z }DTvt + 1Re�Pr ��yv �t�y + 1Re� ��y t�v�y| {z }D�vt �� 1Re� + 1Re�Pr� �v�xk �t�xk| {z }"vt (7)It should again be noted that in order to fa
ilitate 
omparison between the for
ed and mixed
onve
tion �ows all terms in the balan
e equations have been normalized by the bulk velo
ity.As mentioned above the shear stress pro�le in Fig. 3 is strongly modi�ed for the mixed 
on-ve
tion �ow 
ompared to the for
ed 
onve
tion �ow. In the former 
ase juvj is redu
ed nearthe left, hot wall and it is in
reased along the right, 
old wall. This gives, via Puu (Eq. 6 andFig. 5), a large u2 near the right, 
old wall. As a result v2 and w2 are also in
reased via thepressure-strain term. As v2 in
reases near the right wall, this also in
reases the produ
tion of406



uv via Puv (see Eq. 6 and Fig. 6), whi
h gives a large juvj. Thus we have a positive feedba
kme
hanism between uv, u2, and v2.Note that the buoyan
y term in the balan
e equations for u2 and uv is negligible. It is alsonegligible in the v2 and w2 equations (not shown). The effe
t of buoyan
y enters the Reynoldsstress equations via the balan
e of the momentum equation whi
h modi�es the shear stressand via the produ
tion and the pressure-strain affe
ts the other stresses. Thus, modeling of thebuoyan
y terms in the Reynolds stress equations is only of minor importan
e. However, lookingat the shear stresses and the velo
ity gradients in Figs. 2a and 3 it is immediately realized thatthere is no 
oupling between these two quantities. Thus, the only type of model whi
h 
anpredi
t buoyan
y-affe
ted �ow is Reynolds stress models, and the reason is not an a

uratemodeling of the effe
t of buoyan
y in the Reynolds stress equations, but the fa
t that no dire
tstress-strain 
oupling is assumed.Above, the effe
t of buoyan
y was dis
ussed starting by looking at the momentum equationand its balan
e (Eq. 4 and Fig. 3). In the same way, before dis
ussing the balan
e of the heat �uxequations, let us start with the mean temperature equation and its balan
e (Eq. 5). The terms areshown in Fig. 4b and it 
an be seen that for the mixed 
onve
tion 
ase the magnitude of the wall-normal heat �ux, jvtj, de
reases near the left, hot wall 
ompared to the for
ed 
onve
tion 
ase.Near the right, 
old wall there is no differen
e in jvtj for the two 
ases. Near the hot wall, thevis
ous heat �ux, i.e. the mean temperature gradient, must in
rease for the mixed 
onve
tion
ase in order to satisfy Eq. 5. This a
ts so as to in
rease jvtj via Pvt in Eq. 7, but sin
e thiswould violate Eq. 5, v2 must be suppressed, and the result is a
tually that Pvt is de
reased, seeFig. 7. Here we have a negative feedba
k between � �T=�y, vt and v2.The wall-normal heat �ux is only affe
ted indire
tly by the buoyan
y 
ompared with thestresses. The reason is of 
ourse that vt is the dominating term in Eq. 5, and this equationmust be satis�ed. The streamwise heat �ux jutj, however, is affe
ted similarly to the stresses(Fig. 4a). For the mixed 
onve
tion 
ase it is large near the right, 
old wall be
ause its pro-du
tion terms �v2� �T=�y and �vt� �U=�y are both positive and large. However, 
ontrary tothe stresses, it is not larger than for the for
ed 
onve
tion 
ase. It is seen that there is no linkbetween the heat �ux vt and the temperature gradient � �T=�y and thus eddy-vis
osity modelsare unable to predi
t the for
ed 
onve
tion 
ase; also for the heat �uxes the dire
t effe
t ofbuoyan
y in the heat �ux equations is negligible.All stresses as well as the streamwise heat �ux are for the mixed 
onve
tion 
ase larger nearthe right wall than near the left wall, and the wall-normal heat �ux is almost 
onstant. Whenwe look at the temperature varian
e t2 (Fig. 4a) we �nd � to our surprise � that the effe
t ofbuoyan
y is vi
e versa: t2 is larger near the left, hot wall than near the other wall. To understandthis, we take a look at the transport equation for t2 whi
h reads0 = �2vt� �T�y| {z }Ptt ��vt2�y| {z }DTtt + �Pr �2t2�y�y| {z }D�tt �2 �Pr �t�xk �t�xk| {z }"tt (8)The produ
tion term Ptt in
ludes the wall-normal heat �ux and the temperature gradient � �T=�y.It was mentioned in 
onne
tion to Eq. 5 that for the mixed 
onve
tion 
ase the turbulen
e nearthe hot, left wall is de
reased, and in order to satisfy Eq. 5 the temperature gradient � �T=�y (i.e.the vis
ous heat �ux) must in
rease. However, the in
rease in the temperature gradient mustbe mu
h larger than the de
rease in jvtj, sin
e 1=(Re�Pr) � 1, and this explains why t2 isin
reased via Ptt near the left wall, see Fig. 8. Near the right wall the magnitude of t2 is similar407



to that for the for
ed 
onve
tion, and the reason is that the magnitude of the produ
tion term Pttis similar for the two 
ases.4. Con
lusions and dis
ussionDNS of fully developed �ow in a verti
al 
hannel has been presented. Results from both for
ed
onve
tion and mixed 
onve
tion are presented. It is found that the effe
t of the buoyan
yon the turbulen
e 
an be tra
ed ba
k to the momentum equation. The buoyan
y terms in thestress equations are negligible. In for
ed 
onve
tion �ow the shear stress term �uv and thepressure gradient in the momentum equation are in balan
e in the region where vis
ous effe
tsare negligible (Fig. 3). This gives a linear (anti-symmetri
) shear stress pro�le. When buoyan
yis introdu
ed, the shear stress balan
es the pressure gradient and the buoyan
y term and theresult is a strongly modi�ed shear stress. The symmetry is broken and juvj is large near theright, 
old wall and small near the left, hot wall (Fig. 3).As juvj be
omes large near the 
old wall this generates a large u2 through the produ
tionPuu = �2uv� �U=�y, and via the pressure-strain term large v2 and w2 are generated. Also thestreamwise heat �ux is larger near the 
old than near the hot wall. Although the turbulent wall-normal heat �ux is lower near the hot wall than near the 
old wall, it is fairly 
onstant a
ross the
hannel. The reason is that it must be 
onstant in the region where vis
ous effe
ts are negligiblein order to satisfy the overall balan
e of the mean temperature equation. Interestingly enough,the temperature varian
e t2 is not larger near the 
old wall than near the hot wall (Fig. 4a). Thereason is that near the hot wall the mean temperature gradient is larger (to balan
e the low jvtj)than near the 
old wall. This gives a large produ
tion (�2vt� �T=�y) of t2 near the hot wall.A
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