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Abstract

An experimental study of surface heat transfer and friction characteristics of a fully developed turbulent air flow in a
square channel with transverse ribs on one, two, three, and four walls is reported. Tests were performed for Reynolds
numbers ranging from 10,000 to 80,000. The pitch-to-rib height ratio, P/e, was kept at 8 and rib-height-to-channel
hydraulic diameter ratio, e/Dy, was kept at 0.0625. The channel length-to-hydraulic diameter ratio, L/Dy,, was 20. The
heat transfer coefficient and friction factor results were enhanced with the increase in the number of ribbed walls. The
friction roughness function, R(e*), was almost constant over the entire range of tests performed and was within
comparable limits of the previously published data. The heat transfer roughness function, G(e'), increased with
roughness Reynolds number and compared well with previous work in this area. Both correlations could be used to
predict the friction factor and heat transfer coefficient in a rectangular channel with varying number of ribbed walls.
The results of this investigation could be used in various applications of turbulent internal channel flows involving

different number of rib roughened walls.
© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Repeated ribs or turbulators have been used as the
promoters of turbulence to enhance the heat transfer to
the flow of coolants in a channel. These roughness ele-
ments break the laminar sub-layer of the flow. The heat
transfer is enhanced as well as the pressure drop, an
important parameter in the analysis of the overall per-
formance of such flows. Investigations have been con-
ducted to predict the effect of the number of ribbed walls
on heat transfer and friction characteristics. In applica-
tions such as cooling of gas turbine airfoils, rib turbu-
lators are cast mostly on two opposite sides of the
cooling channels, since the heat transfer takes place from
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the inner walls of the pressure and the suction sides of
the blade. However, in some cases, rib turbulators are
cast on one side or four sides of the cooling channels.
While turbine blade internal cooling has been widely
studied in the past, other applications such as electronic
equipment, heat exchangers, and nuclear reactors may
utilize the results of enhanced internal cooling in chan-
nels with one, two, three, or all four rib-roughened
walls. The results with four-ribbed wall channel are also
used to validate the assumptions made in the past to
develop semi-empirical correlations for friction and heat
transfer roughness functions.

Several publications have addressed the state-of-the-
art review of turbine blade cooling and the analysis of
heat transfer and friction characteristics of the channel
flow with two opposite ribbed walls. The effects of flow
Reynolds number and rib geometry (rib height, rib
spacing, rib angle-of-attack, and rib configuration) on
heat transfer and pressure drop in the fully developed
region of uniformly heated square channels have been
investigated [1,2]. Further study of the combined effects
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Nomenclature

AR aspect ratio = W /H

A heat transfer surface area

C total combined width of the channel
walls = C; + C;
channel diameter

e rib height

et roughness Reynolds number

f friction factor

G(e™)  heat transfer roughness function
g conversion factor

H flow channel height

h heat transfer coefficient

k thermal conductivity of air

L channel length

m flow mass velocity

Nu,Nu Nusselt number = hDy, /k, average Nusselt

number
P rib pitch
Pr Prandtl number of air
Ap pressure drop across the test section
q heat generation rate from the heaters

Gioss heat loss rate through insulation
Re Reynolds number = pD,V /p
R(e*)  friction roughness function

St Stanton number = Nu/[(Re)(Pr)]
T temperature

V average air velocity

w flow channel width

X axial distance from the channel inlet
Greek symbols

I average dynamic viscosity of air
o average density of air

Subscripts

b bulk mean

h hydraulic

r ribbed wall

Ir four ribbed walls

s smooth wall

Ss four smooth walls

w local wall

of rib geometry and channel aspect ratio on the local
values of heat transfer and pressure drop was also
reported [3-5]. The results show that the angled ribs
provide a better heat transfer performance than trans-
verse ribs, and the lower aspect ratio (AR) channels
perform better than the higher aspect ratio channels.
The heat/mass transfer analogy has been applied to
study detailed heat transfer distribution in two-pass and
three-pass rectangular channels [6-10]. The square
channel with parallel and crossed arrays of cross cut and
beveled discrete ribs has been studied [11,12]. Also, the
effect of the equally segmented ribs arranged in both
aligned and staggered arrays on two opposite walls of a
square channel has been reported [13].

The semi-empirical correlations over a wide range of
rib geometry for the friction and heat transfer design
calculations are derived from the law of the wall simi-
larity for flow over rough surfaces. The similarity law
concept was first developed by Nikuradse [14], who
applied it successfully to correlate the friction data
for fully developed turbulent flow in tubes with sand
roughness. Based on the heat-momentum transfer anal-
ogy, Dipprey and Sabersky [15] developed the heat
transfer similarity law for fully developed turbulent flow
in tubes with sand roughness. Webb et al. [16] extended
the similarity law for turbulent tube flow with repeated
ribs and Han et al. [17] applied the similarity law for
turbulent channel flow with two opposite ribbed walls.

Han [1,3] presented a detailed analysis of the application
of the similarity laws for rectangular channels with two
opposite ribbed walls.

An objective of this study is to investigate the effect of
number of ribbed walls on the friction factor and heat
transfer coefficient in a ribbed channel. In the past,
most of the experiments have been done for rectangular
channels with two opposite ribbed walls. The present
study extends its base to provide experimental data for
square channels with one, two, three, and four ribbed
walls. Another objective of the present research is to
develop friction and heat transfer correlations not only
for rectangular channels with two opposite ribbed walls
but also for rectangular channels with one, three, or four
ribbed walls.

Experiments have been conducted to investigate the
heat transfer and friction characteristics of turbulent
flow of air in a divided (ten sections) square chan-
nel (3.81 cm x 3.81 cm cross-section). The walls of the
square channel (AR =1) are roughened with full
transverse ribs. The rib placement on each roughened
wall is identical. The flow Reynolds number for this
study ranges from 10,000 to 80,000. The channel length-
to-hydraulic diameter ratio, L/Dy, is kept at 20; the rib
height-to-hydraulic diameter ratio, e/Dj, is kept at
0.0625; and the rib pitch-to-height ratio, P/e, is kept at
8. In all, five cases are studied (Fig. 1). Figs. 2 and 3,
respectively, show the schematic of the test rig and cross-
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CASE [A]
3.81cm 3.81 cm 3.81cm 3.81 cm 3.81cm
SMOOTH WALLS END VIEW
CASE [B]
3.81 cm 3.81 cm 3.81cm 3.81cm 3.81 cm
RIBS ON ONE WALL END VIEW
CASE [C]
3.81cm 3.81 cm 3.81cm 3.81 cm 3.81cm
RIBS ON TWO WALLS END VIEW
CASE [D]
3.81cm 3.81 cm 3.81cm 3.81 cm 3.81cm
RIBS ON THREE WALLS END VIEW
CASE [E]
3.81 cm 3.81 cm 3.81cm 3.81 cm 3.81 cm
RIBS ON FOUR WALLS END VIEW

Fig. 1. Rib configurations.

section of the test channel. A description of the present
experimental apparatus could be found in Chandra et al.
[18] for a rectangular channel (AR = 0.5) with varying
number of ribbed walls.

\
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Fig. 3. Cross-section of the test channel.

2. Theory

The semi-empirical correlations developed in the past
were based on the assumption that the friction factor
and the rib-sided heat transfer coefficients in a channel
with two smooth and two ribbed walls can be calculated
from geometrically similar channels with four smooth
walls and four ribbed walls, Han [1,3]. The values from
four-sided smooth and four-sided ribbed walls cases are
weighed proportionally to the cross-sectional widths of
the smooth and the ribbed walls. There was no experi-
mental verification of this assumption.

The channel pressure drop, Ap, is the weighted av-
erage of the four-sided smooth channel pressure drop,
Apgs, and the four-sided ribbed channel pressure drop,
Ap.;. These pressure drops are weighted by the total
smooth wall cross-sectional width, C,, and the total
ribbed wall cross-sectional width, C;, Han [3].

Pressure drop in a ribbed channel can be expressed as
sum of:

Apr = Ap(Ci/C) + Apu(G:/C) ()

thus from a force balance in a ribbed channel:

Jr = 1s(G/C) + fu(Ce/ C) 2

INSULATION

FLOW

TEST SECTION

Fig. 2. Schematic of the test rig.
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Based on the above theory, three situations with
different rib placements are illustrated below:

Example 1: Channel with rib on one side

4 smooth walls

P.R. Chandra et al. | International Journal of Heat and Mass Transfer 46 (2003) 481-495

e* = (e/Dy)Re(fi/2)"?
and

Z=2AR/(1 +AR); AR =W/H

4 ribbed walls

‘Cr

A/C+S\

w
fo=fsQH W) J(2(H + W) + fu(W)/(2(H + W))

Example 2: Channel with rib on two sides

gc\r

4 smooth walls

3)

4 ribbed walls

\

4 Cs\ )

=+

Jr=FsH)H + W) + f: W)/ 2(H + W)

Example 3: Channel with rib on three sides

4 smooth wa

4)

s

A
»

cy

W

Jr=Is(H)/(2H + W) + fueH +2W) [ (2(H + W)
(5)

This force balance analysis shows the relationship
between the friction factor in a one-wall (two-walls or
three-walls) ribbed channel and that in a four-walls
ribbed channel from Han [1,3]. The friction similarity
law for turbulent flow in ribbed rectangular channels
was based on flow in a four-walls ribbed channel. The
similarity law correlated the four-sided ribbed channel
friction factor (f;,) data into a so-called friction rough-
ness function (R(e")) for rectangular channels with dif-
ferent aspect ratio (AR) with geometrically similar ribs
(e/Dy). This can be expressed as Eq. (6), from Han [3].

R(et) = (fir/2)"* +2.5In((2e/Dy)Z) + 2.5 (6)

where

4 ribbed walls

However, most of previous experimental data were
obtained for flow in rectangular channels with two op-
posite ribbed walls. Therefore, Eq. (4) was assumed to
get the four-walled rib channel f;, from experimental
two-wall rib channel f; for a given Z or AR(W /H) and a
known smooth channel f at a given Reynolds number.
Then the predicted f;, was used in Eq. (6) for deter-
mining friction roughness function R(e™).

In the present study, the following Eq. (9), which is
based on the analysis from Egs. (3)-(5), can be used to
get fi from experimental f; as
frr = fr + (Cs/Cr)(fr _fss) (9)
where, C; and C; depend on one-sided, two-sided, three-
sided, or four-sided ribbed walls as shown in Egs. (3)—

o).
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Similarly, the similarity law correlated the four-sided
ribbed channel Stanton number (S7,) data into a so-
called heat transfer roughness function (G(e')) for
rectangular channel with different aspect ratio (AR) with
geometrically similar ribs (e/Dy). This can be expressed
as Eq. (10), from Han [3].

G(e") = ((f/2)"?) /St + 2.5In((2¢/Dy)Z) +2.5  (10)

However, most of previous experimental data were
obtained for flow in rectangular channel with two op-
posite ribbed walls. The area-weight friction factor
analysis such as Eq. (9) cannot be directly applied for the
heat transfer case. Therefore, the relationships between
the four-sided ribbed channel St, and the one-sided,
two-sided or three-sided ribbed channel must be deter-
mined experimentally. In the present study, the follow-
ing Eq. (11) has been correlated from the present
experimental data

Sty = (C;/C) st (11)

where the power “—0.15" was from data fitting, and S,
is from experimental Nu, data as

St. = Nu,/(Re Pr) (12)

From the above mentioned theory, we can correlate all
experimental friction (f;) and heat transfer (St,) data into
R(e™) and G(e™) functions, respectively, for various
turbulent flows in rectangular channels with different
aspect ratios (AR) with varying number of ribbed walls
(i.e., one-sided, two-sided, three-sided or four-sided rib

walls). Our purpose here is to correlate the limited data
into R(e") and G(e") functions. Once we have obtained
the function of R(e™) and G(e"), then the designers or
users can use these R(e") and G(e") to predict f;; from
Eq. (6) (then f; from Eq. (9)) and St,, from Eq. (10) (then
St, from Eq. (11)) for a given AR channel with one-
sided, two-sided, three-sided or four-sided rib walls at a
given e/Dy, value and flow Reynolds number.

3. Data reduction

The friction factor in a ribbed channel can be defined
in terms of the pressure drop and the air mass velocity
and can be calculated for a fully developed flow from

o = Ap:/[A(L/Dn)(ir* [2pge)] (13)

The friction factor is normalized by the friction fac-
tor for fully developed turbulent flow in smooth circular
tube (10* < Re < 10°) proposed by Blasius [19] as:

fi/fss = £:/10.046Re?] (14)

The local (regionally averaged) heat transfer coeffi-
cient is calculated from the local net heat transfer rate
per unit area to the cooling air, the local wall tempera-
ture, and the local bulk mean air temperature as:

The local net heat transfer rate for the smooth and
the ribbed walls is the power supplied to the respective
heaters minus the heat loss from the test duct to the
atmosphere

3.0
25 4 T
A R
2.0
B
[}
[
=
E 1.5
[
3 |
[
10 . ] " n L
0.5 4
mRe=12,000 ARe=19,000 XRe = 30,000
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0 2 4 6 8 10 12 14 16 18 20
X/D,,

Fig. 4. Axial heat transfer distributions for smooth channel.
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he = (q — quow)/[A:(Ty — T)]  or and the streamwise heat conduction loss along the
S w .
(15) channel walls. The power generated from the heaters is
hs = (9 — quoss) /[As(Ty — Tv)] calculated from the heater resistance and the voltage.
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Fig. 5. Axial heat transfer distributions for one-ribbed wall channel.
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The distribution of the bulk temperature is evaluated
from energy balance in conjunction with the sum of the
net rates of heat transfer from the four channel walls to
the air, the air mass flow rate, and the inlet air bulk
temperature.

The local (regionally averaged) Nusselt number is
normalized by the Nusselt number for fully developed
turbulent flow in a smooth circular tube correlated by
McAdams/Dittus-Boelter as:

487
The maximum uncertainty in the heat transfer coefficient
and friction factor is estimated to be less than 7% and
8%, respectively, by using the uncertainty estimation
method of Kline and McClintock [20].

4. Results and discussion

4.1. Regionally averaged heat transfer

Nu; /Nug = (h:Dy/k)/(0.023R*3P4)  or .
o/ Nitss = (h:Dn/K)/( o 04) (16) The regionally averaged heat transfer results are
Nug/Nugs = (hyDy/k)/(0.023Re™"Pr™?) computed and plotted as normalized Nusselt number
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Fig. 6. Axial heat transfer distributions for two-ribbed wall channel.
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ratio versus normalized axial distance from the channel Nusselt number ratio decreases with increasing axial
entrance. Fig. 4 represents the regionally averaged distance and reaching a constant value in the fully de-
Nusselt number distributions for the smooth case. The veloped region for a given Reynolds number. The results
4
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Fig. 7. Axial heat transfer distributions for three-ribbed wall channel.
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Fig. 8. Axial heat transfer distributions for three-ribbed wall channel.

are as expected and compares well with the McAdams/
Dittus-Boelter correlation. Figs. 5-8 show the results for
the cases with one, two, three, and four-ribbed chan-
nel walls. These figures show the regionally averaged
ribbed-side and smooth-side Nusselt number ratio dis-
tributions for full transverse ribs versus normalized axial
distance. The results show that for all the cases, the local
Nusselt number ratio on ribbed as well as on smooth
walls decreases with increasing Reynolds number. The
Nusselt number ratio reaches almost a constant value in
the fully developed region.

4.2. Channel averaged heat-transfer and pressure drop

Fig. 9 shows the average Nusselt number ratio,
Nu/Nug, versus Reynolds number for cases A to E. The
ribbed-side and smooth-side Nusselt number ratios are
the average values of the regional ribbed wall and
smooth wall Nusselt number ratios for the fully devel-
oped heated channel length (X/D, = 6.0-18.0) respec-
tively. It is evident from the results that the channel
average Nusselt number ratio decreases as Reynolds
number increases.

Case B with one ribbed wall shows a heat transfer
enhancement of 2.43-1.78 times over the range of Rey-
nolds numbers from 12,000 to 75,000. The Nusselt
number ratios on the adjacent and opposite smooth
sides are in the range of 1.51-1.14 (about 40% decrease
from that of the ribbed side) and 1.24-1.04 (about 48%
decrease from that of the ribbed side) respectively. The
channel with two opposite ribbed walls, Case C, exhibits

enhancement of 2.64-1.92 on ribbed walls and of 1.67—
1.26 on smooth walls.

This constitutes to an increase of ribbed wall heat
transfer of about 6% over Case B. Case D with ribs on
three walls gives an increase of ribbed wall heat transfer
of about 5% (2.81-2.01) over case with ribs on two walls.
The ribbed wall in between the other two ribbed walls
shows slightly higher values. On the smooth wall, the
Nusselt number ratios are about 22% higher (2.02-1.50)
than the corresponding values of Case C. The fully
ribbed channel, Case E, exhibits the highest heat transfer
performance which is about 7% increase (2.99-2.12)
over the ribbed walls values of Case D. This trend of
heat transfer enhancement with the increase in the
number of ribbed walls is due to the increase in the level
of turbulence generated in the channel.

Fig. 10 compares the friction factor ratio for all the
cases studied. The calculation of the friction factor takes
into account the temperature variation in the channel.
The results show that the friction factor ratio increases
with increasing Reynolds number. Ribs on all four walls
of the channel, Case E, create maximum pressure-drop/
friction-factor that is about 9.50 times f; for a Reynolds
number of 30,000. The flow encounters greater resis-
tance with each additional ribbed wall and thus experi-
ences higher friction. The friction factor ratio, f;/fs, for
the smooth channel is slightly higher when compared to
the calculated Blasius values for a smooth circular pipe.
For comparison at Reynolds number of 30,000, the
friction ratio is 3.14, 5.39, 7.30, and 9.50 for cases B, C,
D and E, respectively. This reflects a 214% increase of
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Fig. 9. Average Nusselt number ratio versus Reynolds number.

Case B compared to Case A, a 72% increase of Case C
compared to Case B, a 35% increase of Case D com-
pared to Case C, and a 30% increase of Case E com-
pared to Case D.

4.3. Heat transfer performance

Fig. 11 represents the Nusselt number ratio (ribbed-
side and smooth-side) versus the friction factor ratio for
the cases B to E. The results show that the Nusselt
number ratio decreases while the friction factor ratio

increases with increasing Reynolds numbers as discussed
in Section 4.2. This means that the heat transfer per-
formance decreases with increasing Reynolds numbers.
The Case C with full transverse ribs on two opposite
walls provides 2.64-1.92 times ribbed side heat transfer
(Nu;) enhancement and 4.35-6.29 times pressure drop
penalty with increasing Reynolds number. On the other
hand, Case E with four ribbed walls enhances the ribbed
side heat transfer by 2.99-2.12 times but also increases
the pressure drop by respectively 7.96-11.45 times with
increasing Reynolds number. Fig. 12 represents a com-
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parison of performance of the cases studied over the
range of Reynolds numbers. One of the performance
evaluation criteria is to compare the increased heat
transfer for the same surface area and pumping power,
[{St,/St} /{f+/fss}'*]. The results show that the varia-
tion in the values of this performance factor is 1.78-1.17,
1.62-1.04, 1.55-1.00, and 1.50-0.95 for cases B, C, D,
and E, respectively. The performance decreases with
each additional ribbed wall by 11%, 5%, and 2.5% at a
typical Reynolds number of 30,000.

4.4. Friction and heat transfer correlations

As discussed earlier, the wall similarity laws were
employed to correlate the friction and heat transfer data
for fully developed turbulent flow in a square channel
with one, two, three, and four ribbed walls. According
to the friction similarity law, the measured friction fac-
tor, f;, the ribbed and smooth wall cross-sectional
widths, C; and C;, channel width and height, W and H,
the rib height-to-hydraulic diameter ratio, e/Dy,, and the
Reynolds number are correlated with friction roughness
function, R(e'), as given in Eq. (6). The plot of R(e')
versus the roughness Reynolds number, (e*) is shown in
Fig. 13. The friction roughness function correlation of
the present investigation is given by Eq. (17) and the
deviation is within 4%. Note that experimental data for
rectangular channels (AR = 0.5) with varying number
of ribbed walls, Chandra et al. [18] are also included in
the correlation for comparison.

R(e') =344 fore" > 120 (17)

It is evident that the friction roughness function is
independent of the roughness Reynolds number for all

the cases studied. This implies that the four-sided rib
channel friction factor is almost independent of Rey-
nolds number. The correlated value of the function
R(e") of the present study for P/e =8 is 7.5% higher
than the correlated value of Han [3] for P/e = 10.

The measured ribbed side Stanton number, St,, the
calculated four-sided rib wall friction factor, f., the
ribbed and smooth wall cross-sectional widths, C, and
C;, and the Reynolds number are correlated with the
heat transfer roughness function, G(e™), as given in Eq.
(10). A plot of G(e*) versus the roughness Reynolds
number, (e*), is shown in Fig. 14. The heat transfer
roughness function, G(e'), increases with increasing
roughness Reynolds number, (e*), for all the rib con-
figurations. The heat transfer roughness function cor-
relation of the present investigation is given by Eq. (18)
and the deviation of the equation is within 10%. Note
that experimental data for rectangular channels (AR =
0.5) with varying number of ribbed walls, Chandra et al.
[18] are also included in the correlation for comparison.

G(et) = (e")** for et =120 (18)

The results are comparable with Han [3]. In the present
study, actual St,, data is used rather than assuming St,.
equals St,. For all rib configurations (number of ribbed
walls in a channel) and flow Reynolds number, the heat
transfer coefficient can be predicted from the experi-
mental values of heat transfer roughness function,
G(e"), for a given roughness Reynolds number, (e*).

With the R(e") and G(e') correlations, the rib
channel friction factor (f;) and heat transfer coefficient
(St,) can be predicted for a rectangular channel for a
given aspect ratio (AR), Re, e/Dy, and the number of
ribbed sides.
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Fig. 11. Average Nusselt number ratio versus friction factor ratio.

To predict the average friction factor, f;: R(e") is
obtained from the correlation, Eq. (17). Then the four-
sided ribbed channel friction factor f;, is calculated with
Eq. (6). Finally, the friction factor, f;, is calculated using
Eq. 9).

To predict the heat transfer coefficient, St: the
Roughness Reynolds number (e*) is calculated using

Eq. (7). Then the G(e") is obtained from the correlation,
Eq. (18). The ribbed wall on all four sides Stanton
number, St., is calculated with Eq. (10). Finally, the
ribbed wall Stanton number, St,, is calculated from Eq.
(11).

One of the purposes of the present investigation is to
confirm the validity of the method used in the past [1,3]
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Fig. 13. Ribbed channel friction correlation.

to predict the friction factor for four-sided ribbed wall
channel. The experiments conducted in the past were
with channels with two opposite rib-roughened walls.
The friction factor for four-sided ribbed duct is needed
to correlate the friction roughness and heat transfer
roughness functions. As explained earlier, in the present
study, the four-sided friction factor, f;, is calculated by
Eq. (9) for channels with one, two, and three ribbed
walls. These values are then compared with the experi-

mental values of Case E with four ribbed walls. Fig. 15
shows these results as a plot of f,/fi versus Rey-
nolds number. It is evident that the present predic-
tions of four-sided ribbed channel friction factor values
used Eq. (9) for cases with fewer ribbed walls agree with
the experimental results. This further confirms the va-
lidity of the previous correlations by Han [1,3] using
rectangular channel data with only two opposite ribbed
walls.
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5. Conclusions

1.

The regionally averaged Nusselt number ratio de-
creases with increasing Reynolds number for the
range of the test data. The Nusselt number ratio
reaches almost a constant value in the fully developed
region, X /Dy, > 6.0.

The heat transfer is enhanced with the increase in the
number of ribbed channel walls from 2.16 for one

ribbed walls case to 2.57 for four ribbed walls case
(Re = 30,000).

The channel with two opposite ribbed walls show a 6%
increase in heat transfer over the one ribbed walls case.
The three ribbed walls case shows a 5% increase over
two ribbed walls case. The four ribbed walls case shows
an increase of 7% over the three ribbed walls case.
Friction factor ratio increases with increasing Rey-
nolds number. For Re = 30,000, experiments reveal
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a 214% increase of Case B compared to Case A, a
72% increase of Case C compared to Case B, a 35%
increase of Case D compared to Case C, and a 30%
increase of Case E compared to Case D.

5. Heat transfer performance decreases with increasing
Reynolds number and with each additional ribbed
wall.

6. The friction roughness function, R(e"), is indepen-
dent of the roughness Reynolds number for all the
cases studied for P/e = 8, and is equal to 3.44 which
is 7.5% higher than Han [3] for P/e = 10.

7. The heat transfer roughness function, G(e'), in-
creases with increasing roughness Reynolds number.
The correlation of the function compares well with
Han [3]. In the present study, actual St data is used
rather than assuming St equals St,.

8. Friction factor and heat transfer coefficient (S7) can
be predicted for a rectangular channel for a given
aspect ratio (AR), Re, e/Dy, and the number of ribbed
sides from the friction roughness function, R(e™) and
heat transfer roughness function, G(e*).

9. The past and the present predictions of four-sided
ribbed channel friction factor values used for cases
with fewer ribbed walls agree with the experimental
results. The prediction method and the experimental
data may be applied to the design of equipment,
which require internal cooling passages with one,
two, three, or four ribbed walls.
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