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Abstract—Heat transfer to fluids flowing in vertical tubes under conditions of combined forced and free
(‘mixed’) turbulent convection can exhibit marked departures from the case of purely forced convection.
Significant impairment or enhancement of heat transfer can occur, depending upon flow orientation
and the degree of buoyancy influence. A second important phenomenon arising in the ascending flow
configuration is the occurrence of very long thermal-hydraulic development lengths. Calculations per-
formed using a formulation of the Launder and Sharma low-Reynolds-number k ~ & turbulence model
for developing flow in a tube show close agreement with a range of experimental heat transfer data and
flow profile measurements for air, major discrepancies occurring only in strongly buoyancy-influenced
descending flow.

1. INTRODUCTION

THE sTUDY of convective heat transfer is commonly
divided into the branches of forced convection (where
motion is in response to an externally-applied pressure
difference) and free convection (where motion is
caused by a non-uniform distribution of gravitational
body force arising from density variations within the
fluid). Under conditions where both mechanisms
operate simultaneously the heat transfer regime is
termed ‘mixed’ or ‘combined’ convection. The present
study is concerned with ascending and descending
turbulent mixed convection flows in vertical tubes.
These exhibit complex thermal-hydraulic behaviour,
the most important external manifestation of which
is gross impairment or enhancement of heat transfer.
It is found that heat transfer in ascending flow may
be impaired with respect to forced convection (at
moderate heat loadings) or enhanced (at high heat
loadings), whereas in descending flow heat transfer is
enhanced throughout the turbulent mixed convection
regime. An important feature of the ascending flow
case is that development lengths of the order of 100
tube diameters are found to occur in the region of
maximum heat transfer impairment. The impairment
phenomenon is of particular practical importance in
relation to post-trip heat removal from nuclear re-
actors and the occurrence of impaired and enhanced
heat transfer has implications for all heat exchange
equipment involving mixed convection in vertical
passages.

The present contribution is part of a continuing
programme of work {1, 2] in which the low-Reynolds-
number two-equation (k ~ &) turbulence model of
Launder and Sharma [3] (a re-optimization of the
Jones and Launder [4, 5] model) is applied to vertical
tube flows in the turbulent mixed convection regime.

All equations are cast in a formulation for developing
flow. Extensive comparison is made against exper-
imental measurements of heat transfer and flow pro-
files [6~10]. The working fluid used in the experiments
was air (or nitrogen [8]) and the process of heat trans-
fer in the mixed convection regime for the cases
studied is not further complicated by significant tem-
perature-dependent property variations (as may be
the case where liquids such as water or oil or fluids at
near-critical conditions are employed).

The selection of the low-Reynolds-number model
was guided by consideration of the modifications that
occur to the turbulent shear stress distribution, and
thus shear production of turbulence, in the near-wall
region of mixed convection flows (identified by Hall
and Jackson [11]) and by the experience gained by
other workers in applying simpler forms of turbulence
closure to the problem. Abdelmeguid and Spalding
[12] found that the high-Reynolds-number k ~ ¢
model of Launder and Spalding [13] yielded the
correct trends of impairment and enhancement in
mixed convection heat transfer, however, no com-
parison with experimental heat transfer data was
made. It was demonstrated by Walklate [14] that the
use of a partial low-Reynolds-number treatment
yielded more accurate results in the computation of
the turbulent mixed convection data of Carr er al. [6]
than did the parent high-Reynolds-number model.
Renz and Bellinghausen [15] applied the Jones and
Launder [4, 5] model to wall temperature data for an
ascending flow of refrigerant near the thermodynamic
critical point and found the correct qualitative trends
of wall temperature development, although significant
quantitative discrepancies were revealed. However, as
indicated above, the highly variable properties at the
conditions of such an experiment render this an
especially stringent test of any model. Tanaka et al.
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Bo buoyancy parameter, equation (16)

¢ constant in k ~ ¢ length scale, x/C 7"

¢, specific heat capacity at constant pressure

C.1,C,, constants in production, sink terms

of g-equation

constant in constitutive equation of k ~ ¢

model

D tube internal diameter

D, ‘additional’ dissipation term in k-equation

f>  function in sink term of e-equation

Jf.  function in constitutive equation of k ~ ¢
model

g  magnitude of acceleration due to gravity

g. component of acceleration due to gravity

in z-direction

Grashof number, fg(T, — T,)D?/v?

Gr  Grashof number based on wall heat flux,
BgqD*|iv?

k turbulent kinetic energy

Nu Nusselt number, §D/i(T,.—T,)

Nusselt number for forced convection

p  pressure

P rate of production of &

Pr  Prandtl number, c,u/ 4

g  wall heat flux

radial, axial cylindrical polar coordinates

R tube internal radius

Re Reynolds number, pW,D/u

turbulent Reynolds number

S,  Yap dissipation source term

T  temperature

T, reference temperature (upstream of the

start of heating)

velocity components in r, z-directions

(fluctuating)

NOMENCLATURE

w* ow/(tu/p)

V, W velocity components in r, =-directions
(time averaged)

W* W/\(t/p)

y normal distance from wall, R ~r

¥ /@)y

Greek symbols
B coefficient of volume expansion, 1/T
& rate of dissipation of k
é§  modified dissipation variable
k  von Karman constant
4 thermal conductivity
u  dynamic viscosity
v kinematic viscosity, u/p
p  density corresponding to temperature T,
p’ fluctuating temperature-dependent density
¢, turbulent Prandtl number
gy, 6, turbulent Prandt! number for

diffusion of &, ¢
T shear stress.

Subscripts
b  bulk
CL centreline
g buoyant generation
t turbulent

w  wall
Superscripts
time averaged
! fluctuating.

[16] compared a slight variant of the Jones and
Launder model against their data for heated ascend-
ing flow of nitrogen and found generally good agree-
ment between measured and calculated Nusselt
number. Comparison with data was limited, however,
and does not appear to include points in the vicinity of
the condition of maximum heat transfer impairment.
The fully-developed formulation used by Tanaka et
al. is unsuitable for application to flows with long
development lengths such as ascending turbulent
mixed convection flows in the region of high heat
transfer impairment. The reader interested in a
detailed account of experimental and theoretical/
numerical studies of turbulent mixed convection in
vertical tubes is referred to a recent review [17]. In
another recent work Launder [18] examines the appli-
cation of turbulence models to a number of convective
heat transfer problems including turbulent mixed con-
vection flows.

Data for liquid metal mixed convection heat trans-

fer are more sparse than those for air. In preparing
the present paper the authors have restricted attention
to well-documented air flows, however calculations
for mercury and sodium are presented in ref. [19].
A comparison between experimental data for mixed
convection heat transfer to water and numerical
results is given in ref. [20].

2. MODEL FORMULATION

2.1. Mean flow equations

The mean flow equations are written in the ‘thin
shear’ (or ‘boundary layer’) and Boussinesq approxi-
mations. Thus, in cylindrical polar coordinates the
mean flow conservation equations are as follows:

continuity
1e(rV cwW
1eeN) Wy, M
r ¢ér ¢z
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momentum
1d 9 5 dp
TPV + = (pW) = -

+ li [r(}l +1) a”’] +1-B(T-Tolpg. )

where
_ }—g for ascending flow
9:= +g for descending flow’
energy
10 u p\oT
—-(prVT)+ 32 (an ;*a-;[ (}; + ;;) 'a—r]

3

2.2, Turbulence model (Launder and Sharma) equations

The present study employs the low-Reynolds-
number k ~ ¢ model of Launder and Sharma [3], a
slight modification of the original model of this type
due to Jones and Launder [4,5]. The period since
the publication of the original model has seen the
development of a number of low-turbulent-Reynolds-
number k ~ ¢ formulations. Patel et al. {21} examined
the performance of eight such models against data
for external boundary layer flows and found that the
Launder and Sharma model emerged as one of only
three of these models to adequately reproduce the
features of a flat plate boundary layer. Further exam-
ination indicated that the model continued to perform
acceptably in the calculation of accelerated and
decelerated flows. Henkes and Hoogendoorn [22}
applied a number of & ~ ¢ models to natural con-
vection boundary layers and reached similar con-
clusions to those of Patel et al. Cast in cylindrical
polar coordinates, the equations of the Launder and
Sharma model are as follows:

constitutive equation

pk? .

=G5 @

(5

k-transport

——-(prVk)+ *(p Wk) =

e

] —pE+D,) (5)

where
Pp = mgz (6)
2vk/y? 0 <2 (7a)
h {2»(5}&’2 [ ot > 2. (7b)

Here £ is the modified dissipation variable to which
the boundary condition & = 0 at y = 0 applies. The
special form for D, adopted in the region y* <2 is
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used because of convergence difficulties experienced
when the standard form is retained in that region.
Discussions have revealed that several users of low-
Reynolds-number models have adopted equation (7a)
for the region in the immediate vicinity of the wall. In
alternative low-Reynolds-number k ~ ¢ formulations
the term is adopted for the entire flow [23].

é-Transport

13 . é é ) A% é
;E(PVV8)+5;(PW5)=Q;E&(‘6—;) C“kP
| G} 1\ 08 32w
+"é;[ (#"}' ;:) 6r} szfz 2 (5,,2)
®

Constants and functions
C,=0.09; f, =exp(—3.4/[1+Re/50]%);

Re, =§;; 0,=10; o,=13; C,=144;
C,=192; f,=10-03exp(~Re)). )
Turbulent Prandtl number

g, =09. (10)

In a series of calculations where P, was included,
one of two modelling strategies was adopted. In both
cases, the starting point was to re-cast equation (6) in
terms of fluctuating temperature. Thus, in accordance
with the Boussinesq approximation

P, = —BowT’g,. (1)

The first approach to modelling the velocity—
temperature correlation relies upon the concept of an
isotropic turbulent thermal conductivity

—_ _; 0T
pe,wl’ = —hgs

12

where

iy= p.“t/oz- (13)

Now, although 2, is notionally isotropic, equa-
tions of the form of equation (12) are generally applied
only to the turbulent heat flux in the direction of the
principal temperature gradient (the radial direction)
and may lead to a poor approximation to the turbu-
lent heat flux in the axial direction, The ‘generalized
gradient diffusion hypothesis’ (GGDH) of Daly and
Harlow [24] may provide a better model for P,. Within
the framework of the GGDH the axial turbulent heat
flux is related to the principal gradient direction

— 1 k—o8T
wT’ = ————,vwé-; (14)

inwhich C, = 3.2. Tests reported in refs. [25, 26} have
indicated that inclusion of P, has a negligible effect
when modelled in accordance with the isotropic
turbulent thermal conductivity concept and only a
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second-order effect when modeiled using the GGDH.
Such results serve to reinforce the understanding that
buoyancy effects in turbulent mixed convection
vertical tube flows are primarily ‘indirect’ {(acting
upon shear production of turbulence) and that direct
buoyant generation is of minor importance,

2.3. Additional (Yap) dissipation source term

The majority of the calculations reported below
were executed using the formulation of equations (1)~
{5y and (7)~(10) (with P, = 0). In some descending
flow {enhanced heat transfer) calculations, however,
the effect of including an additional source of dis-
sipation proposed by Yap [27] was investigated ; for
these cases a term S, is added to the right-hand side
of equation (8)

32 2P a2
5, = 0.83[5—-* - 1][@] a
gy gyl k

where ¢; = 2.5,

In the logarithmic region of a uniform shear stress
boundary layer the length scale £%%/4 is equal to ¢y
and S, is zero; as the length scale increases above the
equilibrium value equation (15) provides an
additional source of & which itself acts to reduce the
length scale and restrict the extent of departures from
equilibrium values [18]. In the case of reduced length
scales S, is a sink of dissipation, however in this event
the quadratic term in equation (15) serves to limit the
magnitude of the expression. The action of the Yap
source term in turbulent mixed convection is exam-
ined in Section 3.1.

(13)

2.4. Numerical procedures

Discretization of the equation set is performed
according to a finite volume/finite difference scheme
following Leschziner [28] and the discretized equa-
tions are solved using a ‘marching’ solution pro-
cedure. Correction of the pressure gradient and axial
velocity profile at each axial station in order to satisfy
overall continuity is achieved using a method due to
Raithby and Schneider [29]. The method possesses
the dual merits of requiring only one additional sol-
ution of a discretized equation set and of producing
exact values for the velocity set and dp/dz (cf. approxi-
mate methods in which terms are omitted from the
discretized momentum equation to perform the
correction).

An axial step length of approximately two viscous
sublayer thicknesses (the sublayer for this purpose
being taken to have a thickness corresponding to
y* = 5) is employed. The radial grid consists of 101
nodes which are distributed to give a high con-
centration of grid lines near the wall (the wall-adjacent
node is positioned at y* =~ 0.5). Full details of the
calculational procedures adopted and the sensitivity
tests applied are given in ref. {25).

M. A, Corron and J. D. Jackson

3. RESULTS AND DISCUSSION

Calculations have been performed using the
Launder and Sharma [3] low-Reynolds-number & ~ ¢
turbulence model as detailed in Sections 2.1 and 2.2;
where the Yap [27] dissipation source term (Section
2.3) has been included this is stated explicitly. P, is
omitted from the formulation in all the calculations
presented here.

3.1. Heat transfer impairment and enhancement

In an attempt to best illustrate the phenomena
under consideration and also in order to link the pres-
ent turbulence model calculations with the much sim-
pler semi-empirical model of Hall and Jackson {11]
the authors have adopted three different methods of
presenting comparisons with experimental heat trans-
fer data:

{a) Calculations at a single Reynolds number are
compared against data obtained under a range of
conditions by casting both computations and
measurements in terms of a ‘buoyancy parameter’, Bo

& G}
= }

ReTHIT 0% (16)
The buoyancy parameter was developed by Hall and
Jackson [11] from consideration of modified shear
production of turbulent kinetic energy under mixed
convection conditions. Equation {16) is the most
recent form of the parameter 10 be developed (see ref.
[17}); recourse to empirical flow resistance and forced
convection heat transfer correlations leads to an ex-
pression for heat transfer impairment/enhancernent

Nu Bo 048
el I 5= W ITYEY]
Nuy {Nu/Nuy)

where the negative sign applies for ascending flow and
the positive sign for descending flow.

Variants of equation (17) have found application
in nuclear reactor heat transfer modelling [30].

(b) The second approach employed is to make direct
case-by-case simulations of experimental tests and
then to evaluate both data and calculations in terms
of the buoyancy parameter, Bo (equation (16)). Thus
a distinction should be drawn between the use of Bo
on the one hand as the abscissa in Nu/Nu, vs Bo
presentation of results and on the other hand the use
of equation (17) which is an approximate formula for
heat transfer impairment or enhancement.

(c) Finally, direct simulations of experimental tests
are made and the results presented in terms of Nu vs
Grror Nuvsz/D.

Figure 1 shows comparisons of type (a) above. The
trends of heat transfer impairment (with maximum
impairment of over 50%) and enhancement discussed
above are clearly evident. Present resulis obtained
using the Launder and Sharma low-Reynolds-number
k ~ & model are for Re = 5000 and Pr=0.7. Bo is
varied by increasing the Grashof number over the

{an
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FiG. 1. Heat transfer impairment and enhancement in ascending and descending air flows.

range 4.4 x 10° < Gr £ 9.0 x 10® and Nusselt number
is normalized to the computed value for fully-
developed forced convection at the given Reynolds
and Prandtl numbers. In the main, the points plotted
for ascending flow represent Nusselt number at an
axial position z/D = 103.45 (the location at which
Carr et al. [6] made their measurements), although
some points in the region of maximum impairment
are for higher z/ D (between z/D = 106 and 207) and
there is evidence that, even at such high length-to-
diameter ratios, a fully-developed condition has not
been attained over the range 02<Bo<04
{maximum impairment occurs at Bo =~ 0.22). In the
case of descending flow a fully-developed condition is
attained by z/D ~ 30. The experimental data shown
on Fig. 1 were obtained under a range of conditions:
Carr et al. [6] made measurements on air for
5000 < Re < 5400 and 1.06x 107 € Gr £ 2.22x 107
at z/D = 103.45; the data of Steiner [7] are for air in
the ranges 5000 < Re < 14900 and 9.3x 10’ < Gr <
2.17x 10 at z/D ~ 60 and Easby’s [8] descending
flow data are for nitrogen at 2100 < Re < 8300,
1.4x10° < Gr < 6.8x10% and z/D =~ 83-150. In all
cases Bo is evaluated at the experimental conditions
quoted by the authors (taking Pr = 0.7 in the pres-
entation of Steiner’s and Easby’s data) and the exper-
imentally-determined Nusselt numbers are nor-
malized with respect to the Dittus—Boelter equation

Nug = 0.023Re%® Pro4, (18)

The ascending flow data may be considered as a

group since all are for large z/D and therefore fairly
realistic comparison with the present results for
z/D > 103.45 may be made. Two points emerge:
firstly, agreement between present numerical results
and the experimental data is acceptably close and,
secondly, the buoyancy parameter, Bo, isseentobea
useful correlating parameter since the data are
obtained over ranges of Re and Gr (although there is
no test of the Pr-dependence of Bo). Unfortunately,
none of the three sets of experimental data include
measurements for fully-developed forced convection
heat transfer and an uncertainty in the comparison is
consequently introduced by the use of the Dittus—
Boelter equation : this uncertainty may be quantified
by the observation that computed Nu, at Re = 5000,
Pr = 0.7 is 6.3% lower than that yielded by equation
(18). It may be noted also that direct simulation of
Runs N10, N12 and N13 of Carr et al, yielded dis-
crepancies between computed values of Nusselt num-
ber and those obtained from the experimental
measurements of 8, 12 and 11%, respectively (the
computed values being lower).

A plot of the most recent form of the Hall and
Jackson semi-empirical equation, equation (17), is
also shown in Fig. 1. The equation captures the trends
shown by both the present numerical results and the
experimental data, although there are quantitative
discrepancies.

The calculations shown in Fig. 2 are computed
Nu/Nu, curves for ascending flow at z/D = 10, 20
and 50 (Re = 5000, Pr = 0.7) and the fully-developed
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F1G. 2. Development effects in turbulent mixed convection.

descending flow curve reproduced from Fig. 1. The
ascending flow curves demonstrate marked devel-
opment effects. The distortions apparent in these
curves arise in consequence of local recoveries in
Nusselt number development, similar to those appar-
ent in Fig. 5 (see below).

Byrne and Ejiogu [9] made measurements on heated
ascending air flows with uniform wall temperature
thermal boundary condition for 1.62x10* < Re <
1.37x 10 and 3.15x 10'° < Gr < 6.72x 10** at low
z/D, z/D =~ 5.5. A comparison of type {b) above is
made with the data (Fig. 3); computed Nu is

normalized to computed Nu, and measured Nu is
normalized to the Dittus—Boelter equation (taking
Pr = 0.7). (Note: points may differ in location on the
abscissa because Gr = Gry Nu and thus Nu dis-
crepancies enter the value of Gr.)

Figure 4 shows ‘direct’ (type (¢)) comparison with
the data of Axcell and Hall [10] for descending air
flows under strong influence of buovancy. The data
were obtained at z/D=~535, Re=x=6x10* and
9.3x10® < Gr,. < 2.7x 10°. It is seen that the ‘stan-
dard’ formulation of the turbulence model yields
Nusselt number results that exhibit a discrépancy with

Nu
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12 x
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1.0 g 5]
X of
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0.8 | Xo
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0.6 FLOW ox X
Ox
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0.4 8 x10 Re3 425 pr o8
1 I |
0.01 0.1 1.0 10.0

FiG. 3. Comparison with the ascending flow data of Byrne and Ejiogu [9].
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Fi6. 4. Comparison with the descending flow data of Axcell and Hall [10]; inclusion of the Yap [27] source term.

respect to experiment which increases with Grashof
number. Inclusion of the Yap dissipation source pro-
duces marked improvement in the degree of accord
with data (Fig. 4). The action of the source term is to
drive the turbulence length scale towards its equi-
librium (uniform shear stress) value; without the
additional term the turbulence model apparently
yields the correct trends of behaviour in returning
length scales that are increased in descending mixed
convection, however the magnitude of the increase is
too great. The formulation of equation (15) is such
that 5, has negligible effect in flows where turbulence
levels are greatly reduced (a test on the ascending flow
Run N13 of Carr et al. [6] showed that Nu changed
by only 0.3% in response to inclusion of the term).
Applications of the additional source term to other
flows are discussed by Yap [27] and Launder {18].
Cotton [25] found that inclusion of buoyant pro-
duction modelled according to the GGDH (with the
Yap source omitted) served only to slightly increase
computed Nusselt number at the highest Grashof
number case of Fig. 4 (4.5% with respect to the stan-
dard formulation value of Nu).

The results of direct simulations (type (c) cal-
culations) of Steiner’s [7] experiments on ascending
air flows are shown in Fig. 5. Unlike the other exper-
imental data considered so far, Steiner reports
measurements of Nusselt number development along
the tube. Agreement between the computed values
and experimental points is acceptably close for all four
cases over the full axial extent of the measurements.

(Note: in Ref. [7] Steiner does not mark z/D values
on the axis, however, the text of the paper suggests
that these values are as shown in Fig. 5.) It is inter-
esting to observe the local recovery in Nusselt number
occurring in the calculations and for which there is
evidence in Steiner’s data. Polyakov and Shindin [31]}
have recently published other measurements of Nu vs
z/ D in ascending turbulent mixed convection air flows
and preliminary work to make comparison with these
data is reported in ref. [26].

3.2. Mean flow and turbulence profiles

The remaining results to be presented are rep-
resentative examples taken from a large number of
simulations of experimental profile measurements.

Figure 6 shows the velocity profile measurements
for Run N13 of Carr et al. [6] together with the present
computed curve. The marked distortion of the profile
measured by Carr et al. is captured to good accuracy
by the model computations. Presentation of the same
datain W* — y* coordinates (Fig. 7) serves to indicate
the pronounced departure from near-wall ‘univer-
sality’ evident under conditions of turbulent mixed
convection. Thus, any assumptions of universality
made in order to construct wall functions for use with
‘high-Reynolds-number’ turbulence models applied
to mixed convection are clearly highly questionable.
Similarly close agreement with the velocity and tem-
perature profiles measured by Steiner [7] is apparent
in Fig. 8. Comparison with one of the velocity profiles
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measured by Axcell and Hall [10] in strongly-buoyancy-
influenced descending flow is made in Fig. 9.

Figures 10 and 11 show comparisons between cal-
culations and the Reynolds stress and turbulent heat
flux data of Carr er al. [6]. There is some suggestion
from Figs. 10 and 11 that the calculations yield too
great a laminarization effect, however this obser-
vation must be tempered by the fact that the data are
subject to some uncertainty because 7w and v7” are
deduced indirectly from measurements of the other
terms of the momentum and energy equations
assuming a fully-developed state (a condition not indi-
cated by the calculations).

169
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4. CONCLUSIONS

The low-Reynolds-number k ~ & turbulence model
of Launder and Sharma [3] has been tested against
experimental data for ascending [6, 7, 9] and descend-
ing [8, 10] turbulent mixed convection air flows. It is
found that the model satisfactorily computes all these
data with the exception of the descending flow data
at high buoyancy influence obtained by Axcell and
Hall {10]. Inclusion of an additional e-equation source
term proposed by Yap [27] improves agreement with
the heat transfer data of ref. {10].

In the light of earlier studies and the work reported
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FI1G. 9. Velocity profile in descending flow: comparison with the data of Axcell and Hall {10}
(Re = 6.07x.10% z/D = 6.3, Grr = 2.7 % 10° at this z/ D).
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FiG. 11. Turbulent heat flux profile in ascending flow: comparison with the data of Carr er al. (6],
Run N13.

here it is suggested that a low-Reynolds-number two-
equation model represents the simplest formulation
that may reasonably be expected to yield quan-
titatively accurate results for turbulent mixed con-
vection flows. Furthermore, it is evident that the mean
flow equations and the turbulence model must be cast
in a developing flow framework in order to capture
the complex thermo-fluid development behaviour

found to occur in ascending flows.
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ECOULEMENT D’AIR DANS UN TUBE VERTICAL, EN REGIME DE CONVECTION
MIXTE TURBULENTE, CALCULE PAR UN MODELE k- A FAIBLE NOMBRE DE
REYNOLDS

Résumé—Le transfert thermique pour des fluides s’écoulant dans des tubes verticaux sous des conditions
de convection turbulente mixte peur révéler des écarts marqués i la convection forcée. Une diminution ou
un accroissement sensible de transfert peut se produire, selon P'orientation de 1'écoulement et le degré
d’infiuence du flottement. Un phénoméne important dans I'écoulement ascendant est la trés grande longueur
d"établissement thermique-hydraulique. Des calculs a partir d’une formulation du modéle de turbulence
k¢ & faible nombre de Reynolds selon Launder et Sharma, pour le développement de I’écoulement, montre
un accord étroit avec des données expérimentales de transfert de chaleur et de profils de vitesse dans
I'air, les désaccords apparaissent seulement dans les écoulements descendants fortement influencés par le

flottement.
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LUFTSTROMUNGEN IN VERTIKALEN ROHREN BEI EINER MIT EINEM
k-e-MODELL BERECHNETEN MISCHKONVEKTION

Zusammenfassung—Der Wirmeiibergang in vertikalen durchstrdmten Rohren bei kombinierter erzwung-
ener und frejer turbulenter (Misch-)Konvektion kann ausgeprigte Abweichungen zu dem Fall der reinen
erzwungenen Konvektion aufweisen. Eine wesentliche Verschlechterung oder Verbesserung des Wirme-
iibergangs, abhingig von der Strédmungsrichtung und dem Grad des Auftriebseinflusses, kann sich
cinstellen. Ein zweites wichtiges Phinomen, das in aufsteigender Stromung auftritt, ist das Zustande-
kommen von sehr langen thermisch-hydraulischen Einlauflingen. Berechnungen, die mit dem Ansatz des
k—e-Turbulenzmodells fiir kleine Reynolds-Zahlen von Launder und Sharma durchgefiithrt wurden,
zeigen fiir die Rohreinlaufstrdmung eine gute Ubereinstimmung mit experimentell in Luft ermittetten
Ergebnissen fiir Wirmeiibergang und Strdmungsprofil. GroBere Unterschiede treten nur in Strémungen
auf, die stark vom Auftrieb dominert wurden.

PACYET TEUEHWUH BO3JYXA B BEPTHKAJIbHLIX TPYBAX B PEXXHMME
TYPEVJIEHTHO#1 CMEHIAHHOM KOHBEKLIMU C ITOMOUIBIO
HU3KOPEHHOJIbJICOBCKON MOJEJU k-

Annorauns—TennonepeHoc K KHIKOCTAM, TEKYWUIHM B BEPTHKAILHLIX TPY6ax B YCTIOBHAX BbIHYKICH-
HO# u cBoGoAHOIM (CMewanHoM) TYpOYNeHTHOH KOHBEKLMH MOXET JHAYUTENBLHO OTIMYATBCH OT Cyvas
YHCTO BBIHYX/ACHHOH KOHBEKIMH. B 3aBHCHMOCTH OT HaMpaB/ICHHA TEYCHHUA W CTENEHH BIMAHUA HA HEro
NOXBLEMHOH CHJIBI MOXET MPOUCXOAHTHL 3aMeTHoe ocnabieHue Hin ycuilenue TerutonepeHoca. Bropsim
BaXHBIM SBJICHHEM MPH BOCXOAAILEM TEYEHHH MOXKeT 6biTh G0JIblas NPOTAHKEHHOCTD TEIIOBOrO M rHa-
PaBJIMYECKOTO HAYAILHBIX Y4acTKOB. PaceT ¢ ucnosb3oBanueM HH3KOPERHOIBACOBCKOR k ~ & MOAeaH
Typbynentrocty Jlonnepa n lapMut ans TeseHus, pa3susaolerocs B Tpy6e, o6HapyXknBaeT xopowuee
COOTBETCTBHE MEKIY SKCNEPHMEHTAJIHBIMH NaHHBIMHM MO TEIUIONEPEHOCY H H3MEpeHHsAMH npoduieit
CKOPOCTH 1A BO3[yXa; MPHYEM OCHOBHBLIE DACXOXKICHUA HAGMIOOAIOTCA TOJBLKO NPH HHUCXOASLIEM
TEYEHHH C CHIBHBIM BAHAHHEM HA HErO NOJBEMHOMN CHJIbL



