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ABSTRACT
C a l u i l a t i o n a l methods and r e s u l t s a r e discussed f o r t h e coupled energy
and momentum equations o f t u r b u l e n t natural c i r c u l a t i o n f l o w and low Prandtl
number forced convection f l o w . The o b j e c t i v e of t h i s paper i s t o develop a
c a l c u l a t i o n a l method f o r t h e study o f t h e thermal-hydraulic behavior o f coolant
f l o w i n g i n a l i q u i d metal f a s t breeder reactor channel under natural c i r c u l a t i o n
c o n d i t i o n s . The two-equation turbulence model i s used to evaluate the t u r b u l e n t
momentum transport p r o p e r t y . Because the analogy between momentum t r a n s f e r
and heat t r a n s f e r does not generally hold f o r low Prandtl number f l u i d and
natural c i r c u l a t i o n flow c o n d i t i o n s , t h e turbulent thermal c o n d u c t i v i t y i s
c a l c u l a t e d independently using equations s i m i l a r t o t h e two-equation turbulence
model. The numerical technique used i n t h e c a l c u l a t i o n i s the f i n i t e element
method.
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y-directionai local mean velocity
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constants

thermal diffusivity

C

specific heat

thermal expansion coefficient

b

effective channel width

constants

jf

driving force

rate of dissipation of turbulent kinetic
energy

g

gravity force

fer

Grashof number, pzg8ATD3/w2

rate of dissipation of turbulent energy
flux

h

f i l m coefficient

absolute viscosity

k
|I

enthalpy
turbulent energy flux, •=

kinematic viscosity
density
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local mean temperature
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Inlet condition
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turbulent energy flux
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turbulent kinetic energy
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x

x-cobrdinate

'tfiehnaT'transport property Is also calculated
by using equations similar to the two-equation
turbulence model.

y

y-coordinate

ANAUSIS

u

viscosity

M

hot wall

The main driving force for natural
circulation flow in a reactor system is the
temperature difference at various locations
,1n the reactor loop. The body force generated
by this temperature difference is large
enough to accelerate flow up to the state of
turbulent motion. The flowrate produced by
natural circulation depends largely on the
reactor power level. At postscram conditions,
the flowrate 1s about 2-4« of the rated
flowrate, and is approximately proportional
to the reactor decay heat power. Because the
density difference is the driving force for
the natural circulation phenomena, flow
properties are strongly temperature dependent.
Furthermore, because the developed calculational method will be used for heat transfer
calculation of irregularly shaped reactor
structures, the finite element method is
chosen as the calculational tool.

tSTAturbuient" "•
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constant values

INTRODUCTION

Natural circulation phenomena in reactors
have received considerable attention for many
years because of the reactor safety considerations associated with the self-sustained
decay heat removal after reactor shutdown.
There exists a substantial amount of literature
reporting advancements in the study of decay
heat removal by natural circulation at the
reactor postscram condition [1,2,31. The
majority of the earlier research i s limited
to scop1ng-na*;ure calculations jsing a large
scale computer code or detailed analyses
usually performed for laminar flow cases [4].
In the study of turbulent natural circulation
phenomena, uncertainties related to the
turbulent transport property evaluation pose
a serious difficulty to obtaining analytical
solutions. The methods for calculating
turbulent flows are diversified [5 to 12]. The
simplistic approach which has been used in
many turbulence calculations employs a universal eddy diffusivity correlation based on
the extrapolation of experimental data near
the wall. However, when the flow pattern
cannot be described by the well defined flow
notion such as channel flow or boundary layer
flow, this approach cannot be expected to
provide a proper solution. Furthermore, not
ill boundary layers possess a turbulence
structure near the wall which confornswith
;his universal law. Examples of noncon'ormance are turbulent structures under the
Influence of severe streamwise pressure
iradients, mass influx into the scream,
luoyancy, centrifugal or coriolis forces. As
i recent development, extensive studies have
teen performed for flows with such complicated force balances by using the various
turbuler.ee models [6,81.
:
In the present study, the two-equation
{turbulence model [9 to 12] i s employed to
evaluate the turbulent momentum transport
property for the combined natural circulation
flow and the low Prandtl number forced convection flow. Furthermore, the turbulent

By the hypotheses of J. Boussinesq and
Prandtl [5], the governing equations for a
two-dimensional turbulent flow motion between
parallel plates, with reference to the
cartesian coordinate system x, y, can be
written as:
. Energy equation:
-

p u

' 1x +

v

3y^~ ax" ' k e W

+

3y *ke By'

^

where \ = CpT, and p, C p , k e , T, u and v are
density, specific heat, effective heat conductivity, temperature, x-directional veloc i t y , and y-directional velocity, respectively.
;
Continuity equation:

t-

CP«) •

^

(PV)

= o.

(2)!

Momentum equations:

*%r'

bU\

13)

and

3_
3y

(4)
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where w e , B are the effective viscosity and
the thermal expansion coefficients, and gx
and gy are gravity force terms In the x and y
directions, respectively. I f the flow motion
lls caused by an external force such as pump
torque, the driving force terms are represented
by the pressure differential term only and
the body force terms are generally neglected.
However, I f the buoyancy force is the main
driving force or has the same order of magnitude as the external force, both the pressure
differential term and the buoyancy force term
should be kept i n equations (5) and ( t i ) . For
a vertical channel flow considered i n the
present study, g& = g and g v = 0.
The viscosity terra u e in the momentum
equations and the thermal conductivity term
k e In the energy equation are given by

and k =• k + k + , respectively,
e
i
'
where » t and kt a r e the so-called turbulent
viscosity and the turbulent thermal conductiv i t y . The present study uses the two-equation
turbulence model to calculate the turbulent
Viscosity ut aid turbulent thermal conductivity kt< The format of the two-equation
model 1s not uniform for a l l physical problems.
Further, the model varies from researcher to
researcher. In general, when turbulence models
or "closures" are used for calculating the
turbulent transport phenomena, a length scale
"information of turbulence is required. This
Implies that e x p l i c i t and implicit empirical
assumptions have to be included in the model.
Host of the existing turbulence models, therefore relate to homogeneous turbulence or isotropic turbulence. The limitations of such
^closures" are well discussed in reference
112]. The present study employs the form
proposed by Jones and Launder [ 9 ] . The
following equations are normalized by i n l e t
velocity U for velocities and by effective
channel width D for length dimensions.

(
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where K and e are the turbulent kinetic energy
and the dissipation r a t e , respectively. The
turbulent viscosity vt is defined as
v t = C y K 2 /e.

(9)j

C u , C L C 2 , a|(, <JE are 0.09, 1.44, 1.92, 1.0,
and 1.3, respectively. Some researchers
suggested that these constants are functions
of the Reynolds number.
If the Prandtl number is not far from
.- unity, it can be simply assumed that vt=at~ However, in some cases the analogy between the
'J, thermal transport and the mass transport cannot
•± be applied. As expected, if the Prandtl number
Z is too large or too small, the turbulent
- 'thermal diffusivity is not the same as the
momentum diffusivity. For this case, particularly for the small prandtl number case,
researchers proposed a relationship between
at and vt by Introducing a multiplier which
. is a function of the Prandtl number, \>t, and
v [14,153. However, if the profiles of velocity and temperature are distinctly different
from each other because of the buoyancy force
effect or some other physical effects, even
the proposed multiplier cannot be applied.
The present study calculates at by solving
equations similar to the two-equation model
given by equations (7,8). The following
equations similar to those in existing
studies [ 7 , I Q , U ] , are used to determine a%:

3XJ

and

m

l

3y'

(10)
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where at 1s defined by

3yJ

of-the two-equation turbulence model. Calculations were begun from the wall rather than
using the turbulence model only for the
turbulent core and applying the law of wall
near the wall. At the wall, the turbulent
kinetic energy and energy flux values were
set to zero. Also the rate of dissipation
for both momentum transfer and heat transfer
were assumed to be zero.

,«t a W n , and

(12)
present study considers turbulent
i flow The
between parallel plates. The solution
domain Is divided Into the large number of
CKI C 3 , &*, Hi, a n , are constants to be detersmall but equal-sized elements (34 in the
mined. I represents the turbulent energy
radial direction and 17 in the axial direciflux and n represents the turbulent energy
tion). For simplicity of calculation, a condissipation rate. Because no data are astant wall temperature boundary condition 1s
vailable for the ccistant in equations (10selected so that the Grashof number can be
12), the same constants in the K-e equations
controlled easily by chaning the wall temperaare used for the I-n equations. The basic
ture. Unless otherwise noted, y-0 Indicates
philosophy underlying the "closures" or turbuthe hot wall and y=l Indicates the cold wall
lence models for turbulent energy transport
in the folloiwng Figures.
•1s very similar to that for turbulent
momentum transport [10 to 12]. However,
because the velocity information is an input
In Figure 1, velocity profiles for the
to the energy equation, uncertainties included
fully developed natural circulation turbulent
1n the stress closure further accumulate in
flow at various Grashof2 numbers (BF = Grashof
the turbulent energy calculation. Refinenumber/Reynolds number ) are depicted. The
ments should be made as more basic experiReynolds number and the Prandtl number used
mental data for thermal turbulence become
v in these calculations are 10000 and 0.0112,
available.
~- respectively. The velocity profile is apparently different from that of laminar
Because all governing equations are
natural circulation flow. Compared with the
icoupled for the natural circulation phenolaminar natural circulation flow case [4,16],
menon, an iteration procedure should be used
the asymmetrical behavior of the velocity
to obtain the solutions. The calculational
profile observed in laminar flow cases is
method used for the present calculation is
. almost unnoticeable 1n the present results.
described in reference [16]. The essence of
It is not clear whether this difference is due
this calculational method is to apply the
to the active mixing behavior of turbulent
Gaierkin principle to the governing equations
flow or to a numerical error. Also notice
with Introduction of appropriate interpolathat the velocity profile is rather smooth
tion functions. After obtaining a set of
compared with the steep change from the
matrix equations for each governing equation,
laminar sublayer to the turbulent core as
the global matrix is formed by summing up
shown in previous results for pipes [17].
Individual matrices over all elements. The
If the velocity profiles of parallel plates
•final solutions are obtained by solving the
should be the same as that in cylindrical
resultant matrix equations using the Gaussian
pipes, the results of the present study can
elimination method.
be Improved by applying the two-equation
model only at the turbulent core region or
RESULTS AND DISCUSSION
adjusting the constant values used in the
turbulence model. Considering that Jones and
There may exist several ways to Improve
Launder [9] reported a fairly good agreement
Ithe numerical stability and accuracy of the
between the experimental data and calculated
calculated results, for example, by modifying
results for pipes using the same turbulence
the proposed turbulence model to fit the
model, some of these changes may Improve the
physical problems of interest or by fitting
solution. However, this type of fix 1s not
the boundary conditions. In the present
recommended without justification supported
study, no particular measure was taken to
by experimental data. Figures 2 and 3 show
improve the numerical results. Instead of
the calculated kinetic energy K for momentum
using functional forms as used in earlier
transfer and the energy flux I for heat
Studies [6,8], previously given cc.istant
transfer, respectively. The general appearance
Values were used in the present application

I
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Effects of the Grashof Number on
Velocity Profiles of Turbulent
Natural Circulation Flow.

o f the" kinetic energy for momentum transfer 1s
in accord with the experimental data [17].
Note that the turbulent kinetic energy is normalized by the reference velocity U rather than
the local average velocity (i.e., bulk velocity).
Because of the significant acceleration by the buoyancy force, the turbulent
kinetic energy under the buoyancy force effect
is much larger than that of the forced convection only case. Due to the lack of experimental
data for parallel geometries, any quantitative comparison should be delayed until
further experimental data become available.
Figure 4 shows heat transfer coefficients for
the combined natural circulation and forced
convection case. The purpose of this calculation was to investigate the effects cf the
Grashof number and the Peclet number on heat
transfer coefficients. For all cases an
approximate functional relationship is found
to exist between the Grashof number and the
Nusselt number. The relationship between the
Grashof number and the Nusselt number can be
expressed in the following form:
(Nu - Nu f ) = Gr1.0.4

Figure 2.
I

Effects of the Grashof Number on
Turbulent Kinetic Energy of Natural
Circulation Flow.

(13)

;• where Nuf is the Nusselt number for the
- forced convection only case. On the other
'-"• hand, as shown in Figure 4, the effect of the
- Prandtl number (or Peclet number) on the heat
~ transfer coefficient is not as obvious as
.. that of the Grashof number. There does not
- seem to exist a universal form of functional
: relationship between the Prandtl number and
: the Nusselt number as observed in the Grashof
C number variation case or the forced convec•_ tion only case discussed below. The Grashof
numbers used in this calculation are chosen
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Figure 4. Grashof Number Effects on Nusselt
Numbers at Different Pe Numbers.
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arbitrarily so that the buoyancy effect Is
Urge enough to affect the flow behavior in
spite of the high Reynolds number. The
Prandtl number used in these calculations is
M1.Q1, In an actual reactor application, the
Grashof number may be smaller than the number
used In the calculation.
For the purpose of checking the proposed
turbulence model, heat transfer coefficients
Were calculated for a fully developed forced
convection heat transfer problem with a
constant wall temperature boundary condition.
Five different Peclet number cases (Pe = 110,
199, 359, 697, and 1794) are considered. In
spite of the crude approximation, the results
are in good agreement with the previous study
[15]. The present study gives N u = 5.01,
5.25, 6.73, 8.20, 13.38, 0while
Dwyer's correlation N u = 4.0 + 0.025 Pe - 8 gives 5.07, 5.59,
6.77, 8,70, and 14.02 for the Peclet numbers
listed above. Note that the boundary condition
used in this calculation is the constant but
unequal wall temperature condition. In
Figure 5, the calculated Nusselt number for a
developing temperature field problem is
depicted along with the results of an existing
study [13,14]. In this calculation, the
velocity profile 1s assumed to be flat and '
the turbulent transport properly is obtained
from equations (10-12) in order to compare with
the existing studies. Compared with the
earlier study [13], the present study results
in higher values of the Nusselt number at the
smaller Peclet number cases. However, at the
large Peclet number case, these results yield

-*-siraVler Nusselt number. In the earlier
calculation [13], Deissler's correlation for
momentum diffusivity was used assuming that
momentum diffusivity and thermal diffusivity
are the same. The results of reference 14
were obtained by using the eddy diffusivity
ratios of Azer and Chao [18]. Note that some
of these referenced data were verified by the
experimental data.
CONCLUSIONS
The coupled energy and momentum equations
of the fully developed turbulent natural
circulation flow and the low Prandtl number
forced convection heat transfer problem are
solved using the two-equation turbulence
model. In general, this turbulence model
seems to work for the physical problems
considered and the results obtained are in
good accord with the results of the existing studies. However, any quantitative
comparison 1s not warranted because of insufficient experimental and analytical work
for turbulent natural circulation flow. For
the verification of the calculational methods
and the results, further experimental and
analytical work is recommended.
LITERATURE CITED
1.

Additon, S. L., and Parziale, E. A.,
"Natural Circulation 1n FFTF, a Loop
Type LMFBR", Presented at ASME Annual
Meeting, 1977.

2.

Singer, R. M., et al., "Natural Circulation
Heat Transfer in Pool-Type LMFBRs",
Presented at ASME Annual Meeting, 1977.

3.

Proceedings of the International Meeting
on Fast Reactor Safety Technology (papers
presented at Sessions V-D and VI-E),
Seattle, Washington, August, 1979.

4.

Proceedings of Inst. Mech. Engineers,
Heat and Mass Transfer by Combined Forced
and Natural Convection (Paper: Cl12/71,
C114/71 to C119/71), William Clowes & Sons,
Limited, London, 1971.

i

Figure 5. Calculated Nusselt Numbers for the
Turbulent Thermal Entry Length
Problem.
«••*>.- ,
rM> N O T T V P I

!

5.

H1nze, J. 0., Turbulence, 2nd edition,
McGraw-Hill, Inc. 1975.

6.

Harlow, F. H., (editor), Turbulence Transport Modelling, AIAA SeiRcted Reprint
Series/Vol. XIV, February 1973.

7. Durst, F., et al., (editors), Turbulent
:
Shear Flows I and II. Springer-Verlag
-'. Berlin Heidelberg, New York, 1979.
_. .

- V

SECOND AND SUBSEQUENT PAGES
(SEE SEPARATE SHEET FOR FIRST PAGE.)
DO NOT TYPE IN'THIS SPACE

DO NOT TYPE IN THIS SPACE

J_T,Weher;,.H.-E^, (editor), Turbulent Boundary
, "layer's- Forced, Incompressible, NonST r
- React1ng, Presented at the Joint ASME-CSME
Applied Mechanics, Fluids Engineering
and Bioengineering Conferece, Niagra Falls,
New York, June 1979.
9.
j!

.-?. r SECOND COLUMN HERE.

Jones, W, P., and Launder, B. E., "The
Prediction of Laminarization With a TwoEquation Model of Turbulence," Int. J.
Heat Mass Transfer, Vol. 15, pp. 301-314,
1972.

10.

Launder, B. E., "Progress in the Modelling
of Turbulent Transport," von Karman
Institute for Fluid Dynamics, Lecture
Series 76, 1975.

11.
I

Sha, W. T . , and Launder, B. E., "A German
Model for Turbulent Momentum on Heat
Transport 1n Liquid Metals," Argonne
National Laboratory, ANL-77-78, 1977.

12.

Bradshaw, P., 1n Turbulence, Topics in
Applied Physics, Vol. 12, 1978.

13.

Hatton, A. P. and Quarmy, A . , "The Effect
of Axial1y Varying and Unsymmetrical
Boundary Conditions on Heat Transfer With
Turbulent Flow Between Parallel Plates,"
Int. J . Heat Mass Transfer, Vol. 6, pp.
903-914, 1963.
:

:

:

14.
i

Hatton, A. P., et a l . , "Further Calculations on the Heat Transfer With Turbulent
Flow Between Parallel Plates," I n t . J.
Heat Mass Transfer, Vol. 7, pp. 817-823,
1964.
I

15.

Foust, 0. J . , (editor), Sodium-NaK

,

Engineering Handbook, Vol. II, Gordon and
Breach, Science Publishers, Inc., 1976.

16. Chung, K. S., and Thompson, D. H., "A
Caicuiationai Method for Combined Natural
Circulation and Forced Convection Flow in
a Channel", to be presented at the 19th
National Heat Transfer Conference, Orlando,
Florida, 1980.
Laufer, J., "The Structure of Turbulence
in Fully Developed Pipe Flow," NACA Rep.
1174 (1953).
18. Azer, N. Z., and Chao, B. T., "A Mechanism
| of Turbulent Heat Transfer in Liquid
Metals," Int. J. Heat Mass Transfer. Vol.
I
3, pp. 121-138, 1960.

DO NOT TVi-"/. i:-; ;n:.-. .-;'AC

