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The turbulent heat transfer of a fuel rod with three-dimensional trapezoidal
spacer ribs for high temperature gas-cooled reactors was analyzed numerically using
the k- & turbulence model, and investigated experimentally using a simulated fuel rod
under the helium gas condition of a maximum outlet temperature of 1000 C and
pressure of 4 MPa. From the experimental results, it found that the turbulent heat
transfer coefficients of the fuel rod were 18 to 80 % higher than those of & concentric
smooth annulus at a region of Reynolds number exceeding 2000. On the other hand,
the predicted average Nusselt number of the fuel rod agreed well with the heat
transfer correlation obtained from the experimental data within a relative error of
10 9% with Reynolds number of more than 5000. It was verified that the numerical
analysis results had sufficient accuracy. Furthermore, the numerical prediction
could clarify quantitatively the effects of the heat iransfer augmentation by the
spacer rib and the axial velocity increase due to & reduction in the annular channel

cross-sectien,
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1. Introduction

Japan Atomic Energy Research Institute (JAERI) has been constructing a High
Temperature Engineering Test Reactor (HTTR) to establish and upgrade technology for very
high temperature gas-cooled reactors (VHTR) and is promoting innovative high temperature
research. The HTTR is a helium-cooled, graphite-moderated reactor with inlet temperature
of 395°C, maximum outlet temperature of 950°C, pressure of 4 MPa and thermal output
power of 30 MW. Figure 1 shows a fuel element installed in the core of the HTTR. The
HTTR core consists of 30 and 5 fuel elements installed horizontally and vertically,
respectively. The fuel element consists of a hexagonal graphite block with 33 fuel holes and
33 fuel rods. The fuel rod is inserted into the fuel hole. Helium gas flows downward into
each fuel channel, which is an annular passage between the fuel hole and the external
surface of the fuel rod, with an annulus ratio of 0.829. In addition, its Reynolds number, Re,
from the fuel channel inlet to the outlet is between 10000 and 3000.

The thermal-hydraulic performance of the fuel rod for the VHTR has already evaluated
by JAERI using a simulated fuel rod under a maximum outlet helium gas temperature of
700°C and an annulus ratio of 0.868 [1]. However, as for studies on the turbulent heat
transfer in annular passages, Kays and Leung [2] mainly considered analytically the heat
transfer coefficients of the smooth annulus for wide ranges of Re, annulus ratio and Plandtl
number, Pr. Dalle Donne et al. [3] , [4] derived empirical correlations for the fuel rod
with/without rectangular fibs, Wilson and Medwell [5] analyzed the heat transfer phenomena
for fully developed turbulent flows in concentric smooth annuli, Hassan and Rehme [6]
investigated the heat transfer in rod bundles with spacer grids, and Takase et al. [7] evaluated
experimentally and numerically the heat transfer characteristics of the annular fuel channel
with two-dimensional square ribs. Furthermore, Han et al. [8] investigated the effects of the
shape of the ribs, attack angle and ratio of rib pitch to height regarding heat transfer in a
rib-roughened rectangular duct.

- However, every experimental condition of the previous research, such as temperature,
pressure, Re, heat flux and annulus ratio, does not perfectly simulate the HTTR operational
conditions. In particular, the basic difference between the previous research and the present
study is the geometry of the annular passage. As shown in Fig. 1, the fucl rod for the HTTR
has a total of nine three-dimensional trapezoidal roughness, so-called spacer rib, on its outer
surface so as to keep the concentricity of the annulus. From the viewpoint of nuclear reactor

safety, it is risky to estimate the heat transfer performance of the fuel rod for the HI'TR from

_1i



JAERI—Research 94—034

the tesults of previous research. Therefore, to determine the thermal performance for a
HTTR core, the heat transfer coefficients and the friction factors of the fuel rod for the
HTTR were investigated by thermal-hydraulic demonstration experiments using the same
helium gas condition as the HTTR operation. On the other hand, no one has analyzed
numerically the turbulent heat transfer of the spacer ribbed annular channel up to now, so
that the author {9] carried out its numerical prediction using a threc-dimensional computation
and the k- turbulence model. In this analysis, the boundary coordinate fitted method was

adopted due to simulate the shape of the spacer rib.

2. Experimental Investigation
2.1 Experimental Conditions

Figure 2 shows a schematic drawing of a test Tig and measuring positions of
temperature, pressure and differential pressure. Helium gas supplies from a circulator
through a flow meter into a pressure vessei of the test rig. Then, it goes into the fuel channel
after the fluid temperature was adjusted by a preheater installed in the upper plenum, and it
is heated up to 1000°C at maximum temperature by the fuel rod at the measuring section
and cooled down to less than 400°C by an internal cooler in the lower plenum, and finally
returns to the circulator. According to the experimental conditions, the helium gas flow
rate, G, was measured by one of three flow meters with full measuring ranges of 7, 18 and
50 gfs, respectively. The accuracy of each flow meter was within =£0.2% for the full
measuring range. In addition, the electric power, which was supplied to the fuel rod, was
measured using an electric power meter with a full measuring range of 120 kW. 1Iis
accuracy was +0.25% for the full measuring range.

The outer tube was made of Incolloy 800H with high-melting temperature, and it was
41 mm in inner diameter, Do, S mm in thickness and 6370 mm in length. The fuel rod
diameter, Di; was 34 mm, so that a hydraulic diameter, De, obtained from Do-Di was 7 mm
and the gap width between the fuel rod and the outer tube was 3.5 mm. They were the same
as the HTTR conditions. The outer tube was surrounded by a fibrous thermal insulation
with a thickness of 70 mm, and its outside was encircled with compensating heater blocks
to minimize the heat loss in the tadial direction. Nine K thermocouples sheathed with an

Inconel 600 tube with an outer diameter of 3.2 mm and ten pressurc taps with an inner
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the results of previous research. Therefore, to determine the thermal performance for a
HTTR core, the heat transfer coefficients and the friction factors of the fuel rod for the
HTTR were investigated by thermal-hydraulic demonstration experiments using the same
helium gas condition as the HTTR operation. On the other hand, no one has analyzed
numerically the turbulent heat transfer of the spacer ribbed annular channel up to now, so
that the author [9] carried out its numerical prediction using a three-dimensional computation
and the k-¢& turbulence model. In this analysis, the boundary coordinate fitted method was

adopted due to simulate the shape of the spacer rib.

2. Experimental Investigation
2.1 Experimental Conditions

Figure 2 shows a schematic drawing of a test rig  and measuring positions of
temperature, pressure and differential pressure. Helium gas supplies from a circulator
through a flow meter into a pressure vessel of the test rig. Then, it goes into the fuel channel
after the fluid temperature was adjusted by a preheater installed in the upper plenum, and it
is heated up to 1000°C at maximum temperature by the fucl rod at the measuring section
and cooled down to less than 400°C by an internal cooler in the lower plenum, and finally
returns to the circulator. According to the experimental conditions, the helium gas flow
rate, G, was measured by one of three flow meters with full measuring ranges of 7, 18 and
50 g/s, rtespectively. The accuracy of each flow meter was ‘within =0.2% for the full
measuring range. In addition, the electric power, which was supplied to the fuel rod, was
measured using an electric power meter with a full measuring range of 120 kW. Its
accuracy was +0.25% for the full measuring range.

The outer tube was made of Incolloy 800H with high-melting temperature, and it was
41 mm in inner diameter, Do, 5 mm in thickness and 6370 mm in length. The fuel rod
diameter, Di, was 34 mm, so that a hydraulic diameter, De, obtained from Do-Di was 7 mm
and the gap width between the fuel rod and the outer tube was 3.5 mm. They were the same
a5 the HTTR conditions. The outer tube was surrounded by a fibrous thermal insulation
with a thickness of 70 mm, and its outside was encircled with compensating heater blocks
to minimize the heat loss in the radial direction. Nine K thermocouples sheathed with an

Inconel 600 tube with an outer diameter of 3.2 mm and ten pressure taps with an inner
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diameter of 1 mm, were embedded onto the outer tube wall to measure the outer wall
temperature, T,,, and the axial pressure drop, Ap. At each position of the inlet and outlet
measuring sections, the static pressure of the helium gas, P, was measured by a pressure
transducer with a full measuring range of 4.5 MPa. The measuring section was divided into
nine sub-sections, seven heated and two non-heated ones. Here, the former means the active
core for the HTTR and the later the removal reflectors, respectively. The Ap of each
sub-section was measured by two differential pressure transducers with full measuring ranges
of 1 and 5 kPa, according to the experimental conditions. The measuring accuracy of each
transducer was within 0.2% for the full measuring range.

A simulated fuel Tod for the HTTR, as shown in Fig. 3, was an electrical heater with a
maximum electric power of 100 kW with uniform axial heat flux distribution. It consisted
of seven sub-rods, upper and lower electrodes. The sub-rod consisted of a graphite sleeve,
a boron-nitride insulation, and a coiled graphite heating element. The graphite sleeve was
570 mm in length and 460 mm in effective heating length. On its outer surface, so as to
kecp the constant annular gap width in the flow direction, three spacer ribs were set linearly
in the upper, center and lower axial positions. In addition, as for these axial positions, three
spacer ribs were set at an angle of 120° in the circumferential direction. Therefore, the total
number of the spacer rib was nine per sub-rod. The normal tolerance between the inner
diameter of the outer tube and the outer diameter of the spacer ribs was less than 0.3 mm.

The fuel rod surface temperature, T,,, that was the same meaning as the inner wall
temperature of the annular channel, was measured by 13 K thermocouples sheathed with an
Inconel 600 tube with an outer diameter of 1.6 mm. Two thermocouples were set at
positions of 172 mm and 407 mm from the top of each sub-rod, except for the 7th stage
sub-rod. Only one thermocouple was installed at the position of 172 mm from the top of the
7th stage sub-rod. The lead wires of those thermocouples were laid on the inner surface of
the graphite sleeve using grooves. Then, the hot junction of each thermocouple was taken
out from the inner to the outer surfaces at the measuring position. The bulk temperature, T,
was measured at the inlet and outlet positions of the annular channel; the channel inlet bulk
temperature, T, was measured by a K thermocouple sheathed with an Inconel 600 tube
with an outer diameter of 1.6 mm at a position 270 mm higher than the top of the simulated
fuel rod. On the other hand, the channel outlet bulk temperature, T, , was measured by
three K thermocouples sheathed with an Inconel 600 tube with an outer diameter of 3.2 mm
at a position 135 mm lower than the bottom of the simulated fuel rod. They were installed

at the same clevation to measure the temperature deviation in the circumferential direction.
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The uncertainty of every temperature measurement was estimated to be within +1.5°C of the
measured value.

The experiments were carried out under the conditions of T, =135 - 225°C, P=4 MPa,
G=3-20 g/s, Re=2100 - 15900 at the annular channel inlet, and 9 - 60 kW in electric input
for the simulated fuel rod. Furthermore, a dimensionless heat flux parameter at the channel

inlet, ¢*,, was 1.48x10°< ¢", <1.95x10”. The q*, was specified by

+ 4. "E(Dbz - Diz)
q, =
Ge, (T, +273.15) 4

(1)

Where, g, is the total heat flux calculated from the electric heat generation rate along the
axial direction, and ¢, thermal conductivity of the fluid. The q”; of the HTTR is nearly equal

t0 0.9x10°, so that the q°, of the present study is from 1.64 to 2.16 times higher than that of

the HTTR.
2.2 Results and Discussion

As an example of axial temperature distributions, Fig. 4 shows the inner and outer wall
temperature distributions which were obtained from a series of experiments in the laminar,
transition and turbulent regions. Where, x/De means the dimensionless axial distance, x the
axial distance from the channel inlet, T,, and T, the inner and outer wall temperatures, and
Re, and Re_ the channel inlet Re and the channel outlet Re, respectively. From this figure,
it can be seen that the radiative heat transfer is effective regarding the total heat transfer
because both surfaces have a high temperature. The radiative heat flux, g,, from the fuel

rod surface to the outer tube wall was calculated by

L./l _1)] ®

Where, O is Stefan-Boltzmann's constant, €, and €_, emissivities for the fuel rod surface
and for the outer tube wall. For the temperature range in the present study, €, and €, are
0.8 in graphite [10] and 0.3 in Incolloy 800H [11], respectively. Therefore, convective
heat flux, q,, Is obtained by q.=q.-q,
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Figure S shows the relation between q,/ g, and Re, where q,/ g, means the ratio of
radiative and total heat fluxes. The q,/q, increased as x/De increased because the temperature
level was high, and it reached to more than 10% when Re<2500 at x/De=288. In the
HTTR, the graphite blocks are used as the component material for the fuel channel, so that
it was expected that the q,/ g, at the HTTR core was larger than that of the present results.

Figure 6 shows the relation between local Nussclt number, Nu, and local Re in a fully
developed flow region. The open symbol indicates the Nu of the fuel rod, Nu,, obtained

from experimental data, and the Nu, was calculated by
Nu=q.De/A(T, - T, ) 3)

Where, T,_is the bulk average temperature, Athermal conductivity of helium gas evaluated
by the T, _. The broken line shows the Nu of the concentric smooth annulus, Nu,, and

those correlations are tepresented by the following equations:
Nu, = 0.018(Di/Do) " ReaSPrM‘ ; Re = 7000 [3]
Nu, =0.084(Re ™ - 110)Pr™ ;2700 < Re < 7000 [12]
Nu, =56 ; Re = 2700 [13]

The Nu, was much larger than the Nu, from the laminar to the turbulent Re regions. It
was approximately 25% higher than the Nu, in the laminar region, similarly 187% higher in
the turbulent region and a maximum of 80% higher in the transition region. As the reason
for those heat transfer augmentations, it was mainly thought that the spacer ribs contributed
effectively as turbulence promoters. On the other hand, as the Re decreased from the
turbulent to the laminar regions, the following special feature was observed: the Nu,
decreased suddenly as soon as Re was less than about 7000; however, the Nu, decreased as
astraight line with Re. This means that the transition region of the fuel rod was very small
in comparison with the concentric smooth annulus. Consequently, the following empirical
correlations for the fuel rod were derived from al! experimental data in the turbulent region

of Re>2000 and the laminar region of Re=1800.
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Nu, = 0.0219Re” Pr**  ; Re > 2000 @
Nu, = 7.0 ; Re<1800 (5)

Equations. (3) and (4) are shown as solid lines in Fig. 6. They agreed very well with the

experimental data within a relative error of 6%.

3. Numerical Analysis

3.1 Governing Equations

As proposed by Patankar, Liu and Sparrow [14], the pressure, P, in periodic fully

developed flows can be expressed as

P(nyJz)z'ﬁx+Pp(x:y;Z) (6)

Where, B is the mean pressure gradient, P (x, y, z) the periodic part of pressure, Px the
pressure drop that takes place in the flow direction, x,y and zaxial, radial and circumferential

coordinates, respectively. Similarly, the temperature, T, can be written as
T(x}}‘: Z) =}’x+Tp (x> ¥ Z) . (7)

Where, Y is the mean temperature gradient, T, (x, y, z) the periodic part of temperature, Y X
the rate of temperature rise in the flow direction.

The governing equations can be written as:

continuity

Ei?(,oui) =0 (8)
momentum

L)Ly (20 2|2 2 o
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Equations. (3) and (4) are shown as solid lines in Fig. 6. They agreed very well with the

experimental data within a relative error of 6%.

3. Numerical Analysis

3.1 Governing Equations

As proposed by Patankar, Liu and Sparrow [14], the pressure, P, in periodic fully

developed flows can be expressed as

P(xJY)Z) ="ﬁx+PP(X,)’;Z) (6)

Where, P is the mean pressure gradient, P (X, , z) the periodic part of pressure, Bx the
pressure drop that takes place in the flow direction, x,y and zaxial, radial and circumferential

coordinates, respectively. Similarly, the temperature, T, can be written as
T, 2=y x+T,( 2 _ 7

Where, Y is the mean temperature gradient, T (x, y, z) the periodic part of temperature, Y X
the rate of temperature rise in the flow direction.

The governing equations can be written as:

continuity
LA ©
momentum
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energy :
7 d (C g or
ng(puf'cpT,,) = E(—"ZH——; - puc,y - (10)

turbulent kinematic energy, &

i 9 [y ok ou, ou;\ du,

—(puk)=—| —=— |+ pu,|—+—|— - p¢€ 11

c‘rtri(p') dxi(ok é‘xi] u(o’btj dx; | ox, o {1y
turbulent dissipation rate, €

J d (Mg 96 e du. ) £’

—(pug)=—| T —|+C u,—| —+—L|—=-C.,p— 12

axi (p! f;xi(o,s &l) sa‘utk(dxj é.‘x,) C?x;- zZpk ( )

Where, u is velocity component, subscripts 4 j, [ Einestein's suffixes, and C,, C,;, C,,,

o, 0, turbulence model constants which were taken by Jones and Launder [15].
3.2 Numerical Conditions

Figure 7 shows an analytical model and the boundary conditions. It simulates a part of
the fuel channel at the arbitrary axial location from the infet to the outlet of the annulus.
The computation was performed for one periodic axial length in a three-dimensional annular
channel with a central angle of 120°,

The fluid flows from the upper to lower in the annular channel. To obtain a fully
developed turbulent flow at the inlet of the analytical domain, the periodic boundary
condition was set at the inlet and outlet sections. The calculated values of velocities and
turbulence quantities at the outlet section were substituted as the inlet conditions for the next
iteration. Furthermore, the symmetric boundary condition was set to both circumferential
ends of the analytical domain. Here, the sector angle between the symmetric boundary and
the center of the spacer rib was 60°. The u, v and w in Fig. 7 were fluid velocity components
corresponding to the x, y and z directions, respectively. At the walls, u=v=w=0. The
constant heat flux was given for every wall, but its thermal conduction was neglected. The
radiation from the inner to outer walls was also considered. The wall function, that was a
log-law when y ">11.6 and a linear-law when y"s11.6, was specified as the wall boundary
condition. Here, the y* was defined as y*=py,C,“k.** and subscript p referred to the grid
point adjacent to the wall. The near-wall dissipation value was prescribed as £=C,*k™/Ky,

from the equilibrium assumption in which the production and dissipation of turbulence were
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equal. Here, K is the Karmann's constant. The wall gradient of k was also set to zero. The
wall temperature, T, , was obtained from the following formulation [16] that was based on

the analogy between heat and momentum transfer.

M, = T)b,) 1 Pr L(B)" (G (P ) g

o In(Ey") +— : —
q. Ky Pr ¥y \FPr sin(w/4)\ K Pr

Here, E and C,mean the log-law constant and the van Driest's constant, respectively.

The numerical analysis condition simulated one of experimental conditions, and it was
as follows: the fluid was helium gas with an inlet temperature of 500 °C and inlet pressure
of 4 MPa. The heat flux for the inner wall and the spacer rib surface was 62.6 kW/m®, the
outer wall was insulated, the emissivity for the inner wall and the spacer 1ib surface was 0.8,
the emissivity for the outer wall was 0.3, and the inlet average Re varied from 3000 to
20000. The FLUENT [17] that was a thermal-hydraulic analysis code was used in this study.
Its computational algorithm was based on the SIMPLE [18] method using the control volume
finite difference procedure. In the governing equations, convective and diffusion terms were
discretized using the power-law and the central differencing schemes, respectively. Then,
the discretized equations were solved using the Multi-grid method [19]. Aboundary coordinate
fitted method was adopted to generate arbitrary grid points which would fit the shape of
analytical body surface. Thus, the computation was performed transforming the analytical
domain in Fig. 7 to the computational domain that was shown as a rectangular solid. The
computational grid consisted of 45x8x51 points in the X, y and z directions. A procedure
and equations for the coordinate transformation used to the present study are described in

Ref.[20].
3.3 Thermophysical Properties

An assumption of the constant fluid properties is not adequate under the condition that
the fluid receives a large heat flux from the heated wall. Thus, the thermophysical properties
of helium gas were dependent on temperature and pressure. For the regions of 0°C < T, <

3000°C and P > 0.1 MPa, they can be obtained by the following equations [21].

* Density [ke/m’]; = By, / RTy, — A(Ty) 0" — B(T,)pP’
where, P, [bar] = 10° x P [Pa]
T, [K] =T, [°C] +273.15

_8i
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R=2.07723 x 107 [bar'm’/kgK]
AT, )= 4.5% 107 +5.42 /(1890 + T;)
B(T,)=1.7%107 +42x107 (1890 +T,.) + 25.3/(1890 + T,,)"

* Specific heat capacity [J/kgK]; c, = 35193

-1g .2

* Viscosity [Ns/m?; u=3.78x107T,"" + 5x 167 (0.52+T,, / 569.6) + 2.67 x 10" p

* Thermal conductivity [W/mK]. ;
A=297x10°T,°% +9.23%10°T, (T,) +4.29% 10" )+ 2.33x 107 p +2.39 x 10" p’

3.4 Results and Discussion

To verify the accuracy of the predicted Nu obtained by this numerical analysis using
the standard k-& model constants, first it was compared with the analytical value of Kays &
Leung [2] under the following conditions; a concentric smooth annulus with a fully developed
turbulent velocity profile, a heated inner wall, an insulated outer wall, Di/Do=0.8, Pr=0.7,
and Re=10"¢, 3x10*and 10°. As shown in Fig. 8, the predicted Nu was in good agreement
with their analytical value within an error of 5%. Thus, it was thought that the standard k-€
model constants could be applied up to a certain region of Re<10 even if the analytical
model was different.

Figure 9 (a) shows the axial velocity distribution between the inner and outer walls.
Here, the sector angle, 6, is 50°, the inlet average velocity, u, , 10.5 m/s and the inlet
average Re, Re,,;, 5000. The shape of velocity distribution was almost similar from the
inlet to the outlet in the flow direction. The velocity showed a maximum value at the center
of the turbulence core region, and it was about 1.2 times higher than u,;. Figure 9 (b)
shows the axial velocity distribution at 8 =0° and Re,,;=5000. The velocity decreased in
comparison with 8=50° in Fig. 9 (a). Especially, just behind the spacer rib, it was quite
small but not negative, and its maximum value was reduced down to about a half of u,,.

Figure 10 shows the axial velocity distribution at the center plane between the walls
when 0°s6<60° and Re_;=5000. The influence of flow disturbance due to the spacer nb
reached up to about 8=20° at the outlet section, along the flow separation shown as a dashed

line. Just behind the spacer rib, a wake by the velocity defect appeared, and it recovered as

_9_
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with the axial distance increased. On the other hand, the velocity distribution in the region
of 20°<B<60° was almost uniform in the flow direction.

Figure 11 shows the radial temperature distribution between the inner and outer walis
when Re_ =5000. Where, Fig. 11 (a)is 8=50°, Fig. 11 (b) is 6=0°, and cach line, such as
the solid and broken lines, means the temperature distribution at an arbitrary axial location.
In Fig.11 (a), the temperature in the turbulence core region decreases as y increased. At
near inner wall, the temperature gradient was very sharp because of the large heat flux into
the fluid. On the other side, the temperature distribution in Fig. 11 (b) received a strong the
influence from the spacer rib because the fluid flow was disturbed in the vicinity of the
spacer rib. In particular, the outer wall temperature increased around the spacer rib due to
the generation of stagnation just before and behind the spacer rib. The author et al. [22]
have already confirmed the existence of those using the flow visualization procedure.

A three-dimensional inner wall temperature distribution at Re_ =5000 is shown in Fig.
12. At 8=60° and 8=-60°, the T,, was the lowest in the flow direction. The reason is as
follows: The reduction of channel cross-section due to the spacer rib increases the velocity,
and the velocity becoming maximum at the center position between the ribs in the
circumferential direction, with the blockage also producing turbulence. Consequently, the
heat transfer is improved. Inaddition, T,, increased from 8=60° and 6=-60° as it approached
§=0° in the circumferential direction. Furthermore, the T, at 8=0° was influenced by the
wake flow generated behind the spacer rib and was greatly reduced at the certain position
just behind it. Thus, it was expected the heat transfer coefficient was augmented to a
considerable extent at that position.

Figure 13 shows the variations of predicted Nu before and after the spacer rib in the
flow direction. Where, the solid, broken and dashed lines represent the Nu distributions
corresponding to Re,; =5000, 10000 and 20000, respectively. The Nu increases with Re,
however, the shape of the Nu distribution was almost equal for each Re. A gradually
decrease in the Nu could be scen from the inlet to the outlet sections. The reason is as
follows: In Eq. (3), not only A increases with temperature but also the rate of T Tom
increases along the flow direction. Here, although T,, and T, rise proportionally with the
axial distance from the channel inlet, the rate of temperature rise of T, per unit length is
larger than that of T, so that the difference between T, and T, is extended. From the
inlet to the outlet sections, the Nu varied from 15 to 11 at Re,,;=5000, from 22 to 18 at
10000, and from 36 to 31 at 20000. Furthermore, it was considered that the reason why

the Nu increased in the vicinity of the spacer rib was due to the influence of the heat transfer
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augmentation resulting from the rib, as implied from the inner wall temperature distribution
in Fig. 12.

Figurc 14 shows the comparison between the predicted average Nusselt number, Nu_,
and Eq. {(4). Where, c.ircular symbol indicates the prediction, solid line the value of Eq. (4},
and broken and dashed lines 10% higher and lower values from Eq. (4), respectively. In the
region of 5000=Re=20000, the Nu,, agreed well with Eq. (4) within a relative error of 10%.
Thus, there was some concern about this numerical analysis result having sufficient accuracy
and simulating well the turbulent heat transfer performance of the spacer ribbed fuel rod for
the HTTR. However, at Re=3000, ihe Nu_ was much higher than the value of Eq. (4), with
a difference of 51%. This reason is that the k-¢ model constans exceeded their application
range. JAERI has a plan in which the HTTR core will be operated in the region of
3000<Re<10000. From this viewpoint, it is important to simulate perfectly the heat transfer
characteristics of the spacer ribbed fuel rod for the region of Re<5000. In this respect, the

author plans to give more consideration to the low Re turbulent region.

4. Concluding Remarks

The turbulent heat transfer performance of the fuel rod withthree-dimensional trapezoidal
spacer ribs for the HITR was predicted numerically and investigated experimentally for
various Re under the conditions of high temperature and high pressure. These results are

summarized below.

1. The turbulent heat transfer coefficients of the fuel rod were 18 to 80% higher than the
values of the concentric smooth annulus in the region of Re>2000, and it was correlated

with Eq.(4) and showed good agreement.

2. The predicted average Nu agreed well with Eq. (4) within a relative error of 10% in the
region of Re=5000. Thus, it could be verified that the numerical analysis results had

sufficient accuracy.

3, The numerical prediction clarified quantitatively the effects of the heat transfer
augmentation by the spacer rib and the axial velocity increase by a reduction of the annular

channel cross-section.
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L  :axial distance

Nu : Nusselt number

P :pressure

p  :square mib pitch

Ap :pressure loss

Pr, Pr, : Prandtl number, turbulent Prandtl number, Pr=09
q, q'  :heat flux, dimensionless heat flux

R :gas constant _

Re :Reynolds number, u, De /v

T :temperature

u, v, w :axial, radial and circumferential velocities
X, ¥,z :axial, radial and circumferential coordinates
y  :distance from the wall
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: mean pressure gradient
: dissipation
: mean rate of temperature rise
: von Karman's constant
: thermal conductivity
. W, Wy o viscosity, turbulent viscosity, effective viscosity, u=C p (k¥e)and W =U+L,

= P A~ o, T

v :kinematic viscosity
p  :density
o, ,0, :turbulent Prandtl number for k and €, G,=1 and G,=1.3

£

Subscripts

b :bulk

: convection

: heat generation

: spacer ribbed fuel rod
: inlet

: laminar

Lt TR R

: mean Or average
: outlet

: periodic part

: near wall

: radiation

: smooth anulus

: tutbulent

: transition

s wall
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Fig.5 Relation between the radiative heat transfer and Re
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Fig.13 Variations of the predicted Nu before and behind the spacer rib
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