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An improved low-Reynolds-number & ~ ¢ model for flows in

pipes?

A new low-Reynolds-number k ~ ¢ turbulence model for calculations of flows in pipes has been

uggested. Tt is a modification of a selection of the k ~ ¢ models aimed at fine tuning of the model to
cdict forced convection heat transfer as well as having a capability to cope with the flows where the

‘nfluences due to buoyancy are very marked. The new model satisfies these objectives and proves to be

Vu

ery reliable model in the case of turbulent flows in pipes.

Nomenclature

coefficients in Eq. 4,

buoyancy parameter,Gr /Re 429 Pr® ®
specific heat capacity at constant
pressure,

constants in modelled dissipation
equation,

constant in constitutive equation
of eddy viscosity model,

term in low-Reynolds-number
k-equation, pipe diameter,

term in low-Reynolds-number
e-equation,

function in dissipation equation,
function in constitutive equation
of k ~ ¢ model,

acceleration due to gravity,
Grashof number, BgD*qi? /M 12,
enthalpy,

turbulent kinetic energy,
normalized turbulent kinetic
energy, k/utau,

variable property index in Eq. 8,
Nusselt number, quD/(Tw — Tp)A,

cylindrical polar coordinates,

pipe radius,

Reynolds number, pW, D/,
non-dimensional distance from

the wall, yk’ll2 /v,

turbulence Reynolds number, k2 /ve,
temperature in degrees C,
temperature in Kelvin,
friction velocity, (Tw/p)
Reynolds stress,

mean velocity in 7, z directions,
distance from the wall,
non-dimensional distance from

the wall, pry/v,

non-dimensional distance from

the wall, y/v(ve)l/,

dissipation of turbulent kinetic
energy,

modified rate of dissipation of
turbulence kinetic energy, € = € + D,
thermal conductivity,

dynamic viscosity,

kinematic viscosity,

1/2
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P —  pressure, P - density,
Pr —  Prandtl namber, Cppu/A, ot - turbulent Prandtl number,
Gw —  wall heat flux, op,0e —  turbulent Prandl number for

diffusion of &, €.

Subscripts
[ bulk, fc - forced convection with variable
property effects,
cp — constant property forced t —  turbulent,
convection, w - wall.

1. Introduction

In view of the complexity of the phenomenon of turbulence, its analysis and
modelling present great difficulties. At present time, the k& ~ ¢ model is one of
the most widely used turbulence models in engineering practice. In one of the
reviews of such models, Patel [1] concluded that the damping functions used
in k ~ ¢ turbulence models, especially the one for the eddy viscosity need to
be further modified in order to improve the models performance. The author
has already embarked on the path of investigating the k ~ € turbulence models
[2-8], available from literature, in the area of their applicability to predict forced
convection and buoyancy influenced flows with the account of physical property
variation in heated vertical pipes. The main conclusion from these studies has
been that only the model due to Launder and Sharma (here after called LS) [9]
was capable, to the certain extent, to cope with these rather severe modifications
to the shear stress and velocity field. The LS model proved to be quite reliable in
predicting buoyancy influenced flows but failed in the cases where a combination
of physical properties and buoyancy influences were both strongly present. Other
models were generally too slow in their response to the influences of buoyancy,
however, were less prone to over-predict the effects of property variation.

In the present paper the near wall asymptotic behaviour of the eddy viscosity
model is presented and a modified low-Reynolds-number &k ~ ¢ turbulence model
is suggested. The main goal of the study was to devise a & ~ € model, which would
respond to the influences of buoyancy in a similar fashion or better than the £ ~ ¢
turbulence model due to Launder and Sharma. Another objective to be satisfied
by the model was not to over-respond to the effects of property variation. Another
aspect which focused the author’s attention was that the correlating parameters
in a new turbulence model should offer possibly wide areas of application, hence
could also be used in modelling of flows with separation, flows in corners etc.
From the experience, [2-8], it was found that the only parameter which responded
satisfactorily to the influences of buoyancy was the turbulence Reynolds number
defined as Re; = k% /ve. This parameter was the sole correlating parameter in the
k ~ ¢ model postulated by Jones and Launder [10-11] and Launder and Sharma
[9]. An approach has been made in the present study to find a better fit to the
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experimental data from [1] of wall damping functions based on Re,. It failed
because of very steep gradients in the distributions of turbulence kinetic energy,
which makes it very difficult to model. It has therefore been decided that the
distance from the wall defined as Rj, = yk'/?/v will be selected as a parameter
for correlating the near wall damping. There were already several turbulence
models suggested which utilized the above parameter. They had however certain
deficiencies like they were lacking of a correct near wall behaviour or were simply
not very well tuned to predict the wall functions if they obeyed the former. The
model which showed most promising results was the model due to Yang and
Shih [12]. This model has already been tested in earlier studies [3,4] and showed
a moderate response to the influences of buoyancy. It had not been too over
responsive to the effects of property variation. The author noticed possible areas
for improvement of this model and these results are presented in the present work.

The new model proposed here is first compared against the experimental data
of Laufer [13] and also against the original Launder and Sharma (LS), Yang
and Shih (YS), Abe, Kondoh and Nagano (AKN) [14] and Sato, Shimada and
Nagano (SSN) [15] formulations and validated on the basis of comparison against
the empirical correlation for fully developed heat transfer due to Kurganov and
Petukhov [16]. In order to show the model capability to predict strongly buoyancy
influenced flows the proposed model is also tested against experimental data of
Vilemas et al. [17].

2. Near-wall turbulence model

In the case of the £ ~ ¢ models the velocity scale is represented by the square
root of the turbulence kinetic energy k and the turbulence length scale is the
product of its rate of dissipation ¢(= k%/2/¢). In the case of the k ~ ¢ model, the
-onstitutive equation for the turbulent viscosity is written as follows:

19
pk= !
pe = Cufyu (1)
where €, = 0.09 and f, is a damping function. As mentioned earlier the form of
the damping function is critical in such formulations, since the prediction of the
mean velocity field depends primarily on the eddy viscosity model. The modelled
equations for the transport of & and ¢ are as follows:

6’

g-transport
19(prVE)  O(pWk) oWN? 10 [ < ,_Lt> akJ o
- =l = = el D 2
r Or . 0z al ( or ) i 7 Or e s oy /07 Aimaicda s
-transport
Ld(prVeE) 0O(pWe) € (81"?’)2 ¥ { ( ,LL7-> 8€] pé
P . e = 2 /v el S e el S , e = Pl S E
- or | 02 Clk'ut _or & ror | s A Cafs k T

(3)



44 D. P. Mikielewicz

3. Asymptotic analysis

To analyse the near-wall asymptotic behaviour of the eddy viscosity and other
turbulent quantities we can expand the turbulent velocity field near the wall after
Hanjalic and Launder [18] in the following way:

Uiy =onarlt=ah s,
B C=neliays b ey (4)
W= e erut- ng2 el

where the coefficients a, b and ¢ are generally nonzero. In the boundary layer, the
eddy viscosity is usuaﬂy defined as:

st (iﬁ . (5)

Using the expansmns from equation (4) it follows that the eddy viscosity has a
behaviour as O(y>). Thus of paramount importance is a correct near wall be-
haviour of the eddy viscosity model. The quantity &3/2 /€ is usually considered
a characteristic length scale of the energy containing eddies and the near wall
analysis shows that £3/2 /e is O(y?). Near the wall, the shear stress should behave
as O(y?) as concluded from Eq. 1. Since k is O(y%) we would require the dam-
ping function to have a near wall behaviour of O(y). The present wall damping
function is a slightly modified version from [12].

fu=1[1.0 — exp(—aRg — bR} — cRI)]*® - [1 + 1/Red ™ exp(—+/Re;/10)].  (6)

where ¢i=1.5+107%b = 5.0:: 1077 amd ¢ =1.0-1071%, Lool\ing at the formulae
for £, it becomeb a,ppcuent that as y — 0, Ry — 0 as O(y?) which glve% fu.—>0as
O(y). Thus, the near-wall asymptotic behaviour for the shear stress is satisfied.
The presence of Re; in the formulation for f, does not change its near-wall beha-
viour as it approaches zero as O(y*). Far from the wall, R and Re; are large and
fu — 1. The near-wall model then reduces to its counterpart for high Reynolds
number.

It should be the case that when f, and f; are set to unity, and terms D and
I are set to zero, the standard high-Reynolds version of the & ~ ¢ model is re-
trieved. However, the models use different values of C,, Cy,Cy, 0 and o, which
results in the fact that the high-Reynolds number version of the & ~ ¢ model is
not achieved. In a widely acknowledged version of high Reynolds number these
constants should take the following values: 0.09, 1.44, 1.92, 1.0 and 1.3 respecti-
vely. Variation between the values of constants stems chiefly from the fact that
the models were tuned for different kinds of flows. Tables 1 and 2 present details
of functions and constants incorporated in the k ~ ¢ models used.
The boundary conditions used in the solution of the k equations are & = 0. In
the case of LS model €, = 0 and the other models use €, = 2v(9k'/?/dy)>.
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Table 1. Damping functions and model terms used in the model

| Model fi i i
biiake 1.0 1 — 0.3exp(—Re?) exp[—3.4/(1 + Ret/50)?]
} ) Re17? Rel/? 3 5110.5 1/2
| VE e 1+RLj/3 [t — exp(—aRy — bRS — cR2)1°® /(1 + 1/Re}’?)
po=ed B s b= 5100 a1 107510
AKN 1.0 [1 — exp(—y*/3.1)]? [1 — exp(—y*/14)]?
[1 — 0.3 exp[—(Re:/6.5)2]] [1 4+ 5/Re% 7 exp[—(Ret/200)?]
SSN 1:0 1 — 0.3 exp[—(Fe;/6.5)?] 1 — exp(—Re¢/90)
x[1 + (7/Ret) exp[=\/Re: /10]]
[1.0 — exp(—y* /3)]? [1 — exp(—alRy, — bR — cR3)]°3
PRESENT | 1.0 |x{1.0—0.3exp[—(Re:/6.5)?]} x[1+ 1/Re}’* exp(—+/Ret/10)]
a=15-10"% b=5:10"7, ¢c=1.10"10
Table 2. Model constants
Model D B
LS 2u(0Vk/0y)® yt > 2 2upe/ p(°W /0y )?
2uk/y® yT <2
YS 0 e/ p(B2 W/ dy?)?
AKN 0 0
SSN 0 exp[—(yT /37)2\upe [ p(8°W/Dy?)?
PRESENT 0 e[ p(O2W /] 9y?)?
Table 3. Model constants in various & ~ € models
Model C.|Ci|Ca Ok O
LS 0.0[1.4]1.9 1.0 143
¥S 0.011.4(1.9 1.0 1.3
AKN 0.011.511.9 14 1.4
SSN 0.0|11.41.91.2/(1 4 3.5exp(—Re/100)) | 1.2/(1 + 3.5 exp(—Re/100))
PRESENT |0.0(1.4]1.9 153 1.3
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4. Modelling equations

The geometry considered here is the pipe flow and hence the governing equ-
ations are written in the "boundary layer’ approximation. The principal flow di-
rection coincides with the axis of the pipe and the main gradients act in the
direction normal to the axis. The thermal boundary condition of the second kind
has been considered here, i.e. 9w = const. The governing equations read as fol-
lows:
continuity equation

19(prV) b IpW)

Ellor Jz D (M)
momentum equation
Lo(rpVW) — 9(pW?) _Ap S EGAL 0W} :
S T S o L SNk FYPRC
energy equation
LI(prV) pW) 18 AN e X Oh
T Lt e ®

The turbulent Prandtl, oy, number has a value of 0.85 [5].

5. Numerical procedures

Discretization of the equation set is performed according to a finite volume/finite
difference scheme following Leschziner [19] and the discretised equations are so-
Ived using a 'marching’ solution procedure. Correction of the pressure gradient
and axial velocity profile at each axial station in order to satisfy overall continuity
is achieved using the method of Raithby and Schneider [20]. An axial step length
of approximately two viscous sublayer thicknesses is employed (the sublayer for
this purpose being taken to have a thickness corresponding to y* = 5). The radial
grid consists of 101 nodes which are distributed to give a high concentration of
grid lines near the wall (the wall-adjacent node is positioned at yt ~ 0.5). Phy-
sical properties are updated at each stage following the calculation of the local
temperature distribution and pressure.

6. Results

As an important criterion of the appropriateness of a turbulence model, the
examination of the model function fm was emphasized by Patel et al. [1]. Calcula-
ted by various models distributions are shown in Fig. 1. The new model function
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ollows most closely the actual experiment (see Patel et al. [1]). More significant
liscrepancies can be ohserved in the case of other models, mainly in the log region
specially in the case of well established LS model and a relatively new’ AKN
nodel. In Fig. 2 the distribution of turbulent kinetic energy in the case of propo-
ed model is given. It is compared against the experimental data due to Laufer
13]. In the conventional k& ~ € model, oy is usually set to 1.0 and o, to 1.3 and
1ence the turbulent diffusion of k& from the wall region is much greater than that
f €. As a result of it, the distributions of & do not overlap with the experiment
n the core region. This problem can be however alleviated by simply putting oy
o0 a higher number, in the present case 1.3 and such results are presented in Fig.
2. The behaviour of mt is shown in Fig. 3. The fix of setting o to 1.3 instead of
.0 improves the distribution of mt in the core region either.

To assess the performance of the present model for the prediction of internal
youndary layer flows, the model has been used first to simulate turbulent forced
low and heat transfer in pipes under conditions of constant properties. In Table
.. the model predictions are compared with the empirical correlation equation
f Kurganov-Petukhov [15], which probably provides the most reliable descrip-
ion available on constant property developing forced convection in pipes. In the
-alculations, the hydrodynamically fully developed profiles of velocity, turbulent
dnetic energy and dissipation rate were first obtained and the fully developed
Nusselt number then calculated. The calculations started with approximate, the-
yretical initial profiles and the code ran for 100 diameters in order to ensure that
. fully developed fluid flow condition has been reached. Table 4 shows the va-
ues of forced convection Nusselt number obtained in the simulations along with
hose given by the Kurganov-Petukhov correlation for fully developed constant
sroperty forced convection. The range of Reynolds number considered is from
5.0-10% to 6 - 10

There are discrepancies between the values yielded by the various models and
e correlation equation but the percentage differences are generally quite small.
I'he majority of models predict Nusselt numbers which agree with the correlation
stimates within 5%. The new model predicts the values of Nusselt number wi-
hin 4% except for the lowest Reynolds number, where the validity of correlation
ould be questioned. A largest discrepancy is found in the case of the YS model
vhich overpredicts heat transfer coefficient by as much as 11%. A good agreement
setween the model calculations and correlation confirms a correct adjustment of
he wall functions especially in the wall region. In the case of air the thermal layer
s of comparable thickness to the hydrodynamic layer and as a consequence the
esults are less sensitive to the precise specification of near-wall turbulence, than
n the case of liquids such as water for which the thermal layer is much thinner
ind any discrepancy would be more marked.

Next, attention was focused on establishing the influence of the temperature
lependence of physical properties on the model predictions. It is easier and more
<liable to perform this sort of analysis for the case of water where the influences
wre predominantly due to temperature dependence of viscosity, however variation
f density also becomes significant in cases where there are buoyancy influen-
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Fig. 1. Distribution of the wall damping function fru-
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Fig. 2. Distribution of turbulence kinetic energy for Re = 40000.
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Table 4. Tully developed constant property Nusselt number for air;
Pr = 0.706 0.=.0.85

Model Reynolds number

5000 | 7500 | 10000 | 20000 | 30000 | 40000 | 60000

LS 17.059 | 23.53829.995 | 51.862 | 71.551 | 89.997 | 124.55
YS 20.773128.091|35.143 | 59.465|81.212{101.51 | 139.39
AKN 19.570 [26.909 | 34.295 | 58.235 | 79.663 | 99.639 | 136.86
SSN 17.856 | 24.046 | 30.094 | 51.246 | 70.357 | 88.256 | 121.75

PRESENT |18.688 [25.300|31.449 [53.459 | 73.246 [ 91.769 | 126.44
KURGANOV

& 17.224 1 24.062 | 30.289 | 52.044 | 71.171 | 88.862 | 121.60
PETUKHOV

ces. The influences of other physical properties are much less significant but also
taken into consideration. The influences of variable properties can take two di-
stinct forms, one stemming from buoyancy forces which arise as a consequence of
non-uniformity of density and the other from both axial and radial variations of
the transport properties viscosity and thermal conductivity. The former depends
on both power input and flow rate, becoming less important and eventually negli-
gible as flow rate increases. Under such conditions we are left virtually only with
the effect of viscosity variation. The effect of radial viscosity variation under con-
ditions of negligible buoyancy influence is to cause an increase of the heat transfer
coefficient. This is due to reduction of viscosity in the near-wall region leading
to reduced damping of turbulence and therefore impaired turbulent diffusivity of
heat. The effect is usually accounted for using the Sieder and Tate correction [21].
The Sieder and Tate correction involves the application of a viscosity ratio factor
to the constant property Nusselt number as follows:

e b G
N ety <—) : (10)

[t
The index n is usually assigned the value 0.14. For water at atmospheric pressure
the correction is quite small and only r(wnlts in the enhancement of heat transfer
of up to a maximum extent of about 4%. The effects of viscosity variation increase
with increase of power input and wit ,h decrease of flow rate. In the present case
a selection of Buyukalaca’s [22] experiments has been simulated and the results
are presented in Fig. 4. Calculated index n is plotted as a function of Reynolds
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Fig. 3. Variation of eddy viscosity across the pipe radius for Re = 40000.
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Fig. 4. Variable property index n as a function of Reynolds number.
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number. The present model calculates the variable property index closely with
experiment at the level of 0.176. In the case of gases it is found that all physical
properties can be expressed in the form of absolute temperature ratio correction
raised to some power. A typical value quoted for the index n in the case of air is
—0.4 (see for example Barnes and Jackson [23]).

Finally, we turn our attention to conditions where buoyancy-influences are
present. A buoyancy parameter (B = Gr/(Re>*25Pr%®) of the kind proposed by
Jackson and Hall [24,25] serves to quantify the influences of buoyancy. The data
base on mixed convection for ascending flow in vertical tubes was recently exten-
ded greatly by the publication of a comprehensive set of results by Vilemas, Poskas
and Kaupas [17]. Their data encompass a wide range of conditions from what is
essentially forced convection, covering the very sensitive region of impaired heat
transfer and then extending into the region of enhanced heat transfer. Some cases
involve small wall-to-bulk temperature differences (T3, /T ~ 1.05—1.1) and small
bulk temperature rise (AT} < 30°C) but some of the remaining data is strongly
influenced by variable properties (T,,/T}, = 1.4 — 1.5, AT}, < 200°C).

Eight cases are presented here in two series of four. The first series involves
small or moderate influences of variable properties, whereas in the second, the
effects of variable properties are quite marked. The inlet Reynolds number varies
from 6000 to 20000 and Grashof number is in the range from 4.5 - 108 to 1.4 - 10°.
The inlet buoyancy parameter varies from 1.19 - 1076 to 8.16 - 10~%. Simulated
results are presented in the form of wall temperature development and compared
against experimental data from Vilemas et al. In these figures, the development
of bulk temperature (same in the case of experiment and all simulations) is also
given. Additionally, the ratio of Nusselt number in buoyancy-influenced case nor-
malized by corresponding forced convection value (Nuy.) is presented in terms of
axial development. Table 5 gives details of the inlet bulk conditions.

Table 5. Conditions (at inlet) for the simulations of Vilemas, Poskas and Kaupas
experiments

SERIES |[RUN| Re |[Grx107?| Pr |[Bx10°| ti,
1 119400 0.452 |0.704|1.1875|20.19
2 (13300| 0.239 |0.706|2.3250 |18.84
i 3 8850 0.184 |0.7047.3125 |20.63
4 6162 0.577 |0.704 | 76.063 | 21.51
5 19600  1.204 |0.704|3.1625 |21.12
6 20700 2.389 |0.704]5.0500 |20.80
11400 1.576 |0.704|26.150 | 20.72
8 7822 1.380 |0.704|81.613 |20.62

B
1

Runs 1 to 4 This series is for conditions where the influences of variable proper-
ties are quite small and the influences of buoyancy can be observed alone. The
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buoyancy parameter is in the range from 1.1875- 107° to 7.606 - 10~3. These va-
lues cover a wide range of buoyancy influences, from conditions where only small
modification of heat transfer occurs, through the condition of maximum impa-
irment (where the flow laminarises) and into the region where recovery of heat
transfer takes place (recovery of turbulence production and shear stress). With
increase of the buoyancy parameter, the measured wall temperatures show the
development of the peaks on the distributions (see Figs. 5, 7, 9 and 11). It can
be seen that the peak moves upstream with increasing buoyancy parameter. The
relative heat transfer development (Figs. 6, 8, 10 and 12) show the trends of heat
transfer impairment followed by recovery.

The best simulations of run 1 are revealed by the new model. These are the
conditions very close to forced convection and these results reinforce good tuning
of the model’s functions to predict such flows in the first instance. In the case of
run 2, it seems that the LS model is the first model to respond to the modifi-
cations of heat transfer due to buoyancy whereas it would seem the new model
along with the SSN and AKN models have a slightly delayed response to the
above influences. Tt must be stressed the conditions of complete flow laminarisa-
tion (run 2) are very sensitive to the starting parameters in the case of numerical
simulations. even a small discrepancy in the input data can lead to completely
different model simulations [2]. In authors opinion, the somewhat better response
of the LS model can be mainly attributed to the model’s over-response to the
effects of physical property variation, as we can see that the LS model responds
faster than required.

With increased influence of buoyancy (runs 3 and 4) the remaining models
start to respond more strongly and all simulations almost overlap. This is a proof
that the buoyancy influences have completely damped out the Reynolds stress
and in such case where there is no turbulence left in the flow the models are
bound to give very similar predictions. The AKN model does not produce results
due to numerical difficulties showing its inadequacy to cope with buoyancy-aided
flows.

The development of relative heat transfer ratio can be observed in Figs. 6 to
12

Impairment of heat transfer is calculated by all the models. By far the best
general agreement is returned by the new model and the LS model. This is parti-
cularly so in the first two runs where these are the only models which are capable
of calculating the observed magnitude of heat transfer impairment. In the last run
of the series (run 4), enhancement of heat transfer is indicated in the experiment.
The present model almost exactly reveals the experimental trends. The LS model
calculations differ by some 15% from experiment as a result of the influence of
over-prediction of the variable property effect (as do the other predictions). It
seems that the new model does not suffer from this effect.

Runs 5 to 8 In the second series of experiments, the influences of variable pro-
perties are stronger and more evident. The wall-to-bulk temperature differences
are large. The ratio of the absolute wall to bulk temperatures varies from 1.28 to
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Fig. 5. Wall temperature development — simulation of Vilemas et al. experiment — run 1.
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Fig. 6. Relative heat transfer development — run 1.
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Fig. 7. Wall temperature development — simulation of Vilemas et al. experiment - run 2.
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Fig. 8. Relative heat transfer development — run 2.
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Fig. 9. Wall temperature development — simulation of Vilemas et al. experiment - run 3.

Fig. 10. Relative heat transfer development — run 3.
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Fig. 11. Wall temperature development — simulation of Vilemas et al. experiment - run 4.
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Fig. 12. Relative heat transfer development — run 4.
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.35. This would give a temperature ratio correction of 10 to 12%. The buoyancy
jarameter is in the range 3.1625 - 107% to 8.1613 - 10~°. These conditions vary
rom those near maximum impairment into the enhanced region of heat transfer.
>eaks on the wall temperature are present in all the data considered (see Figs.
3, 15, 17 and 19). With increase of buoyancy, an upstream shift of the peaks
s evident. The non-uniformity of peaks increases with increase of the buoyancy
yarameter. The relative heat transfer plots (see Figs. 14, 16, 18 and 20) show the
levelopment of impairment and subsequent enhancement (runs 3 and 4) of heat
ransfer.

The first two runs of the series (runs 5 and 6) are for conditions of high Rey-
olds number with the buoyancy parameter beyond the maximum impairment
ondition. In run 5 (Fig. 13), the wall temperature is satisfactorily calculated
nly by the new and the LS model. Again the LS model starts to respond too
arly whereas the proposed model is slightly trailing in response. The other mo-
lels have yet to reach the threshold where the influences of buoyancy begin to
nodify the turbulence. With a further increase of buoyancy, the response of the
nodels improves. In the case of run 6 (Fig. 15), the best response is returned by
he new model. Its response is similar to that by the LS models but the postulated
nodel follows the development of the wall temperature up to the first peak on its
listribution much better. A failure to predict recovery of heat transfer is evident
1 the case of all models considered. This is due to the complete laminarization of
he flow in the near-wall region. The subsequent recovery of heat transfer cannot
se produced as zero values of stress are still being predicted in that region. When
‘he Reynolds number is lower (Figs. 17 and 19) the other models all respond to
‘he combined effects of the buoyancy and variable properties. In these cases it
ceems that all models give the same agreement with the experiment. It should
e noted that with increase of buoyancy influence, the models encounter conver-
sence problems and fail to complete calculations (AKN and eventually the SSN
models). The upstream shift of the peak of wall temperature is captured in the
calculations.

From the relative heat transfer distributions we can see that the agreement
with the experiment is not as good as it was in the simulations discussed earlier.
This can be associated with the effects of variable properties. The only model
dealing very well with the influences of variable property effects is again the new
model. It does not suffer from the over-response to the property variation. In the
present series the wall-to-bulk temperature differences are very high and therefore
the kinematic viscosity undergoes big variations. We could therefore expect, that
variable property effect will be strongly over-predicted. This is a main reason for
the discrepancy between simulations and experiment in the normalized results.
We can see that the LS model predictions start to depart from the experimental
results. In the case of high buoyancy influence and high wall-to-bulk temperature
differences this discrepancy increases. The YS and SSN models show similar di-
sagreement with experiment but to a much smaller extent because of the lesser
over-response to property variation.
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Fig. 13. Wall temperature development — simulation of Vilemas et al. experiment — run 5.
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Fig. 16. Relative heat transfer development — run 6.
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Fig. 17. Wall temperature development — simulation of Vilemas et al. experiment — run 7.
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Fig. 18. Relative heat transfer development — run 7.



An improved low-Reynolds-number

61

e gl
; | 3t
Mzﬁﬁa—\ PRESENT
WP -
400 Qﬁ/“xf%ﬁ :
| ,@@.ﬁé :
= ;
2 300 i
KB
e ,,éx o™
/
(]
100 I
0 | 1 I
20 40 60 o |
Z/D

Fig. 19. Wall temperature development — simulation of Vilemas et al. experiment — run 8.
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7. Concluding remarks

A new model has been proposed, which is a modification of various authors ap-
proaches to modelling hydrodynamical phenomena. The proposed model performs
better than all other considered models. It has been tested against the experimen-
tal data of Laufer and showed a good consistency with experiment. It can also
predict forced convection with constant properties quite accurately. When the
model has been tested against a very demanding data of Vilemas et al. it seemed
to be the best in comparison against other models tested. This data combines
the influences of buoyancy and strong physical property variation and proves to
be a very demanding test for a turbulence model. The new model does not suffer
from the over-response to the effects of property variation and responds well to
the influences of buoyancy, however is just a bit delayed in its response. Probably
the inclusion of a direct buoyancy generating terms into transport equations for
k and ¢ would improve the model response particularly in the areas where the
recovery of turbulence production is expected, ie. after partial laminarisation of
the flow, but that is a topic for a further modelling.

8. Conclusions

e For conditions of forced convection with negligible influences of buoyancy
the new model is well tuned to predict experimental results.

e The effects of viscosity variation and other physical properties are not
over-predicted by the new model.

o [t seems that the form of parameter in the damping function of the &k ~ ¢
turbulence models studied here in the form of Ry, = yk'/ 2 /v is appropriate
but further investigations of other parameters and other approaches are re-
quired.

e The new model should be further tested for other flow conditions as flows
with separation etc. and later generalized.

Acknowledgements

The support of the Polish Scientific Committee for Research grant 3 P4 005 06 i
greatly acknowledged.

Manuscript received in August 1996

References

[1] Patel V., Rodi W. and Scheuerer G.: Turbulence Models for Near-Wall an
Low Reynolds Number Flows: A Review, ATAA J., 23(1985), 1308-1319.

[2] Mikielewicz D.P.: Comparative studies of turbulence models under conditior
of mized convection with variable properties in heated vertical tubes, Ph.L
Thesis, University of Manchester, 1994.



An improved low-Reynolds-number ... 63

[3]

[4]

[5]

13]

14]

15]

Mikielewicz D.P.: Modelling a vertical pipe flow in descending flow of water,
Internal Report IMP PAN, No. 261/95, 1995.

Mikielewicz D.P.: Modelling a vertical pipe flow in ascending flow of air,
Transactions of the Institute of Fluid-Flow Machinery, No. 101, 1996, 89.

Mikielewicz D.P. and Thnatowicz E.: Turbulence modelling using various tur-
bulent Prandtl number, Internal Report IMP PAN, No. 383/94, 1994.

Jackson J.D. and Mikielewicz D.P.:  Computational  studies
of buoyancy-influenced flow of air in « vertical pipe, Proc. Int. Symp. on

" Engineering Turbulence Modelling and Measurements, Crete, May 1996.

Jackson J.D., Mikielewicz D.P. and Poskas P.: Comparative study of turbu-
lence models against some recent experimental data on buoyancy-influenced
heat transfer for ascending flow of air in a tube, Eurotherm No. 32, Oxford
University, 1993.

Jackson J.D., Mikielewicz D.P. and Buyukalaca O.: Simulation of turbulent
convective heat transfer to water in a vertical pipe, IX Sympozjum Wymiany
Ciepla i Masy, Augustow, 1995.

Launder B.E. and Sharma B.1.: Application of the energy-dissipation model
of turbulence to the calculation of flow near a spinning disc, Lett. Heat Mass
Transfer, 1(1974), 131-138.

Jones W.P. and Launder B.P.: The prediction of laminarization with
two-equation model of turbulence, Int. J. Heat Mass Transfer, 15(1972),
301-314.

Jones W.P. and Launder B.P.: The calculation of low-Reynolds-number phe-

nomena with a two-equation model of turbulence, Int. J. Heat Mass Transfer,
16, 1973, 1119-1130.

Yang Z. and Shih T.H.: New time scale based k ~ ¢ model for near-wall
turbulence, ATAA J., 31(1993), No. 7, 1191-1198.

Laufer J.: The Structure of Turbulence in Fully Developed Pipe Flow, NACA
Report 1174, 1954.

Abe K., Kondoh T. and Nagano Y.: A new turbulence model for predicting
fluid flow and heat transfer in separating and reattaching flows-1. Flow field
calculations, Int. J. Heat Mass Transfer, 37(1994), No. 1, 139-151.

Sato H., Shimada M. and Nagano Y.: A two-equation turbulence model for
predicting heat transfer in various Prandtl number fluids, Paper 3-NT-27,
10th Int. Heat Transfer Conf., Brighton, 1994.



64 D. P. Mikielewicz

[16] Petukhov B.S. and Kurganov V.A.: Analysis and processing of heat transfer
data in turbulent gas pipe flows with variable physical properties, Teplofizika
Vysokich Temperatur, 12(1974).

17] Vilemas J.V., Poskas P.S. and Kaupas V.E.: Local heat transfer in a vertical
it
gas-cooled tube with turbulent mived convection and different heat fluzes, Int.
J. Heat Mass Transfer, 35(1992), 2421-2428.

[18] Hanjalic K. and Launder B.E.: Contribution Towards a Reynolds-Stress Clo-
sure for Low-Reynolds Number Turbulence, J. Fluid Mechanics, 74(1976),
593-610.

[19] Leschiziner M.A.: An introduction and guide to the computer code PASSA-
BLE, Report, University of Manchester Institute of Science and Technology,
1982.

[20] Raithby G.D. and Schneider G.E.: Numerical solution of problems in incom-
pressible fluid flow: treatment of the velocity-pressure coupling, Num. Heat
Transfer, 2(1979), 417-440.

[21] Sieder E.N. and Tate G.E.: Heat transfer and pressure drop of liquids in
tubes, Ind. and Fng. Chem., 28(1936), 1429-1435.

[22] Buyukalaca O.: Studies of convective heat transfer to water in steady and
unsteady pipe flow, Ph.D. Thesis, University of Manchester, 1993.

[23] Barnes J.I'. and JacksonJ.D.: Heat transfer to air, carbon diozide and helium
flowing through smooth circular tubes under conditions of large surface/gas
temperature ratio, Journal Mechanical Engineering Science, 3(1961), 303-313.

[24] Hall W.B. and Jackson J.D.: Laminarization of a turbulent pipe flow by
buoyancy forces, ASME Paper, 69-HT-55, 1969.

[25] Jackson J.D. and Hall W.B.: Influences of buoyancy on heat transfer to fluids
flowing in vertical tubes under turbulent conditions, in: Turb. Forced Convec-
tion in Channels and Bundles, Theory and Application to Heat Exchanger
and Nuclear Reactor, 2, Adv. Study Inst. Book (eds. Kakac S. and Spalding

D.B.), 1979.

Zmodyfikowany model k ~ ¢ do modelowania przeplywéw w rurach

Streszczenie

Zaprezentowano nowy model turbulencji z rodziny k ~ ¢ do obliczenl przeplywéw w rurach. Jest t«
modyfikacja szeregu modeli z rodziny k ~ ¢, przeanalizowanych wczesniej przez autora. Nowy mode!
dobrze symuluje konwekcje wymuszona jak i mieszana, w przypadku stalych i zmiennych wlasnosc
fizycznych. Nowy model speinia w zupelnodci wymagania postawione przed nim w zalozeniach pracy.



