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Abstract

Simultaneously developing upward mixed convection of air in vertical tubes with uniform wall heat flux was studied numerically using the
three-dimensional elliptic conservation equations. The coupled hydrodynamic and thermal fields were predicted using both laminar and turbu
formulations (the latter was based on the Launder and Sharma low Reynolds numbberbulence model) foRe= 1000 and three different
values of the inlet turbulent intensity over a wide range of Grashof numgers (L0P). The turbulent formulation is more versatile since it can
predict turbulent as well as laminar fully-developed flow fields. The effects of inlet turbulent intensity on the axial evolution of the hydrodynami
and thermal fields as well as on the developed velocity and temperature profiles are presented. It is also shown that the increase of the
turbulent intensity causes a significant decrease of the wall temperature and of the skin friction coefficient ®edbtagombinations.

0 2005 Elsevier SAS. All rights reserved.
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1. Introduction Eckert [8] indicates that mixed convection can be turbulent for
Reynolds numbers as low as 1000. Furthermore, a flow field
Mixed convection in ducts occurs in many industrial instal-Which is laminar at the tube entrance may become unstable

lations such as pressurized water reactors, supercritical boilerdNd eventually turbulent further downstream [9]. Or, as demon-
solar energy collectors and shell and tube heat exchangers. It§§ated by both numerical and experimental studies [6,7,10],
therefore being studied extensively. Jackson et al. [1] presentétturbulent flow can become laminar under the stabilizing effect
a comprehensive review of experimental and theoretical studig the buoyancy force. It is therefore evident that the laminar
on mixed convection in vertical tubes published before 19g9M0del used for the numerical prediction of the corresponding

Some more recent publications are referred to in the present A?ydrodynamic and thermal fields is of limited practical interest
ticle since it can only handle the simplest flow conditions.

Numerical studies of mixed convection have been conducted Scheele and Hanratty [9] studied experimentally the stability
by assuming that the flow field is laminar wh&eis low or of flow in a yertical tube under mixgd co.nvection heat trans-
turbulent wherReis high. Thus, Wang et al. [2], Nesreddine fer by detecting temperature fluct_uatpns in the effluent. It was
et al. [3] and Zghal et al. [4] used the laminar equations fc)rfou_ndthat_the stability depends_prlmarlly on the shape of the ve-
Re < 1500 while Cotton and Jackson [5], Satake et al. [6],|OCIty profile and only secondarily on the value of the Reynolds

Tanaka et al. [7] used the turbulent equationsRer> 2000. number. Later, Su and Chung [10] analyzed the linear stabil-

Nevertheless, experimental evidence compiled by Metais an'(!iy of mixed copvecﬂon flow na Ve'.“'ca' tub.e. Th.e|r results
suggest that mixed convection flow in a vertical pipe can be-

come unstable at low Reynolds number and Rayleigh numbers
* Corresponding author. irrespective of the Prandtl number, in contrast to the isothermal
E-mail addressnicolas.galanis@usherbrooke.ca (N. Galanis). case.
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Nomenclature
Cy skin friction coefficient= rw/O.SpUg Greek letters
Cp fluid specific heat.................. kg HK B volumetric expansion coefficient ........... K
D tube mter.nal d|ametgr ...................... ; m, dissipation of turbulent kinetic energy . . . . 2ra~3
8 acceleration of gravity ................... N 0 tangential coordinate . ...................... rad
Gr Grashof number for isoflux wall, A thermal conductivity ............... whl.K-1
= gBD*qu /1 _ w dynamic Viscosity . .................... Am—2
Gr; Grashof number for isothermal wall, v kinematic ViSCOSity . .................... st
= gp(Tyy — To) D/8v? P density ..ot kg3
I turbulent intensity= (2k/3U2%)1/2 i wall shear stress Pa
k turbulent kinetic energy .. ............... g2 W T T
P PIESSUME . .o e e e paSubscripts
Pr Prandtl number= nC, /1 b buoyancy
qw uniform heat flux at the solid—fluid c centerline
interface ........... ..o i W2 j j k tensorindexes
r radial coordinate .................. ... m w wall
Re Reynolds humbeg= UgD /v 0 inlet condition
T,t time-mean and fluctuating temperature . .. ..... Kr radial direction
U,u time-mean and fluctuating velocity . . ... ... snt ¢ axial direction
z axial coordinate................ .. ..o, m 6 tangential direction

In view of this situation, the present research uses a turbulersumptions the dimensional conservation equations for steady
formulation to study mixed convection wifke< 2000. The se-  state mean conditions are as follows:
lected model is the Launder and Sharma low Reynolds numbegUl.
k— model [11] which has a proven capability of predicting both g =0 1)
laminar and turbulent flows [13,14]. With this approach we have

obtained a detailed description of the developing mixed conp——(U,;U;) = _8_ i[,,( Ui %) _ puiu]}
vection flow field in vertical tubes with uniform wall heat flux. ~ 9% X;  9X; 0Xj 90X
Cases with increasing or decreasing turbulence intensity in the +[1+ B(T — To)]pgi (2)
flow direction have been presented fee= 1000 [13]. Fur- 9 aT 9 9T

i — — — | CyUj— |=—|A— —Cppu;t 3
thermore we have determined, flRe= 1000 andRe= 1500, pBX,- < pYi an) 0X [ 90X, pPUj } ®3)

the critical Grashof numbers which correspond to laminar-
turbulent transition and relaminarization of the flow as well as !N cylindrical coordinates
the Re-Gr combination that result in a pressure decrease ovek, — ., Xp =6, X3=2 (4a)
the tube length from those resulting in a pressure increase [14]. o o

In the present paper, we show new results for ascendinfMile for Z positive in the flow direction:
mixed convection of airin a vertical tube with uniformwallheat g1 — ¢, =0 and g3=—g¢ (4b)
flux and Re= 1000 calculated numerically from the selected
low Reynolds numbek—s model. In particular, we present the
effects of turbulent intensity at the tube inlet on the hydrody

Turbulence is modeled using the Launder and Sharma [11]
_low Reynolds numbet— model. This has been shown by Pa-
(ljel et al. [15] and Mikielewicz et al. [16] to be appropriate for
the study of mixed convection. It is expressed by the following

on the skin friction coefficient. .
equations:

2. Mathematical formulation, numerical procedure and i(Ujk) _ 9 [(V + ﬁ) &}
validation 0X; 39X o/ X

IVE\?
We consider steady state upward flow in a long vertical tube O+ Gy ZV( X ) ®)

with uniform heat flux at the fluid—solid interface. The proper- 9 v\ de
o 5)ax

ties of the fluid are assumed constant except for the density ilg?(UjS) = vt — )5y
J

the body force, which varies linearly with temperature (Boussi- ~ ’ o )

) . ) ) : . e s
nesq's hypothesis) as in many previous stud_|es [4,5,7]. DI_SSI— t 1 fie(Gr+Gp) — cafo— + E (6)
pation and pressure work are neglected as in all the previous k k

numerical studies mentioned in the introduction. With these asahere
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___ay; J-p— B v oT 22 T g T T T T T T T g T

Gr=—ujuj—, Gp=——giujt =8i—=— 1 1
0X; P o Pr; 0X; 2.0 ad g .
k? 18] Y v, q -
Vy = Cﬂfﬂ?, cl1= 1.44, c2 = 1.92 ] 6- Qqq _—
©] < j
¢, =0.09, fi=1, Pr,=0.9 14 °<’<, ]
k2 ] 2o ]
or=1  0,=13 R =— 12 5500" ]
" 34 5101 1555888° ]
— = 4 A 4
=1-0.3exg—R?), —expl ——— S o8- ]
f2 q t) fl‘- p|:(1+ Rl/50)2i| | E
32U; \? 08 Exp. 1,=8% 1=0.1% ]
= e — 0.4 -
E 2wt<8Xj8Xk> (7) { |zp=55 A o < -
. ) o 024 |[zD=629 v o 4 -
These equations have been presented in cylindrical coord 00.] h
nates with the boundary layer approximation [5] and for fully 02] .

d'evel'o'ped. flow [7]. The present study does not use any of thes ) 0o o2 | oa | os  os 10

simplifications. R

This set of coupled, elliptical non-linear differential equa-
tions was discretized with the control volume technique. For therig. 1. validation forRe= 37938, Gr, = 12628 [17] and two different values of
convective and diffusive terms a second order upwind methothe inlet turbulent intensity.
was used while the SIMPLEC procedure was introduced for the
velocity-pressure coupling. The discretization grid was uniformcorresponding predicted and experimental temperature profiles,
in the circumferential direction and non-uniform in the otherwhich are not presented here for lack of space, is equally good.
two directions. It was finer near the tube entrance and near theurthermore, the adopted turbulent formulation predicts that, in
wall where the velocity and temperature gradients are large. Thihis case, the turbulent kinetic energy tends to zerd asin-
solution was obtained using the following boundary condition:creased. Thus, for these conditions, the model correctly predicts

that the flow beyond the entry region is laminar. Additionally,
e at the tube entranc& = 0): the numerically predicted velocity and temperature profiles for
_ o _ _ fully developed conditions witflRe= 1000 and two different
Uz =Uo, Up =Ur =0, I'=To I'=1o (83) Grashof numbers have been shown [14] to be in excellent agree-
Since the adopted model incorporates the assumption ofent with Hallman's [20] analytical results for laminar mixed
turbulence isotropy, the corresponding turbulent kinetic enconvection. These comparisons indicate that the adopted tur-
ergy is: bulent formulation can satisfactorily predict both developing
2 and fully developed laminar mixed convection. Finally, the pre-
ko =15(1olo) (8b) dicted \}//elocity gnd temperature profiles were comgared Fi/vith
e at the tube outletZ/D = 98) the diffusion flux in the di- experimental results by Carr et al. [18] corresponding to fully
rection normal to the exit plane is assumed to be zero fodeveloped turbulent flowRe= 5000, Gr = 2.22 x 10/). As
all variables and an overall mass balance correction is apshown previously [13,14] the measured and calculated profiles
plied [19]. are in very good agreement. Furthermore, for these conditions,
¢ at the fluid—solid interfacer(= D/2) the calculated turbulent kinetic energy at the tube outlet is im-
5T portant, indicating that the model correctly predicts a turbulent
U=Ug=Uz=0, k=¢e=0, qw:_)\a_r 9  flow.
These numerical tests and observations indicate that the

Several different grid distributions have been tested to ensur@dopted turbulent formulation can be used to study both lam-
that the calculation results are grid independent. The selectdfiar and turbulent mixed convection flows. To the knowledge
grid consists of 220, 48 and 8 nodes respectively in the axialf the authors, this is the first time that this capability of the low
radial and circumferential directions. Reynolds numbet—s model has been observed.

In order to validate the turbulent formulation and the numer-
ical procedure, the predicted velocity and temperature profile8. Resultsand discussion
were compared with experimental results for two very different
conditions. Thus, for developing flow in a vertical isothermal The results presented here were calculated ®ite- 0.71,
tube withRe= 3798, Gr = 12628, the numerical results for L =98D, Re= 1000 for three different values & (0.1%, 1%,
Io=0.1% andlp = 8% atZ/D =55 andZ/D = 62.4 agree  8%) and a wide range of Grashof numbe® K 10°). Simi-
very well with the measured values [17] as shown in Fig. 1lar results were obtained féte= 1500 and other values dp
It is important to notice that the imposed inlet turbulence hadut are not presented here for lack of space. It should be noted
no significant effect on the velocity profile even quite closethat for all combinations oReand Iy investigated here, all the
to the tube entranceZ(/ D = 5.5). The agreement between the calculated variables{, T, Cy, k, ¢, ...) tend towards axially
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independent values as the flow moves downstream from the irproduction and of turbulent diffusion. For this combination of
let. This observation confirms the existence of a fully developegharameters@r = 7.1 x 10°, Iy = 8%) the fully developed flow
region as argued earlier [13]. is turbulent. When the Grashof number increases to 8F
(Fig. 2(b)) the inlet turbulent kinetic energy is damped to zero
for Io = 0.1% only. For the other two values &, k. increases
suddenly and reaches a local maximum valug ab = 12 and

Fig. 2 shows the predicted axial evolution of the turbulentZ/D = 9, respectively forlo = 1% andlo = 8%. Beyond this
kinetic energy at the tube axis for three different inlet turbu-point, it is damped towards a constant non-zero value which
lent intensities and four Grashof numbers. Radial distributiongndicates a turbulent fully developed flow regime. The local
of k at different axial positions have also been obtained butnaximum is higher for the lower inlet intensityo(= 1%) be-
are not shown here because of space limitations. For the lowsause of a higher turbulent production as will be explained later
est Grashof numbeGr = 7.1 x 10°, Fig. 2(a)) in the case of by analyzing the velocity profiles.
Io = 0.1%, andlp = 1% the inlet turbulent kinetic energy is Similar behaviors are observed f6r = 3 x 10’ (Fig. 2(c)).
damped monotonically to zero as the fluid moves downstreanThe corresponding increase of the wall heat flux causes higher
The corresponding fully developed flow fields are thereforenear wall buoyancy forces and consequently higher near wall
laminar. On the other hand, fdp = 8% the turbulent kinetic velocity gradients. Therefore, the turbulent kinetic energy in-
energy at first decreases and then increases towards an igreases earlier than in Fig. 2(b). In the present case, local max-
portant asymptotic value. The decrease immediately after thiena are observed for all values ff. They occur aZ /D = 10,
inlet is caused by the increase of the centerline velocity du&Z/D = 8 andZ/D = 6 respectively forlp = 0.1%, Ip = 1%
to boundary layer growth in the entrance region where thermadnd Ip = 8%. Furthermore, the constant asymptotic values of
effects are negligible. The subsequent growthkofs due to k. are non-zero for all three values @& indicating that for
the simultaneous increase of buoyancy and thermal turbuleniis Grashof number the corresponding fully developed flow

3.1. Effect of inlet turbulent intensity on the flow regime
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Fig. 2. Axial variation of turbulent kinetic energy at the centerline.
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regimes are all turbulent. Finally, f@r = 7.1x 10’ (Fig. 2(d)),  Io increases the first critical value G decreases since lower
k. is damped to zero for the lowest inlet turbulent intensity,buoyancy turbulent production is needed to change the flow
Io = 0.1%, while it increases to a local maximum and is thenfield from laminar to turbulent. On the other hand, the second
damped to a non-zero constant value for the other two inlet turcritical value ofGr increases ag increases because a higher
bulent intensities. These non-zero constant valueggfer 1%  near-wall velocity is needed to stabilize the flow field under
and Io = 8% show that the corresponding flow field are still these conditions.

turbulent. On the other hand, for the lowest inlet turbulent in-  Fig- 2, also shows that, for a fixed valuelgf the local max-
tensity, Io = 0.1%, the fully developed flow field is no longer 'MuMm of k. moves towards the tube inlet when the Grashof

[pumber increases. For a fixed value@if, this maximum oc-

turbulent because of the stabilizing effect of the near wall acce _ )
eration caused by the buoyancy forces [13]. This relaminarizaSy"s sooner for the higher valueslgf All of these observations
re a result of the combined effects of the buoyancy turbulent

tion has also been observed for accelerating flows in convergm%roduction (termG, in Eq. (5)) which interacts with the inlet
passages [12].

These results indicate that the flow regime in the fully Ole_Furbulence. This effect oft_heinlet turbulence _onthe flo_vv regime
) in the fully developed region cannot be predicted by linear sta-

veloped region depends on the values _of tI_Bthanqlo. Thus, bility analysis such as the study by Su and Chung [10].
for Ip = 0.1% the fully developed flow field is laminar for low
and high value oGr. The transition from laminar to turbulent 3 5 prediction and analysis of the velocity field
regime occurs at a critical Grashof number betweerl©° and
1 x 10’ while the relaminarization occurs at a second critical Fig. 3 shows the evolution of the centerline axial velocity
Grashof number betweenx610” and 71 x 10". Forlo=1%  along the tube length. For the lowest Grashof numi@ar
the first critical Grashof number is betweer 80° and 1x 10° 7.1 x 10°, Fig. 3(a)),U. initially increases from its inlet value
while the second one is higher tharl % 10’. In general, as (U = Up) as the boundary layer builds up and pushes the fluid
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Fig. 3. Axial variation of centerline axial velocity.
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towards the tube axis. It reaches a maximum value which inprevious case since the near wall acceleration caused by buoy-
creases agy increases. Then, as the near wall upward buoy-ancy is more important due to the higher value of the wall heat
ancy force increases, the fluid near the wall accelerates anflux. The value ofU, predicted by the turbulent model with
consequently, the velocity in the centerline region decreasek = 0.1% and by the laminar model are identical. Downstream
to respect continuity. In the case &f = 8%, since the flow from the position of the maximum, the value &f for these
regime is turbulent (cf. Fig. 2(a)) and radial momentum dif-two cases decreases monotonically and reaches a negative as-
fusion is important, this decrease bf is small compared to ymptotic value which indicates the existence of flow reversal
the three other cases (lamindg,= 0.1% andlp = 1%). Itis  at the axis. Fig. 4(b) shows that the region of flow reversal
interesting to note that the predictions of the turbulent modeéxtends approximately te/D = 0.2. It also shows that the
with Iop = 0.1% are essentially identical with those of the lami- maximum velocity is greater and occurs closer to the wall than
nar formulation obtained by settingu; =u;f =01in Egs. (2) for Gr=7.1x 10°. Itis again noted that all these laminar fully
and (3). As mentioned earlier the laminar fully developed nu-developed profiles have been shown to agree very well with
merical profiles are in very close agreement with the analyticalhe corresponding analytical solution [20]. Fiy = 1% and
solution by Hallman [20]. On the other hand, in the case ofly = 8%, downstream from the position of the maximukn,

Ip = 1% the axial evolution ol, is different from the previ- decreases for a while as the effects of wall heating cause an up-
ous two even though all three are laminar in the fully developedvard acceleration in the region near the wall. However, when
region (cf. Fig. 2(a)). This residual influence of the inlet tur- turbulent production due to hydrodynamic and thermal effects
bulent intensity on the three laminar fully developed profiles isincreases (see Fig. 2(b) fdr/ D between 10 and 20), radial dif-
illustrated in Fig. 4(a). We notice that the profile predicted byfusion of momentum increases and results in an increabg.of

the laminar model and by the turbulent model with=0.1%  In the fully developed region, the values bf for these two

are essentially identical while the one fiyr= 1% is decidedly turbulent flows are the same. In fact, as shown in Fig. 4(b), the
different. The maximum velocity for these three cases occursntire fully developed velocity profiles for these two cases are
far from the axis, a situation characteristic of laminar mixedidentical.

convection [3,4]. On the other hand, fé§ = 8% the maxi- It is now possible to explain why the maximum centerline
mum velocity occurs at the tube axis as expected for turbulerturbulent kinetic energy in Fig. 2(b) is higher fay = 1% than
flows. for Io = 8%. As indicated by the results in Figs. 2 and 3 (as

Analogous results are shown in Figs. 3(b) and 4(b3o=  well as by other more detailed result not shown here for lack
8 x 10°. In this case however, the maximum valuelofdoes  of space) the region immediately after the tube inlet in which
not depend onlp. It occurs earlier and is smaller than in the U, increases and. decreases due to boundary layer growth
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Fig. 4. Fully developed velocity profiles.
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(a hydrodynamic effect influenced by the Reynolds number) i8.3. Axial evolution of the skin friction coefficient

followed by a second region in which thermal effects are signif-

icant: the ensuing acceleration of the fluid near the wall causes Fig. 5 shows the evolution of the non-dimensional skin fric-

a decrease o/, and an increase df,. The axial gradient of tion coefficient along the tube length. At = 0 the value of

U, constitutes a local source of turbulence. Furthermore, th&'s is the same for all Grashof numbers and it initially de-

significant velocity and temperature gradients in the boundar§rases since natural convection effects do not become effective

layer constitute additional sources of turbulence which diffused"mediately at the tube entrance. This is qualitatively consis-

towards the centerline. For a given Grashof number, these gr}ﬁm to the.correspondlng behawour.for ﬂO.W over a flat plgte.

dients increase wittZ but are essentially independent As the Gr increases the length of this region decreases since
. . . the effects of heating become more pronounced. For the low-

These turbulence sources combine with the local residual of the

. . . i ) €st Grashof numbegr = 7.1 x 10°), Fig. 4(a),Cr reaches a
inlet turbulence to trigger the sudden increasg iiustrated in local minimum at approximatelgZ /D = 5, increases slightly

Fig. 2. Since at any given axial position, the turbulence sourcegy, j 4ttains a constant value in the hydrodynamically developed
caused by the velocity and temperature gradients are the safgjion. This behaviour has been noted previously for laminar
for Io = 1% and/o = 8% while the local residual of the in- yixed convection [3,4] but not for turbulent mixed convection.
let turbulence is higher fofo = 8%, the increase of occurs  The values for the laminar prediction and the turbulent predic-
earlier in the latter case. Therefore, at the position where the injon with 7o = 0.1% are the same (approximately 0.03) while
crease ok takes place, the velocity and temperature gradientgor the higher turbulent intensities the fully developed values
are more important folp = 1% and thus the increase bfis  are higher (approximately 0.034 fdp = 1%, and 0.038 for
more significant. Ip = 8%). For Gr = 8 x 1(F, in the cases of the laminar for-
Fig. 3(c) shows the evolution of the centerline axial velocitymulation and the turbulent one witly = 0.1%, Cy increases
along the tube length faBr = 3 x 10’. As indicated by the re- after the entry region, reaches a local maximum and attains a
sults in Fig. 2(c), the fully developed flow field is in this case constant value of approximately 0.09 in the fully developed re-
turbulent for the three values df under consideration. Sig- 9ion. Itis noted that, according to the previous discussion, the
nificantly, for this Grashof number the laminar model did notdeveloped flow for these two cases is laminar. In the cases of

converge despite several attempts with different discretization® = 1% andlo = 8% also, for which the fully developed flow

and different relaxation schemes. In all cases, the local values &f trbulent, f[he variation af'; is qualitatively the same as for
tEe two previous cases. However, both the local maximum and

the calculated variables were unstable similarly to experimenta% e fully developed values af r are higher for the two cases
f

results [21]. This behavior confirms the limitation of the Steadycorresponding to laminar fully developed flow. By comparing

laminar model. It is Interesting to note in F'QS- 3(c) and 4(C)ne values ofC for the three different inlet intensities, it is
that the corresponding velocities in the regiore@ /D <6 {5 nq that both its local maximum and its fully developed val-
and 17< Z/D < 98 are identical for the three different values ;o5 decrease ds increases. This behaviour is due to the fact
of Io. Itis also important to note in Figs. 3(b), 3(c) and 3(d) thethat a higher turbulent intensity increases the radial momentum
presence of a short region with flow reversal which occurs Veryiffusion and results in a more uniform Ve|ocity prof”e (See
close to the tube inlet. Fig. 4(b)). On the other hand, in the case of laminar flow the
The variation ofU, along the tube length for the highest near wall buoyancy force increases the fluid velocity in this re-
Grashof number is shown in Fig. 3(d) while the correspondinggion (see Fig. 4(b)) and results in very high shear stress at the
fully developed velocity profiles are shown in Fig. 4(d). The solid—fluid interface.
turbulent results forlp = 0.1% are essentially identical with For Gr = 3 x 10/, for which the fully developed flow is
the corresponding predictions from the laminar model. This obturbulent for all three inlet turbulent intensities, we note a pro-
servation is consistent with the evolution fof for Io = 0.1%  hounced peak corresponding to the position of minimim
shown in Fig. 2(d). In this case flow reversal occurs in the fully(Cf- Fig. 3(c)) and steeply increasing (cf. Fig. 2(c)). The fully
developed region at a position which does not include the tub8€veloped value of ¢ is slightly higher for the highesl. Fi-

_ 7 , :
axis (see Fig. 4(d)). The maximum velocity ocours very ClOSétqhaalllr% 't:]%rsgrfc; Zlillpte%/(i)out: i;sizeﬁ'ﬁéc (;u:Iri(taatriT\]/:CEewg\?iiLr is
h Il D=0.4 i high =3).Th ' )
to the wall (av-/ 0.45) andis very highl{/Uo = 3). These the same as that fdbr = 8 x 10° (see Fig. 4(b)). It should

results are identical to those predicted by the correspondinge noted that the value df; for hydrodynamically developed

analytical solution [20]. On the other hand, fy = 1% and forced convection is 0.016, i.e. considerably smaller than all the
Io = 8% the fully developed flow is turbulent (see Fig. 2(d)) corresponding values shown in Fig. 5

and the corresponding velocity profiles are indistinguishable

(Fig. 4(d)). However, in the inlet region the evolution Bf 3 4 presentation and analysis of the temperature field
is quite different for these two inlet turbulence intensities. In

particular, for/o = 1% flow reversal centered at the tube axis  Fig. 6(a) shows the axial evolution of the non-dimensional
is observed over a very short distance at about the same axighll temperature fo6r = 7.1 x 10°. Inmediately after the tube
position where the corresponding sudden increase ¢kes inlet, the rate of increase df, is very high (consistently with
place (cf. Fig. 2(d)). experimental results [9]) and its value is independenfyofit
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Fig. 5. Axial variation of the skin friction coefficient.

Z/D =5, i.e. very close to the position where the centerlinelated by applying the first law of thermodynamics to the fluid
velocity becomes dependent df (see Fig. 3(a)) and’s is  within the tube. Because of the choice of the reference temper-
minimum (see Fig. 5) the slope df, for Io = 8% changes ature used to non-dimensionalize the differeritg € Tp), this
significantly from that of the other three cases (lamidas=  slope is inversely proportional to the Peclet number (which is
0.1% andlp = 1%). In fact, the wall temperature for the latter constant for all the cases considered in this study) and indepen-
three cases is almost identical over the entire length of the tubeent of the Grashof number. Thus, the wall temperature trends
Its axial evolution is qualitatively similar to the correspond- for the other three Grashof numbers quoted in the previous fig-
ing results by Scheele and Hanratty [9]. On the other hand, theres are quite similar to those in Fig. 6(a) and are not presented
wall temperature fodp = 8% is, at any axial position beyond here. The only notable differences are:
Z /D =5, significantly lower than that for the other three cases.
We note that the wall heat flux is the same for all four cases in e the length of the entry region, in which the slope Tf
Fig. 6(a) while the flow field is turbulent faip = 8% and lami- varies, decreases as the Grashof number increases, and
nar for the other two inlet intensities (see Fig. 2(a)). Therefore, o the difference between the wall temperatures correspond-
the results of Fig. 6(a) indicate that it is possible to maintain the ing to different values ofp are not as important as those in
wall at a low temperature, without increasing the mass flow rate  Fig. 6(a).
or decreasing the heat flux, by simply increasing the turbulence
of the flow at the inlet of the tube. This effect is particularly  Fig. 6(b) shows the fully developed non-dimensional tem-
interesting for the cooling of gas-cooled nuclear reactors. perature profile foilGr = 7.1 x 10’. As noted previously, the
Beyond Z/D = 20 the wall temperatures in Fig. 5(a) in- corresponding hydrodynamic regime is laminar foe= 0.1%
crease linearly with axial distance. The slope of this line isand turbulent forlp = 1% andlp = 8%. It is therefore not sur-
approximately 0.0059 which is very close to the correspondingrising that the temperature profile fiy = 0.1% is very close
non-dimensional gradient of the fluid bulk temperature calcuto the corresponding prediction of the laminar model which
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Fig. 6. (a) Axial and (b) radial variation of the fluid temperature.
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