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Abstract-Detailed Nusselt number distributions are presented for a two-pass square channel with one 
ribbed wall. This wall of the channel is sprayed with thermochromic liquid crystals, and a transient test is 
run to obtain the local heat transfer coefficients. Results are presented for Reynolds numbers ranging from 
6000 to 60 000. The rib height-to-hydraulic diameter ratio is 0.125 ; the rib pitch-to-height ratio is 10 ; and 
the rib configurations are 90” parallel, 60” parallel, 60” V, and 60” broken V. Detailed measurements are 
presented in the first pass, before the 180” turn, in the turn region, after the turn, and further downstream 
in the second pass. The detailed distributions provide a clear understanding of the secondary flows induced 

by i.he 180” turn and the rib turbulators. 0 1997 Elsevier Science Ltd. All rights reserved. 

INTRODUCTION 

Heat transfer augmentation inside cooling channels is 
achieved by using repeated ribs as turbulence 
promoters. The periodic ribs break the laminar sub- 
layer and create local wall turbulence due to flow 
separation and reattachment between the ribs, greatly 
enhancing the heart transfer. Several researchers have 
studied the heat transfer and friction characteristics 
in straight channels. References [l-3] studied the 
effects of flow Reynolds number and rib geometry on 
heat transfer and pressure drop in the fully developed 
region of a uniformly heated square and rectangular 
channels. Further studies [4-71 showed that angled 
ribs provide better heat transfer enhancement than 
transverse ribs. References [8-l 1] presented heat 
transfer results for parallel, broken and V-shaped ribs. 
All of the above studies had channels with two 
opposite ribbed walls. References [12, 131 reported 
heat transfer resul.ts for one ribbed wall straight chan- 
nels. Most of the above studies used heater plates 
and thermocouples for heat transfer measurements. 
Reference [lo] used a heat/mass transfer analogy to 
study local heat transfer distribution. Recently, ref. 
[14] presented heat transfer and friction results in rec- 
tangular channels with varying number of ribbed 
walls. They studied heat transfer in channels with one, 
two, three and four walls with rib turbulators. They 
reported that increasing the number of ribbed walls 
not only increases heat transfer enhancement but also 
increases friction in the channels. 

Internal coolant passages in a turbine blade are 
serpentine with several sharp 180” turns connecting 
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straight sections. References [15-191 presented heat 
transfer results for smooth and ribbed multi-pass 
channels. Reference [15] used heaters and thermo- 
couples to measure heat transfer whereas all the other 
studies for two- or three-pass channels used a heat- 
/mass transfer analogy to measure local heat transfer 
distributions. They reported that the local Sherwood 
numbers on ribbed walls were 1.5-6.5 times those for 
a fully developed flow in a smooth square channel. 
They also reported that a 60” angled rib produces 
higher enhancement compared to 45” and 90” ribs. 
Reference [18] reported that the combined effects of 
the rib angle, rib orientation, and the sharp 180” turn 
significantly affect the local mass transfer distri- 
butions. The mass transfer technique provides local 
heat/mass transfer distributions along three axial lines 
on the channel surface. Also, the previous studies for 
two-pass channels using the mass transfer technique 
provided results for only smooth, transverse (90”) and 
angled (45”, 60”) ribs. 

The first group of the above-mentioned studies 
(refs. [l-9, 1 l-l 31) focused on the effect of many rib 
geometries on the heat transfer and friction in straight 
rectangular channels using the standard heater plates/ 
foils and thermocouple technique. They provided 
regional heat transfer enhancement and a pressure 
drop penalty, and their correlations in ribbed chan- 
nels. However, they do not provide the detailed heat 
transfer coefficient distributions in the ribbed chan- 
nels. The second group of studies (refs. [l&18]) 
focused on the effect of several rib orientations on the 
heat/mass transfer enhancement in two- or three-pass 
square channels using the naphthalene sublimation 
technique. They provide a little bit more information 
about the local heat/mass transfer distributions. How- 
ever, they still do not provide the required detailed 
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NOMENCLATURE 

D square channel width or height Re Reynolds number @ VD/p) 

: 
rib height t time of liquid crystal color change 
thermal conductivity of test surface r, initial temperature of test surface 
material TW liquid crystal color change 

k, thermal conductivity of air temperature 
L length of each pass T, mainstream temperature 
N number of step changes on the chart V mainstream flow velocity 

recorder output x axial distance from center of the 
NU local Nusselt number @D/k,) channel. 
N% Nusselt number from correlation for a 

straight channel, 0.023Re0.8 Pro.4 Greek symbols 
Nu spanwise or regional averaged Nusselt u thermal diffusivity of test surface 

number material 
P rib pitch v dynamic viscosity of air 
Pr Prandtl number of air P density of air. 

heat transfer coefficient distributions between ribs, on 
the ribs, in the 180” turn region, and in the second 
pass of the two-pass channel. In the turbine blade 
internal cooling design, it is important to know the 
detailed heat transfer coefficient distributions on the 
ribbed walls, particularly in the 180” turn region, in 
order to prevent the local hot spots in the coolant 
passages. This is the reason detailed heat transfer 
information is still an important concern in the 
advanced turbine blade cooling design. 

The present study focuses on the detailed heat trans- 
fer coefficient measurements for smooth and various 
rib-roughened two-pass channels using a transient 
heat transfer technique with a liquid crystal coating 
on the test surfaces. The detailed heat transfer dis- 
tributions help understand the flow physics in the two- 
pass ribbed channels such as separation, reattachment 
and secondary flow due to rib angle, Ilow turning and 
impingement in the 180” sharp turn region, and flow 
redevelopment after the 180” turn in the second pass 
of the two-pass channel. The detailed heat transfer 
distributions help understand the heat transfer en- 
hancement process and provide better rib geometry/ 
orientation for turbine blade internal cooling design. 
Reference [20] used the transient liquid crystal image 
technique in the sharp 180” turn region of a two-pass 
square channel with smooth walls. A similar technique 
will be extended for the present study. 

The objective of this study is to provide detailed 
heat transfer coefficient distributions for a two-pass 
square channel with various rib configurations. 
Results are presented for a smooth channel and four 
ribbed channels with 90” parallel ribs, 60” parallel ribs, 
60” V ribs, and 60” broken V ribs. Four flow Reynolds 
numbers ranging between 6000 and 60 000 are studied 
for each channel. This study focuses on a two-pass 

channel with only one ribbed wall. All the results are 
presented for the ribbed wall only. 

TEST APPARATUS 

Figure 1 presents a schematic of the experimental 
setup. The experimental setup consists of an image- 
processing system, a flow circuit, and the test section. 
The image-processing system consists of an RGB cam- 
era to view the liquid crystal coated test surface. The 
camera is connected to a color frame grabber board 
placed inside the PC. The frame grabber board is 
programmed through a software package to analyze 
the color changes during the transient test. A monitor 
is also connected to the frame grabber board for ref- 
erence. 

The flow circuit consists of a compressor-based air 
supply. The air passes through a standard orifice meter 
which measures the mass flow rate. Air then passes 
through an in-line heater and a three-way ball diverter 
valve. The heater input, controlled by a transformer, 
heats the air to the required temperature. The ball 
diverter valve routes the air away from the test section 
when the test is not in progress. A transient test is 
initiated by switching the valve and letting the hot air 
into the test section. 

Figure 2 presents the front view of the test section, 
indicating the test wall, rib spacing, rib size, and chan- 
nel dimensions. The test section is a two-pass channel 
with a 5.08 cm square cross-section. Each pass is 60.96 
cm long, with an L/D ratio of 12. The whole test 
section is made of plexiglass, The back wall is made 
of black plexiglass and sprayed with liquid crystals on 
the inside. The liquid crystal coated surface is 
observed through the transparent opposite wall. The 
ratio of the divider wall thickness to the channel width 
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Fig. 1. Experimental setup. 

(t/o) is 0.25. The thickness of the plexiglass wall is 
1.27 cm. 

For the rib-roughened ducts, black plexiglass ribs 
were attached to the test surface using double-sided 
tape. Liquid crystals were sprayed after attaching the 
ribs to the surface. Four rib configurations, 90” paral- 
lel, 60” parallel, 60” V, and 60” broken V, were studied. 
Figure 2 also presents the rib configurations on the 
channel wall. The rib height-to-channel width (e/o) is 
0.125, and the rib pitch-to-height ratio (P/e) is 10. A 
90” rib was placed along the divider wall in the middle 
of the 180” turn. This rib was common for all the rib 
configurations. The axial distance (X’) is measured 
from the middle of the turn. Positive X indicates 
second pass and negative X indicates first pass. 

DATA REDUCTION 

The liquid crystal coated surface is suddenly 
exposed to a hot mainstream, and the color change 
temperature at each pixel location on the test surface 
is registered by the image-processing system. The local 
heat transfer coefficient (II) over the test surface can 
be obtained by assuming one-dimensional transient 
conduction over a semi-infinite solid. The surface tem- 
perature response into the semi-infinite surface with a 
convective bound,ary condition at the surface is shown 
as 

s= 1-exp($)erfcr#) (1) 

where T, is the color change temperature from red 
to green during the transient test, Ti is the initial tem- 
perature of the test surface, T, is the oncoming time- 
dependent mainstream temperature, and t is the time 
of color change to green at any location. Test con- 

ditions are set such that the time of color change on the 
surface is between l&80 s. This enables the validity of 
the semi-infinite solid assumption on the test surface. 

The chart recorder measures the time-dependent 
variation of the mainstream temperature in the middle 
of each pass. The axial temperature in the channel is 
interpolated from the two measured locations. 
Although the axial temperature variations in the chan- 
nel measured region is not linear, especially in the turn 
region, this method helps increase the accuracy of the 
local mainstream temperature prediction compared to 
using a single temperature for the entire channel. Fig- 
ure 3 presents the typical timetemperature history for 
the mainstream at the inlet and outlet of the measured 
region. There is a temperature drop from the inlet of 
the measured section to the outlet through the 180” 
sharp turn region. The local mainstream temperature 
at any axial location on the test surface is linearly 
interpolated between the inlet and outlet measured 
temperatures to improve accuracy in the heat transfer 
coefficient calculation. Since the local mainstream 
temperature (T,,,) at any location is a function of time, 
the solution in equation (1) has to include the time- 
variance of the mainstream temperature. The time 
history of the mainstream temperature is simulated as 
a series of time step changes. The time step changes 
of the mainstream temperature at every location are 
included in the solution for heat transfer coefficient 
using the Duhamel’s superposition theorem. The solu- 
tion for the heat transfer coefficient (h) at every 
location is then represented as 

T,--T,= 2 l- P j=, { ex [hzuckt_7”] 

x erfc [“j”f-“)]} [AT,o,j- ),I (2) 
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Measured Region 

(b) 90” parallei ribs 

(c) 60” parallel ribs 

(d) 60” V ribs 

(e) 60” broken V ribs 

Fig. 2. Test surface geometry with rib configurations. 

where AT,,,,,_ 1j and z, are the temperature and time 
step changes obtained from the chart recorder output. 
The equation is solved at every point on the surface 

---T--y 

outlet 

InitiaJ bum________---z ----------- ._ - 
i *o-“““““““““““““““““;““; 

0 10 20 30 40 50 60 70 80 

Time (seconds) 

Fig. 3. Mainstream temperature variations during the tran- 
sient test. 

(250x90 points) to obtain the local heat transfer 
coefficient. 

Thermochromic liquid crystals are sprayed uni- 
formly on the test surface using an air gun. The coat- 
ing is a light spray of thickness on the order of 5-10 
pm. The main flow is set to the required flow rate and 
heated to a required temperature. Once the tem- 
perature achieves a steady value, the diverter wall is 
flipped and the hot air is sent over the test surface, 
causing the liquid crystals to change color. The 
computer records the time for the liquid crystals 
to change color to green from the start of the 
transient test. The measured mainstream tempera- 
ture from the chart recorder and the computer meas- 
ured times of color change are used to solve for 
the local heat transfer coefficient at every location 
(250 x 90). 
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The experimental uncertainty in the measurement 
of the convective heat transfer coefficient (h), based 
on methodology from ref. [21], is on the order of 
f 5.9%. The individual uncertainties in the measure- 
ment of the time of color change (r) is k 2.5%, the 
mainstream temperature (T,) is + 1.5%, the color 
change temperature (TW) is +0.8%, and the wall 
material properties (a, k) are + 5.0%. These uncer- 
tainties were included in the calculation of the overall 
uncertainty in the: measurement of ‘h’. 

RESULTS AND DISCUSSION 

Detailed Nusselt number ratio distributions 
Figure 4(a)-(e) presents the detailed Nusselt num- 

ber ratio (Nu/Nu,,) distributions for all five cases 
(smooth and ribbed channels) at Re = 12 000, 30 000 
and 60 000. The fully developed flow Nusselt number 
(Nu,,) for a smooth square channel is obtained from 
the Dittus-Boelter correlation for a smooth circular 
tube. Nusselt number ratios in the entire channel 

(b) 90” parallel 

Re = 12000 Re = 30000 

(a) Smooth 

6 

Re = 60000 

Fig. 4. (a) Detailed Nusselt number ratio distributions for a smooth channel. (b) Detailed Nusselt number 
ratio distributions for a channel with 90” parallel ribs. (c) Detailed Nusselt number ratio distributions for 
a channel with 60” parallel ribs. (d) Detailed Nusselt number ratio distributions for a channel with 60” V 
ribs. (e) Detailed Nusselt number ratio distributions for a channel with 60” broken V ribs. (Continued 

overleaf.) 
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NdNu, 

Re = 12000 

(c) 60” parallel 

(d) 60" v 

Re = 30000 

Fig. &Continued. 

6 

Re = 60000 

decrease with an increase in Reynolds number for all 
smooth and ribbed channels, as can be observed 
clearly in the turn and after-turn regions. 

Figure 4(a) presents the detailed Nusselt number 
ratio distributions in a two-pass smooth channel. In 
the first pass, there is very little spanwise variation. 
As the flow approaches the 180” turn, the Nusselt 
number ratio reaches a low value very close to 1.0, 
which indicates that the flow in the first pass is 
approaching the fully developed flow condition. The 
turn effect is three-dimensional and is influenced by 
the flow separation at the divider tip and the sec- 
ondary flows induced by the centrifugal forces. Before 
the turn, the flow tends to move towards the divider 
wall, producing a small recirculation region near the 
outer wall. This can be observed as a low heat transfer 

region. High heat transfer is observed away from the 
divider wall in the turn region. This may be due to the 
flow impinging from the first pass before being affec- 
ted by the 180” turn. As the flow enters the second 
pass, higher Nusselt number ratios are observed away 
from the divider wall. This may be due to the cen- 
trifugal forces due to the sharp 180” turn causing the 
flow to impinge on the outer wall. Further down- 
stream into the second pass, Nusselt number ratios 
decrease as effect of the turn reduces. In addition, 
the spanwise variations observed in the turn region 
decrease farther downstream into the second pass. 

Figure 4(b) presents the detailed Nusselt number 
ratio (Nu/Nq,) distributions in the two-pass channel 
with 90” parallel ribs. The 90” ribs enhance the heat 
transfer on the surface compared to a smooth surface. 
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2 4 6 

Re = 12000 

(e) 60” broken V 

Re = 30000 
Fig. 4-Continued. 

There is greater spanwise and axial variations in the 
Nusselt number ratio distributions due to the presence 
of the ribs. Highest Nusselt number ratios are 
observed on the top of the ribs. The distributions 
between adjacent ribs appear periodic in the entire 
channel. Heat transfer is high in the middle region 
between two ribs, and very low immediately before 
and after the ribs. In the turn region, heat transfer is 
enhanced greatly due to the combination of the sharp 
180” turn and the 90” ribs. The presence of the ribs 
appears to reduce the effect of centrifugal forces on 
the secondary flow and causes lesser impingement on 
the outer walls. La’cally high heat transfer regions are 
obtained immediately downstream of the ribs in the 
turn and the second pass. Further downstream into 
the second pass, Nusselt number ratios decrease with 
the reduction in the effect of the turn. The heat transfer 
distribution appears to retain the periodicity between 
two adjacent ribs a.bout three rib pitches downstream 
into the second pass. 

Figure 4(c) presents the detailed Nusselt number 
ratio (Nu/NuJ distributions in a two-pass channel 
with 60” parallel ribs. The ribs in the first pass are 
angled away from the divider wall and the ribs in the 
second pass are angled towards the divider wall. There 
is a 90” rib in the turn region. The 60” ribbed channel 
produces higher enhancement than the 90” ribbed 
channel. Highest Nusselt number ratios are obtained 
on top of the ribs in both the passes of the channel. 
Heat transfer distribution between adjacent ribs is 
periodic over the entire channel. The secondary flow 
moves away from the divider wall towards the outer 
wall in the first pass. Nusselt number ratios decrease 
from the divider wall to the outer wall in the spanwise 

direction. In the turn region, Nusselt number ratios 
are very high due to the combination of the 180” sharp 
turn and the 90” rib. The centrifugal effect due to 
the turn on the secondary flow is reduced due to the 
presence of the ribs. In the second pass, Nusselt num- 
ber ratios are higher near the outer wall and decrease 
towards the divider wall. This is due to the angle of 
the ribs. The secondary flow in the second pass moves 
from the outer wall towards the divider wall. Nusselt 
number ratios decrease further downstream as the 
effect of the turn reduces and distribution becomes 
more periodic between the ribs. 

Figure 4(d) presents the detailed Nusselt number 
ratio (Nu/Nu,,) distributions in a two-pass channel 
with 60” V ribs. The direction of the V ribs is shown 
in Fig. 2. There is a 90” rib in the middle of the turn. 
The Nusselt number ratios are highest on the top of 
the ribs. In the first pass, the secondary flows induced 
by each angled side of the V rib move away from the 
center of the channel. A high heat transfer enhance- 
ment region is obtained along the centerline of the 
channel. Nusselt number ratios are lower immediately 
upstream and downstream of each rib in the first pass 
due to flow separation from the rib, forming two vor- 
tices before and after rib corners. A very low Nusselt 
number region is produced immediately downstream 
of the last V rib in the first pass due to the separation 
caused by the additional effect of the turn. The 90” 
rib in the turn region produces high enhancement 
immediately downstream of the rib. Further down- 
stream, the Nusselt number ratios in the second pass 
are higher than those for 90” and 60” ribbed channels. 
Two secondary flows are generated by the ribs in the 
second pass. The secondary flow near the outer wall 
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has higher momentum due to the influence of the 
centrifugal forces, whereas the secondary flow near 
the divider tip has lower momentum. A high heat 
transfer region is produced closer to the outer wall. 
Further downstream, the effect of the turn reduces 
and the local Nusselt number ratios decrease. The 
secondary flows created by the ribs by itself produce 
much lower enhancement compared to the combined 
effect of the secondary flows created by the ribs and 
the sharp 180” turn. 

Figure 4(e) presents the detailed Nusselt number 
ratio (Nu/Nu,) distributions in a two-pass channel 
with 60” broken V ribs. Nusselt number ratios are 
highest on top of the ribs. The broken V ribs are 60” 
V ribs broken and staggered. There is a 90” rib in the 
middle of the turn. The heat transfer enhancement in 
the first pass is limited to the mid-channel region. 
Highest enhancement is downstream of each rib along 
the direction of the rib. The distribution in the first 
pass appears to be serpentine due to secondary flows 
generated along the broken V ribs. The Nusselt num- 
ber ratios in the turn region in the first pass are very 
low. The rib configuration used in the present study 
reduces the secondary flow velocity, thus reducing 
heat transfer enhancement. In the turn region in the 
second pass, heat transfer is enhanced greatly by the 
90” rib in the turn. The enhancement in the second 
pass after-turn region is much higher than the 
enhancement in the first pass. Nusselt number ratios 
are higher near the outer wall due to the turn effect. 
Further downstream, the effect of the turn reduces 
and the higher heat transfer region moves closer 
towards the mid-channel region. 

Figure 5 presents detailed Nusselt number ratio 
distributions for Re = 30 000 in the first pass between 
two adjacent rib pitches (X/D = - 2 to - 5). The Nus- 
selt number ratio between adjacent ribs for all rib 
configurations is periodic. The secondary flow struc- 
tures are clearly evident for the 60” parallel, 60” V, 
and 60” broken V ribs. The region is not affected by 
the 180” turn downstream. The highest enhancement 
region between the ribs is dependent on the secondary 
flow structure produced by the rib configuration. The 
60” parallel rib has secondary flow from the divider 
wall towards the outer wall. The V rib has two sec- 
ondary flows generated at the tip of the ribs and mov- 
ing away from the center of the channel. The broken 
V rib has serpentine secondary flows with highest Nus- 
selt numbers immediately downstream of the ribs. 

Spanwise heat transfer distributions 
Figure 6 compares the spanwise-averaged Nusselt 

number (&/Nu,) distributions for each of the five 
configurations at Re = 12 000 and 60000. The rib 
locations are indicated by dark squares on the figure 
for 90” parallel ribs. Nusselt number ratios are lower 
for Re = 60 000 compared to those for Re = 12 000 as 
discussed earlier. The smooth surface distributions 
show very little variations in the distributions. In the 
first pass, the Nusselt number ratio decreases and is 

(a) 90” Parallel Ribs 

(b) 60” Parallel Ribs 

(c) 60” V Ribs 

Fig. 5. Detailed Nusselt number ratio distributions in the 
first pass of the channel at Re = 30 000. 

almost equal to 1 .O just before the turn region. Nusselt 
number ratios increase in the turn region and reach a 
maximum in the after-turn region in the second pass 
and decrease further downstream into the second pass. 

The ribbed channels show periodic spikes in the 
spanwise averaged distributions. The Nusselt number 
ratios are highest on the ribs, and low upstream and 
downstream of the ribs. The spikes are clearly evident 
for the 90” ribbed channel. The 90” ribs are along the 
channel span and the averaging is also along the span. 
However, for the other ribbed channels, the ribs are 
at an angle to the channel span due to which the 
periodic spikes are not very strong. The after-turn 
region has the highest Nusselt number ratios due to 
the strong effects of both the 180” sharp turn and the 
presence of ribs. Further downstream, the effect of the 
turn reduces. The average Nusselt number over each 
pass is higher for the 60” parallel and 60” V ribs com- 
pared to other configurations. The 60” broken V rib 
produces similar enhancement levels as the 60” parallel 
ribs in the first pass. However, they produce much 
lower enhancement in the turn region compared to all 
other rib configurations. The spanwise distributions 
are presented to indicate the axial heat transfer 
enhancement variations in the entire channel. 
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Fig. 6. Spanwise averaged Nusselt number distributions for all five configurations at Re = 12000 and 
60 000. 

Regionally averaged distributions each Reynolds number. At Re = 6000, all rib con- 
The local Nusselt number ratios are regionally- figurations produce a similar scale of enhancement in 

averaged over every rib pitch, including the rib top on the first pass. In the turn region, 90” ribs produces 
the channel wall in the first pass, in the turn region, the highest enhancement. Further downstream in the 
and the second pass. Figure 7 presents the effect of rib second pass, Nusselt number ratios for all the ribbed 
angle on regionally averaged Nusselt number ratio at channels decrease as the effect of the turn is reduced. 
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8 

0 
-8 -6 -4 -2 0 2 4 6 8 

Fig. 7. Effect of rib configuration on regionally-averaged Nusselt number ratio for all four Reynolds 
numbers. 

At Re = 12000, 60” broken V ribbed channel pro- Figure 8 presents the effect of Reynolds number 
duces higher Nusselt number ratios in the first pass for regionally-averaged Nusselt number ratios in the 
compared to other ribbed and smooth channels. How- entire first pass (X/D = - 6 to - 2) in the turn region 
ever, in the second pass, the Nusselt number ratio for (X/D = -2 to 2) and the entire second pass 
the 60” parallel and 60” V ribs are slightly higher (X/D = 2-6). The Nusselt numbers in the region on 
than for the 60” broken V ribbed channel. For higher the rib top are also included in the averaging. The 
Reynolds numbers, the effect of various ribs does not single value for each region at each Reynolds number 
produce strong variations in the regionally averaged represents the overall enhancement in the region due 
Nusselt number ratio distributions. Both 60” parallel to the ribs. For the first pass, Nusselt number ratios 
ribs and 60” V ribs produce similar enhancement. The decrease with increase in Reynolds number for all rib 
60” broken V rib channels produce a very low Nusselt configurations and a smooth surface. The 60” broken 
number ratio immediately upstream of the turn for V ribs produce the highest enhancement in the first 
all the Reynolds numbers. This may be due to flow pass. The enhancements for the 60” parallel and 60 
separation and recirculation near the last rib on the V ribs are slightly lower than for 60” broken V ribs. 
first pass [see Fig. 4(e)]. For the turn region, Nusselt number ratios show a 
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Fig. 8. Effect of Reynolds number on average Nusselt number ratio for each channel region. 

stronger decrease with increase in Reynolds number. 
The 60” parallel ribbed channel produces higher Nus- 
selt number ratios than all the other rib configur- 
ations. The 60” V ribbed channel produces slightly 
lower values. All the ribbed channels have a 90” rib in 
the middle of the turn. Nusselt number ratios decrease 
with an increase in Reynolds number for all the chan- 
nels in the second pass. The 60” V ribbed channel 
and the 60” broken V ribbed channel produce similar 
Nusselt number ratios. The 60” parallel ribs produce 
higher Nusselt number ratios than the 60” V and 60” 
broken V ribs. For all the three regions, smooth sur- 
face Nusselt number ratios are lowest as expected. 

Comparisons 
The results from the present study have been com- 

pared with results (obtained by previous investigators. 
Figure 9(a) compares results for smooth two-pass 
channels with results from refs. [17] and [19] at 
Re = 30 000. The results are in good agreement in the 
first pass. However, the results from present study are 
much higher in the turn and second pass. References 
[ 171 and [ 191 measured regionally averaged heat trans- 
fer coefficient results using a naphthalene sublimation 
technique compared to the detailed measurements in 
the present study. 

Figure 9(b) compares results from refs. [9] and [14] 
with the present study for a 90” ribbed channel at 
Re = 30 000. Both studies ([9, 141) measured regional 
averaged heat transfer in straight ribbed channels 
using thermocouples and heater plates. Results from 
ref. [9] were for channels with two opposite ribbed 
walls, and ref. [14] had one side ribbed wall similar to 
the present study. Both studies show higher Nusselt 
number ratios compared to results in the first pass. 

Figure 9(c) com:pares results from ref. [8] with the 
present study for 60” parallel and 60” V ribs at 
Re = 30000. Reference [8] presented regional aver- 
aged heat transfer for straight channels using thermo- 
couples and heater plates. The present results in the 
first pass are lower than the results from ref. [8] for 
both rib configurations. The present results could be 

lower than the published results due to three main 
reasons. Firstly, the liquid crystal technique is unable 
to measure the separated flow region heat transfer 
immediately downstream of the rib [see Fig. 4(b)-(e)]. 
The averaging produces lower results due to this low 
(nearly zero) heat transfer region. Reference [S] has 
two-sided ribbed walls which causes a 10% higher 
heat transfer than for a one-sided ribbed wall as in the 
present study. Since the present study has ribs only on 
one side, the secondary flows developed may not be 
as strong as they would be if both the sides were 
ribbed. Most importantly, refs. [8, 5, 9, 141 used cop- 
per ribs on the copper plates in the test channel. 
Additional heat was removed from the front and back 
sides of the ribs. This additional rib side area increases 
the overall heat transfer area by more than 20% of 
the entire smooth surface area. The present liquid 
crystal experiments provide heat transfer coefficients 
between the ribs and the rib top, but do not include 
heat transfer to the rib sides. Therefore, the present 
average Nusselt numbers are lower than other studies. 
The main focus of the present study is to present 
detailed heat transfer distributions in smooth and tur- 
bulated channels which provide valuable insight into 
the enhancement phenomena caused by secondary 
flows induced by the ribs and the sharp 180” turn. 

CONCLUSIONS 

Local Nusselt number distributions are presented 
for turbulent flow in a two-pass square channel for 
smooth and ribbed walls using a transient liquid crys- 
tal technique. The conclusions based on the results 
presented are : 

(1) 

(2) 

Nusselt number ratios in the second pass are 
nearly 2-3 times higher than for the first pass 
due to the 180” sharp turn effect in the smooth 
channel. Nusselt number ratios in the after-turn 
and the second pass decrease with an increase in 
Reynolds number. 
The 60” parallel, 60” V and 60” broken V ribs 
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Fig. 9. Comparison of results from present study with published results at Re = 30 000. 

produce similar high heat transfer enhancement 
in the first pass with 60” broken V ribs slightly 
higher. However, 60” parallel ribs produce higher 
enhancement in the turn and second pass. 

(3) Nusselt number distributions in the first pass are 
mostly periodic for all ribbed channels between 
two adjacent ribs. However, the effect of the 180” 
turn combined with the presence of the ribs pro- 
duces much higher Nusselt numbers in the after- 
turn region in the second pass. 

(4) Nusselt numbers are highest on the top of the 
ribs for all ribbed channels. However, Nusselt 
numbers are lowest immediately before and after 
the ribs for all ribbed channels. 

(5) The present averaged Nusselt numbers show the 
same trends as the published results for straight 
channels with metallic ribs. However, the present 

Nusselt numbers are lower because the rib- 
increased heat transfer area is not included in the 
heat transfer coefficient calculations. However, 
the detailed Nusselt number distributions pre- 
sented in this study help understand the heat 
transfer enhancement phenomena due to ribs and 
the sharp 180” turn. There are no previous pub- 
lications providing such detailed heat transfer dis- 
tributions for two-pass channels with various rib 
turbulators. 
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