
Turbulene, Heat and Mass Transfer 4, pp. 401�408K. Hanjalí, Y. Nagano and M. Tummers (Editors)2003 Begell House, In.DNS in a Plane vertial Channel With andWithout Buoy-anyLars Davidson1, Dalibor �Cuturí1 and Shia-Hui Peng21 Dept. of Thermo and Fluid Dynamis, Chalmers University of Tehnology, SE-412 96 Göteborg,Sweden, http://www.tfd.halmers.se/�lada2 FOI (Swedish Defene Researh Ageny), Aeronautis Division, SE-172 90 StokholmAbstrat � DNS of �uid �ow and heat transfer is presented for fully developed �ow in a vertialhannel at Re� = 150. Both fored onvetion and mixed onvetion (Gr = 7:68 � 106) are studied.Mean �ow and seond-moment quantities suh as stresses and heat �uxes are presented. In foredonvetion, away from the visous dominated layers, the shear stress term in the momentum equationbalanes the pressure gradient. However, in mixed onvetion the buoyany term plays a major rolewhih strongly modi�es the shear stress, whih is inreased near the old wall and redued near thehot wall. As a result all stresses are affeted in the same way. Surprisingly, the effet of buoyany ontemperature �utuations t2 is vie versa. The reason for this behaviour is given in the paper.It is shown that the effet of buoyany on the turbulene takes plae in the momentum equation. Thebuoyany terms in the stress equations are negligible. It is onluded that Reynolds stress models shouldbe used for buoyany-affeted �ows, not beause an aurate modeling of the effet of buoyany in theReynolds stress equations is needed, but beause no diret 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 frition veloity, 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 + Told) = 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 diretions are denoted by x (x1), y (x2) and z (x3)respetively. Periodi boundary onditions were applied in the x and z diretion (homogeneousdiretions).2. Numerial MethodAn inompressible, �nite volume ode is used [1℄. For spae disretization, seond-order en-tral differening is used for all terms. The seond-order Crank-Niolson sheme is used fortime disretization. The numerial proedure is based on an impliit, frational step tehniquewith a multigrid pressure Poisson solver and a non-staggered grid arrangement [2℄.401
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y+(b) Thin lines: Gr = 0; thik 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 physial quantities. zmax = � for both ases. u� =�0:5 �(u2�)left + (u2�)right��1=2.3. ResultsFor the fored onvetion a grid with 64� 64� 64 ells is used and for the mixed onvetion amesh with 128� 96� 96 (x; y; z) ells. For more details, see Table 1.For the mixed onvetion ase it was found that a very large box size in the vertial diretion(8�) was needed. If a smaller box was used no quasi-steady onditions were obtained, but thebulk veloity varied with a very low frequeny [4℄. Figure 2 presents the mean veloity andtemperature pro�les as well as the normal stresses for the two ases. For the fored onvetionase the DNS results from Ref. [3℄ are also inluded. The agreement between the present resultsand the DNS results is fairly good.For the fored onvetion ase, all quantities in Fig. 2 are symmetri whereas for the mixedonvetion ase they are non-symmetri. In order to study the effet of buoyany on the �ow,we start by taking a loser look at the momentum equation. Equation 2 is turned into Reynoldsequations using Reynolds deompositionU = �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 presribed driving pressure gradient, the turbulent shear stress at402
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0 0.5 1 1.5 2
−3

−2

−1

0

1

2

3
x 10

−3

PSfrag replaements y(a) Gr = 0. 0 0.5 1 1.5 2

−4

−2

0

2

4

x 10
−3

PSfrag replaements y(b) Gr = 7:68 � 106.Figure 6: Balane for the uv equation. All terms saled by U3b . Solid line: DTuv; thik dashedline: �uv; dash-dotted line: "uv; + : D�uv; 2 : Puv; � : Guv.
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PSfrag replaements y(b) Gr = 7:68 � 106.Figure 7: Balane for the vt equation. All terms saled by U2b . Solid line: DTvt; dashed line:�vt; dash-dotted line: "vt; + : D�vt; 2 : Pvt.seen that there is a distint linear region, both for �U and �T , up to at least y+ = 5. In theexperimental investigation of a natural onvetion boundary layer in [6℄, it was found that thelinear region for the veloity was very small (smaller than one visous unit).The overall balane of the �T equation (Eq. 3) ditates 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 buoyany as muh as the veloity pro�le. The reason is, of ourse,that there is no buoyany term in the temperature equation. Sine the turbulene in the mixedonvetion ase is redued near the left wall ompared to the fored onvetion ase, a largerpart of the heat �ux q in Eq. 5 must near the left wall be taken are of by visous transport(ondution) 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 onvetion ase than in the fored onvetionase. Also Fig. 4b shows that the visous transport near the left, hot wall is larger for Gr =405
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where the terms represent prodution (Puu, Puv), veloity-pressure gradient (�uu, �uv), tur-bulent diffusion by veloity orrelations (DTuu, DTuv), visous diffusion (D�uu, D�uv), dissipation("uu, "uv) and buoyany (Guu, Guv), respetively.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 failitate omparison between the fored and mixedonvetion �ows all terms in the balane equations have been normalized by the bulk veloity.As mentioned above the shear stress pro�le in Fig. 3 is strongly modi�ed for the mixed on-vetion �ow ompared to the fored onvetion �ow. In the former ase juvj is redued nearthe left, hot wall and it is inreased 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 inreased via thepressure-strain term. As v2 inreases near the right wall, this also inreases the prodution of406



uv via Puv (see Eq. 6 and Fig. 6), whih gives a large juvj. Thus we have a positive feedbakmehanism between uv, u2, and v2.Note that the buoyany term in the balane equations for u2 and uv is negligible. It is alsonegligible in the v2 and w2 equations (not shown). The effet of buoyany enters the Reynoldsstress equations via the balane of the momentum equation whih modi�es the shear stressand via the prodution and the pressure-strain affets the other stresses. Thus, modeling of thebuoyany terms in the Reynolds stress equations is only of minor importane. However, lookingat the shear stresses and the veloity gradients in Figs. 2a and 3 it is immediately realized thatthere is no oupling between these two quantities. Thus, the only type of model whih anpredit buoyany-affeted �ow is Reynolds stress models, and the reason is not an auratemodeling of the effet of buoyany in the Reynolds stress equations, but the fat that no diretstress-strain oupling is assumed.Above, the effet of buoyany was disussed starting by looking at the momentum equationand its balane (Eq. 4 and Fig. 3). In the same way, before disussing the balane of the heat �uxequations, let us start with the mean temperature equation and its balane (Eq. 5). The terms areshown in Fig. 4b and it an be seen that for the mixed onvetion ase the magnitude of the wall-normal heat �ux, jvtj, dereases near the left, hot wall ompared to the fored onvetion ase.Near the right, old wall there is no differene in jvtj for the two ases. Near the hot wall, thevisous heat �ux, i.e. the mean temperature gradient, must inrease for the mixed onvetionase in order to satisfy Eq. 5. This ats so as to inrease jvtj via Pvt in Eq. 7, but sine thiswould violate Eq. 5, v2 must be suppressed, and the result is atually that Pvt is dereased, seeFig. 7. Here we have a negative feedbak between � �T=�y, vt and v2.The wall-normal heat �ux is only affeted indiretly by the buoyany 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 affeted similarly to the stresses(Fig. 4a). For the mixed onvetion ase it is large near the right, old wall beause its pro-dution terms �v2� �T=�y and �vt� �U=�y are both positive and large. However, ontrary tothe stresses, it is not larger than for the fored onvetion ase. It is seen that there is no linkbetween the heat �ux vt and the temperature gradient � �T=�y and thus eddy-visosity modelsare unable to predit the fored onvetion ase; also for the heat �uxes the diret effet ofbuoyany in the heat �ux equations is negligible.All stresses as well as the streamwise heat �ux are for the mixed onvetion ase larger nearthe right wall than near the left wall, and the wall-normal heat �ux is almost onstant. Whenwe look at the temperature variane t2 (Fig. 4a) we �nd � to our surprise � that the effet ofbuoyany is vie 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 whih 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 prodution term Ptt inludes the wall-normal heat �ux and the temperature gradient � �T=�y.It was mentioned in onnetion to Eq. 5 that for the mixed onvetion ase the turbulene nearthe hot, left wall is dereased, and in order to satisfy Eq. 5 the temperature gradient � �T=�y (i.e.the visous heat �ux) must inrease. However, the inrease in the temperature gradient mustbe muh larger than the derease in jvtj, sine 1=(Re�Pr) � 1, and this explains why t2 isinreased via Ptt near the left wall, see Fig. 8. Near the right wall the magnitude of t2 is similar407



to that for the fored onvetion, and the reason is that the magnitude of the prodution term Pttis similar for the two ases.4. Conlusions and disussionDNS of fully developed �ow in a vertial hannel has been presented. Results from both foredonvetion and mixed onvetion are presented. It is found that the effet of the buoyanyon the turbulene an be traed bak to the momentum equation. The buoyany terms in thestress equations are negligible. In fored onvetion �ow the shear stress term �uv and thepressure gradient in the momentum equation are in balane in the region where visous effetsare negligible (Fig. 3). This gives a linear (anti-symmetri) shear stress pro�le. When buoyanyis introdued, the shear stress balanes the pressure gradient and the buoyany 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 beomes large near the old wall this generates a large u2 through the produtionPuu = �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 aross thehannel. The reason is that it must be onstant in the region where visous effets are negligiblein order to satisfy the overall balane of the mean temperature equation. Interestingly enough,the temperature variane 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 balane the low jvtj)than near the old wall. This gives a large prodution (�2vt� �T=�y) of t2 near the hot wall.AknowledgmentThis projet was �naned by the Swedish Researh Counil, projet number 260-1999-354Referenes1. L. Davidson and S.-H. Peng. Hybrid LES-RANS: A one-equation SGS model ombinedwith a k�! model for prediting reirulating �ows (to appear). International Journal forNumerial Methods in Fluids, 2003.2. P. Emvin. The Full Multigrid Method Applied to Turbulent Flow in Ventilated EnlosuresUsing Strutured and Unstrutured Grids. PhD thesis, Dept. of Thermo and Fluid Dynam-is, Chalmers University of Tehnology, Göteborg, 1997.3. N. Kasagi and O. Iida. Progress in diret numerial simulation of turbulent heat transfer. InASME/JSME Joint Thermal Engineering Conferene, San Diego, California, 1999.4. D. �Cuturí. Large-eddy simulation of turbulent hannel �ow signi�antlyaffeted by buoyany. Diploma Thesis 01/07 (an be downloaded fromwww.tfd.halmers/�lada/ms thesis.html), Dept. of Thermo and FluidDynamis, Chalmers University of Tehnology, Göteborg, Sweden, 2001.5. W.K. George and S.P. Capp. A theory for natural onvetion turbulent boundary layers nextto heated vertial surfaes. International Journal of Heat and Mass Transfer, 22:813�826,1979.6. T. Tsuji and Y. Nagano. Turbulene measurements in a natural onvetion boundary layeralong a vertial surfae. International Journal of Heat and Mass Transfer, 31(10):2101�2111, 1988. 408


