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ABSTRACT

Liquid crystals are used in this experimental investigation to

measure the heat transfer coefficient in a spanwise rotating chan-

nel with two opposite rib-roughened walls. The ribs (also called

turbulence promoters or turbulators) are configured in a staggered

arrangement with an angle of attack to the mainstream flow, o, of

90° for all cases. Results are presented for three values of turbulator

blockage ratio, e/Dh, (0.1333, 0.25, 0.333) and for a range of Reynolds

numbers from 15,000 to 50,000 while the test section is rotated at

different speeds to give Rotational Reynolds numbers between 450

and 1800. The Rossby number range is 10 to 100 (Rotation num-

ber of 0.1 to 0.01). The effect of turbulator blockage ratios on heat

transfer enhancement is also investigated. Comparisons are made

between the results of geometrically identical stationary and rotat-

ing passages of otherwise similar operating conditions. The results

indicate that a significant enhancement in heat transfer is achieved in

both the stationary and rotating cases, when the surfaces are rough-

ened with turhulators. For the rotating case, a maximum increase

over that of the stationary case of about 45% in the heat transfer

coefficient is seen for a blockage ratio of 0.133 on the trailing surface

in the direction of rotation and the minimum is.- decrease of about

6% for a blockage ratio of 0.333 on the leading surface, for the range

of rotation numbers tested. The technique of using liquid crystals

to determine heat transfer coefficients in this investigation proved to

be an effective and accurate method especially for nonstationary test

sections.

NOMENCLATURE

a	test section width (see figure 2)

Ah	heat transfer area

AR	aspect ratio of passage, a/b

b	test section height

d	distance of camera lens from the beginning of the heater

on which h t is measured in the direction of flow

D	diameter of a circular passage

Dh	hydraulic diameter of passage, 2ab/(a}b)

e	turbulator (rib) height

hf	heat transfer coefficient on turhulated wall

Gr	Grashof number (=Ra/Pr = (—)JDh RoRe3AT)

i k	current drawn by kth heater

JD	Rotational Reynolds number based on circular tube

diameter = 14D 2 w

JD h	Rotational Reynolds number based on hydraulic diameter

= QDh 2 w

k	thermal conductivity of air

L	length of each heater in flow direction ( 27.95cm)

ira	mass flow rate of air

Nu,	Nusselt number on the turbulated wall of the test section

when the passage is stationary

Nis r	Nusselt number on the turbulated wall of the test, section

when the passage is rotating

P	perimeter
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Pr	Prandtl number

heat flux generated by electric heater

q " 5	heat flux lost through back of test section

q' l ,.	heat flux lost by radiation

Q	total heat added to air

r	radial distance from the camera lens to the axis of rotation

Ra	Rotational Rayleigh number (= rfl 2 (T,,, —T,,,,)3D'Prw 2

(nh )JD,, RoRCPrOA )

Re	Reynolds number based on test section hydraulic diameter

Ro	Rotation number (=QDh /U-)

Ross	Rossby number (=1/Ro)

S	turbulator (rib) pitch

T	temperature

Tf	film temperature

Tm	air mixed mean temperature

T.	wall surface temperature

Urn	mean velocity of air

Vk	voltage across kth heater

X 1	non-dimensional distance between two turbulators

a	angle of attack

3	volumetric coefficient of thermal expansion

v	kinematic viscosity of air

p	density

14	angular velocity

OT	(T. - Tm)

INTRODUCTION

In modern gas turbine airfoil designs, operating in the presence

of high turbine inlet temperatures, effective blade cooling is a neces-

sity. As the need increases for these airfoils to operate in a higher

temperature environment, the need for more effective blade cooling

becomes critical. The heat transfer from the blade surface to the

internal cooling air is considerably enhanced when the internal pas-

sages are roughened with turbulence promoters (ribs or turbulators)

located at discrete positions along the passage wall. Geometric pa-

rameters such as passage aspect ratio (AR), turbulator height to

passage hydraulic diameter or blockage ratio (e/D h ) , turbulator

pitch-to-height ratio (S/e), turbulator angle of attack (a) and the

manner in which the turbulators are positioned with respect to each

other have pronounced effects on both local and overall heat trans-

fer coefficients. Turbulators of different blockage ratios positioned

at different angles of attack are presently used in advanced aircraft

engines.

Experimental results for the stationary case have been widely

reported for a variety of geometric variations. The interested reader

is referred to work done by Burgraff (1970), Metzger et a]. (1983),

Han (1984), Ilan et al. (1978, 1985) and Taslim and Spring (1987,

1988). However, in actual operating conditions, the blade is rotated

at high speeds. Hence, the coolant air experiences Coriolis and cen-

tripetal forces which affect the heat transfer to a considerable extent.

Results of several investigations have been reported for rotating pas-

sages with smooth walls. Mori et al. (1971) presented a theoretical

as well as experimental analysis for both laminar and turbulent flows

in a rotating circular pipe. Johnston et al. (1972) showed that the

effect of rotation on fully developed flow in a rectangular channel was

to change the structure of turbulence near the leading and trailing

walls. They used water as the working fluid, with dye for visualiza-

tion and tested a Reynolds number range of 2,500 to 36,000 while the

Rotation number was varied from 0.01 to 0.25. Lokai and Limanski

(1975) conducted a series of experiments with radially outward flow

for a heated circular tube with turbulent conditions. These authors

noted improved heat transfer and proposed a correlation. Zysina-

Molozhen et al. (1977) undertook a program of experiments with

a radially outward flow and suggested that the flow tends to ex-

hibit a more laminar-like behavior when rotation is present and at

the higher end of their Reynolds number range ( Rc > 2.5 x 10 4 )

, rotation has no serious effect. Mityakov et al. (1978) measured

local and average effects of rotation on turbulent heat transfer in a

circular tube rotating in an orthogonal mode. While maintaining a

constant heat flux boundary condition, they reported results for a

Reynolds number range of 5,500 to 50,000 while Rossby number was

varied from 14 to 50. Morris and Ayhan (1979) presented results of

an experimental investigation of rotational effects showing changes

in the average Nusselt numbers to be of the order of f 30% due to

rotation. In their case, Reynolds number was varied from 5,000 to

15,000 and three rotational speeds of 0, 1000 and 2000 revolutions

per minute were tested. In a later paper (1981) they examined ra-

dially inward flows and centripetal buoyancy effects, and concluded

that centripetal buoyancy adversely affects heat transfer relative to
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Assembly

Test Section

a stationary case when the flow is radially outwards. Data was pre-

sented showing the converse for radially inward flow. They suggested

that Coriolis acceleration improves heat transfer for radially outward

flow with converse conditions for inward flow. Wagner et al. (1986)

performed experiments with typical airfoil internal cooling passages.

They tested two models, a two pass model (one radially outward

flow channel connected with a 180 0 bend to a radially inward chan-

nel) and an actual engine scale model. In the two pass model, the

aspect ratio of the channels was 0.25. Experiments were conducted at

Side View

Top View

Fig. 1 Experimental apparatus

rotational speeds up to 700 rpm for Reynolds numbers of 15,000 and

30,000. The model pressure was 10 atmospheres. The scaled engine

model coolant passages were tested over a Rotation number range of

0 to 0.09. They concluded that the average heat transfer coefficients

on the leading and trailing surfaces can be significantly increased or

decreased depending upon flow direction and magnitude of Rossby

number. Further, they suggested that the shape and orientation

of the coolant passage can be expected to affect the heat transfer.

Morris and Harasagama (1987) reported on the influence of Coriolis

induced secondary flow within typical cooling passages. They exper-

imented with square, triangular and circular sectioned passages over

a Reynolds number range of 7,000 to 25,000 and rotational Reynolds

number (defined as 13D 2 /v) ranging from 100 to 1,000. They con-

cluded that for a radially inward flow, mean Nusselt numbers with

rotation generally tend to be higher than the corresponding zero

speed case and as rotational Reynolds number increases, heat trans-

fer on the leading side decreases. For radially outward flow, rotation

caused a reduction in mean Nusselt number on the leading side with

respect to zero speed comparisons. The heat transfer coefficient was

higher on the trailing side than on the leading side, which they at-

tributes] to secondary flow effects, and as rotational speeds increased,

mean Nusselt number increased.

The objective of the experimental investigation reported upon

in this paper is to measure the heat transfer coefficient in a spanwise

rotating cooling passage roughened with t urbulators of different ge-

ometries. Two opposite walls are turbulated in a staggered arrange-

ment. Emphasis is put on the influence of Coriolis forces on internal

heat transfer. Results are reported for three blockage ratios, 0.133,

0.250 and 0.333. The Rotation number varies between 0.01 to 0.1

and the Reynolds number is in the range of 15,000 to 50,000. The

Rotational Reynolds number varies from 450 to 1800. The liquid

crystal technique is used for temperature measurement.

EXPERIMENTAL APPARATUS

A schematic representation of the rotating test rig is shown in

Fig 1. The plenum, test section and camera assembly are mounted

on a light-weight circular disk of 2.44 m in diameter. A 3.6 KW

dc motor rotates the disk. Air is supplied to the test rig through

two filters and measured via a custom-made critical flow venturi,

then enters the plenum and test section through a rotary joint. The
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air, which is now at about ambient pressure and temperature, flows

through a honeycomb type flow straightener located in the plenum

and enters the test section through a bellmouth opening.

Three test sections are used, one for each size of turbulator. The

test section length in the direction of flow is 116.84 cm and has a cross

sectional area of 3.81 x 3.81 cm. Thus, the aspect ratio in each case

is 1 and the hydraulic diameter is 3.81 cm. Figure 2 shows the layout

of a typical test section. Three walls are made of 1.27-cm-thick clear

plexiglass and the fourth is made of 1.06-cm-thick white pinewood.

Turbulators are placed in a staggered arrangement on two opposite

sides, one of which forms the heated wall on which measurements are

taken. For the three test sections, the location of the first turbulator

from the test section inlet is 40.6, 43.8 and 40.6 cm depending on

the turbulator height. Others are placed consistent with keeping

S/e=10, constant for all three sizes of turbulators (e= 5.08, 9.53 and

12.7 mm). The turbulators are glued into grooves machined in the

plexiglass sides. They are also made of clear plexiglass with a square

cross section equal to e and of length equal to passage side, 3.81 cm.

The plexiglass walls and turbulators are glued and bolted together

as one piece and then bolted onto the wooden wall, on which the

liquid crystal sheet is attached and all measurements are taken. The

wooden wall is 7.6-cm-wide and has the same length as the passage.

Side View

- 0684cm --------	- ---^
40.6 cm —+y

r
Flow	 it	l	 b_3.81cm

Turbulators	 Supporfs^

Top View

Flow e^	 ^^a 3.81 cm

A	 1
Etched Foil Heater

Insulation
Liquid Crystal
Foil

Wood

A—A'

Fig. 2 Layout of a typical test section

It sits snugly against the plexiglass sides and turbulators to complete

the passage.

Four custom-made etched foil heaters are placed on the wooden

wall using a special double-stick 0.05-mm-thick tape with minimal

temperature deformation. The heaters are each 27.95-cm-long and

non-turbulated entry length. However, they do not extend over the

actual turbulator surface. Details of heater materials and arrange-

ment are found in Rahman (1988). The liquid crystal sheet is placed

on the heaters. The thickness of the liquid crystal layer is 0.15 mm.

The test section is covered on all sides, except for a small window

at the location where the pictures are taken, by 5-cm-thick styrofoam

sheets to minimize heat losses to the environment. A 35-mm, pro-

grammable camera is mounted on a platform which can travel along

the length of the test section. The camera location is altered by ac-

tivating a 50 W geared dc motor through a lead screw running the

length of the camera assembly. The camera which is activated re-

motely using an infra-red transmitter and receiver set takes pictures

of isochrome patterns formed on the liquid crystal sheet.

The disk is fastened to a hollow nylon cylinder having an outside

diameter of 19 cm with a wall thickness of 1.27 cm. Power to the

heaters and small do motor on the rotating disk is provided through

a slip-ring-graphite-brush assembly. Copper slip rings are mounted

on the nylon cylinder and graphite brushes are held in vertical brush

holders. They are spring loaded to ensure constant contact with

the slip rings. The nylon cylinder is housed on a steel shaft with

double packed bearings for smooth operation. The complete set-up

is supported on a steel platform bolted to the laboratory floor to

minimize vibrational effects.

Heat is induced to the air in the test section via the heaters

through a custom-designed power supply unit. Each heater is indi-

vidually controlled by a variable transformer.

PROCEDURE

At the beginning of the set of test runs the liquid crystal was

calibrated. A water bath was used to attain uniform isochromes on

a small piece of the liquid crystal sheet used throughout this investi-

gation. The temperature corresponding to each color was measured

using a precision thermocouple and photographs were taken at labo-

ratory conditions simultaneously so as to simulate closely the actual

testing environment. The color green, corresponding to a tempera-

ture of 37 ° C, was chosen as the prime indicator for the temperature

field. This color was easily identifiable and fluctuations in shades of

green were of the order of 0.2 ° C.

3.81-cm-wide and cover the entire test section length including the	For verification of liquid crystal accuracy, a smooth duct having
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an aspect ratio of 1 and a hydraulic diameter of 3.81 cm was tested in

a stationary state and compared with the well-known Dittus-Boelter

(1930) correlation. Reynolds numbers were varied by changing the

air mass flow rate. For each Reynolds number the heat flux was

varied by changing the input voltage across the heaters. All four

heaters were kept at the same power level so as to simulate a con-

stant heat flux boundary condition. A detailed description of the

data reduction process is presented in Rahman (1988). For this in-

vestigation, there existed good agreement between Nusselt numbers

obtained using the liquid crystal and the Nusselt numbers predicted

by the Dittus-Boelter correlation.

Each geometrical configuration was first tested in a stationary

state. With the turbulators in place and fully turbulent flow condi-

tions, the flow was hydrodynamically and thermally fully developed

at the location of interest, as was seen in the periodic repetition of

the isochromes on the liquid crystal sheet between each pair of tur-

bulators at steady state conditions. For all three test sections the

photographs were taken at approximately the same location, well

downstream of the inlet. The area of interest was between a pair of

turbulators on the heated wall. The strategy was as follows. First the

Reynolds number was set by precisely fixing the mass flow rate. Heat

flux was induced by switching on the power supply to the heaters.

A small band of the calibrated reference color was seen immediately

downstream of the left turbulator. A photograph was taken. The

heater power supply was then increased so that the reference color

line moved in the flow direction and another photograph was taken.

This was continued until eventually the whole area between the tur-

bulators on the heated wall was covered by the reference color at one

time or another. It was observed that an average of 16 photographs

were required to cover the complete area satisfactorily for a given

mass flow rate. A smaller number of pictures was taken for the test

section with the smallest turbulator heights and more for the test

section with the largest turbulator heights. The next Reynolds num-

ber was set by changing the flow rate and the whole process was

repeated, until all flow rates were tested. The same procedure was

used for the other test sections.

The next step was to conduct experiments on the rotating test

rig. The disk was rotated to the desired rpm and the system was

allowed to come to the steady state. A picture was taken and the heat

flux was increased in a manner similar to the stationary case, until a

sufficient number of pictures was taken to cover the whole field. The

number of pictures to be taken and the increase of heat supplied per

picture was arrived at empirically. The mass flow rate was increased

and another set of pictures was taken. The process was repeated

for four different rpm's; 50, 100, 150 and 200. Then the direction

of rotation was reversed and the whole procedure was repeated for

the complete range of mass flow rates. Data acquisition was through

specially written programs run on a VAX 11/785 through a dedicated

IBM PC.

DATA REDUCTION

The total heat added to the air by the heaters from the inlet of

the test section to the point of camera location is calculated using

the formula
k-1 

— ^ invn + ( ' )  kVk — Q(oss	 (1)

where the camera is in front of the kth heater, d is the distance of the

camera from the beginning of that heater in the flow direction, and L

is the length of the heater. i,,, and V„ are the current and voltage of

the nth heater and Qt°ss is the heat loss to the ambient air. The total

heat is used in an energy balance equation from the test section inlet

to the camera location to calculate the air mixed mean temperature

at the camera location given by the following equation:

	T,,, = r p + T,	 (2)

With T, at about ambient temperature, Tom,, ranged from 24 to 28°C.

The heat flux, q", for the kth heater is calculated as

q' =
 1.k Vk

	(3)
Ah

where Ah is the heat transfer area. The losses to the environment

from the back of the heaters as well as the radiational losses from

the heated surface to the unheated walls were calculated. Iterations

had to be performed since the unheated wall temperature was not

known a priori. The heat transfer coefficient on the turbulated side

was then calculated from :

4" — qb" — qT
n

h ^	(T. — Tm )	(4)

where T. is the wall surface temperature and T„ is the air mixed

mean temperature calculated from the energy balance mentioned

above. q e " is the heat loss through the back of the test section and

Li
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q," is the radiational loss from the heated wall to the three unheated

walls of the test section. Substituting for the air mixed mean tem-

perature, the expression for the heat transfer coefficient is reduced

to

Y " " (5)

Tm — 7i — Q/(77LCp )

The specific heat at constant pressure, C p , and other air properties

are evaluated at the film temperature T f which is the average of the

wall surface temperature and the air mixed mean temperature.

The local Nusselt number is calculated from the formula:

No = ht h (6)k

where k is the air conductivity. The above calculations were repeated

for all pictures taken. The resulting data was organized into files for

the appropriate test sections and runs. These results were further

processed through a program to integrate these local quantities to

get area weighted averages.

From observations of the liquid crystal display, in steady state

conditions, it was found that the temperature patterns exhibit regu-

lar periodic behavior. For this reason only one such period, between

two turbulators on the heated wall, was examined in detail and the

local quantities were area-weighted over such a region. For verifica-

tion, tests were repeated at two different locations from the inlet, for

otherwise identical conditions, and the same results were obtained.

For all the cases, using Eq. (5), error analysis was done based

on the method of Kline and McClintock (1953). Experimental un-

certainties on the heat transfer coefficients are estimated to be f6%.

RESULTS AND DISCUSSION

The following results present data reduced for the turbulated

wall. The results are reported in terms of dimensionless numbers such

as Nu, which is average Nusselt number on the turbulated wall, Re

which is Reynolds number based on hydraulic diameter Dh, Rotation

number, defined as QDh/U,,^ and Rotational Reynolds Number, JD,,

defined as 0D5 2 /v. Reynolds number, Rotational Reynolds number

and Rotation number are related as:

Ro = J^,, lRe

Gr/Re 2 _ (—- )Ro2 OAT ranged from 0.016 to 0.064 and the ef-

fect of centripetal buoyancy on Nusselt number was not investigated.

Geometric variations are in terms of turbulator height-to-passage hy-

draulic diameter ratio (blockage ratio), e/Dh. The direction of ro-

tation is taken care of by specifying the leading or trailing side of

the test section. To an observer looking at the disk from the top

(see Fig. 1), with the disk rotating clockwise and the heated wall

on his right, then measurement is for the leading side. The wall to

his left is the trailing side. If the direction of rotation is reversed,

then measurements are for the trailing side. It should be noted that

heat transfer coefficient is measured on the turbulated wall, but the

turbulators themselves are not covered by the heaters, and hence fin

type effects are not reported.

Figure 3 shows the typical variation of local Nusselt numbers in

the region between two turbulators. It is seen that the heat trans-

fer coefficient reaches a maximum where flow reattachment occurs

and then decreases until the air flow approaches the next turbulator

where the heat transfer coefficient increases again. This behavior

is explained by the fact that after passing over the left turbulator

the air flow touches the heated surface near the middle of the region

thereby increasing h t dramatically. Then as the air approaches the

right turbulator a stagnation point type of situation arises with a

resulting increase in heat transfer coefficient.

Re

	460 	 °	°	 0 15,000

❑ 25,000

	420 	 °	 °	° 35,000

JD,, = 1820

°	 °	e/Dh =025

380

°	°
340 °

°° ❑	°
	300 	°

❑	❑
Z

°	 ❑	0

	260 	
0 0
	0

❑	 ❑

0
❑	 ❑	❑

	220 	 0	 0	 ❑❑
00	 0	❑

o	 0
0

	180 	00	
0	0 0

	

❑ o	 0
❑ o

0

140

	

1001 	 I	I	 1

	

0	0.20	0.40	0.60	0.80	1.00

X ,

Fig. 3 Typical variation of Nusselt number between a pair of turbula-

tors
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Figure 4 shows the variation of Nusselt number for the turbu- imum and then, with the exception of the lowest Reynolds number

lated wall with Reynolds number when the test section is stationary. on the trailing side, the Nusselt number decreases with JD,,.	This

These results, which are presented for the three turbulator geometries decrease is more pronounced for the smallest turbulator size.	It is

speculated that this behavior is due to the increase of centripetal
tested, are used in ensuing figures to compare the rotating versus sta-

forces with Jo,, which adversely affect the heat transfer coefficient in
tionary cases of otherwise identical conditions. As expected, a large

a radially outward flow. Nevertheless, compared with the stationary
increase in Nn	is seen for test sections with higher blockage ratios

case, for the range of rotation numbers tested, the heat transfer coef-
over those with lower blockage ratios, due to higher level of mixing

of air inside the test section. 600
Leading Side Trailing Side

Figures 5 through 8 show the variation of Nu, vs Rotation 500
A

number.	Each figure is for a specific Rotational Reynolds number o

(QDh 2 IV) i.e. a fixed value of Q. Negative Rotation numbers imply
400 0 ° 00

0

° 0 °
measurements on the leading side.	It is seen that Nusselt number 0

300 A o o
decreases with increasing Rotation number (0D5/U,) for all turbu-

0
❑	0

later heights. The reason for this behavior is that, with the angular z ° ❑	0
	0

velocity 0 being fixed for each case, higher Rotation numbers cor- 200
o	° ❑	0

respond to lower values of Urn which in turn correspond to lower
0	 ❑

❑ e/Dh

❑

Nusselt numbers as is seen for stationary cases (see Figure 3).
❑ 133 ❑

o .250

Figures 9 through 11 show the variation of Nusselt number with ❑ o .333

JDh = 455
the rotational Reynolds number for the three turbulator geometries

100
at several Reynolds numbers.	Nusselt numbers for the stationary -0.03	-0.02	-0.01	0	0.01	0.02	0.03

case are shown on the JD,, = 0 axes. It can be observed that the Ro

Nusselt number first increases as the Rotational Reynolds number ( Fig. 5	
Variation of Nusselt. number with rotation number for three

i.e. the angular velocity 12) increases until it reaches a point of max- blockage ratios at a rotational Reynolds number of 455

600
	Leading Side	 Trailing Side

500
°

400	 °° o	Q

°
a

°	 °
300	 0	 °

	

❑	°
°	Q	 °	o

7	 ❑	°
Z	°	❑	 0 °

200	0	 0
o	❑	 ❑

e/Dh
°	 ❑	.133	❑

	0 250	0

0 	° 333J

100	
JDh = 910

	-0.08	-0.04	0	0.04	0.08

10	 20	30 40 50 70	100	 Ro

Re x 10 3	 Fig. 6 Variation of Nusselt number with rotation number for three

Fig. 4 Nusselt versus Reynolds number, stationary case	 blockage ratios at a rotational Reynolds number of 910
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ficient is enhanced on both leading and trailing sides for the smallest

and medium height turbulators. This, however, is not the case for

bigger turbulators.

A comparison between the Nusselt numbers in the stationary

and rotating cases are made by plotting the ratio Nu,./Nu s ver-

sus Rotation number for various Rotational Reynolds numbers, as

shown in Figures 12 to 14. As can be observed, rotation has a sig-

nificant effect on this ratio. Large percentage increases are seen for

the test sections with blockage ratios, (e/D h ), of 0.133 and 0.250.

600 —m
Leading Side	Trailing Side

500

	A
	

A

400	
A0
	 o0

	°	°0
0	0

300	°	❑ e
AO	❑

Z	 ❑
0 0	 ❑	o

	

❑	❑	° A
200	°	 o

o	°	 ❑

e/Dh

	

❑	.133
❑

❑	o .250

❑	 A .333

JD,= 1365

100
-0.08	-0.04	0	0.04	008

Ro

Fig. 7 Variation of Nusselt number with rotation number for three

blockage ratios at a rotational Reynolds number of 1365

The least effect is for the largest size turbulators with a blockage

ratio of 0.333. The maximum increase due to rotation occurs for the

case of e/Dh = 0.1333. A 45% increase on the trailing side is seen

for this blockage ratio when the Rotation number is 0.03 and JD,,

is 1365. The minimum occurs when the ratio Nu r /NU 3 falls about

6% below the stationary value on the leading side for e/Dh = 0.333

at a Rotation number of 0.0617 and JD,, of 1820. The increase for

e/Dh = 0.133 ranges from 3% to 45%. The middle sized turbulators,

with a blockage ratio of 0.250, experience an increase in the range of

11% to 40%.

The case with highest blockage ratio does not show as appre-

ciable a change as the lowest one. Again the trend is that the ratio

Nu,/NU s decreases with increasing Rotational Reynolds number for

the range tested.

CONCLUSIONS

Based on the experimental program described in this paper it

can be concluded that : a) A significant enhancement in heat transfer

is achieved both in stationary and rotating cases when the surfaces

are roughened with ribs. b) For the rotating case as compared to

the stationary case, a maximum increase of about 45% in the heat

transfer coefficient is observed for a blockage ratio of 0.1333 and the

minimum is a decrease of about 6% for a blockage ratio of 0.333,

for the range of rotation numbers tested. c) The technique of using
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liquid crystals to determine heat transfer coefficients in this investi-

gation proved to be an effective and accurate method, especially for

rotating test sections.
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