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Abstract

The goal of the present study was to perform a large eddy simulation of vertical turbulent annular pipe flow under
conditions in which fluid properties vary significantly, and to investigate the effects of buoyancy on the turbulent
structures and transport. Isoflux wall boundary conditions with low and high heating are imposed. The compressible
filtered Navier—Stokes equations are solved using a second order accurate finite volume method. Low Mach number
preconditioning is used to enable the compressible code to work efficiently at low Mach numbers. A dynamic subgrid-
scale stress model accounts for the subgrid-scale turbulence. Comparisons were made with available experimental data.
The results showed that the strong heating and buoyant force caused distortions of the flow structure resulting in
reduction of turbulent intensities, shear stress, and turbulent heat flux, particularly near the wall.
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1. Introduction

Annular pipe flow is encountered in numerous engi-
neering applications including gas-cooled nuclear reac-
tors, heat exchangers, and advanced power reactors for
both fission and fusion. These applications commonly
employ turbulent flow with significant heat transfer re-
sulting in large property variations. However, many
proposed analytical and computational models provide
poor predictions for convective heat transfer even when
the properties can be idealized as constant [1], and it is
very clear that the level of difficulty will be increased
significantly if the property variations with buoyancy
forces are considered. Flows in which the buoyancy
force acts in the same direction as the flow are called
aiding flows. When the directions are opposite, they are
known as opposing flows. Nakajima and Fukui [2]
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studied a mixed convection flow experimentally and
showed that the buoyancy force reduced the velocity
fluctuations in the aiding flow case.

Polyakov [3] reported that the buoyancy forces
modified the friction factor, the Nusselt number, and the
velocity and temperature wall laws for turbulent heated
flow in a vertical circular pipe. Zarate et al. [4] per-
formed an experiment for the heated inner wall of a
vertical concentric annular channel flow and found that
the velocity and temperature data did not follow the
respective wall laws when the influence of the buoyancy
force became large.

Direct numerical simulation (DNS) and large eddy
simulation (LES) provide means for obtaining detailed
information about turbulent flows [5,6]. The present
study deals with turbulent annular pipe flow with and
without heat transfer. The influence of buoyancy on the
mean and instantaneous structures is to be investigated.
The present isothermal results are to be compared with
streamwise mean velocity and root-mean-square (rms)
DNS data [7]. Nusselt number correlations of experi-
mental results [8,9] are also used for the code verification.
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Nomenclature

C4, C1  dynamic subgrid-scale model coefficients

C, constant pressure specific heat, coefficient of
pressure

C, constant volume specific heat

Dy hydraulic diameter

G filter function

Gr Grashof number

g gravitational constant

H total enthalpy (= & + wu;/2)

h heat transfer coefficient, or specific enthalpy

ij % unit vectors for Cartesian coordinate system

Lot reference length

L, streamwise length of pipe

Ma Mach number

m pseudo time index

Nu Nusselt number (= 2k(r, — ry)/k)

n physical time index

ni, nj, nk control volume number in streamwise, ra-
dius and circumferential directions

i unit normal vector

ny, ny, 0. components of unit normal vector

Dy periodic component of the pressure

Pr Prandtl number (= uC,/k)

Pr, turbulent Prandtl number

P thermodynamic pressure

o subgrid-scale turbulent heat flux vector
Oy test filtered heat flux vector

q; heat flux vector

qyj Favre filtered heat flux vector

Qw nondimensional wall heat flux

R gas constant

r radius of pipe

Re generic Reynolds number

S magnitude of cell face area vector or skew-

ness factor

Ky cell face area vector

Sii strain rate tensor

T thermodynamic temperature
Ty bulk temperature

T; test filtered stress tensor

t physical time

[U] vector of conserved variables

Uy friction velocity (= \/tw/py)

u, v, w Cartesian velocity components in x, r, 0 di-
rections

reference velocity

Cartesian coordinates

=

X, ¥,z

Greek symbols

p volumetric thermal expansion coefficient
y ratio of specific heats

4 grid filter width

A4 test filter width

0 Kronecker delta

€ temperature difference (= (Tin — Ty,)/Tp)
u molecular dynamic viscosity

I subgrid-scale turbulent viscosity

v molecular kinematic viscosity (= u/p)
v subgrid-scale turbulent kinematic viscosity
o thermodynamic density

O shear stress tensor

Ty subgrid-scale stress tensor

Q cell volume

Subscripts

b bulk property

i, j, k  indices for Cartesian coordinates

in property near inner wall

out property near outer wall

nw near wall cell quantity

p periodic component

r associated with radius direction of pipe
rms root-mean-square

w wall value

x,y,z associated with Cartesian direction

x, r, 0 associated with cylindrical direction

Superscripts and other symbols

! fluctuation with respect to ensemble aver-
age, or unresolved or subgrid-scale compo-
nent of filtered quantity

- resolved or large scale component of filtered
quantity

~ resolved or large scale component of Favre
filtered quantity

A nonlinear function of Favre filtered quantity

() ensemble averaged quantity

The Prandtl number was assumed to be 0.71 in this study.
All cases employed a 4.5 x 2r x 2nr computational
domain in the streamwise, radial, and circumferential
directions, respectively, where r is the half-distance be-
tween the outer and inner wall radii. The buoyant force is
shown to effect substantially the mean velocity, temper-
ature, Nusselt number as well as turbulent intensities.

2. Governing equations

The numerical scheme employed in the present study
solved the conservation equations formulated in the
Cartesian coordinate system. Advantages of this ap-
proach include the following. First, the Cartesian based
equations are as simple as possible and can be put in
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strong conservation (or divergence) form. This generally
helps toward maintaining accuracy since using the al-
ternative coordinate-oriented systems such as the cylin-
drical or polar systems requires that the basis vectors
change directions. This introduces an “apparent force”
to cause the turning that is nonconservative in form and
hard to represent accurately. Second, the equations in
the cylindrical and polar systems contain singularities
at the coordinate origin. It is true that grid-related
singularities may also occur when the Cartesian-based
equations are used, but these are usually easier to ac-
commodate than singularities in the equations them-
selves.

For gas flows with property variations (density, vis-
cosity, and thermal conductivity), the compressible
Navier-Stokes (N-S) equations are applicable even if a
low speed case is dealt with.

2.1. Compressible nondimensional Navier—Stokes equa-
tions

e Conservation of mass
9 , O(pu;)

ot ax,-

=0 (1)

e Conservation of momentum
o(pu;)  O(puw;) O 0oy  Ra

Opui) | G\puity) _ M s
o o, ax oy, ey 2

e Conservation of energy
O(pE) . O(pEu;) — O(pu;) Og; n O(aiu;)

or Ox; oy Oy
Ra .
- (ZEB’Rez)puiéli (3)

where J;; is the Kronecker delta and the specific total
energy is E = e+ 1/2u;u;.

The nondimensional heat flux vector is,

Cyu 0T

i - 4
9 PrRe 0Ox; “)
the dimensionless viscous stress term, a5, is,

Ou;  Ou; Ouy

ij = . T A A—— 0y 5
Oij ﬂ(axj'i‘axi)""“axk ij (%)
¢ is the temperature difference defined by
€= (T —T)/Ts (6)

where Ti, and T, represent the inner wall and bulk
temperatures, respectively.
And the Rayleigh number, Ra, is,

_ 2egpiliPr

Ra
1

()

A perfect gas equation of state was used since the
intermolecular forces were assumed to be negligible,

p = pRT (8)

where R is the nondimensional gas constant. For the
property evaluations, the following functions were used.

p=k=T" )
The exponent a has been taken as 0.71.

2.2. Filtering

To separate the large-scale (or resolved) variables,
denoted by an over bar, from the small-scale variables, a
filtering operation needs to be defined as

7 = / F()Glx, ) (10)

where G is the filter function, and D is the entire domain.

There are three different forms of the filter function
that have been used in CFD applications, the spectral
cut-off, Gaussian, and top-hat functions. In this re-
search, the top-hat function was used, and it is defined as

_[1/a if k<a/2

G) 0 otherwise

(11)
where A is the filter width given by 4 = (AXA),AZ)U}. Ay,
4,, and 4. are the control volume dimensions in the x, y,
and z directions.

2.3. Mass-weighted (Favre) averaging

The unsteady compressible N-S equations are a
mixed set of hyperbolic—parabolic equations in time, and
it is possible to solve them for both low and high speed
flow. However, the treatment of compressibility is not
convenient unless mass-weighted averaging is used. To
simplify the filtered equations, a Favre-averaging [10] is
applied. This mass-weighted approach introduces the
following new variables.

;P
=3 (12)
where f is a general flow variable.

Generally, the variable can be decomposed as
f=r+r (13)
where f and f” are the Favre-averaged variables and its
fluctuation, respectively.

The compressible N-S equations, Egs. (1)—(3), are
filtered and become
op | d(pu;)

=0 (14)
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opi)  Opiit;) % 06y Ra o vy
ot o; oy Ox;  (2ePrRe?) i Ox;
(15)

G(u,a,-j) aqj Ra . aq[j
= . A — iél ~_ -
Ox; Ox; (2¢PrR 2)pu1 Ox; e
(16)
where
Na‘ffj
o u,-a—xj (17)
—p i _ 5 1
" =Pa T Pa, (18)
Qu; _ Ou;
E—O'ija 70',']'&]. (19)
J

For the present work, o, = and ¢ were neglected since
only low Mach number flows were considered, which is
an appropriate assumption for Mach numbers below 0.2
[11]. The filtered viscous stress tensor and heat flux

vector are
_ Ou;  Ou; 2 Ouy,
= L] —Z —0; 20
i (ax,- * 6x,-> 3 o, ”} (20)
B Coi oT
o 21
U= " Repr ax, 1)
the turbulent stress tensor and heat flux vector are
Ty = plustt; — i) (22)
gy = pCu(uw;T —i;T) (23)

3. LES methodology and boundary conditions
3.1. Dynamic model

Dynamic modeling of the subgrid-scale stresses was
introduced by Germano et al. [12]. Unlike the Smago-
rinsky model, the model coefficients, C4, and Cj, are
computed dynamically as the computation progresses.
Before the dynamic model coefficients are introduced, a
test filter should be given by

/f G(x,x")dx’ (24)

where G is the test filter. In this work, the test filter was
two times larger than the filter function G. The dynamic
model for this research was based on Wang’s [14] deri-
vation. By use of Lilly’s [15] approach, the unknown
parameters, Cy, and Cj can be determined as

—1 (DyPy)

o —L (DR 25
YT 28 (BiP)) .
= 1 (putx — (pity pity/ p)) (26)

A QpalSP - pISP)

where ( ) denotes spatial averaging along the stream-
wise and spanwise directions of the flow, |S| is the
magnitude of strain rate tensor, 4 is the filtered width
(= (4:4,4, N'3, and « is the strain grid ratio (= A/A)
The superscripts (,7,”) denote the nonlinear function of a
Favre filtered quantity, large scale component of filtered
quantity, and large scale component of Favre filtered
quantity, respectively. D;; and P,; are defined as

[_)ﬁiﬁj — ﬁuiﬁﬂj 1

Dy = f - g(Tkk — T )0y (27)
L2 (2 1= 1~
Pj= P\S|(Sz:i —gskkéf_f) - {P|S| (Sij —gskké,-_,-)}
(28)

Many researchers neglect the isotropic part of the SGS
stress tensor on the grounds that it is not only negligible
compared to the thermodynamic pressure, but also the
calculation is unstable if the isotropic part of the SGS
stress tensor is not neglected [11,13] Therefore, C; is set
to zero in this study.

The turbulent heat flux in the energy equation needs
to be modeled following Wang [14].

oT
@ =Pz (29)
where the SGS eddy heat diffusivity is
Cad® ~
= |3 (30)
and the turbulent Prandtl number (Pr,) is
_ o (RR)
Pr= —CyA EF) (1)
E; and F, are defined as
l —=% =
E, = E[)uka — o T (32)
~.20T -, - 0ofF
= A"p|S| = — A*p|S|— 33
BI815 — #olSIg (3

3.2. Boundary conditions

The governing equations require specification of
boundary conditions at the wall, inlet, and exit due to
the elliptic nature of the equations. Nonslip wall con-
ditions were imposed at the wall. Since fully developed
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annular pipe flow was considered in this study, periodic
and stepwise periodic boundary conditions were used at
the inlet and outlet as follows,

Pp= pp(L;m V)

pu(0,7) = pu(L,,r)

v(0,7) = v(Ly,r) (34)
w(0,7) = w(L,,r)

T(0,r) = T(L,,7r) — AT,

where p, is the periodic component of the pressure, and
L, is the length of the channel in the streamwise direc-
tion. The nondimensional temperature difference, AT,
was calculated by

(277 )G, L

AT, = .
m

(35)
7in 18 the nondimensional inner wall radius, L, is the
nondimensional length of the pipe in the streamwise
direction, m is the nondimensional mass flow rate, and
Gw;, 1s the dimensionless inner wall heat flux.

The inner wall of the annular pipe was heated with
constant heat flux. The isoflux thermal boundary con-
dition is typically implemented by setting

T;n = T"Win + AyZWm (36)

where the subscript, nw, denotes the near wall value. But
using Eq. (36) can generate the unrealistic nonzero
fluctuations near the solid wall. The alternative method,
specifying a linear distribution of temperature, was used.
The parameters for the linear distribution can be de-
termined by running several trials using Eq. (36).

The adiabatic boundary condition (g, = 0) was
applied for the outer wall throughout this study.

4. Finite volume approach

A coupled finite volume method was used to solve the
filtered compressible NS equations based on Cartesian
coordinates. This approach has been successfully tested
on planar channel flow with Cartesian hexahedral con-
trol volumes [16]. The finite volume formulation used
here is valid for general, non-Cartesian control volumes.

The control volume is defined as shown in Fig. 1 and
the primitive variables p, u; and T are stored at the cell
centers. The surface integral was approximated as,

k
7{13 a8 = S [(Fn, + Eny + Fn)S), (37)
s h=1

where F is the flux vector at a point on the surface, dS is
the surface normal at that point, f§ denotes the k surfaces
of the control volumes and (n,,n,,n.) are the Cartesian
components of the unit outward normal to the surface.

O,

X __--"" Center N
.

y

Fig. 1. Sketch of control volumes.

Gradients were calculated using the Gauss divergence
theorem,

/Q Vo = f[;g $ds (38)

where ¢ is a scalar, Q' is the volume of auxiliary control
volume which was obtained by shifting the main control
volume a half index in the direction of the surface on
which the gradients were calculated.

Time-derivative preconditioning was used to enable
the computation of low Mach number flows with
property variations. Time integration was performed
using the implicit LU-SGS scheme [17] with a dual time
stepping approach and the solver was second order ac-
curate in both space and time.

5. Results and discussion

Simulations were conducted for air flowing upwards
in a vertical annular pipe. The simulations concentrated
on the occurrence of laminarization and property vari-
ations for high heat flux heat transfer as follows:

(1) turbulent flow with small property variations
(2) intermediate property variations
(3) large property variations with laminarization.

To obtain the above conditions, bulk Reynolds
numbers of 6200, 7100, 8000, and 9700 based on the
hydraulic diameter (= 2(r, — r1)) as

_ puttp(2(r2 — 1))
Re_bbT (39)

were used. The parameter », and | represent the outer
and inner radii. And nondimensional inner wall heating
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Table 1

Parameters for cases
Case qw Gr Tb/Twm Rei“ r /}"2
1 (Aiding) 0.2x1073 23,031 0.97444 6200 0.5
2 (Aiding) 0.2x1073 35,382 0.97388 7100 0.5
3 (Aiding) 0.2x1073 98,320 0.97160 9700 0.5
3-1 (Aiding) 0.2x1073 98,320 0.97160 9700 0.5
4 (Aiding) 5%x1073 1,938,787 0.40638 7100 0.3
5 (Aiding) 5%x1073 5,540,896 0.37879 9700 0.3
6 (No buoy) 2x1073 875,286 0.68276 8000 0.3
7 (Aiding) 2%1073 1,100,273 0.63147 8000 0.3
8 (No buoy) 2x1073 1,094,753 0.63189 8000 0.5
9 (Aiding) 2x1073 1,234,223 0.60365 8000 0.5

rates, gy, (: Jﬁ) 0.75x107%, 2x10, and 100 ,

5x10~* were applied. The Mach number was 0.01 and —— Dalle Donne and Merwald (1973)

nondimensional physical time step was 0.01. Detailed ---- Fujii et al. (1980)

conditions are tabulated in Table 1. Cases 6 and 8 both OCase 1

. . OCase 2

employed a dimensionless wall heat flux of 2x 1073 but O Case 3

the buoyancy term was omitted in the governing equa- W Case 4

tions. Grids of 48 x 48 x 80 and 96 x 96 x 100 (for Case 3- o #Case 5

1) points were used throughout this study. >
The Grashof number is defined as

3

Gr = g:B(Twm Tb‘?z(z(rz 1"1)) (40) 10 . i

where f represents the volumetric thermal expansion

coefficient, and 7,, and 7;, denote the inner wall and 1000 : : e 1.0600

bulk temperatures.

The Nusselt numbers are plotted against Reynolds
number as shown in Fig. 2, where the experimental
correlation of turbulent heat transfer proposed by Dalle
Donne and Merwald [8]

4o\ 016
Nuy = 0.018( ;“‘) RepS P4 (41)
is included.

The temperature correction term for the effects of
variable properties was not included due to its small
variation. Torii et al. [18] found that the above corre-
lation may only satisfy the low heat flux case and the
following equation proposed by Fujii et al. [19] (also
shown in Fig. 2) should be implemented for the high
heat flux cases.

Nuy = 0.04Re;* P04 (42)
The Nusselt number is defined as
2h(ry —
Nuy = 2102 =) 43)
ke

where 7 is the heat transfer coefficient, k, is the bulk
thermal conductivity, r; and r, are the inner and outer
wall radii, respectively.

Re_b

Fig. 2. Variation of Nusselt number along with correlation
data.

For Cases 1, 2, and 3 (low heating cases), the devi-
ation from Eq. (42) is seen to be minor, whilst a rea-
sonable match is achieved with Eq. (43) for Cases 4 and
5 (high heating cases). The reduction of the Nusselt
number is believed to be due to strong heating near the
inner wall which leads to an increase in viscosity.

5.1. Turbulent flow with low heat transfer rates

Fig. 3 shows streamwise mean velocity profiles for
the low heating cases. The radial distance is rescaled so it
ranges from 0 to 2 as shown in Fig. 3. Chung et al. [7]
conducted numerical simulations using DNS for the
annular pipe flow with radius ratio 0.5 and the data
are included for comparison. Chung et al. [7] used
Re = 8900 based on the hydraulic diameter. A fine grid
case (Case 3-1) is also included to check the grid inde-
pendence. As Re increases, the profiles become more
flattened at the center. The current study yields good
agreement with the reference data and the disagreement
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1.5 T T T

O Chung et al. (2001)
—— Case 1 (Low Heating, Re = 6200)
Case 2 (Low Heating, Re = 7100)
---- Case 3 (Low Heating, Re = 9700)
—-— Case 3-1 (Fine Grid, Re = 9700)

OO 5“ 1 1 1
0.0 0.5 1.0 1.5 2.0

r (rescaled)

Fig. 3. Mean streamwise velocity for low heating case.

3.0 g T " T " T

-~

OChung et al. (2001) (Urms)

O Chung et al. (2001) (Vrms)
——- Case 3 (Urms) %
d ——- Case 3 (Vrms) [)
---- Case 3-1 (Urms)
---- Case 3-1 (Vrms)

20k
N
£ \
E g %
‘\Ob
1.0 R o
0 0.7
Qe Qt

0-0 1 1
0.0 0.5 1.0

r (reécaled)

Fig. 4. Turbulent intensities for low heating case in streamwise
and radial directions.

between the results of coarse and fine grids is fairly
small.

The rms profiles (Urms and Vrms) in the streamwise
and normal directions for the low heating case (Case 3)
are presented in Fig. 4 along with the Chung et al. [7]
profiles. Unlike the Urms plot, a significant difference is
noticed in the Vrms profile near the outer wall. It seems
that the differing surface areas of the inner and outer
walls promote the asymmetric Vrms profile (the reduc-
tion of the Vrms values near the outer wall), but the
reason for the differences between the present results and
those by Chung et al. [7] is not known.

5.2. Turbulent flow with high heat transfer rates

The effect of buoyancy on the velocity distribution
can be seen in Fig. 5 for the different radius ratios. The

T T T

1.0F o 1
I/'
]
—— Case 6
0.5 F ----Case7 ]
0.0 n 1 n 1 n 1
0.3 0.5 0.7 0.9
r

15 T T T T

1.0r

—— Case 8
----Case 9

0.5

0.0

0.50 0.60 0.70 0.80 0.90 1.00
r

Fig. 5. Mean streamwise velocity plot for radius ratio=0.3 and
0.5.

effect of buoyancy is most evident closer to the heated
wall (inner wall) and the maximum velocity moves to-
ward the heated wall. For the small radius ratio case
(r1/r> = 0.3), the maximum velocity occurs at r = 0.6387
and 0.5934 in the no buoyancy and aiding flow cases
(Cases 6 and 7), respectively. For the radius ratio 0.5
case, the maximum occurs at » = 0.7581 and 0.7257 in
the no buoyancy and aiding flow cases (Cases 8 and 9),
respectively. The location of the maximum velocity will
be discussed when the shear stress and turbulent heat
flux (/T’) profiles are presented later in this paper.

The distribution of the Reynolds shear stress is
shown in Fig. 6 for Cases 6 and 7, where a large buoy-
ancy influence is observed. Hall and Jackson [20] found
that a reduction of the shear stress in the aiding flow
results in the decrease in the production of the turbulent
kinetic energy and eventual laminarization.

The locations for zero shear stress and the maximum
velocity for different radius and level of buoyancy cases
are different as shown in Table 2. The point where the
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08 —— Case 6 (Reynolds Shear Stress)
R LT =—=a Case 6 (Total Shear Stress) T
" ---- Case 7 (Reynolds Shear Stress)
= - - Case 7 (Total Shear Stress)
2 03
Q
%)
@
Q
<
0 -02
-0.7 ! ! 1
0.3 0.5 0.7 0.9
r
Fig. 6. Shear stress plot for radius ratio=0.3.
Table 2
Locations of zero shear stress and maximum mean velocity
Case Fshear Fyelocity
6 0.64154871 0.6386129
7 0.5736087 0.5934346
8 0.76720128 0.7581337
9 0.71100523 0.7256522

shear stress vanishes has been generally assumed to co-
incide with the location of the maximum velocity [20],
but those two points are not same in the case of tur-
bulent flow in annuli [21]. As shown in Table 2, the
position of zero crossing shear stress, rgear, is closer to
the inner wall (heated wall) than the location of the
maximum velocity, Fyocity, 10 the aiding flow, but the
locations of maximum mean velocity for no buoyancy
cases (Cases 6 and 8) are closer to the inner wall. The
buoyancy force near the heated wall reduces the distance
of the zero crossing shear stress more effectively than
that of maximum velocity.

Fig. 7 compares the radial distributions of turbulent
intensities. Closer to the heated wall, the profiles tend to
decrease showing the aiding flow effects for both radius
ratio cases. However, close to the outer wall (adiabatic
wall), the profiles tend to merge. The turbulent heat
fluxes of /T’ and v'T" are plotted in Figs. 8 and 9. In this
study, v’ represents the velocity fluctuations in the radial
direction. For the small radius ratio cases (Cases 6 and
7), the buoyancy effects do not cause the profile to de-
viate much from the no buoyancy case, but the heating
with buoyancy for the large radius ratio cases (Cases 8
and 9) has enhanced the magnitudes of both plots
sharply. Another noticeable characteristic is the zero
crossing location of T’ as mentioned before. The zero
uw'T" occurs at r = 0.6575 and r = 0.5801 without and

4.0 T T T

—— Urms (Case 6)
3.0 6—>o Vrms (Case 6)

~r &—=a Wrms (Case 6) .
---- Urms (Case 7)
®--o\Vrms (Case 7)

= --a Wrms (Case 7)

(7]
E
9.0 ]
70F[\\ Case 6 ]
L \ ---- Case?7
E
=}
3.0k ]
-5.0 1 1 1
0.3 0.5 0.7 0.9
r
9.0 ]
r I“‘ Case 8
7.0+ \ ---- Case9 b
E
=}

060 070 080 090  1.00

r
Fig. 8. Streamwise turbulent heat flux plot for radius ra-

tio=0.3 and 0.5.

with buoyancy for the small radius ratio cases (Cases 6
and 7), respectively. Similarly, it occurs at » = 0.7654
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0.2 T T T

0.0

—— Case 6
----Case?7

Case 8
---- Case 9

0.00

-0.20

-0.40

-0.60 == b

-0.80 L L . L
0.50 0.60 0.70 0.80 0.90 1.00

r

Fig. 9. Normal turbulent heat flux plot for radius ratio=0.3
and 0.5.

and r = 0.7034 for the large radius ratio cases (Cases 8
and 9). Again, the buoyancy effect is shown to move the
location of zero turbulent heat flux closer to the heated
wall side (inner wall).

For strongly heated flow, the occurrence of lamina-
rization may be possible. The criteria of flow laminari-
zation can be estimated by use of an equivalent bulk
flow acceleration [18,22]. The bulk flow acceleration
parameter, K, is defined as

4qu x\ 043 din
K="Dn (1 4 4q, 7> L 44
R in ( + T d <dout + din ) ( )

and Coon et al. [23] proposed the condition of transition
as K >1.5x107° Fig. 10 shows the correlation for
transition. It suggests that the transitional state may
exist for Cases 4, 5, and 7 due to high heating but the
flow may remain turbulent for Cases 1, 2 and 3. Ac-
cording to Torii et al. [18], the laminarization from the
heated wall is suppressed by the turbulent production
near the insulated wall and it is quite unusual to have
laminarized flow in an annular pipe heated only on one
side.

Coon et al. (1970)
OCase 1

OCase 2 J
ACase 3

</Case 4

V Case 5

[>Case 7

1e-02¢ E

< v

_—

TURBULENT

LAMINAR
1e-01¢

qw in

1e-03F

o O A

1e-04

1e+04
Re in

Fig. 10. Comparison with proposed criteria for laminarization.

6. Conclusions

Simulations were performed for air flowing upwards
in a vertical annular pipe. The simulations were con-
cerned with the occurrence of laminarization and the
effects of property variations for high heat flux heat
transfer.

For the low heating cases, the deviation from the Nu
correlation proposed by Dalle Donne and Merwald [8]
was observed to be minor, but severe impairment of heat
transfer was observed as buoyancy influences built up
for high heating cases. This reduction is believed to be
due to strong heating near the inner wall which leads to
an increase in viscosity and the consequential enhance-
ment in the damping of turbulence.

Variations in the streamwise velocity distribution due
to the influence of buoyancy were evident near the he-
ated wall (inner wall) and the velocity near the center
was reduced as the maximum velocity moved toward the
heated wall. Similarly, a large buoyancy influence was
observed in the distribution of the Reynolds shear stress.
The position of zero crossing shear stress was closer to
the inner wall (heated wall) than the location of the
maximum velocity in the aiding flow, but the location of
maximum mean velocity for the no buoyancy cases was
closer to the inner wall.

The turbulent intensities tended to decrease near the
heated wall indicating buoyancy effects for both radius
ratio cases. However, close to the outer wall (adiabatic
wall), the profiles of intensities tended to merge.

The effect of buoyancy in »/'T’ and v'T’ was more
noticeable for the larger radius ratio cases than for the
smaller radius ratio cases. Another noticeable charac-
teristic was the zero crossing location of w/T’. The zero
u'T' occurred at r=0.6575 and r = 0.5801 without
buoyancy and with buoyancy for the small radius ratio
cases (Cases 6 and 7), respectively. Similarly, zero
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crossing occurred at » = 0.7654 and » = 0.7034 for the
large radius ratio cases (Cases 8 and 9), respectively.
Again, the buoyancy effect was shown to move the zero
crossing location closer to the heated wall side (inner
wall).

Complete laminarization was not observed in this
study even for the high heating cases. Laminarization
was believed to be suppressed by the turbulent produc-
tion near the insulated wall.
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