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Heat transfer augmentation in narrow rectangular channels in a

target system is a very important method to remove high heat flux up to

12MW/m 2 generated at target plates of a high-intensity proton accelerator

of 1.5 GeV and 1 mA with a proton beam power of 1.5 MW. In this report, heat

transfer coefficients and friction factors in narrow rectangular channels

with one-sided rib-roughened surface were evaluated for fully developed

flows in the range of the Reynolds number from 6,000 to 1,00,000; the rib

pitch-to-height ratios (p/k)were 10,20 and 30; the rib height-to-equivalent

diameter ratios(k/De)were 0.025,0.03 and 0.1 by means of previous existing

experimental correlations. The rib-roughened surface augmented heat

transfer coefficients approximately 4 times higher than the smooth surface

at Re=10,000, p/k=10 and k/De=0.1;friction factors increase around 22

times higher. In this case, higher heat flux up to 12 MW/m 2 could be removed

from the rib-roughened surface without flow boiling which induces flow

instability; but pressure drop reaches about 1.8 MPa. Correlations

obtained by air-flow experiments have showed lower heat transfer

performance with the water-flow conditions. The experimental apparatus was

proposed for further investigation on heat transfer augmentation in very

narrow channels under water-flow conditions. This report presents the

evaluation results and an outline of the test appararus.
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1. Introduction
A compact target with high power-density consisting of solid plates will be used

in a spallation neutron source with a high-intensity proton accelerator of 1.5 MW

proton-beam power. Then, the target plates generate high heat flux up to 12

MW /m2. The required heat flux is more than ten times of the conventional heat

flux. A forced convection with subcooled water in a very narrow rectangular

channel at a moderate velocity is one of promising heat removal methods under

such high heat flux conditions [ 2 J.

The heat comes from a high-intensity proton accelerator of 1.5 GeV and 1 mA

(1.5 MW proton-beam power). Tantalum, Tungsten etc. will be used as the

target material. For the solid targets, there will be more than 21 plates with

different thickness and coolant passages between the plates. The coolant

passage is a rectangular channel with 0.15 cm thick and 9.0 cm in length which

were defined at the IPNS upgrade design for a 1MW target station [8]. In the

design, surface temperature of the target plate is suppressed below 127 t ;

water flows at a velocity of more than 13.4 m/s in order to prevent from

occuring subcooled boiling and then, saturation temperature of water will be

172X) at 830 kPa (8.32 bar).

Since high-speed water flow can easily induce flow vibration of plates, water

velocity should be decreased as low as possible. From this view point, heat

transfer augmentation is useful.

One of the well-known methods for augmenting heat transfer is to roughen the

surface using repeated ribs. Then, the ribs which work as turbulent promoters

disturb the viscous sublayer of the turbulent boundary layer and create local

wall turbulence due to flow separation and reattachment between the ribs,

which greatly augment the heat transfer [ 14 ].

A good knowledge of the heat transfer distribution on and between the ribs is

desirable for improving our understanding of the mechanism by which the ribs

actually influence on heat transfer [ 2 ].

So, the objective of this work is to focus the feasibility studies of heat transfer

performance in a very narrow channel with two-dimensional square-ribs in order

to make clear the effectiveness of the high heat flux removal performance by

heat transfer augmentation.

In this report, the effects of rib configuration (rib height, rib pitch ) and channel
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height on the average heat transfer and pressure drop in fully developed flow
region will be investigated systematically.

The effects of these parameters on the local heat transfer and pressure drop in

developing (entrance) and fully developed regions of rib-roughened channel

with three different aspect ratios (0.05, 0.15, 0.25) will be evaluated for the

Reynolds number range of 6,000 to 1,00,000; the pitch-to-height ratio varies

from 10 to 30 and the rib height-to-channel equivalent diameter ratio varies from

0.025 to 0.10.

2. Heat transfer augmentation
In the moody diagram, it can be seen that roughness increases the friction

factor (f), with an asymptotic value of f as a function of the ratio of roughness

height (k) to tube diameter (D) at large Reynolds numbers. Some effects on

heat transfer would also be expected, because roughness disturbs the viscous

sublayer in the turbulent boundary layer by rough protrusions; heat transfer rate

can be increased by decreasing thickness of the viscous sublayer. In general,

it has been found that artificial roughness does increase the heat transfer;

however, it increases the friction factor even more.

One variable in relation to roughness is obviously the ratio of roughness height

(k) to tube diameter (D), k/D. Edwards and Sherif noted that to be effective, a

roughness element must penetrate the viscous sublayer (y+=5) and for full

effectiveness the roughness height should be larger than the combined viscous

sublayer and buffer layer thickness (y*=40 ). There is almost no increase in

heat transfer for greater heights, but the friction factor continues to increase.

Other variable is the ratio of pitch (p) to height (k) for the repeated roughness

elements[11].

So, surface roughness is commonly used as an effective approach for

augmenting the heat transfer coefficients. Because the improved heat transfer

performance by roughened surfaces is at the expense of increased pressure

drop, accurate prediction techniques for determining the pressure drop(the

friction factor) and heat transfer coefficient (Nusselt number) of rib-roughened

surfaces are required in design activities of targets etc. This chapter is

concerned with the previous experiments for the prediction of friction factors

and heat transfer performance in tubes or channels internally roughened with

repeated two-dimensional ribs aligned perpendicular to the flow.
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As shown in Fig. 1, the ribs are spaced sufficiently far apart and leeward of the

rib separated flow reattaches to the surface before again separating in order to

negotiate the next rib. This heat-transfer augmentation mechanism is called

the separation and reattachment mechanism [ 3, 4 ]. Webb et al. (1971) and

Liou and Hwang (1993) provided an extensive set of heat transfer and friction

factor data in tubes and rectangular channels with a wide range of rib

geometries, respectively. The experimental conditions of these two existing

experiments are shown in Table 1-1 and 1-2. These two experimental

conditions are discussed to find the similarities between water and air

correlations.

In the following subsections, the prediction of friction factors and heat transfer

coefficients are discussed from the experimental correlations of Webb et al. and

Liou and Hwang.

2.1 Correlations obtained by water-flow experiments and application to

narrow channel [ 13 ]

Friction factors were determined with air as a working fluid under isothermal

flow conditions without heat input, which were evaluated by measurement data

of pressure drop across the entire length of the rib-roughened tube. The

heat-transfer experiments were carried out with air (Pr=0.71), water (Pr=5.1)

and n-butyl alcohol (Pr=21.7) in the range of Reynolds number (Re) from 6,000

to 1,00,000 under constant heat flux conditions. A test section consisted of

one smooth tube section and five rough tube sections with rectangular ribs of

which pitch-to-height ratios (p/k=10, 20, 40) and rib height-to-hydraulic diameter

ratios (k/De=0.01 to 0.04 ). Each rough tube section consisted of two identical

copper tubes of 36.83 mm in inner diameter and 1524 mm in length. The test

section was heated by electricity.

2.1.1 Friction factor correlation

For the results of rib-roughened surfaces to be most useful, general correlations

are required for both the friction factor and heat transfer data which cover a wide

range of parameters (k/De, Re, p/k). Since Nikuradse found the law of the wall

and developed the so-called friction similarity law to correlate the friction data

for fully developed turbulent flow in tubes with "sand-grain" roughness, the

method has been successfully extended by Webb et al. to correlate the

— 3 —
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experimental data of friction factors for turbulent flow in tubes with geometrically

similar roughness family. Surfaces which are not geometrically similar will

require modifications on relationship between the roughness and heat transfer

coefficient found by similarity considerations.

Considering friction factors for geometrically similar roughness, the velocity

defect law and the law of the wall similarity are used as basic assumptions.

The first of these implies, for turbulent flow in a channel, the existence of a

region, away from the immediate vicinity of the wall, where the direct effect of

viscosity and roughness on the core flow is negligible.

The velocity defect law is described by the following equation :

uc - u / u* = 2.5 ln( R/y) (1)

The law of the wall implies the existence of a region close to the wall where the

velocity distribution depends on the local conditions, y, p, v, r and k. The law

of the wall similarity is described by the following equation :

u /u* = f ( y/k, k+) (2)

Assuming a region of overlap, the velocity defect law and the law of the wall

similarity described above are combined to give equation (3) for the turbulence

dominated part of the wall region with uk
+ which is a function of k+.

u /u* = 2.5 ln(y/k) + uk
+(k+) (3)

Based on these analysis, Nikuradse developed the friction similarity law for

sand-grain roughness surface by assuming equation (3) which holds

approximately over the entire cross section. His data covering a wide range of

k/De was correlated by equation (4) where k* is the roughness Reynolds number

[ k+= k/De Re(f/2)°5 ]

uk
+ = (2/f)H +2.5 In(2k/De) + 3.75 (4)

Equation (4) is called the friction similarity law. The roughness function uk
+(k+)

is a general function determined empirically for each type of geometrically

similar roughness. The roughness function for Nikuradse's sand-grain

roughness has the constant value of 8.48 when k+ is greater than 70; i.e. in

completely rough regime uk
+(k+) does not depend on k+. It is, however,

expected to be different values for different geometrical roughness

configurations. Based on the "friction similarity law", Webb et al. found a

successful friction correlation for turbulent tube flow with repeated-rib

— 4 —
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roughness by taking into account of the geometrically non-similar roughness

parameter, the p/k ratio, as follows :

(2/f f = 2.5 \n(DJ2k) - 3.75 + 0.95 (p/k)053 (5)

for p/k^10, k+ ^35, 6 x i 0 3 < R e < 1 0 5

The smooth surface friction factor was calculated from the following Swamee-

Jain (1976) approximation [12]:

f, = 0.0625 / [ Iog{5.74/Re°9}]2 (6)

The concept can be extended to correlate the friction factor data for turbulent

flow in a very narrow rectangular channel with repeated-rib roughness by taking

into account of the geometrically non-similar roughness parameters of p/k, rib

shape and one-sided constant heat flux condition. Pressure drop along the

test section in fully developed flow can be determined by the following

equation:

A P = 2 x ( L / D 9 ) x p x U m
2 x f (7)

2.1.2 Heat transfer correlation

Analytical method for predicting the friction factors and heat transfer

correlations for turbulent flow over rib-roughened surfaces are not still available

because of the complex flow conditions, such as flow separation, reattachment

and recirculation which are generated by periodic rib-roughness elements.

Semi- empirical correlations for the friction factors and heat transfer coefficients

are popular in designing equipments with ribs.

According to the similarity law concept developed by Nikuradse (1950)

successfully applied to correlate the friction data for fully developed turbulent

flow in tubes with "sand-grain" roughness. Based on a heat-momentum

transfer analogy, Dipprey and Sabersky (1963) developed the heat transfer

similarity law for fully developed turbulent flow in tubes with "sand-grain"

roughness, which is complementary to Nikuradse's friction similarity law.

Webb et al. (1971) extended the friction and heat transfer similarity law to

correlate the friction and heat transfer data for turbulent flow in tubes with

repeated-rib roughness elements.

The similarity law was employed to correlate the friction factors and heat

transfer coefficients obtained in experiments with rib-roughened annular tubes

— 5
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by Dalle Donne and Meyer (1977), with rib-roughened parallel plates by Han et

al. (1978), with tubes roughened internally by Gee and Webb (1980) and with

rib-roughened square channels by Han et al. (1985). Based on the "heat

transfer similarity law", Webb et al. found a successful heat transfer similarity

relationship for turbulent flow with repeated-rib roughness. That was

correlated with the Stanton number (St) as follows :

St=(f/2) / [1 +(f/2)* {4.5 (k+)028 x Pr057- 0.95(p/k)053}] (8)

where k+^35, 0.71 <Pr < 37.6

Webb et al. also correlated the following St for the smooth surface as a

reference:

Sts=(y2) / [1 +9.3(fs/2)* (Pr-1) Pr 025] (9)

The heat transfer augmentation due to the presence of rib-roughness is often

expressed as a ratio of the local heat transfer coefficient for the rib-roughened

surface to the local heat transfer coefficient of a smooth surface at the same

Reynolds number.

It is therefore, convenient to express the local element Nusselt number (Nur) in

terms of the smooth surface Nusselt number (Nus) multiplied by a rib

augmentation factor (Er).

Nur =E rNus (10)

In the present analysis, the value of Er is approximately taken to be 4.

The smooth surface Nusselt number is calculated from the following equation:

Nus = RePrSts (11)

Another Nusselt number for smooth surface is calculated from the following

Dittus-Boelter equation:

Nus= 0.023 Re08 Pr04 (12)

This equation is valid for 0.71 <Pr< 100 and 6x i0 3 <Re<10 5

The concept described above can be applied to correlate the heat transfer data

for turbulent flow in a very narrow rectangular channel with repeated-rib

roughness by taking into account the geometrically non-similar roughness

parameters of p/k, rib shape, one-sided constant heat flux condition.

— 6 —
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2.1.3 Analytical Results and Discussion

(a) Boundary layer thickness [ 1 ]

Figure 2 shows the relationship between boundary layer thickness and the

Reynolds number for Webb et al.'s experimental condition. It is found that heat

transfer augmentation can be realized by protruding the ribs over the viscous

sublayer; the ribs disturb the viscous sublayer and create local wall turbulence

due to flow separation and reattachment between the ribs, which greatly

augment the heat transfer coefficient.

The thickness of the smooth surface viscous sublayer in terms of the inner-

region coordinate, y+ is typically taken to be y+ ^ 5, for buffer layer regime, 5

^ y+ ^ 40 and for turbulent flow regime, y+ ^ 40. In Webb et al.'s

experiments, under water-flow condition, heat transfer was augmented in the

region of more than 10,000 of Reynolds number. The rib exists in the buffer

layer regime within the Reynolds number 10,000 to 80,000. In our experiments

discussed in chap.3, rib height is to set at 0.2mm. Figures 3, 4 and 5 show the

relationship between boundary layer thickness and the Reynolds number for

different channel heights. From these figures, it can be seen that 0.2 mm rib-

height will have high potential to augment heat transfer in a very narrow channel

under water-flow condition.

(b) Friction factor and Pressure drop

Figure 6 shows the comparison of friction factor predictions with the data of

Webb et al. for the k/D=0.02, w/k=0.52 and varying p/k ratios. The results

show the very good agreement with the experiments. Figures 7, 8 and 9 show

the friction factor predictions with the Reynolds number for the proposed

experiments. These figures indicate the effects of the rib pitch-to-height ratios

and channel heights, while holding the rib height at a constant value of

k=0.2mm. The friction factor of rib-roughened surface is insensitive to the

Reynolds number for fully developed flows though the friction factor of the

smooth surface has a relation with the Reynolds number.

Figures 10 and 11 show the comparisons of the friction factor ratio(f/fs) with the

Reynolds number for p/k=10, 20, 30 and channel heights of H=1 and 3 mm.

The friction factor ratio increases with the Reynolds number; the friction factor is

the highest at p/k=10. On the other hand, the friction factor ratio decreases

while the channel height increases. Friction factor at channel height of H=1

7 —
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mm increases with the rib pitches by factors of 20-39, 9.5-19 and 6-12.3

approximately for p/k=10, 20 and 30 respectively, to the smooth surface in the

range of Reynolds number from 6000 to 1,00,000.

This trend is physically reasonable because of increasing blockage of the flow

passage by the ribs. As for the effect of the rib height, equation (5) indicates

that the friction factor decreases with increasing the rib height ( k) for a given rib

pitch (p). Figures 8 and 9 show the effects of channel height ( H) varying from

3 to 10 mm, under constant rib height and its width.

The friction factors are approximately 5.8-19, 3.2-11.3, 2.1 -8.3 times higher than

those of the smooth surface for p/k=10, 20, 30 at channel height of H=3 mm :

2.1-5.2, 1.3-3.5, 0.9-2.7 times higher for p/k=10, 20, 30 at channel height of

H=10 mm respectively with the same range of Reynolds number.

Figures 12, 13 and 14 show the relationship between water velocity and

pressure drop along the test channel. It is seen that pressure drop is very high

for smaller channel heights in low velocity region. Pressure drop was

calculated for the length of 200 mm under 15°C of water temperature.

Pressure drop for smooth surface is also shown for comparison. The results

show that pressure drop is the highest at p/k=10. From the discharge pressure

of a pump installed in a test loop described in chap.3, the experiments for the

rib-roughened surface should be carried out at low velocity while the

experiments can be carried out at moderate high velocity for the smooth

surfaces. It is possible to determine the heat transfer coefficients for the

smooth and the rib-roughened surfaces in low Reynolds number range (low

velocity) below 10,000.

(c) Heat transfer performance
In this section, the calculated Nusselt number, Stanton number and their ratios

are discussed with relation to the Reynolds number. Temperature distribution

in relation with velocity is also discussed for the feasibility studies of the

experiments up to CHF. Effects of rib spacing (p), Reynolds number (Re) and

channel heights (H) on heat transfer performance can be looked over.

Figure 15 shows the comparison of Nusselt number predictions with the data of

Webb et al. for the k/D=0.02, w/k=0.52 and varying p/k ratios. The agreement

is excellent with the experiments. Figure 16 shows the relationship between

the Nusselt number and the Reynolds number for the rib-roughened surface in

— 8 —
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the range of 6,000 to 1,00,000. The Nusselt number of smooth surface is

also shown for comparison. Webb et al. and Dittus-Boelter correlations,

equations [11] and [12], are used for calculating the smooth surface heat

transfer coefficients. As seen in the figure, there is a little difference between

their correlations.

The results also show that the rib-roughened surface for p/k=10, 20, 30

augments heat transfer by 3.6-4.33 times, by 2.8-3.3 times, by 2.4-3 times to the

smooth surface. Figure 17 shows the Nusselt number ratio for the rib-

roughened and the smooth surface as a function of the Reynolds number for

various dimensionless pitches (p/k) in H=1mm. The results show that the

Nusselt number ratio decreases with increasing the rib pitches. The reason is

that wall turbulence enhanced by the flow separation and reattachment by the

ribs and the distance between the reattachment point and the successive rib

increases with p/k. The heat transfer augmentation for p/k=30 therefore, is

smaller than for p/k=10, 20.

Figures 18, 19 and 20 show the same figures as Figs. 16 and 17, which

represent the heat transfer performance for channel heights 3 and 10 mm. The

Nusselt number ratio shown in Fig. 19 in the case of H= 3 mm, is lower than that

shown in Fig. 17 ; the effect of p/k on the Nusselt number is very small in the

case of H=10 mm as shown in Fig.20.

Figure 21 shows the relationship between the Stanton and the Reynolds

number. The Stanton number for fully developed turbulent flow in smooth

surface is also shown for comparison. As shown in the figure, the Stanton

number decreases with increasing the Reynolds number and p/k. The

maximum value of the Stanton number occurs at p/k=10. The rib-roughened

surface with p/k=30, gives the lowest heat transfer coefficients. The Stanton

number of the rib-roughened surface for p/k = 10, 20 and 30 is about 2.5-3.8,

2.2-2.9 and 1.8-2.4, times higher than that of the smooth surface.

Figure 22 shows the relationship between the Stanton number ratio and the

Reynolds number. The results show that the Stanton number ratio (heat

transfer augmentation) decreases with increasing the Reynolds number. The

rib-roughened surface with p/k=10 provides the highest heat transfer

augmentation. Figures 23, 24 and 25 show the same figures as Figs.21 and

22 but channel heights are 3 and 10 mm. Highest heat transfer augmentation

— 9



JAERI-Tech 97-008

can be realized by low channel height. From these figures, the respective

channel heights of H=3 and 10 mm, provides the same heat transfer

performance. Figures 26 and 27 show the relationship between temperature

difference and water velocity for channel heights of H=1 and 3 mm. The

Reynolds number is also shown in figures due to directly dependent on velocity.

The results show that the temperature difference decreases significantly with

increasing velocity for both the smooth and the rib-roughened surfaces.

The incipient boiling temperatures of water at a pressure of 2 MPa and 1 MPa

are 1 8 2 ^ and 1511: respectively; these are indicated in figures as the

temperature difference, ATj.

For the rib-roughened surfaces, boiling does not occur under this condition due

to the heat transfer augmentation. But for the smooth surfaces, in very low

velocity region, boiling will occur with the expense of high pressure drop. From

these figures, it is noticed that the experiments have to carry out at higher

velocity with the increase of channel heights and accurate temperature

measurements are needed to be done for the rib-roughened surface, specially

forp/k=10.

2.2 Correlations obtained by air-flow experiments and application to

narrow channel [9,10]

Liou and Hwang carried out their experiments to obtain the friction factor and

heat transfer data in a rectangular channels with the ribs of triangular,

semicircular and square geometries; rib pitch-to-height ratios (p/k=8,10,15, 20),

rib height-to-equivalent diameter ratio (k/De=0.08), the Reynolds number

ranging from 7,800 to 50,000. The experiments carried out with air as the

working fluid; the test section consisted of 160 mm in width, 40 mm in

height, 1200 mm in length and constant heat flux boundary condition. The

same correlations have been used for the prediction of friction factor and heat

transfer data in the case of one- sided rib-roughened very narrow rectangular

channels with one-sided constant heat flux boundary condition.

2.2.1 Friction factor correlation

The friction factor in fully developed channel flow can be determined by

measuring the pressure drop across the flow channel and the mass flow rate of

— 10
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air. The friction factor can then be calculated from :

f= AP / (G 2 / 2 p g) x (De/4L) (13)

Since the Reynolds number depends on the friction factor for fully developed

channel flow with different rib heights and pitches, the effects of the Reynolds

number and the rib pitch on the friction factor can be correlated by the following

expression :

f= bi Reb2( p/k)b3 (14)

where the coefficients b^ b2, and b3, depend on the rib geometries and can be

determined experimentally. The constants are given in Table 2, for the square

rib geometry's according to Liou and Hwang experimental conditions. This

correlation has been used for fully developed turbulent flow in a very narrow

rectangular channel with one-sided rib-roughened, one-sided constant heat flux

boundary condition.

The smooth surface friction factor for fully developed turbulent flow in tubes

proposed by Blausius as [ 5 ] :

f.= 0.079 Re"025 (15)

This equation is valid for 6X103 < Re < 106and can be applied any type of

geometry. The smooth surface friction factor for laminar flow can be calculated

as:

f=K16/Re (16)

where K is a constant depending on cross section of geometry.

2.2.2 Heat transfer correlation

The wall similarities based on the roughened channel analysis discussed earlier

were employed to correlate the friction and heat transfer performance for fully

developed turbulent flow in rectangular channels with two opposite rib-

roughened surfaces.

Han (1988) [ 5, 6, 7 ] developed friction and heat transfer correlations for fully

developed turbulent flow in rectangular channels with two-opposite rib-grooved

or rib-roughened surfaces. He applied the friction and heat transfer similarity

law for the prediction of friction and heat transfer correlations.

Liou and Hwang (1993) developed correlations of friction factor [ equation (14) ]

and heat transfer from the friction and heat transfer similarity law for different

— 11 —
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geometries. Since the Nusselt number depends on the rib height, the rib pitch,

and the Reynolds number using these parameters, the correlation can be

expressed by the empirical relationship:

Nu / Nus= ai Re32 ( p/k)a3 (17)

where the constants a^ a2, and a3 are listed inTable 2, and Nus is the Nusselt

number of the smooth surface. The well-known correlation developed by

Dittus-Boelter can be used for the prediction of Nus in the case of air-flow

experiments. This correlation is valid for both the air and water. In this

section, the main objective is to investigate the feasibility studies whether the air

correlations could be used or not for the case of water-flow experiments.

2.2.3 Analytical Results and Discussion

(a) Boundary layer thickness [ 1 ]

It can be said that at lower Reynolds number, the turbulence eddies are small in

the flow region close to the ribs and that the heat flux is large due to steep

temperature gradients, whereas at higher Reynolds number, the turbulent

eddies are large in the core flow region and the temperature gradients are small.

As the Reynolds number is increased, the acceleration of the flow through the

channel is increased and inturn the forced convection is augmented due to

thinner boundary layer development on the rib tip at higher Reynolds number.

Figure 28 shows the relationship between the Reynolds number and boundary

layer thickness in the case of air-flow experiments carried out by Liou et al.'s.

Figure 29 also shows the relationship between the Reynolds number and

boundary layer thickness for the case of proposed experiments discussed in

chap. 3 if the experiments were carried out by air in a very narrow channel.

The relationship shows for channel height of H=1mm and for more channel

heights, it is beyond to describe.

The Reynolds number has been taken 6,000 < Re < 2,00,000, while the velocity

is 47-157 m/s. The viscous sublayer, buffer and turbulent layers are taken to

bey + ^ 5 , 5 ^ y+ ^ 40andy+ ^ 40, respectively. From both the figures,

it is seen that the ribs hold over the buffer layer region. So, the conclusion can

be drawn that in the case of air-flow experiments with a very narrow channel, the

rib heights should be over the buffer layer region to enhance heat transfer by

creating strong turbulence.

— 12 —
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(b) Friction factor

Figures 30 and 31 show the relationship between the friction factor and the

Reynolds number for air from the empirical correlation [ equation (14) ] obtained

by air-flow experiments. The results show that the friction factor does not

influence on the Reynolds number for the channel heights of H=1 and 3 mm,

while holding the rib height constant. For p/k=10 provides the highest friction

factor compared to other larger p/k cases. These figures basically show the

effect of pitch on the friction factor and the Reynolds number for the rib-

roughened surfaces compared to the smooth surface.

The friction factors for the rib-roughened surface are approximately 5.3-9.2,

3.4-6.4, 2.6-5.1 times higher than the smooth one in the range of Reynolds

number from 1,000 to 40,000 studied. Laminar flow friction factor of the

smooth surface is also shown due to clear understanding of transition to

turbulent region. It is apparent that for laminar flow the surface roughness has

no effect on the friction factor; for turbulent flow, however, the friction factor is at

a minimum for a smooth surface. The laminar flow is confined to the region Re

< 2,000. The transitional turbulence occurs in the region 2,000 < Re < 8,000.

The fully turbulent flow occurs in the region Re > 8,000. Velocity is shown due

to ease understanding of flow characteristics.

Channel heights do not influence any significant effect on friction factor and the

Reynolds number in the case of air-flow experiments, while in the water-flow

experiments, the channel heights play an important role on friction factor and

heat transfer performance. Figures 32 and 33 show the relationship between

the friction factor and the Reynolds number for water from the empirical

correlations obtained by air-flow experiments. The results show that these two

figures indicate the same figures as Figs. 30 and 31. The difference is that the

water properties are used instead of air properties. As friction factor does not

depend on fluid properties, so, the two figures 32 and 33 show the same figures

as figs.30 and 31

(c) Heat transfer performance

Many correlations are available for predicting the heat transfer performances in

the case of air-flow experiments. Liou and Hwang, Han et a!., and Berger et al.,

are one of them. Liou and Hwang's experimental condition is taken as a

reference for comparing the heat transfer performances.

- 13 -
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According to equation [17], Figs. 34, 35, 36 and 37 show the relationship

between the Nusselt number and the Reynolds number. Figures 34 and 35

show the relationship for air-flow channel with 1 and 3 mm of height which was

calculated with the empirical correlations obtained by air-flow experiments.

The Nusselt number of smooth surface is shown for comparison with the rib-

roughened surfaces. The rib-roughened surface with p/k=10, 20, 30 augments

heat transfer about 2-2.7,1.8-2.5, 1.7-1.3 times higher than the smooth surface

within the Reynolds number range of 4,000 to 40,000. It shows very good heat

transfer performance compared to smooth surface. The results show that the

two figures are almost same and there is almost no effect on channel heights

from the view point of heat transfer augmentation. The case of p/k=10

provides the highest heat transfer augmentation compared to other larger p/k

cases; but a degree of heat transfer augmentation is comparatively small.

Figures 36 and 37 show the relationship between the Nusselt number and the

Reynolds number for water-flow channel with 1 and 3 mm of height, which was

calculated with the empirical correlations obtained by air-flow experiments.

Then, water properties are used instead of air properties into the correlations to

verify the air correlations whether could be used or not to the water-flow

experiments. The rib-roughened surface augments heat transfer about 2-3.2,

1.8-2.9,and 1.6-2.8 times higher than the smooth surface within the range of

Reynolds number 2,000 to 1,00,000. Channel heights do not play any

important role from the view point of heat transfer augmentation.

2.3 Applicability of correlations obtained by air-flow experiments to

water-flow condition

In this section, Webb et al.'s and Liou et al.'s correlations have been verified

whether air correlations can be used or not to the water-flow conditions. Webb

et al. correlated friction factor and heat transfer data obtained by water-flow

experiments and Liou et al. correlated friction factor and heat transfer data

obtained by air-flow experiments.

Figure 38 shows the relationship between the friction factor and the Reynolds

number in H=1 mm channel as a function of p/k. This figure basically shows

the comparison of Webb et al.'s correlations with Liou et al.'s correlations under

water-flow conditions. The results show that the difference between the two

14 —
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correlations are not good agreement; sepecially for p/k=10. The friction factors

calculated with the Webb et al.'s correlation are independent of the Reynolds

number over the Reynolds number range investigated for both the conditions.

Figures 39 and 40 show the relationship between the Nusselt number and the

Reynolds number comparing to Webb et al.'s correlations with Liou et al.'s

correlations under water-flow and air-flow conditions in H=1 mm channel. The

results show that there is a large difference between Webb et al.'s and Liou et

al.'s correlations under water and air flow conditions.

Figures 41, 42 and 43 show the same figures as Figs. 38, 39 and 40 whose

channel height is H=3 mm. From these figures, the results also show that the

difference between the two correlations are little bit small compared to channel

height of H=1 mm, but some curves calculated by Liou et al.'s correlations cross

over the another curves calculated by Webb et al.'s correlations. The causes

for this difference would be that the surface roughness have a larger effect on

heat transfer at high Prandtl numbers where the heat transfer resistance is more

concentrated in the sublayers than at low Prandtl numbers for air. From

another point of view, the reason seems to be that since repeated-rib surface

may be viewed as a problem in boundary layer separation and reattachment,

0.2 mm rib-height will break the sublayer where molecular effects dominant by

creating turbulence which means high heat transfer augmentation for water

flows. But for gas flows, 0.2 mm rib-height should be over the buffer layer

region where molecular effects still significant but not dominant to augment heat

transfer by creating turbulence.

The inspection of these curves reveals the similar tendency. So, from these

figures 38, 39, 40, 41, 42 and 43, the important finding made by them is that for

fully developed turbulent flow in channels, correlations obtained by air-flow

experiments have showed lower heat transfer performance than the water-flow

conditions.

— 15 —
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Table 1-1 Experimental condition

Webb et al.

Experimental
Apparatus

Pressure

Temperature

Flow velocity

Reynolds
number

Tube

01/10

02/10

04/10
02/20

02/40

0.17MPa

34°C
0.14-2.3

m/s

6000-105

Rib
height
k,

0.37

0.74

1.5

0.74

0.74

Rib
pitch
p, mm

3.7

7.3

14.7

14.7

29.4

Rib
width
w, mm

0.38

0.38

0.38

0.38

0.38

Tube
diameter
D.mm

36.8

36.8

36.8

36.8

36.8

Table 1-2 Experimental condition

Liou et al.

Experimental
Apparatus

Pressure

Temperature

Flow velocity

Reynolds
number

Rib type

Square

Triangular

Semi
circular

0.1 MPa

25°C

1.9-12.5
m/s

7800-50000

Rib
height
k, mm

5.2

5.2

5.2

Rib.
pitch
p, mm

52,78,104

52,78,104

52,78,104

Channel
height
H, mm

40

40

40

— 16 —
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Table 2 Constants in correlations [14] and [17]

Square
ribs

a,

11.752
bt

0.684

a2

-0.137
b2

•O.109

3 3

-0.121
ba

-0.606

Table 3 Proposed experimental condition

Fluid
Reynolds number
Flow velocity
Inlet temperature

Heat flux
System pressure
Flow direction
Row condition
Heating condition

: Water
: 6000-100000
< 30m/s
< 15°C

< 1MW/m2

< 1.5 MPa
: Vertical
: Fully developed turbulent flow
: Uniform heating from one side

Flow

"Separated flow regions
Reattachment point

Fig. 1 Schematic representation of flow pattern on rib-roughened surfece

— 17 —
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3. Experimental program

Based on the investigation described in chap. 2, an experimental apparatus was

proposed to test the augmentation technique and to provide the smooth surface

reference data. A schematic diagram of the test apparatus using water as a

working fluid is shown in Fig. 44. Only a brief discussion will be addressed

here. Water from the pump is supplied to the test section through the flow

meter, and then, it passes through a filter, a cooler, a water tank and a pre-

heater to the pump. The inlet temperature of the test section is controlled by

the pre-heater.

Figure 45 shows the cross section of flow channel and schematic diagram of

flow channel with rib-roughened surface. The test section consists of a

heating surface made of copper plate with an electric heater, glass windows etc.

The cross sectional dimension varies according to channel heights. The width

of the test section is 20 mm and channel heights can be varied from 1 mm to 5

mm. Heated length is 200 mm. The rib height and width are 0.2 mm and pitch

is 2 mm or 4 mm, respectively. The rib serves as a turbulent promoters to

disturb the viscous sublayer of the turbulent boundary layer.

The wall temperatures of the test section are to be measured by 26 copper-

constantan thermocouples distributed across the span of the copper plates.

Eleven differential pressure taps are installed at opposite side of the heating

surface to measure the static pressure drop across the test section. A

nichrome plate is used as a heater and receives elcetricity from the DC power

supply. The heater provides a constant heat flux for the entire test surface.

Three thermocouples of each inlet and outlet of the test section are used to

measure the inlet and outlet temperature of water. This type of sophisticated

test section will be able to make clear the effectiveness of heat transfer

augmentation in a very narrow channel under a wide range of Re region. The

proposed experimental conditions are listed in Table 3
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Fig.44 Schematic diagram of test apparatus
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200 mm

Flow channel with rib-roughened surface

Fig.45 Schematic drawing of cross section of flow channel and

flow channel with rib-roughened surface
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4. Concluding Remarks

In the target system, it is needed to remove high heat flux up to 12 MW/m2 under

single-phase forced convection without partial boiling so as to obtain the high

intensive neutron generation rate. In order to evaluate coolability of the target

system up to such high heat flux, the effect of ribs as turbulent promoters was

discussed on the friction factors and heat transfer coefficients for fully

developed turbulent flow in very narrow rectangular channels with one-sided

rib-roughened constant heat flux condition with different channel heights using

previous existing experimental correlations. Webb et al. and Liou and Hwang

experimental conditions are cited as for reference data. The following

conclusions can be drawn from this analysis.

1. In the case of water-flow, the lower the channel heights, the more heat

transfer augmentation can be possible at low velocity (low Re) region. But

at higher velocity (high Re) and higher channel heights, the heat transfer

augmentation may not be expected.

2. Friction factor of rib-roughened surface is insensitive to the Reynolds number

for the case of water-flow and p/k=10 provides the highest friction factor

compared to other larger p/k cases. In the case of air-flow, friction factor

slightly decreases with increasing of the Reynolds number and p/k=10 also

provides the highest friction factor compared to other larger p/k cases.

For the range of the Reynolds number from 6,000 to 1,00,000, the presence

of the square rib at one side and channel height of H=1 mm yields about a

20-39 times, a 10-19 times, and a 7-13 times increase in the friction factor for

p/k=10, 20 and 30 respectively, compared to a smooth surface. For channel

heights of H=3 and 10 mm, the friction factors of rib-roughened surface are

approximately 6-12, 4-7.7, 3.1-5.8 times and 3.3-6.2, 2.4-4.5, 2-3.7 times

higher for p/k=10, 20 and 30, compared to the smooth surface.

In the case of air-flow, the friction factors of rib-roughened surface are

approximately 5.3-9.2, 3.4-6.4, 2.6-5.1 times higher than the smooth surface

for p/k =10, 20, 30 and the range of the Reynolds number from 1,000 to

40,000. The lowest friction factor is obtained for pitch-to-height ratio

(p/k)=30, for both the cases.

3. For the channel height of H=1 mm and water-flow conditions, the pressure

drop along the test section is very much high and water velocity will be limited
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below 10m/s from the view point of a discharge pressure of a pump installed

in the test apparatus. But it is possible to determine the heat transfer

coefficients for the smooth and the rib-roughened surfaces up to around

10,000 of the Reynolds number.

4. For the same rib height and spacing, the rib-roughened surface augments

heat transfer approximately 3.6-4.3, 2.8-3.3, 2.4-3 times and 2.8-3.4, 2.4-2.9,

2.2-2.6 times higher than the smooth surface when channel heights of H=1

and 3 mm respectively. For channel heights of H=3 and 10 mm, heat

transfer augmentation remains almost constant. The rib-roughened surface

with p/k=10 provides the highest heat transfer augmentation and largest

pressure drop compared to other larger p/k cases.

In the case of air-flow, for the same rib height and spacing, the rib-roughened

surface augments heat transfer approximately 2-2.7, 1.8-2.5, 1.7-2.3 times

higher than the smooth surface in channel height of H=1 mm: there is a little

effect of channel heights on heat transfer performance. Heat transfer

coefficients (Nusselt number) predicted by the correlation obtained by air-

flow experiments have large difference from that by water-flow experiments.

5.The incipient boiling temperature of water starts at 182^0 and 151 ̂C at a

pressure of 2 MPa and 1 MPa, respectively. From the surface temperature

calculation for the smooth surface, flow boiling will occur at low velocity

conditions. For the rib-roughened surface of p/k=10, there is no possibility

to occur flow boiling under low velocity conditions down to 1m/s.

On the basis of above results, we proposed an experimental apparatus for

further investigation on heat transfer augmentation in a very narrow channel

whose configuration will be similar to the cooling passages betwen the target

plates under water-flow conditions. The results obtained in this paper have

significant implications for the design of coolant channels for the removal of high

heat flux from the target plates of a high intensity proton accelerator. The

analysis done in this paper is applicable to fully developed turbulent flow in

rectangular channels, constant heat flux condition only.
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Nomenclature

ai , a2l a3 empirical constants

bi, b2, b3 empirical constants

CHF critical heat flux, W / m 2

Cp. specific heat, J / k g ^

De equivalent diameter, De = 4WH / 2( W + H ) , m

Er rib augmentation factor, Er = Nu r / Nus

f friction factor

G mass flux, G = p um , kg /m2.s

g acceleration due to gravity, m/s2

h forced convection heat transfer coefficient, W / m2cC

H channel height, m

k rib height, m

K geometry constant

k+ roughness Reynolds number, k* = (k/De) Re (f/2)*

L channel length , m

Nu Nusselt number, Nu = hDe /A

p rib spacing , m

P pressure , N / m2

A P pressure difference , N / m2 [ refer to eq.(7) ]

Pr Prandtl number, Pr = Cp v IA

qs heat f lux , W / m2

R pipe radius , m
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Re
St

Tb

Ts

Tw,

AT
u

U c

um

U*

u+

uk
+

w
w
X

y

y+

Greek symbol

V-
V

P
X

T o

Ox

O b

Reynolds number, Re = De um / v
Stanton number, St = Nu / Pr Re

bulk mean temperature, °C

saturation temperature, *€

wall temperature, V

temperature difference, (Tw - Tb )= Deqs/ Nu A ,"€

local fluid velocity , m/s

velocity at pipe center line , m/s

average fluid velocity , m/s

friction velocity, u* = [ r 0 / p ] * , m/s

dimensionless velocity, u /u*

roughness function, [ refer to eq. (4) ]

rib width, m

width of the channel, m

local distance along the axial direction , m

coordinate distance normal to wall, m

dimensionless distance, y+ = y x u7 v

dynamic viscosity, kg/m.s

kinematic viscosity, m2/s

density, kg/m3

local shear stress , N/m2

apparent wall shear stress, r 0 = D e x AP /4 L , N/m2

viscous sublayer thickness , < 7 | = 5 x w u * ,m

buffer layer thickness, a b = 40 x v 1 u* , m

thermal conductivity , W/mt

Subscripts
b
i
m
r
s
w

bulk

incipient boiling

mean

rib-roughened surface

smooth surface

wall
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