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Heat transfer and pressure drop characteristics under fully developed turbulent water
flow condition were analyzed over a two-dimensional narrow rectangular channel
whose height is H=1.2 mm. The channel configuration and water flow condition
simulate forced convection cooling of a spallation target system components design
such as a solid target and a proton beam window. The high-Reynolds number form of
the standard k—& and RNGk - ¢ models employing wall functions for the Reynolds
number (Re) range of 7,000 to 22,000 were used in the analyses. As for heat transfer
characteristics of a smooth channel, the Nusselt number obtained by the standard & -¢
model agreed very well with the Dittus-Boelter correlation. No significant differences in
friction factors for the smooth channel were observed for these two models, which
agreed well with the Blasius correlation. However, the standard k —¢ model could not

predict friction factors well for the rib-roughened channel.
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1. Introduction

The Japan Atomic Energy Research Institute (JAERI) and the High Energy Accelerator
Research Organization (KEK) are jointly developing a next generation neutron source
using a high-intensity proton accelerator in order to use high-intensity neutrons in the
fundamental sciences and nuclear engineering fields. The proposed spallation neutron
source will use a proton beam power up to as high as 5 MW. Development of a
MW-class spallation neutron source is one of the most difficult technical challenges. Two
types of targets, namely, a mercury target and a solid target which work as spallation
neutron sources have been proposed M According to the conceptual spallation mercury
target system design 21 it consists of a target vessel and a safety hull. A 1 MW pulsed
proton beam from the high-intensity proton accelerator will be injected into the mercury
target to produce high-intensity neutrons. With the spallation reaction of the injected
proton beam and mercury nucleus, huge amount of heat will be generated and deposited
in mercury. For the safety design of the MW-class mercury target system, sufficient heat
removal with a slow mercury flow is necessary to prevent corrosion and erosion of the
target vessel. According to the conceptual solid target system design M the solid target
consists of heavy metal target plates made of tungsten, and it could be used under a
proton beam power up to 2.5 MW. Through the spallation reaction between the pulsed
proton beam with 1/ s pulse length up to 50 Hz and the tungsten nucleus, huge amount
of heat will be generated and deposited in the target plates. Thus, it is necessary to
remove this huge amount of heat generation efficiently in order to maintain structural

integrity.

Another important technical aspect in the spallation neutron source facility is to design
the proton beam window B which acts as a boundary between a proton beam line
(vacuum) and the target system (helium atmosphere). The proton beam window consists
of two Inconel plates and located at the end of the proton beam line. There will be a high
heat deposition in these plates, and it is necessary to cool down the plates so as to avoid
excessive thermal stress. Cooling channels in the solid spallation target and the proton
beam window are very narrow in order to minimize water volume, which affects the
neutron yield. In order to remove huge amount of heat generation from the spallation
target ~system components, heat transfer enhancement technique using
repeated-micro-ribs working as turbulent promoters in a narrow water-flow channel has
been proposed. Smooth narrow channel will cause not only high coolant velocity but also

flow-induced vibration, erosion and flow disruption. A brief description of spallation
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target system components are described in Chap. 2. The main objective in this study is to
make clear heat transfer and pressure drop characteristics under turbulent flow condition
in a narrow channel for a spallation target system components design by numerical

analyses.

2. High Heat Flux Components in a Spallation Target System

In the conceptual spallation mercury target system design, an integrated structure of
target vessel with the safety hull was proposed to ensure the safety and to collect mercury
in case of mercury leakage caused by the target beam window failure. The inner structure
arrangement of the mercury target vessel was determined based on thermal-hydraulic
analytical results of 3 GeV, 1 MW proton beam injection. The mercury target currently
under conceptual design adopted a cross-flow type (CFT) target vessel. Figure 1 shows
the cutaway view of CFT mercury target with the safety hull. Mercury enters into the
target from the furthest side from the beam window and flows along the blade flow
distributor in the inlet plenum toward each end of the blade, and then crosses over the
proton beam and returns through the outlet plenum along the blades. The target vessel
will be made of 316-stainless steel and its size presently under design is 260 mm in width,
80 mm in height in front of the target and 800 mm in effective length. In order to ensure
safety of the target system, the integrated structure of target vessel with the safety hull
was proposed as shown in Fig. 2. The vessels for mercury target, helium and heavy water
will be connected each other by reinforcement ribs mounted on the surface of each vessel
by welding. The safety hull consists of helium and heavy water vessels, which is known
as outer vessel. Narrow heavy water-flow channel by introducing repeated-micro-ribs

inside will be used to remove excessive heat of outer vessel’s beam window.

In the conceptual spallation solid target system design, the solid target consists of
tungsten target plates and it could be used against a proton beam power up to 2.5 MW.
There will be 39 target plates of which thickness varied from 6~25 mm with dimensions
of 170 mm in length and 70 mm in height. They will be arranged in a row against
injected high-intensity proton beam power up to 2.5 MW. Figure 3 shows the concept of
the solid target. Heavy water will be used as a coolant to minimize the neutron capture
and it flows horizontally to cool down the target plates. Heavy water will also be used to
cool down the outer vessel of the target container under the 2.5 MW proton beam
operation. Figure 4 shows the power density calculation result of the solid targets

assuming uniform proton beam profile. According to Fig. 4, the maximum heat flux is
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calculated to be 1.28 MW/m® under 2.5 MW operation. Through the spallation reaction
between the proton beam and the target nucleus, high-density heat up to 1.2 kW/cm? will
be generated in the target plates. The maximum heat flux reaches 3.6 MW/m? even in
thin target plate, which has a thickness of 6 mm. The cooling channels between the plates
are very narrow in order to decrease water volume ratio affecting the neutron yield. In the
current solid target design, the gap of water-flow channel is 1.2 mm and water volume
ratio to the target metal volume is being kept to less than 10 %. Repeated-micro-ribs on

one side of the target plates are adopted in order to remove this high heat flux efficiently.

Another important aspect of high heat flux component of a spallation target system is
the proton beam window that locates at the end of proton beam line and acts as a pressure
boundary between vacuum and helium atmosphere. It consists of two Inconel plates,
which are cooled down by heavy water flowing vertically from the bottom to the top of
the plates. In the current proton beam window design, the gap of a water-flow channel is
5 mm. Figure 5 shows the concept of a flat-type proton beam window to be applied to a
5 MW proton beam operation. The dimension of a proton beam window is 330 mm in
width, 235 mm in height and 65 mm in depth. Light water flowing from two inlet pipes is
adjusted by using flow guides in order to distribute its flow rate uniformly in the window
section. The maximum volumetric heat deposition at the window will be 960 W/cm’
under 5 MW operation. The thickness of the window will be less than 3 mm.

Repeated-micro-ribs will also be formed on one side of the plates.

To design the cooling channel between the target plates and the proton beam window,
heat transfer enhancement using repeated-micro- ribs working as turbulent promoters in a
narrow channel has been proposed so as to remove high heat flux to keep the temperature
of the target plates and mercury target vessel sufficiently low with relatively low coolant
velocity. It is difficult to comprehend the heat transfer mechanism in the turbulent flow
regime due to eddy, separation, and reattachment. Even though these difficulties, it is
necessary to make clear the heat transfer and pressure loss characteristics in a
rib-roughened narrow channel both analytically and experimentally in order to
understand the mechanism of heat transfer enhancement better and to design the target

system components.

Many studies on heat transfer enhancement using repeated ribs have been carried out
both analytically and experimentally on tubes and annuli under air-flow conditions but
very few studies are on narrow rectangular channels under water-flow condition. There

are virtually almost no heat transfer data available both analytically and experimentally
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on a very narrow rectangular channel with repeated-micro-ribs under water-flow
condition. Islam et al. [4] investigated for the first time to measure the heat transfer and

pressure loss data experimentally o

on such a narrow rectangular channel with
repeated-micro-ribs under water-flow condition. The data revealed that a high potential
heat transfer in the rib-roughened narrow channel but fluid flow and heat transfer
mechanisms are not yet made clear. In this study, in order to understand the complex
mechanism numerically, a CFD analytical tool, the Star-CD code, was selected.
Engineering practice is also necessary to use empirical roughness functions to describe
the near wall region, and analytical or numerical solution scheme to calculate the core

flow in the narrow smooth and rib-roughened channel.

The k-¢ model is presently the most widely used turbulent model for practical
analyses and has been built into virtually all-commercial general-purpose CFD codes.
Bridging the viscosity-affected near-wall layers with the wall functions, most
calculations carry out so far with the k-¢ model. The wall functions involving the
friction velocity are of course particularly unsuited for separation and reattachment
regions where the friction velocity changes significantly. In order to make the k -¢
model applicable to the viscosity-affected near-wall region, the standard
high-Re-number version had to be modified by replacing some of its constants by
viscosity-dependent functions and additional terms in the k-¢ equations. This is the
“Jow-Re-number and two-layer models” approach that had been used for simulating the

turbulent processes very near walls.

The cross-sectional geometries of a flow channel with and without repeated-micro-
ribs surfaces of this study are shown in Figs. 6 and 7, respectively. Their dimensions are
also figured out. Each of channels consists of a space enclosed by solid walls with an
inlet and an outlet. The fluid within the geometry is water and its thermo-physical
properties are evaluated at 15°C. The total mass entering the channel exits through the
outlet. The flow is assumed to be two-dimensional turbulent flow with constant fluid
temperature, density and viscosity. The high-Re-number form of the standard & -¢ and
RNG k -¢ turbulent models were used in the analyses. The analyses were performed
for the non-heating and heating with uniform wall heat flux from one-side, for a range of
the Reynolds numbers from 7,000 to 22,000. The various investigations carried out on
rib-roughened surfaces both experimentally and analytically to date have been presented
in Chap. 3.
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3. Literature survey

Improvements of heat transfer performance through passive and active enhancement
methods have been studied intensively for over 30 years. Heat exchangers with
single-phase tube-side flow are one of the important applications where passive
surface-modification methods are popularly applied. Typical examples of passive heat
transfer enhancement techniques are:

(i) Surface roughness
(i1) Displaced turbulent promoters, and
(iii) Swirl flow generators.

Surface roughness is one of the promising techniques to be considered seriously as a
means of enhancing forced-convection with single-phase flow heat transfer. Initially it
was speculated that elevated heat transfer coefficients might accompany the relatively
high friction factors of rough conduits. However, since the commercial roughness is not
well defined, artificial surface roughness-introduced through knurling or threading or
formed by repeated-rib turbulent promoters has been employed. Although the enhanced
heat transfer with turbulent promoters is often due to the fin effect, it is difficult to
separate the fin contribution. In certain cases it may be desirable to leave the heat transfer
surface intact and achieve the enhancement by disturbing the flow near the heated
surface. Displaced turbulent promoters alter flow mechanics near the surface by
disturbing the core flow and can be done by placing thin rings or discs in a tube. It is
seen that the rings substantially improve heat transfer in the lower Reynolds number
range where the discs are not particularly effective. Examples are baffles and mixing
elements. It has been established that the swirling flow will improve heat transfer in a
duct flow. Generating of swirl flow has been accomplished by coil wires, spiral fins,
stationary propellers, coiled tubes, inlet vortex generators, and twisted tapes. All of these
heat transfer enhancement methods improve single-phase and boiling heat transfer at the
expense of increased pumping power. Heat transfer coefficients are relatively high for
vortex flow due to an increase in velocity and a secondary flow produced by the radial
body force when a favorable density gradient is present and a fin effect with certain

continuous swirl generators.

With the passage of time, the above types of surface roughness are being utilized more
and more for enhancement of heat transfer. Active enhancement, which has also been
studied extensively, requires the additional of external power to achieve the desired flow

modification. They include heat transfer surface vibration, fluid vibration, and
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electrostatic field introduction, are costly and complex. Of the several methods discussed
above, the most popular and successful technique is the enhancement through surface
roughness. This 1s mainly because of its effectiveness in enhancing the heat transfer,
relatively easy to manufacture, less cost and simplicity in application. Ribs, indentations,
spiral flutes and coil inserts are some common surface modification (roughness)
techniques that are currently used or have been proposed for single-phase heat transfer
applications. Of these, two-dimensional transverse type repeated-rib promoter is unique
because of the two-dimensional flow field and the design control parameters are just the
rib height (k), rib spacing (p) and the rib shape. As for spirally indented, fluted and
ribbed tubes, the flow field becomes three-dimensional where a helix angle becomes an

additional and essential design parameter.

Such rib-roughened tubes are sometimes considered in the design of shell-and-tube
heat exchangers. For examples, they applied include single-phase tube of flooded chillers
for air conditioners, surface of condensers for power plants. The size of these heat
exchangers can be reduced considerably by use of rib-roughened tubes instead of smooth
tubes. This has important potential applications of large systems such as those used in
thermal, geothermal, and ocean thermal energy conversion (OTEC) power plants, which
require very large heat exchangers. In addition to these applications, narrow channel with
repeated-rib type promoters is now considered to be applied for the high heat flux
spallation target components. In spite of increasing the use of these rib-roughened tubes
or channels, there are no general correlations available for quantitative evaluation of
pressure drop and heat transfer. In one of the early studies on ribbed tubes, Kalinin et al.
Bl proposed correlations for pressure drop and heat transfer. However, the correlations
are valid only for transverse ribs within the specific ranges of k/D.=0.016-t0-0.07 and

p/De=0.25-t0-1.0, respectively.

Many of the studies found in the literature have tried to extend the studies of
Nikuradse ® on friction with sand-grain  roughness and the heat
transfer-momentum-transfer analogy of Dipprey and Sabersky "' for this type of
roughness, while Gee and Webb proposed correlations for helical ribs, without
including the effects of the pitch. The most general correlations to date were proposed by
Withers P!, Li et al.' and Nakayama et al."! for helically ribbed tubes. Han et al. 2!
systematically investigated the effects of the rib pitch-to-height ratio (p/k), the
height-to-equivalent diameter ratio (k/D.) and the effect of helix angle ( @) on the heat

transfer coefficient and the friction factor of fully developed turbulent air flow in ducts
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that had two or four opposite rib-roughened walls. Liou et al.!"!

also presented the
simplest correlations to see the effects of rib shapes on turbulent heat transfer and friction
in a rectangular channel. The Webb et al.™ correlations are applicable to water, air and

n-butyle alcohol for transverse repeated-rib roughness in a tube.

A comprehensive list was prepared consisting of all the experimental investigations
from which heat transfer and friction factor data could be extracted for different
roughened surfaces for single-phase turbulent flow in internally roughened tubes up to
now. No restrictions were placed on the flow parameters, namely, the Reynolds number
and the Prandtl number, even though much of the data were obtained in the turbulent
regime with either air or water as the test fluid. This file lists the authors of the
investigation and the type of enhanced tubes along with number of tubes tested in the
experiments, which are summarized in Table 1. The sources are listed in the reference
section. In addition, the type of experiment, whether the fluid is heated or cooled, and the

method of heat transfer are provided whenever possible for future reference.

In addition to numerous experimental studies cited above, a number of numerical
studies have also been performed in order to predict the flow behavior in near-wall
region and flows past two-dimensional ribs. Typical numerical studies with the linear
k - ¢ model (Launder and Spalding, [43]) are: Lewis ¥ Lee et al.™), Patankar et al.[*®!
Liou et al.[‘m, Durst and Rastogi [48], Yap [49], Jones and Launder [50’, Benodekar et al.lsz],

Chung et al.®", Park and Chung ®¥, and Leschziner and Rodi®".

The first attemnpt to analytical determination of the roughness functions for flow over

rectangular ribs was made by Lewis *4

. The flow was approximated by a series of
attached and separated flow regions, and some empirical information from experiments
over cavities and steps was required. The k-¢ turbulent model with wall function
boundary conditions was used by Lee et al.l*! to predict roughness functions in an
annulus with a ring type rectangular roughness on the inner pipe. In a numerical study,
a fully developed flow in a single module was solved using the periodicity conditions, as

proposed by Patankar et al. 48! 1. ¥7

in order to avoid the entrance region effect. Liou et a
made numerical computations for turbulent flow over a single rib-roughness in a channel.
Numerical calculations for flow over two-rib roughness in a channel were performed by

Durst et al, 81,

Recently Yap “ has made a numerical study using various turbulent models. The best
heat transfer prediction was obtained with a low-Re-number k-¢ turbulent model
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across the viscous sublayer and an algebraic stress model in the core flow. However, the
Jones and Launder version ®” of the low-Re-number k-& model employed for the
whole flow regime gave fairly good predictions, provided an appropriate source term was

49 also found that

added to the transport equation for the turbulent dissipation rate. Yap
the wall function approach showed poor Reynolds number dependence for the peak
Nusselt Number, even with the algebraic stress model employed in core. Leschziner and
Rodi P! derived the standard k —& turbulent model with and without the curvature
correction equation to solve for the turbulent flow field and heat transfer between
successive ribs in the periodic fully developed regime of a ribbed annulus. Applying this
correction of the k-¢ model to the analyses of annular and twin parallel jets, they

obtained greatly improved predictions compared with the standard &k —¢ model.

Durst and Rastogi 8}, Benodekar et al. [52], Chung et al. [53}, and Park and Chung (541
have also carried out comparisons between k —& model results with and without
curvature corrections, and experimental results. Standard wall functions were used in all
these numerical studies. Use of wall functions as boundary conditions when solving
turbulent flows using the k —¢ model has been relatively successful where properties
are constant. But for large and irregular property variations in the viscous sublayer and
buffer layers, the use of wall functions presents a fundamental problem. Large and
irregular property variations of water at high temperature would complicate the
development of reference property schemes as a reference property scheme can be used
in the wall functions. Since many investigations have been carried out both
experimentally and analytically on tubes and annuli under air-flow conditions but very
few studies are on narrow rectangular water-flow channel. There are almost no heat
transfer data available both experimental and analytical on a very narrow rectangular
channel with one-side repeated-ribs and one-side constant heat flux under water-flow
condition. The objective of this literature survey is to make clear that thermal-hydraulic
studies by experimentally and analytically on such a narrow channel would be the first

step to date.
4. Turbulent model performance in narrow channel flows

4.1 Description of problems

Problems to be considered in this study are depicted schematically in Figs. 8 and 9,
respectively. Each of them involves the determination of two-dimensional heat transfer

and fluid flow characteristics for turbulent forced-convection cooling. The computational
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geometry of smooth and rib-roughened narrow rectangular channels consist of a space
enclosed by solid walls with an inlet and an outlet and its major controlling parameters
are shown below. A uniform heat flux is supplied fiom the bottom side and the opposite
side is insulated so as to remain adiabatic condition. The fluid within the geometry is

water and its thermo-physical properties at 15°C are as follows:

(i) Density, 0 = 997.09 kg /m’

(ii) Molecular viscosity, & = 890.72 X 10°® Pa's
(iii) Specific heat, C, = 4180.0 J / (kg K)

(iv) Thermal conductivity, A = 0.604 W/(m K)
(v) Molecular Prandt]l number, Pr = 8.06

The total mass entering the geometry exits through the outlet. The flow is assumed to be

two-dimensional turbulent one with constant fluid temperature, density and viscosity.

(1) Modeling Strategy

The following modeling strategy is used:
(i) Cartesian coordinate system with uniformly spaced hexahedral cells
(ii) Inlet, outlet, wall and symmetry plane boundary conditions.
(ii1) Incompressible and steady flow options.
(iv) Appropriate physical parameters for water
(v) k-¢ turbulent models for the turbulent characteristics

(2) Analytical Procedure

In each model, the channel height (H) was fixed for 1.2 mm, an entrance and an exit

lengths for O - 25 mm and a heating length for 200 mm as a reference that was assumed

in the conceptual design of the solid target m,

Entrance Developed zone Exit
region (heating zone) region

i H=1.2mm
0-25mm 200 mm 0-25mm

Equivalent hydraulic diameter, D, = 4(W XH) / 2(W+H)
=2H,if W»>H

= 2.4 mm, where channel height, H = 1.2 mm
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(3) Solution flow chart

The procedural steps how to obtain simulated friction and heat transfer data from the
input values are given in a flow chart as shown below: At first, input values of flow
velocity (u), channel height (H), and y* values, grid size of the computational geometry
were fixed. After fixing grid size, fluid properties, boundary conditions and solution
parameters were given as the input data of a analysis CFD-code, Star-CD. After running
the STAR-CD interactively, local parameters such as, surface, bulk temperatures, and
pressure drop data were obtained. From pressure drop, friction data were evaluated and
then compared with the reference-Blasius one. Similarly, from local surface and bulk
temperature data, local heat transfer coefficient consequently local Nusselt number were

evaluated and then compared with the reference-Dittus-Boelter (D-B) one.

Input values

Grid size y' e Fsm Nup.g
l A )

Star -CD

Temp Pressure

distribution etc distribution etc

Y v

Ty, T ete AP etc
h f Simulation -«
Nu simulation
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4.2 Governing equation

The three-dimensional Reynolds Averaged Navier-Strokes and energy equations along
with the eddy viscosity concept are solved by the Star-CD to describe the incompressible
flows in the computational domain. These equations are written in a Cartesian tensor

form as shown below;

(1) Continuity equation
u,

ol (1)

(2) Momentum equation

5 &)
Wherej=x,y,zandi=xXx,y,z

(3) Energy equation

or o [(a+ oT ]

P ~alara) o 3)
Where turbulent dynamic thermal diffusivity a, are given by
M,
a, = 4
e ©

The models chosen were the high-Re-number form of the Standard k& -&¢ and RNG

k - ¢ . Constant thermo-physical properties were assumed, and natural convection is

excluded as (Gr/Re?) < 0.0002 where Gr and Re are the Grashof and the Reynolds

numbers respectively.

(4) Standard % - ¢ high-Re-number model equations

The turbulent kinetic energy (k ) and its dissipation rate (¢ ) are computed from the
standard k- ¢ model of Launder and Spalding where the standard & -&¢ model is

based on the Boussinesq approximation. The modeled transport equations for turbulent

kinetic energy (k ) and dissipation (¢ ) are expressed for steady state, incompressible
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flow, linear contribution, and negligible buoyancy effect as:

6 ll'teﬁ' &

= (puk -y =y, P-pe 5
dxi(pu, 5, (Sxi) u,P-p ®)
8 M o5 O £ e’

(e =——=) =Coy (1 P1-Cop po- (©)
u,=c,pk®/e (7)

Where P denotes the production rate of kinetic energy, k , which is given by:

5uj
p=25, ®)
l ou. auj
= —(—+ 9
B e 9
And
By =H+p, 10)

(5) Standard RNG & - ¢ high-Re-number model equations

The RNG (renormalization group) model is an alternative to the standard k -¢
model for high-Re-number flows. The model, which derives from a renormalization
group analysis of the Navier-Stokes equations, differs from the standard model only
through a modification to the equation for €, except for using a different set of model

constants. This model does not include compressibility or buoyancy effects.

5 iy e £ e2 C.n’(-niny)pe’
—(pu.c- —)=C_ — P1-C — - 11
dxl(p i 65 (ix") rlk[tul ] £2pk 1+ﬂ773 ( )
where
n=2(5,8,)" k 12
iy £

and 7, and g are additional empirical model constants given in the Table 2.

The constants appearing in Egs. (5), (6), and (11) take values in the Table 2, which are
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taken from Launder et al. ¥,

4.3 Major Feature of Turbulent Model

(1) Standard k - ¢ high-Re-number turbulent model

(i) With use of wall functions
(i) Not valid in the region within the layer where molecular and turbulence effects are of
comparable magnitude

(iii) Need not to employ a fine computational mesh within the layer

(2) Standard RNG£ - ¢ high-Re-number turbulent model

(i) Renormalization Group (RNG)
(ii) Improved version of the standard k —¢ turbulence model

(iii) With use of wall functions

(a) Wall functions

(i) Wall functions are well-known algebraic formulas, which represent the
distribution of velocity, temperature, turbulent kinetic energy and its dissipation rate
within the turbulent boundary layers that form adjacent to the wall.
(ii) They allow the boundary layer to be bridged by a single cell.
(iii) They are often used to bypass the necessity of detailed numerical treatment and
the uncertain validity of a turbulence model.
(iv) Wall functions are an economic way of representing the turbulent boundary
layers (hydrodynamic + thermal) in turbulent flow calculations.
(v) Wall functions to be effective, while the dimensionless normal distance,
y*=yu*/U from the wall must not be too small or too large. Generally, y* range =
30 ~ 150 is used .

4.4 Boundary conditions

(1) Entrance

Hydro-dynamically developed uniform flow distribution and a uniform temperature T,
are assumed at the inlet of the channel in the present study. The inlet velocity, turbulent

kinetic energy, k and its dissipation, ¢ profiles are obtained from a calculation of

two-dimensional turbulent channel flow.
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(2) Exit
At the outlet the stream wise gradients of all variables are set to be zero.

%= s f ={u,v,k,e,T} 3)

(3) Symmetry

At the symmetry planes, the normal velocity component and the normal derivatives of

all other variables are set to be zero:

—=0; f={u,v,k,¢,T} 14)

(4) Wall Boundaries

The wall functions proposed by Launder and Spalding, which are a linear—law
relationship when y,* < 11.6 and a log-law relationship when y,* > 11.6 are used to
prescribe the boundary conditions along the channel walls. The wall functions are
applied in terms of diffusive wall fluxes. For the wall-tangential moment, the wall-shear

stress is specified as:

=pupC# %kp%l(
In(Ey")

15)

Where the wall functions constant, E = 9.0, x =0.42 and the non-dimensional wall

distance y" is defined as:

y'= (16)

The subscript, p, refers to node-point of the first grid adjacent to the wall. The production

ratc of k& and the averaged dissipation rates over the near-wall cell for the k equation
as well as the value of ¢ at the point p are computed respectively from following

equations:

G, =t,—>~ a7
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- 1 Yp C ;4 72
£ =———f£dy=—“——p—ln(Ey*) (18)
y.r 0 Kyp
3k %
e,=C, 4 P (19)
Ky,

For the temperature boundary condition, the heat flux to the wall is derived from the

thermal wall function:

Yog N
_(T,-T) pC,C, "k,

. : (20)
Pr.[~In(Ey*) + P]
K
Where the empirical P function is specified as:
/
— A (4/x )}2(——1)< =l 21

B sm(:r /4)

No-slip conditions for the velocity and the wall conditions for the turbulence

quantities are specified at all of the boundary surfaces, including the rib surfaces.

4.5 Numerical Procedures

The Star-CD is a powerful CFD tool for thermo-fluids analysis, which has been used
by the authors in order to investigate the velocity and temperature fields in
two-dimensional turbulent channel flows with smooth and transverse repeated ribs. Its
computational algorithm employs the SIMPLE method proposed by Patankar and the
control volume approach is adopted to solve the hydrodynamic equations using a finite
difference scheme. The study examined the performance of three discretization schemes

(given below) for convection for the standard k — e and RNGk - ¢ model solutions:

1. Upwind differencing scheme (UD)(First order differencing scheme)
2. Self-filtered central differencing scheme(SFCD)(Second order differencing scheme)
3. Quadratic upstream interpolation of convection kinematics scheme (QUICK) (Third

order differencing scheme)

No distinguishable results were found among these. The convergence criterion used in
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this computation is the value of mass flux residuals (mass flow). The under-relaxation
factors for the velocity, the pressure, the turbulent kinetic energy, and the energy
dissipation rate are set to be 0.7, 0.2, 0.7, and 0.95, respectively. The number of the

iterations quite depends on the Reynolds number, grid sizes, and geometric parameters.

5. Computational Results and Discussion

5.1 Frictional pressure drop performance

To see the effect of grid size on frictional pressure drop and heat transfer, analyses
were performed at different computational geometry’s based on dimensionless distance
(y") and the Reynolds number (Re). To account for the near-wall effects in the standard
k -e, RNGk - ¢ models, the wall functions were used. This required the first interior
grid point to be at a distance y* > 11.5 from the wall and required modifying the diffusion
coefficient at the wall to satisfy the law of the wall relationship. To determine the grid
size of the computational geometry of a smooth channel, a boundary layer thickness

equation was used. The equation is given as:

D
y=De |2y 22)
Re V[ ¢x

In simplified form, we have the dimensionless distance,

y" =0.0993 Re **” (y/H), (23)

To verify the ability of the wall functions for the standard k -¢, RNGk -¢ models,
three sets of y* values have been taken as 45, 22 and 15, respectively. It must be
mentioned here that the Star-CD calculates half of the y* value in the computation.
Generally y* is the total dimensionless distance of each cell of a computational geometry.
However in Star-CD calculations, y* lies at the center of each cell. Smooth surface
pressure drop and heat transfer were computed at channel height of 1.2 mm for the
Reynolds number range of 7,000 to 22,000. One of the computational grids along with
velocity magnitude of a smooth narrow channel for two-dimensional flow case is shown
in Fig. 10. In the channel, the flow is entering at the inlet port with a uniform velocity of
3.5 m/s where the Reynolds number is 7,000 and the turbulent parameters (k & ¢) are
specified. The walls, which are parallel to the flow axis (X) are symmetric planes. The

thermo-physical properties of water were taken at 15°C in the computation. The entire



JAERI-Tech 2001-044

computational flow length is 200 mm. Several computations of the standard k —¢ and
RNGk — ¢ models were performed with different mesh sizes, which are summarized in
the Table 3. From Table 3, it is seen that the mesh size depends on the Reynolds number
and dimensionless distance y* values. The mesh size must be adjusted when the Reynolds

number was changed in order to keep a certain dimensionless distance y* value.

Based on this computational domain, frictional pressure drops and heat transfer
performances were evaluated and compared with the reference one. The frictional
pressure drops and heat transfer were calculated in the fully developed flow region.
Figures 11 and 12 show the pressure loss distribution in each segment along the flow
channel. Each segment is at a distance of 5 mm. It is seen from these figures that fully
developed flow was began at 70 mm (L / D = 29) from inlet of the flow length. The
pressure drop was obtained within the fully developed flow regime of 60 mm (90 — 150)
mm from the analytical results obtained by the Star-CD. The local pressure loss data,
which were obtained by the standard k-¢ and RNG k-¢ models, are given in the
Table 4. There are fourteen cases enlisted in the Table 4. Every three cases along with the
last two cases is a particular Reynolds number where the mesh size is only the variable
parameter. The frictional pressure loss data, which were calculated by the Blasius
correlation, is also included for comparison. The calculated pressure drop quite depends
on the grid size of a geometry. The calculated pressure drop agrees well with the Blasius
prediction in the case of y* = 22. The prediction of pressure drop is almost the same as to
y* = 45 but quite high in the case of y*= 15 (y* < 11.5). Because the grid size of y* = 15
was placed too close to the wall so that the ability of the wall functions was lost. The

calculated frictional pressure drop was evaluated by the following equation:

f Simulation = AP De/ ( 2Lo ll2 ) (24)
And the reference one was predicted by the Blasius equation:
f Basius = 0.079 Re "% (25)

Figure 13 shows frictional pressure drop with respect to the dimensionless distance y*
that was simulated by the Standard k - ¢ and the RNG models under different Reynolds

number. It is shown from this figure that frictional pressure loss agrees well with the
reference one at y* = 26 (Star-CD, y* = 13) and both the standard k -¢ and the RNG

models would be suitable to predict pressure loss characteristics in a smooth narrow

channel geometry under water-flowing condition. Figure 14 shows the discrepancy of
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the frictional pressure loss performance between the standard k£ —¢ and the RNG
models. No remarkable discrepancy was found in both models. This is due to
insensitivity of grid sizes on pressure loss distribution between the two models at y*
values of 45 and 22, respectively. To effective use of the wall functions, the y* value
would be at least 11 in the Star-CD calculation. From Figs. 11 to 14, it is shown that
frictional pressure drop performance has not agreed well with the reference one in the
case of y* = 15 as the reason described earlier. It is evidenced from the calculated results
that the standard k-¢ and RNGk —¢ turbulent models which use the wall functions
are the most economical due to their simple treatment of the near-wall flow region,
requiring minimal numerical resolution which saves grid points and hence computer

storage and CPU time.

5.2 Heat Transfer Performance

The heat transfer performance was evaluated for the smooth narrow channel geometry.
To predict the local heat transfer coefficient, the dimensionless parameter, the Nusselt
number (Nu) has been used. The entire flow length is 200 mm as described above. The
constant heat flux of 0.5 MW/m’ from the bottom side of the computational geometry
was assumed through the entire flow length. The local bulk and surface temperatures
were taken at 100 mm from the inlet of the channel where the fuily developed flow
regime was obtained. Then the local heat transfer coefficient was calculated using the

following equation:

"

q .

h= m (26)

The local Nusselt number, Nu, calculated by Eq.(26) was compared with the Nusselt
number for fully developed turbulent flow predicted by the Dittus-Boelter correlation,

Nu D-B-
Nu=hD,./A (27)
Nu p.g=0.023 Re **pr % (28)

Figure 15 shows the calculated surface and bulk temperature distributions along the
flow direction. Fully developed flow region was obtained beyond 50 mm from the inlet
where both the surface and bulk temperatures were parallel to each other. The calculated

surface temperatures agree well with the reference one in the case of y* = 45 and 22,



JAERI-Tech 2001-044

respectively. At y* = 15, the surface temperatures are higher than those predicted by
Dittus-Boelter (D-B) correlation and hence indicates low heat transfer coefficient. Figure
16 shows the Nusselt number calculated for a smooth narrow channel by the Star-CD.
Calculated Nu agrees well with the Dittus-Boelter as for using the wall functions, at y* =
45 and 22, respectively. The Nusselt number shown in Fig.16 were predicted by
assuming local turbulent Prandtl number for Pry= 0.9 which is a well accepted value by
all investigators. Although the local turbulent Prandtl number (Pr,) is 0.94 by using the
empirical equation of Pr, proposed by Myong and Kasagi 561 However there are some
discrepancies amoung the constant values of Pr; proposed by various investigators. The
local variation of Pr, in the various types of turbulent flows has not been fully resolved
due to experimental difficulty and uncertainty involved in determining local turbulent

Prandtl numbers.

Sensitivity of grid sizes between the two values of y* = 45 and 22 is not pronounced so
far and hence the data reveals similar results. Calculated Nu number was quite far from
that predicted by Dittus-Boelter correlation in the case of y* = 15. For these finer grid
sizes, the node of a single cell was too close to the wall so that the ability of the wall
functions was lost. It is well to note here that the wall functions used in connection with
the standard model are usually applied in a region 22 < y* < 150. The standard k —¢
model would be better than the standard RNGk - ¢ model for predicting heat transfer
characteristics in a smooth narrow channel. Figure 17 shows the comparative results of
surface and bulk temperature changes while keeping zero (0) and 25 mm non-heating
lengths at the entrance and exit regions of the analytical model. Figure 18 shows its
consequent entrance length effect on heat transfer performance for these surface and bulk
temperature variations. The surface temperature estimated by Dittus-Boelter one
becomes a slightly higher than the analytical one for the two cases as shown in Fig.17.
Non-heating length region plays a little role as to persist full-developed flow region.
Study showed that zero-non-heating length prevails lengthy entrance region than the
having-non-heating length and the data are more scattered for the zero non-heating length
case. From this figure it can be concluded that the total non-heating length = 50 mm
predicts more smooth heat transfer distribution than the non-heating length = 0 due to
less entrance region effect. However, it can also be concluded that there will be no major
differences of heat transfer performances in the fully developed flow region even though
variations of non-heating lengths of the analytical model. The calculated local heat
transfer data for the zero non-heating length were obtained by the standard k-¢ and

RNGk - ¢ models that are given in the Table 5. Every three cases along with the last
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two cases remains a particular velocity whereas there is a slight variation of the Reynolds
number. This is due to the small variation of the bulk temperatures at 100 mm from the

inlet of the analysis flow length.

Figure 19 shows the computational grid (17X2000) along with velocity magnitude of
a rib-roughened narrow channel geometry. For the roughened geometry, the roughness
height (k), spacing (p) are 0.2 and 2 mm, respectively and roughness spacing/height (p/k)

1 [4]

is 10 according to experiments carried out by Islam et al.”™. The calculated smooth and

rib—roughened narrow channel pressure drop data obtained by the standard linear k-¢
turbulent model was compared with the available data measured by Islam et al. I,
Figure 20 shows the comparison results at Re = 7000. The analytical pressure loss
results calculated by the standard k — ¢ turbulent model were estimated about 5.6 times
higher than the smooth one and nearly two times higher than the experimental one for the
rib-roughened channel geometry. The reason for this large discrepancy between
experimental and analytical pressure loss data of a rib-roughened surface is due to
ignorance of recirculation and reattachment mechanism between the ribs in the wall
functions approach. The systematic study on these differences needs further investigation

by using a near wall turbulent model such as the low Reynolds number model.

6. Concluding Remarks

Heat transfer and pressure drop characteristics under fully developed turbulent water
flow condition were analyzed numerically over a two-dimensional smooth narrow
rectangular channel whose height is H = 1.2 mm. The channel configuration and water
flow condition simulate forced convection cooling of a spallation target system
components design such as a solid target and a proton beam window. The
high-Re-number form of the standard k—¢ and RNGk —-¢ models were used in the
analyses. The heat transfer analyses of the smooth narrow water-flow channel were
performed for the condition of uniform wall heat flux from one-side, for a range of
Reynolds numbers from 7,000 to 22,000. The frictional pressure drop was evaluated in

non-heating conditions of the flow channel.

As for heat transfer characteristics, the Nusselt number obtained by the standard k - ¢
model agreed very well with the Dittus-Boelter correlation. However, the calculated
pressure losses (y* = 22, 45) were found no significant effect on grid sizes for both
models except y* = 15. The local heat transfer coefficients were taken in the fully

developed region, which lies at mid-position of the analysis flow length. The pressure
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drop was calculated between the distance of 60 mm (90 — 150) mm from the inlet of the
channel. Heat transfer performances were affected by the computational grid sizes of a
geometry. Heat transfer performances also vary over entrance length. The longer the
non-heating length, the lesser is the entrance length region. The k —¢ high-Re-number
turbulent models employing wall functions predicted more reliable and accurate results
in the smooth narrow water-flow channel. In most high-Re-number flows, the wall
functions approach is a practical option for the near-wall treatments for industrial flow
analyses. The rib-roughened surface was claimed to be very high frictional pressure loss
performance compared with the experimental one for the grid sizes of 17X2000. This is
obvious due to not occur separation and reattachment mechanism between the ribs. The

systematic study on rib-roughened channel flows needs further investigation.
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Nomenclature

A Van Driest constant

C. CiG G turbulence models constants

G specific heat at constant pressure
De hydraulic equivalent diameter, D, = 4WH / 2(W+H) = 2H [W>>H]
E Constant in logarithmic law of wall (E=9.0)
f roughened friction factor
3
Gr Grashof number, Gr = 88D, (2T” -1,)
v
h forced convection heat transfer coefficient
channel height
k rib height
k turbulent kinetic energy, & =§u_, u_,
. . . I . kK
k dimensionless turbulent kinetic energy, k" =——
u



Pr(

qQw
Re

Rey
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channel length

Nusselt number, Nu =h D./A

rib spacing

pressure

production of turbulent kinetic energy
pressure difference,

molecular Prandtl number, Pr=C, 1t/ A
turbulent Prandtl number

wall heat flux

Reynolds number, Re =D, uy, / V

y vk

ribs Reynolds number, Re =
v

turbulent eddy Reynolds number, Re, =k—

temperature
local axial fluid velocity

b
friction velocity, u * = [T% ]

channel width
local distance from the surface
dimensionless distance, yu*/ Vv

cartesian coordinates

molecular viscosity

turbulent eddy viscosity

kinematic viscosity

dissipation of turbulent kinetic energy

. . NP Ve
dimensionless dissipation rate, ¢ ‘=

4
u*

turbulent model constants

turbulent model constant /thermal expansion coefficient

Von Karman constant

turbulent thermal diffusivity, 1,/ Pr
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molecular thermal diffusivity, A/0 C,
a helix angle
density

wall shear stress

>~ 4D R R

thermal conductivity

Subscripts

b bulk

cal calculated

D-B Dittus-Boelter
H heated

1, Einstein constant
p cell center-point
S/R smooth/rough

t turbulent

eff effective

w wall
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Table 1 Investigations Cited in This Study ®

Study Tubes  Type Fluid Expt. f N-ISO-i HT
tested condition

1. Kalinin [5] 10 ind. Air W. cooled 10 0 10
2. Gee and Webb (8] 3 rib Air E.H. 3 3 3
3. Withers [9] 13 ind. w T=Const 13 0 13
4. Li [10] 20 ind. w E.H. 20 0 20
5. Nakayama [11] 6 ind. w E.H. 0 6
6. Webb [14] 5 rib AW E.H. 5 5
7. Chiou [15] 15 coil oil W. cooled 15 15
8. Zhang [16] 32 coil Air W. cooled 32 0 32
9. Ravigururajan [17] 4 ind. W E.H. 4 4 4
10. Yoshitomi [18] 18 ind. w E.H. 18 0 18
11. Berger [19] 3 rib Air E.H. 3 0 3
12. Migai [20] 10 ind./fl Air T=Const 10 0 10
13. Bolla [21] 1 rib He,N, W. heated 1 0 1
14. Ganeshan [22] 7 ind. w W. heated 7 0 7
15. Gupta [23] 5 ind. w W. heated 5 0 5
16. Nunner [24] 4 rib Air W. heated 4 0 4
17. Sams [25] 13 coil Air E.H. 13 0 13
18. Kumar [26] 14 coil w E.H. 0 14 14
19. Novozhilov [27] 10 coll Air E.H. 10 0 10
20. Snyder [28] 11 coll W E.H. 11 0 11
21. Sethumadhavan[29] 8 coil % W. heated 8 8 8
22. Molloy [30] 1 coil Air E.H. 1 0 1
23. Ravigururajan [31] 5 coil Air W. cooled 5 0 5
24. Mehta [32] 8 ind. W W. heated 8 0 8
25. Cunningham [33] 3 ind. w W. heated 3 0 0
26. Mendes [34] 3 rib w Sublimation 0 3 3
27. Yampolsky [35] 4 flute w W. heated 0 1 1
28. Scaggs [36] 3 3d w 1ISO 3 0 0
29. Newson [37] 24 flute W W. heated 0 24 24
30. Sutherland [38] 1 rib Stm E.H. 0 1 1
31. Smith [39] 2 3d AW, G E.H. 0 2
32. Takahashi [40] 3 3d W E.H. 2
33. Obot [41] 24 all Air E.H. 4 24 24

%E.H=Electrical heating, A= air, G= glycerin, Stm=steam, W=water, ISO=isothermal, HT=heat transfer
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Table 2 Constants in Turbulent Equations

Keyword | Symbol | Default Comments
CAPPA K 0.42 Von Karman constant
CMU C. 0.09 Constant in eddy viscosity formula
0.085 | C, in RNG model
C1 C, 1.44 Constant in € equation
1.42 Constant in RNG model
C2 C,, 1.92 Constant in € equation
1.68 Constant in RNG model
BETARG B 0.012 | Constant in RNG model
ETAORG No 4.38 Constant in RNG model
K 0y 1.0 Turbulent Prandtl number for K
0.719 | Turbulent Prandtl number for K in RNG model
€ 0, 1.22 Turbulent Prandtl number for € for k-¢
Turbulence model
0.719 | Turbulent Prandtl number for € in RNG model
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Table 3 Computational Grid Size of a Smooth Narrow Channel Height, H=1.2 mm

Case Re u Mesh No. Y ecal Y (mm) y* Star-CD

No. (m/s) (1mesh- size) (STD. k-¢€)

I 5 45 0.23 22.55

ii. 7000 3.35 10 22 0.11 11.22
iii. 15 15 0.078 8.32

iv. 6 45 0.188 23.34

V. 9000 4.3 13 22 0.092 10.77
vi. 19 15 0.062 8.16

vii 8 45 0.146 22.45
viii. | 12000 | 5.73 17 22 0.071 10.61
iX. 25 15 0.048 7.97

X. 11 45 0.11 20.97
Xi. 16000 7.65 22 22 0.055 10.55
Xii. 32 15 0.037 7.97
Xiii. 14 45 0.086 21.75
XiV. 22000 | 10.52 28 22 0.042 10.82
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Beam stopper Mercury

Bladed distributor

Mercury
Outer vessel

(Safety vessel)
Inner vessel \

(Target vessel)

Beam window s
’b_’_’_;_,_, Heavy water for
. Safety hull cooling

Guide for installing the target
He gas between inner and outer vessels

Proton beam

Beam Size  Current Density

13 x 5cm® 5.1 Ap/cm’

Fig. 1 Cross-Fiow Type (CFT) Target with Safety Hull

He vessel Heavy water Mercury (outlet)

\ (outlet)

Heavy water and Mercury (inlet)

He plenum
Target container

Safety hull
(Heavy water, ,
cooling)\

Heavy water
(outlet)

Beam window
Blade type
flow distributor

Material : SUS316L
Dimension : Target vessel 80 mm(height),200-500mm(width), Effective length 800mm
Safety hull 100 mm(height), 300-650mm(width), length 1500 mm

Fig. 2 Integrated Mercury Target with Safety Huli



JAERI-Tech 2001-044

| Repeated micro ribs |

Width : 0.2mm  Rib pitch: 2mm
Height: 0.2mm

Heavy Water Flange
(Vessel Cooling)

Beam Stopper

Cooling
Water

Micro ribs work as turbulent promoters

Target plate (tungsten)

—7

Outer Vessel

% Beam Window

Proton Beam
(up to 2.5MW)

Manifold

Inner Vessel

3 manifolds model

Vessel material : SUS316
Target vessel size : 140 mm(H) X 460 mm(W) X 1000 mm(L)

Fig. 3 Concept of Solid Target for 1MW and up to 2.5MW Operations

Proton emergy: 3GeV

Max. : 1212 W/cc

1200 [-«<—
’ 2.5 MW

Powe.r 800 | - Max. : 485 Wicc
density i

(Wice) /4( 1.0 MW
400

0 0 40 60

Distance from beam window (cm)

Fig. 4 Power Density of Solid Targets
(25% margin already included)
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Light water
(inlet)

Light water

(outlet)

Light water

Proton beam

window

Proton beam

(unit : mm)

Fig. 5 Conceptual Design of a Proton Beam Window

H=12mm Flow region
l k=0.2mm
| Healing surface | Heating surface
20 mm 100 mm
Fig. 6 Cross Section of Flow Channel Fig. 7 Flow Channel With Rib-Roughened Surface
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Fig. 10 Computational Grid (10 x 2000) of STD. k¢ High-Re-Number Model
and Velocity Magnitude(Smooth Surface)
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Fig. 11 Calculated Pressure Loss Distribution along

Flow Direction, Re=7000
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Fig. 12 Calculated Pressure Loss Distribution along
Flow Direction , Re=9000
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Fig. 14 Calculated Friction Factor in a Smooth Narrow Channel
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Fig. 15 Variation of T,, wrt T, along Flow Direction
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Fig. 19 Computational Grid (17 x 2000) of Rib-Roughened Geometry
and Velocity Magnitude
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