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Abstract-This study examines turbulent heat transfer and friction characteristics of fully developed flow 
of air in a square channel in which two opposite walls are roughened with aligned arrays of V-shaped ribs. 
The rib-roughened channel models the internal cooling passages in modem gas turbine airfoils. The angles- 
of-attack of the V-shaped rib arrays are 45”, 60”, 90” (same as 90” full ribs), 120”, and 135”. The 60” V- 
shaped ribs with p/e = 10 have the highest ribbed wall heat transfer and smooth wall heat transfer for a 
given air flow rate, and the highest channel heat transfer per unit pumping power. They are recommended 

for internal turbine airfoil cooling, replacing 45” or 60” full ribs. 

INTRODUCTION 

RESEARCHERS have modeled internal cooling passages 
in modern gas turbine airfoils as straight and/or multi- 
pass rectangular channels that had two opposite 
ribbed walls and two smooth walls. Prior work such 
as Burggraf [l], Han [2], and Han et al. [3] examined 
the effects of varying the rib angle-of-attack, the rib 
pitch-to-height ratio, and the rib height-to-channel 
hydraulic diameter ratio on the heat transfer in such a 
straight, square, rib-roughened channel. These studies 
concluded that parallel 60” full ribs enhanced the 
channel heat transfer the most and caused the highest 
pressure drop. Parallel full ribs with CI = 45” had the 
highest cooling rate for a given pumping power. 

Experiments were conducted to study the effects of 
replacing the 90” full ribs on two opposite walls of a 
square channel with discrete ribs on the turbulent heat 
transfer and friction for fully developed flow of air in 
the square channel [4]. The discrete ribs were five 
equal-length segments of the 90” full ribs staggered in 
alternate rows of three and two ribs. In the angled 
discrete rib cases, the ribs on opposite walls were 
turned an angle equal to tl either in the same direction 
(parallel arrays on opposite walls) or in opposite 
directions (crossed arrays) with respect to the main 
flow. Results showed that, for the flow Reynolds num- 
ber between 10000 and 80000, the ribbed wall heat 
transfer in the 90” discrete rib case was higher than 
that in the 90” full rib case. Parallel discrete ribs with 
c( = 60”, 45”, and 30” enhanced the ribbed wall heat 
transfer and the overall heat transfer more than the 
90” discrete ribs and had better thermal performances 
than 90” discrete ribs. Crossed angled discrete ribs 
performed poorly and were not recommended. 

The thermal performances of angled discrete ribs 
(five equal-length segments of the angled full ribs cut 
at an angle equal to cc) and corresponding angled full 

ribs for thermally fully developed flow in a square 
channel were compared in ref. [5]. The discrete ribs 
were staggered in alternate rows of three and two ribs 
along oblique lines at c( with respect to the main flow. 
Parallel angled discrete ribs had higher ribbed wall 
heat transfer, lower smooth wall heat transfer, and 
lower channel pressure drop than parallel angled full 
ribs. Parallel 60” discrete ribs had the highest ribbed 
wall heat transfer and crossed 30” discrete ribs caused 
the lowest pressure drop. Parallel discrete ribs with 
a = 30” had the highest thermal performance, but 
their performance was only slightly better than those 
of the parallel discrete ribs with tl = 45” and 60”. 

This investigation examines the heat transfer aug- 
mentation caused by V-shaped ribs on two opposite 
walls of a square channel. Attention is focused on the 
effects of varying the rib angle-of-attack on the heat 
transfer and pressure drop for thermally fully 
developed flow of air in the square channel. The V- 
shaped rib results are compared with published data 
for corresponding angled full ribs. 

Air flow in a square channel with aligned, parallel 
arrays of V-shaped ribs on two opposite walls and 
two smooth walls differ from that in a square channel 
that has two opposite walls roughened with 90” full 
ribs or angled full ribs. Near the walls with the V- 
shaped ribs, the flow separates on the top edges of the 
ribs and is guided along the two straight segments of 
the ribs either toward the two smooth walls (when 
c( < 90”) or toward the ribbed wall centerlines away 
from the two smooth walls (when tl > 90’). It is pos- 
tulated that, as a result of geometric symmetry of the 
channel, the secondary flows wash adjacent ribbed 
and smooth walls, and generate four counter-rotating 
vortexes that force the cooler air in the middle of the 
channel toward the centerlines of the ribbed walls or 
the smooth walls, depending on whether the angle-of- 
attack of the V-shaped ribs is smaller than or larger 
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NOMENCLATURE 

; 
coefficient in roughness functions 
exponent in roughness functions 

cp specific heat of air at average bulk 
temperature [J kg- ’ K- ‘1 

D hydraulic diameter of square channel [m] 
dP/dx streamwise pressure gradient in fully 

developed region in channel 
[(N mm. ‘) m- ‘1 

e height of ribs [m] 
e+ roughness Reynolds number, equation 

(5) 
f friction factor for square channel with 

two opposite ribbed walls and two 
smooth walls, equation (3) 

f,, friction factor for square channel with 
four smooth walls 

G(e+, Pr) heat transfer roughness function, 
equation (7) 

@e+, Pr) average heat transfer roughness 

ril 

P 
P 

I, 

4r 
4: 
He+) 

St 

function, equation (8) 
rate of mass flow of air [kg s- ‘1 
rib pitch [m] 
local static pressure [N m- 2] 
net heat flux on ribbed walls [W mm 2] 
net heat flux on smooth walls [W m-‘1 
roughness function, equation (6) 
Reynolds number based on channel 
hydraulic diameter, equation (4) 
average Stanton number, the average of 
St, and St, 
Stanton number for ribbed walls in 
square channel with two opposite 
ribbed walls and two smooth walls, 
equation (1) 

St, Stanton number for smooth walls in 
square channel with two opposite 
ribbed walls and two smooth walls, 
equation (2) 

St,, Stanton number for square channel with 
four smooth walls 

(T,, - T,,) average ribbed wall/bulk 
temperature difference in fully developed 
region in channel [K] 

(T,, - Ts) average smooth wall/bulk 
temperature difference in fully developed 
region in channel [K] 

l.7 average air velocity [m sm. ‘1 
X streamwise coordinate [ml. 

Greek symbols 
u rib angle-of-attack [deg] 

p dynamic viscosity of air at average bulk 
temperature [N s m ‘1 

P density of air at average bulk temperature 
[kgme7] 

7, average wall shear stress [N m- ‘1 

Subscripts 
r ribbed walls in square channel with two 

opposite ribbed walls and two smooth 
walls 

S smooth walls in square channel with two 
opposite ribbed walls and two smooth 
walls 

ss square channel with four smooth walls 
90 square channel with 90” full ribs on two 

opposite ribbed walls and two smooth 
walls. 

than 90”. The possibilities of two counter-rotating 
vortexes and one vortex in the flows through a square 
channel with parallel and crossed angled full ribs, 
respectively, were discussed in ref. (51. Since parallel 
full ribs have consistently higher thermal per- 
formances than corresponding crossed full ribs, the 
additional counter-rotating vortexes in the parallel V- 
shaped rib cases may cause better mixing in the flow, 
and may increase the heat transfer and thermal per- 
formances over those of parallel angled ribs. 

EXPERIMENTAL APPARATUS AND 

PROCEDURE 

The open air flow loop is similar to that used in two 
earlier studies [4, 51. It consists of two centrifugal 
blowers connected in parallel (one blower for low flow 
rate tests), two gate valves, a calibrated orifice flow 
meter, a flow straightener, an entrance section, and 
the test section (Fig. 1). The test section is a straight, 

square channel made of aluminum. It is 1.52 m long 
and has a cross section of 7.62 by 7.62 cm. Each wall 
of the test section is heated uniformly with an electric 
heater, the power input to each heater being con- 
trolled with a variable transformer. A thin gasket 
minimizes heat conduction between adjacent channel 
walls and prevents air leakage. The test section, along 

Air out 

Test Se&on En&ce %I-aightener 
SWtiOIl 

FIG. 1, Schematic of test apparatus 



with the downstream half of the acrylic entrance 
section, is heavily insulated with fiberglass felt. 

The interior surfaces of two opposite walls of the 
test channel are roughened with aligned arrays of V- 
shaped ribs. The interior surfaces of the other two 
walls are smooth. Each V-shaped rib has two straight 
angled-cut segments. These segments are cut from 
4.76 by 4.76 mm square brass bars. Therefore, the rib 
height-to-channel hydraulic diameter ratio, e/D, in 
this study is 0.0625. The ribs are attached to the chan- 
nel walls with silicone rubber adhesive at intervals of 
either 4.76 or 9.52 cm (that is, the rib pitch-to-height 
ratio is either 10 or 20) with the first ribs located at 
x = 0. 
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Table 1. Rib configurations 

Case Rib array? a (dcg) Pie 

11 Full 90 10 
la Full 90 20 

;1 
Full 4s 10 
Full 60 10 

4 V-Shaped 45 IO 
5 V-Shaped 60 10 
5a V-Shaped 60 20 
6 V-Shaped 120 10 
6a V-Shaped 120 20 
I V-Shaped 135 10 
8 V-Shaped/crossed 60/120 10 

t Rib arrays on opposite walls are aligned and are parallel 
except in case 8. 

$ Reported in ref. [5]. 
Five angles-of-attack of the V-shaped ribs are stud- 

ied : 45”, 60”, 90” (same as transverse full ribs), 120”, 
and 135” (Fig. 2). Table 1 gives the configurations of 
the V-shaped ribs in the various cases in this study. 
In all cases except case 8, the rib arrays on the opposite 
walls are aligned and parallel. In case 8, the angles- 
of-attack of the ribs on the two opposite walls are 60” 
and 120”, respectively. That is, the V-shaped rib arrays 
on the two opposite walls are aligned but crossed. In 
cases la, 5a, and 6a, the rib pitch-to-height ratio, p/e, 
is equal to 20, while in all other cases, p/e = 10. The 
V-shaped rib results of this study are compared with 
those in corresponding full rib cases (full rib results 
of cases 1, 2, and 3 were previously reported in ref. 

PI). 
Since each V-shaped rib consists of two straight 

segments, 128 rib segments are needed in all cases 
with p/e = 10 ; 64 are needed in cases with p/e = 20. 
Individual rib segments are cut at an angle equal to CI 
with a slitting saw on a milling machine. After the rib 
segments are installed onto the channel walls, the 
clearance between the end surfaces of the V-shaped 
ribs and the adjacent smooth walls is 0.76 mm, which 
is 1% of the width of the channel walls. 

u Ll u u 
Case 1. 90” Full Ribs 

Case 7. 135 V-shaped Ribs Case 8. Crossed SO”/ 120 

FIG. 2. Typical rib configurations. 

Thirty-nine 30-gage copper-constantan thermo- 
couples are installed along the axial centerlines of the 
ribbed walls and the smooth walls to determine the 
streamwise wall temperature distributions. The first 
thermocouple station is located at 2.5 times the rib 
height from the channel entrance. Twelve other tem- 
perature measurement stations are located at 30 rib- 
height intervals. Nine other thermocouples along the 
axial centerlines of the ribbed walls and the smooth 
walls check the streamwise temperature variation 
between adjacent primary measurement stations in 
the thermally fully developed region. Six additional 
thermocouples at other off-center locations on the 
ribbed walls check the spanwise variation of the wall 
temperature. 

Two thermocouples measure the inlet air tem- 
perature and four thermocouples the exit air tem- 
perature. Three pressure taps are installed along the 
axial centerline of one of the smooth walls at 0.46, 
0.91, and 1.37 m, respectively, from the test section 
entrance to determine the streamwise pressure drop. 

Case 5. 60” V-shaped Ribs 
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A data logger reads the thermocouple output. A 
micromanometer measures the local pressure drops in 
the test channel. U-Tube and inclined manometers 
measure the pressure drop across the orifice and the 
gage pressure upstream of the orifice. Two TRMS 
multimeters measure the voltage drop across each 

heater and the current through each heater, respec- 
tively. 

smooth wall Stanton numbers are calculated, respec- 
tively, from 

and 

St, = &w/[rnc,(T,, - T,)] (1) 

To prepare the test apparatus for a set of exper- 
iments, the ribs used in the previous set of experiments 
are removed and the interior surfaces of the test sec- 
tion are cleaned thoroughly with an adhesive solvent. 

The ribs for the experiments are then installed. 
Extreme care is taken to position the rib segments 
accurately and to ensure good metal-to-metal contact 
at the rib-wall interfaces. After the test section is 

reassembled, the blower is switched on to allow air to 
flow through the test channel and a solution of soap 
and water is used to check for air leakage. The prep- 

aration procedure generally lasts 8-10 h. 
To initiate an experiment, air at a predetermined 

mass flow rate is allowed to flow through the test 

channel. Power is then supplied to the heaters to main- 
tain the wall temperatures near the exit at about 15°C 
above the exit air temperature. To minimize con- 
duction between adjacent walls, more heat is supplied 
to the two ribbed walls than to the two smooth walls 

so that, at any axial location, the wall temperatures 
on the two ribbed walls and the two smooth walls are 
about the same. 

St, = cj:D*/[tic,(T,, - Tb)] (2) 

where the average wall/bulk temperature differences 
are the averages of the differences between the mea- 
sured wall temperatures and the calculated air bulk 
temperatures (at the corresponding streamwise 

locations) over a section of the test channel between 
the primary measurement stations at .X/L) = 7.66 and 

15.16, where the flow is considered thermally fully 
developed. Experimental data show that there is no 
measurable spanwise temperature variation in each 

wall, the streamwise wall temperature distribution in 
each wall is linear in this section of the channel, and 
the wall temperatures and the bulk temperatures 
between x/D = 7.66 and 15.16 fall on parallel lines in 

plots of temperatures vs x/D. 

Steady state is attained in 14-i-2 h. The heater volt- 

ages and currents along with all temperatures and 
pressures are then recorded. The maximum variations 

of some of the readings are also recorded for the 
uncertainty analysis of the results. The barometric 
pressure is read at the beginning and the end of a test 

run. 
For each rib configuration, seven to eight exper- 

iments are conducted at air flow rates corresponding 
to the flow Reynolds numbers (based on the channel 
hydraulic diameter) between 10 000 and 60 000. Four 
smooth-channel (no-rib) calibration experiments are 
also conducted. The values of the overall Nusselt num- 
ber are within 6% of the corresponding values cal- 
culated with the modified Dittus-Boelter equation. 
The values of the overall friction factor are con- 
sistently higher than those calculated with the modi- 
fied Karman-Prandtl equation, but by no more than 
5%. The modified Dittus-Boelter and Karman- 
Prandtl equations can be found in ref. [4]. 

In equation (l), the heat flux on the ribbed walls is 

the rate of net heat transfer from the ribbed walls to 
the flowing air divided by the projected heat transfer 
area (not including the increased rib surface area). 
The rate of net heat transfer from each channel wall 

to the flowing air is the sum of the rates of net heat 
transfer from ‘imaginary segments’ of the wall in the 
thermally fully developed region. These wall segments 

(equivalent to control volumes in finite difference 
analysis) have interfaces between adjacent tem- 
perature measurement stations. For each segment, the 
rate of net heat transfer is the power input to the 
portion of the heater over that segment minus the rate 
of heat loss through the insulation plus the net rate of 
heat gain as a result of streamwise heat conduction 

between the segment and adjacent wall segments. 

In separate no-flow experiments, a correlation 
between the rate of heat loss through the fiberglass 
insulation and the average wall temperature is 
obtained [4]. The correlation estimates the rates of 
heat loss through the insulation at the various wall 
temperature measurement stations during a test run. 

The rate of heat loss through the insulation is deter- 
mined both (a) numerically assuming a uniform tem- 
perature (equal to the measured temperature) over 
the segment. one-dimensional heat conduction, and 
an equivalent thickness of the insulation, and (b) with 
the measured temperature and the heat loss--wall tem- 
perature correlation from the no-flow experiments. 
There is no significant difference between the two heat 
loss values, Streamwise heat conduction in the channel 

wall is estimated from the measured wall temperatures 
assuming one-dimensional heat conduction and a 
linear streamwise wall temperature distribution be- 
tween consecutive measurement stations. 

DATA REDUCTION 

The distribution of the bulk temperature is evalu- 
ated from an energy balance with the sum of the rates 
of net heat transfer from adjacent segments of all four 
walls to the air, the air mass flow rate, and the inlet 
bulk temperature. For 90% of the test runs, the cal- 
culated exit bulk temperature is within 1.0 C of the 
measured average exit air temperature. 

The reduction of the experimental data follows the The average Stanton number, St, is the average of 
procedure given in ref. [4]. The ribbed wall and the Stanton numbers for the ribbed walls and the 
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smooth walls. The friction factor and the Reynolds 
number are defined respectively as 

f = rW/](l/2)P~~l 

= ~(-~~/~~~~/~I/~(~/~~~~*1 

= [( - dP/dx)D5/[2(ti2/p)] (3) 

Re, = pfD/p = ti/(Dp). (4) 

In equations (l)-(4), all properties of the flowing air 
are evaluated at the average bulk temperature. 

The maximum uncertainties of the values of the 
Reynolds number, the Stanton numbers, and the fric- 
tion factor are estimated to be f2.9, + 5.8, and 
k 10.9% respectively [6]. The uncertainties off are 
relatively large since the pressure drop in the test 
section is quite small when the flow rate is low. 

The friction factor and the Stanton numbers are 
normalized with their corresponding values for therm- 
ally fully developed turbulent flow through a square 
channel that has two opposite walls roughened with 
90” full ribs and two smooth walls, 3$,,, Str,P,,, SL~,~,,, 
and St,, (case 1). 

The roughness Reynolds number, e+, the roughness 
function, R(e’), the heat transfer roughness function, 

G(e’, Pr), and the average heat transfer roughness 
function, G(e+, Pr), are determined with the following 
equations [4] : 

e+ = (e/D) ReD K2f-f,JPl” ’ (9 

R(e+) = [(23-j;,)p- O 5 +2.5 In [2(e/D)] +2.5 

(6) 

G(e+, Pr) = [(2f-fJ/2]0.5/St,+2.5 In [2(e/D)] +2.5 

(7) 

G(e+, Pr) = [(2,f-f,,)/2]’ 5/St+2.5 In [2(e/D)] +2.5. 

(8) 

The roughness functions are for the prediction of the 
Stanton numbers and friction factors in cases with 
different values of e/D. 

PRESENTATION OF RESULTS 

By curve fitting least-squares straight lines through 
experimental data for p/e = 10 given in ref. [5], the 
ribbed wall Stanton number, the smooth wall Stanton 
number, the average Stanton number, and the friction 
factor in the 90”, 45”, and 60” full rib cases are 
obtained, respectively, as power functions of the flow 
Reynolds number as follows : 

Case 1 : full ribs with TV = 90” 

St, = 0.1464(Re,)-0.2745 

St, = 0.08994(Re,)-0-28’7 

St = 0.1184(Re,))0~2774 

and 

f= 0.07155 (ReD)-O o7636 

Case 2 : full ribs with c( = 45” 

(9a) 

St, = 0.4772 (Re,)-0.3742 

St, = 0.1023 (Re,)-a *“I 

St = 0.2583 (ReD)-0.3350 

and 

f= 0.1267(Re,)-0.‘330 (9b) 

Case 3 : full ribs with CI = 60” 

St r = 0.3859 (Re D )-o.3389 

St, = 0.07073 (Re,)m0.2332 

3 = 0.2015 (ReD)-’ “OR 

and 

f= 0.07394(Re,)-” 044y4. (9c) 

The ribbed wall Stanton number, the smooth wall 
Stanton number, the average Stanton number, and 
the friction factor in the V-shaped rib cases with 
p/e = 10 are then normalized with those in the 90” full 
rib case. The normalized ribbed wall Stanton number 
and smooth wall Stanton number, St,/St,,, and 

St,lStX~o> are plotted as functions of the rib angle-of- 
attack for Re, g 10 000, 15 000, 30 000, 40 000, and 
60 000 in Fig. 3. Similarly, the variations of the nor- 
malized average Stanton number and friction factor, 
St/St,, andf/_&,, with the rib angle-of-attack and the 
Reynolds number are shown in Fig. 4. In the two 

figures, StrlStr.YO, SfslSfs.90, WSt,o, and _i?fgo for the 
45” and 60” full rib cases from equations (9b) and 
(SC) are included for comparison. The values of the 
normalized Stanton numbers and friction factor give 
the improvement in heat transfer and the penalty in 
higher pressure drop when 90” full ribs are replaced 
with V-shaped ribs and angled full ribs. 

Rib angle effect on heat transfer 
All parallel arrays of V-shaped ribs with a = 45”, 

60”, 120”, and 135” enhance more heat from the ribbed 
walls and the smooth walls than 90” full ribs. Over 
the range of Reynolds number studied, the values of 
St, in the 45” and 60” V-shaped rib cases are 38846% 
and 47-66% higher than those in the 90” full rib case, 
respectively. The values of St, in the 120” and 135” V- 
shaped rib cases are 3948% and 2632% higher than 
those in the 90” full rib case. 

The 60” V-shaped ribs have higher ribbed wall heat 
transfer than the 45” V-shaped ribs ; the 120” V- 
shaped ribs have higher ribbed wall heat transfer than 
the 135” V-shaped ribs. Since the 45” and 60” V-shaped 
ribs have higher ribbed wall heat transfer than the 
135” and 120” V-shaped ribs, respectively, reversing 
the 45” and 60” V-shaped ribs lowers the ribbed wall 
heat transfer. 

The 60” V-shaped ribs enhance the smooth wall 
heat transfer the most-about 60% over the 90” full 
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FIG. 3. St,/Sl,,,, and St,iSr,g,l as functions of c(, V-shaped ribs with p/r = IO. 

ribs, followed in order by the 45 . 120”, and 135. V- 
shaped ribs. Reversing the 45” and 60 V-shaped ribs 
also lowers the smooth wall heat transfer. 

Comparing corresponding 45^ and 60” V-shaped 

ribs with angled full ribs, the V-shaped ribs have much 
higher heat transfer from both the ribbed walls and 
the smooth walls than the angled full ribs. Replacing 

the 45” full ribs with the 135’ V-shaped ribs improves 
the ribbed wall heat transfer slightly but lowers the 
smooth wall heat transfer. The 120 V-shaped ribs 
have higher ribbed wall heat transfer than the 60 full 

ribs; the smooth wall heat transfer in the two cases, 
however, are comparable. 

Rib angle efSect on pressure drop 
Although the V-shaped ribs have higher ribbed wall 

and smooth wall heat transfer than the 90‘ full ribs, 
they also cause higher pressure drop (Fig. 4). The 45. 

and 60 ’ V-shaped ribs increase the pressure drop 55- 

72% and 68-79% over the 90’ full ribs, respectively. 
The reverse V-shaped ribs (z = 120’ and 135’) have 
even higher pressure drop-the values of,r/,rgO range 
from 1.84 to 2.13 and from 1.58 to 1.86, respectively. 

The values of .f in the 45. full rib case are about 
the same as those in the 90 full rib case (that is, 
f/,fLI,, 2 1 .OO) and those in the 60 full rib case are only 

about 40% higher than the values of z,(). 

Rib angle eflect on thermal pecf?wmunce 
Figure 5 compares the thermal performances of the 

V-shaped ribs with those of the angled full ribs. The ~- 
ratios [(st,jst,,,,)i(.fi~~,~) ‘) ‘I and ~~W~td/(.f’l~~~J ’ ‘I 
for all cases with p/e = IO are plotted vs the rib angle- 
of-attack for Re, z 10 000, I5 000,30 000,40 000, and 
60 000. The 60”V-shaped ribs have the highest thermal 
performance. Their performance is followed, in order, 

I 

J I 
Full Ribs 

X 

I I 
1.01 m 

I I I I I I I I / 
15 30 45 60 75 90 105 120 135 

a (degrees) 

FIG. 4. St/St,,, and T/,TgC, as functions of a, V-shaped ribs with p/e = IO. 
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15 30 45 60 75 90 105 120 135 

at (degrees) 
-- 

FIG. 5. Thermal performances of V-shaped ribs, [(sf,/st.,)/(fiJs,)“‘] and [(St/Stg,)/(~if,)“‘] as functions 
ofcc,p/e= 10. 

by those of the 49 V-shaped ribs, the 120” V-shaped 
ribs, and the 135” V-shaped ribs. The overall thermal 
performances of the reverse V-shaped ribs are only 
slightly higher than that of the 90” full ribs with almost -- 
all values of [(St/S?,,)/(j/j&) “3] < 1.10. 

The 60” V-shaped ribs outperform the 60” full ribs, 
for 10000 < Re, < 60000. The 60” V-shaped ribs 
have values of [(st,/st,,,)/(~~o)“3] and [(A’t/St,,)/ 
(flj&)‘“] ranging from 1.21 to 1.40 and from 1.24 to 
1.39, respectively ; the 60” full ribs have corresponding 
values ranging from 1.14 to 1.3 1 and from 1.16 to 1.23. 

The 45” V-shaped ribs and the 45” full ribs have 
similar thermal performances. For 10 000 < Re, < 

60 000, the values of [(st,/st,,,)/(j”ij$o)‘!3] and 
[(st/st,,)/(J%i$o)‘i’] in the two cases differ by no more 
than 4%. 

Reynolds number effect 

Figures 6-8 show that the ratios Str/Str,YO, St,/ 

S&Xl, St/St,,, fifv09 KSt,/St,90)/(flf90) ‘% and 
[(St/?%,,)/(fl~9,) ‘I31 for the various V-shaped rib 
cases with p/e = 10 are power functions of the Reyn- 
olds number. For comparison purposes, lines repre- 
senting the power functions for the 45” and 60” full 
ribs are also shown. 

The 60” V-shaped ribs have the highest ribbed wall 
heat transfer, smooth wall heat transfer, and thermal 
performance. The 45” and 60” V-shaped ribs have 
higher ribbed wall heat transfer, smooth wall heat 
transfer, and pressure drop than corresponding 
angled full ribs. The reverse V-shaped ribs (a = 120” 
and 135”) have high pressure drops and low thermal 
performances. 

10 15 20 30 40 50 70 

Re, x 10” 

FIG. 6. St,/&,,, and St,/St,,, as functions of Re,, V-shaped ribs with p/e = 10. 
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FIG. 8. Thermal performances of V-shaped ribs, [(sf,/st.,,)/(.fif,,)“‘] and [(st/sr,,)/(f/~o)‘~‘] as functions 
of Re,], p/e = IO. 

Parallel and crossed ribs 

Figures 9 and 10 illustrate the effects of crossing the 
V-shaped arrays (on opposite walls) on the channel 

heat transfer and pressure drop. The heat transfer on 
the wall with the 60” V-shaped ribs in case 8 (the 
crossed rib case) is slightly lower than the ribbed wall 
heat transfer in case 5 (with parallel 60” V-shaped ribs 
on opposite walls) ; the heat transfer on the wall with 
120” V-shaped ribs in case 8 is lower than the ribbed 
wall heat transfer in case 6 (with parallel 120” V- 
shaped ribs on opposite walls). The smooth wall heat 
transfer in the crossed 60”/120” V-shaped rib case is 
comparable to that in the 120” V-shaped rib case and 
is much lower than that in the 60” V-shaped rib case. 
The overall heat transfer and the pressure drop in case 
8 are lower than those in both cases 5 and 6. It can be 

shown that the thermal performance of the crossed 
60”/120” V-shaped ribs is only slightly better than that 
of the 120” V-shaped ribs and is much worse that that 
of the 60” V-shaped ribs. 

Rib pitch efSecr 

The Stanton numbers, friction factors, and thermal 

performances of V-shaped ribs with p/e = 20 (cases 
la, 5a, and 6a) are compared with those of V-shaped 
ribs with p/e = 10 (cases 1, 5, and 6). In Figs. 11-13, 
the Stanton numbers and friction factor are nor- 
malized with those for thermally fully developed flow 
through a square channel with four smooth walls 
(using the modified Karman-Prandtl and Dittus- 
Boelter equations) and are plotted vs the flow Reyn- 
olds number. Doubling the rib pitch-to-height ratio 
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FIG. 9. Comparison of St,/%,,, and St,/St,,, of parallel and crossed V-shaped ribs withp/e = IO. 
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FIG. 12. Comparison of %/St,, and ,nf;, of V-shaped ribs with pie = 10 and 20. 

from IO to 20 lowers the ribbed wall heat transfer, the 
smooth wall heat transfer, the friction factor, and the 
thermal performance. For p/e = 20, both the 60” and 

120” V-shaped ribs have higher values of St,/St,,, 

S4JL ~I% .6X,, [(St,iSt,,)l(j%f,s)“3], and 
[(StjSt,,)/(fi.f~~)“‘] than 90” full ribs. Again, reversing 
the 60‘ V-shaped ribs lowers the channel wall heat 

transfer, increases the pressure drop, and lowers the 
thermal performance. 

To correlate the experimental data for the pre- 
diction of Stanton numbers and friction factor, 

R(e+), We+, Pr), and e(e+, Pr), are expressed as 
power functions of e+. The coefficients and exponents 
of the functions are given in Table 2. 

CONCLUDING REMARKS 

Experiments have been conducted to study the tur- 
bulent heat transfer and friction characteristics of 
fully developed flow of air in a square channel in 
which two opposite walls are roughened with aligned 
arrays of V-shaped ribs. The following conclusions 
are drawn : 

(1) The 60’ V-shaped ribs with p/e = 10 have 
the highest ribbed wall heat transfer, smooth wall 
heat transfer, and thermal performance. The 60 V- 
shaped ribs outperform the 60” full ribs, for 
10 000 < Re, < 60000. The 60- V-shaped ribs with 
p/r = 10 have values of [(St,/St,,,)/( fl,TgCI) “‘I and 
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FIG. 13. Comparison of thermal performances of V-shaped ribs with p/e = IO and 20. 
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Table 2. Coefficients and exponents for the functions R(k), G(e+, Pr), and G(e+, Pr) 

Case/configuration 
designation 

R(e+) = a(e’)h G(e’, Pr) = a(e’)h G(e+, Pr) = a(e+)* 
a b a b a b 

1 a/-90 3.674 -0.0033 4.218 0.257 5.450 0.250 
41-v-45 1.605 0.0015 1.819 0.355 2.656 0.335 
51-V-60 1.232 0.0454 1.299 0.399 2.163 0.360 
5a/‘-V-60 3.687 -0.0571 1.685 0.376 2.719 0.336 
6/-V- 120 1.537 -0.0228 1.983 0.352 3.460 0.315 
6a/-V- 120 3.617 -0.0734 2.739 0.324 4.351 0.291 
7/-v-135 2.070 -0.0384 1.992 0.362 3.685 0.313 

[(St/,St,,)/(fl~J ‘,‘I ranging from 1.21 to 1.40 and (6) Doubling the rib pitch-to-height ratio from 10 
from 1.24 to 1.39, respectively; the 60” full ribs with to 20 lowers the ribbed wall heat transfer, the smooth 
p/e = 10 have corresponding values ranging from 1.14 wall heat transfer, the friction factor, and the thermal 
to 1.31 and from 1.16 to 1.23. performance. 

(2) The 45” V-shaped ribs and the 45” full ribs with 
p/e = 10 have similar thermal performances. For Acknowledgements-This research was supported by the 
f()()()O < Re, < 60 000, the values of [(st,/st,,,)/ National Science Foundation (Grant No. CTS-8910860). 

(.fl&,)‘~‘] aid [(st/st,,)/(3/~,)““] in the two cases 
differ by no more than 4%. 

(3) The 45” and 60” V-shaped ribs with p/e = 10 
enhance more heat transfer from both the ribbed walls 1. 
and the smooth walls, but cause higher pressure drop 

than corresponding angled full ribs and 90” full ribs. 
For 10 000 < Reo < 60 000, the ribbed wall Stanton 
numbers in the 45” and 60- V-shaped rib cases (with 2. 
p/e = 10) are 3846% and 47-66% higher than that 
in the 90d full rib case, respectively; the corresponding 3, 
pressure drops are 55-72% and 68-79% higher than 
that in the 90‘ full rib case. 

(4) Reversing the 45” and 60” V-shaped rib arrays 4. 
lowers the heat transfer from the channel walls and 
increases the channel pressure drop. The reverse V- 
shaped ribs (E = 120 ’ and 135”) have high pressure 5. 
drops and low thermal performances. 

(5) Crossing the 60” V-shaped rib arrays on 
the opposite walls improves neither the heat transfer 6, 
from the channel walls nor the overall thermal 
performance. 
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EFFETS DES ARRANGEMENTS DE NERVURES EN V SUR LE TRANSFERT 
THERMIQUE TURBULENT ET LE FROTTEMENT POUR UN ECOULEMENT ETABLI 

DANS UN CANALCARRE 

Resume-On examine le transfert thermique et le frottement pour un ecoulement etabli d’air dans un canal 
carre ayant deux parois opposees rugueuses avec des arrangements align& de nervures en V. La rugosite 
par nervures modelise les passages de refroidissement interne dans les ailettes de turbines a gaz modernes. 
Les angles d’attaque des arrangements de nervures en V sont 45‘, 60’, 90’, 120‘ et 135 Les nervures avec 
60 et p/e = IO ont le transfert le plus eleve pour un debit d’air don& et le plus fort transfert de chaleur 
par unite de puissance de pompage. Elles sont recommandees pour le refroidissement d’ailettes de turbine 

en remplacement des nervures pleines ri 45’ et 60’. 



EINFLUSS EINER V-FORMIGEN BERIPPUNG AUF WARMEUBERGANG UND 
DRUCKABFALL IN EINER VOLLSTANDIG ENTWICKELTEN TURBULENTEN 

STROMUNG IN EINEM QUADRATISCHEN KANAL 

Zusammenfassung-Die vorliegende Arbeit bef& sich mit dcm Warmeubergang und dem Druckabfall in 
cincr vollstindig entwickelten turbulenten Luftstromung in einem quadratischen Kanal, in welchem awei 
gcgenuberliegende Wlnde mit Anordnungen aus V-fiirmigcn Rippen kiinstlich aufgerauht sind. Diesel 
kiinstlich aufgerauhte Kanal ist als Model1 fur die Kiihlkanale in der Beschaufelung moderner Gasturbinen 
vorgesehcn. Der Anstcllwinkel der V-formtgen Rippenanordnung betragt 45, 60. 90 (wie bei Vollrippen). 
I20 und 135 Grad. Die V-formigen Rippen bei 60 Grad und p/c’ = IO rufen bei gegebenem Luftdurchsatz 
den hiichsten WCrmeubergang fur berippte wie such fiir glatte Wand hervor. Es ergibt sich such der 
hochste Warmetibergang fur den gesamten Kanal bei gegebencr Geblaseleistung. Diese Anordnung wird 
dnhcr fur die innere Kiihlung von Turbinenschaufeln vorgeschlagen-sie soil die Vollrippen mit 45 Grad 

oder 60 Grad ersctzen 

BJWiFIHkiE OPEEPEHMII C V-OEPA3HOn QOPMOfi PEPEP HA TYP6YJIEHTHbIR 
TEl-IJIOl-IEPEHOC ki TPEHHE l-IPki l-IOJlHOCTbIO PA3BkiTOM TEgEHkikl B KAHAJIE 

KBAAPATHOrO CEgEHMII 

&IIOTUWI--kiCCneAyIOTCK XapaKTepHcTnKH ryp6yneriTaoro TeMoIIepeHoCa II T~~HHK II~H IIO~HOCT~I~ 
pa3BHTOM Te'IeHIiH BO3AyXa B KaHWIe KBWpaTHOrO CWIeHWIl C IIIepOXOBaTOCTbIO AByX IIpOTHBOIIOnOXC- 
H~IX CTeHoK,O6pa30BaHHOfi yIIopnAo~eaHbIhfu pKAahtSIpi%ep V-O~~ZJHO~~ i#~OpMbI.Te~eIfIie B Ope6peH- 
~oMTaKHh4o6pa3o~KaHa~IeMoAen~pye~11poueccbloxna~eHur nonaToK ra3oTyp6HHHbIXABIiraTenefi. 
3KCIIepIiMeHTbI npoBoAHnscb AJIII yrnoB aTaKA Ha V-o6pasHoe pe6po 45”, 60”, 90”, 120” H 135”. nOKa- 

3aH0, YTO MaKCHM~bHariiKO~~UUHeHTTenAOnepeHOCa K Ope6peHHOfi H rJWlKOi%CTeHKe,aTaK~e MBK- 
CHMaJIbHbIi? KO3++HWeHT TeIInOO6MeHa B KaHLJIe Ha eAI,H&IUy IIOABOAIiMOti MOIIWOCTH AOCTIWaeTCR 

IlpIiyrneaTaKH 60" HOTHOUIeHHHp/e = 10. 


