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Abstract

The velocity and thermal ®elds were measured in isothermal and heated turbulent up¯ow of liquid Refrigerant-113

through a vertical annular channel of inner to outer radius ratio 0.415. A two-component laser Doppler velocimeter was

used for the velocity measurements and, simultaneously, a cold-wire for the temperature measurements. The dimensions

of the LDV measuring volume and the cold-wire, and their proximity to each other were important considerations. Also

crucial to the measurements were the LDV coincidence time window and the temporal response of the cold-wire. Time-

mean axial and radial velocities, axial and radial turbulent intensities, the single-point cross-correlation between axial

and radial velocity ¯uctuations (�axial Reynolds shear stress), and single-point cross-correlations between axial

velocity and temperature ¯uctuations (�axial turbulent heat ¯ux) and radial velocity and temperature ¯uctuations

(�radial turbulent heat ¯ux) were measured. Results are reported for Reynolds numbers at channel inlet of 22,800,

31,500, and 46,400 at annulus inner wall heat ¯uxes of 0, 9000 and 16,000 W mÿ2. The measured radial turbulent heat

¯ux distribution is compared with that calculated from an approximate form of the thermal energy balance equation in

which the measured mean velocity and temperature values are used. Also reported is the radial distribution of turbulent

Prandtl number estimated from the measurements. Ó 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Turbulent ¯ow and heat transfer in concentric an-

nular channels have been studied extensively because of

its many applications in engineering equipment. A dis-

tinctive feature of the ¯ow is the radial asymmetry of the

velocity ®eld ± the smaller the radius ratio, ri=ro, the

more asymmetric the ¯ow. It is also known that when

the inner wall of the channel is heated and the outer wall

is not, the asymmetry in the velocity ®eld is enhanced

relative to the isothermal condition.

Experiments have been performed by a number of

investigators. Heikal et al. [1] measured the velocity ®eld

and wall heat transfer rate in ¯ow of air. Kuzay and

Scott [2] measured the wall heat transfer rate and mean

temperature distribution in air ¯ow. In an earlier e�ort

in our laboratory, Velidandla et al. [3], the velocity ®eld

in a vertical annular channel whose inner wall only was

heated was measured by a two-component laser Doppler

velocimeter (LDV). The ellipsoidal LDV measuring

volume (m.v.) had dimensions of 100 lm diameter and

1 mm spanwise length. The coincidence time window was

in the 500 ls ± 1 ms range. Later, we proposed velocity

and temperature wall laws for such a channel [4].

There have been several studies regarding the in¯u-

ence of the LDV m.v. size and coincidence time window

on ¯uid velocity ®eld measurement ± for example, [5±7].

Although no signi®cant in¯uence of these parameters

was found on the measured mean velocity and turbu-

lence intensities, the axial Reynolds shear stress was

signi®cantly a�ected. The smallest m.v. size yielded the

best Reynolds shear stress measurement. A coincidence

time window of the order of the ¯uid transit time

through the m.v. was found to be optimal.

Measurement of the turbulent heat ¯ux in the ¯uid

has proved to be di�cult. No prior measurement of this

quantity in annular channel ¯ow could be found by us.
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In pipes, Hochreiter and Sesonske [8] used constant

temperature and constant current anemometry to mea-

sure turbulent heat ¯ux in ¯ow of mercury, while

Hishida and Nagano [9] employed constant temperature

anemometry and cold-wire in air ¯ow. LDV and cold-

wire were used by Polyakov and Shindin [10] in ¯ow of

air through a heated pipe, Thole and Bogard [11] in air

¯ow over a heated plate, Wardana et al. [12] in air ¯ow

through a rectangular channel, and Heist and Castro

[13] in stably strati®ed boundary layer in a wind tunnel.

The important issues in turbulent heat ¯ux measurement

have been identi®ed to be: spatial resolution of the

velocity and temperature sensors, temporal resolution of

the sensors, and the separation distance between them

relative to the length scales in the ¯ow.

In this study, experiments were conducted in up¯ow

of liquid Refrigerant-113 (R-113) through a vertical

concentric annular channel whose inner wall only was

heated. Measurements were made at three Reynolds

numbers, and at isothermal condition and two uniform

wall heat ¯uxes. Signi®cant improvement was achieved

in the axial Reynolds shear stress measurement com-

pared to our earlier e�ort [3]. The turbulent heat ¯ux

measurements are new.

2. The experiments

Fig. 1 shows, schematically, the measurement section

of the 3.66 m long annular channel. The inner tube of

the channel is of 304 stainless steel (i.d. � 14.60 mm,

o.d. � 15.78 mm). The outer tube of the 0.521 m long

measurement section is made of optical quality quartz

(i.d. � 38.02 mm, o.d. � 42.02 mm). The measurement

plane (m.p.) was located 0.424 m (� 19 hydraulic di-

ameters) downstream of the measurement section en-

trance, this entrance in turn being 1.56 m downstream of

the beginning of the 2.75 m heated length. The inner

Nomenclature

CP speci®c heat of the ¯uid at constant

pressure

Dh channel hydraulic diameter, 2�ro ÿ ri�
g acceleration due to gravity

Gr, Grq Grashof numbers, bg�T wi ÿ T b�D3
h=m

2,

bgD4
hq00w=km2

k turbulent kinetic energy per unit mass of

¯uid

P mean pressure

Pr molecular Prandtl number

Prt turbulent Prandtl number

q00w wall heat ¯ux

r radial coordinate

R� dimensionless radius, �r ÿ ri�=ro ÿ ri�
Rm radial location of maximum mean axial

velocity

R0 radial location of zero axial turbulent shear

stress

Re Reynolds number, U bDh=m, based on ¯uid

properties at T in

T , T b time-mean liquid temperature, time-mean

liquid bulk temperature

t, t0 temperature ¯uctuation, temperature

¯uctuation intensity

U , V time-mean axial velocity, time-mean radial

velocity

u, v, w axial, radial, azimuthal velocity ¯uctuation

u0, v0 axial, radial turbulent intensity

Us friction velocity, �sw=q�1=2

U b bulk axial velocity at channel inlet

U� time-mean axial velocity in wall coordinate

uv single-point cross-correlation between axial

and radial velocity ¯uctuations, � axial

Reynolds shear stress divided by q
ut single-point cross-correlation between axial

velocity and temperature ¯uctuations,

� axial turbulent heat ¯ux divided by qCP

vt single-point cross-correlation between

radial velocity and temperature ¯uctua-

tions, � radial turbulent heat ¯ux divided

by qCP

y coordinate normal to the wall

y� non-dimensional wall normal coordinate,

yUs=m
z axial coordinate

Greek symbols

b volumetric coe�cient of thermal expansion

for ¯uid, ÿ�1=q��oq=oT �P
� dissipation rate of k per unit mass of ¯uid

ĥ uncertainty (percent)

j von Karman constant in velocity wall law

jH constant in temperature wall law

k thermal conductivity of ¯uid

m kinematic viscosity of ¯uid

q density of ¯uid

swi, swo axial shear stress at inner wall, outer

wall

/ azimuthal coordinate

Subscripts

0 reference state; also, zero axial shear stress

location

i; o annular channel inner wall, outer wall

in channel inlet
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stainless tube can be heated over the latter length by

direct current. A 0.91 m unheated section is provided

upstream of the heated length. Additional information

about the annular channel and the experimental rig can

be found in [3].

An anodized aluminum box with ¯at front and back

quartz windows and a glass side window served as a

jacket around a 15 cm length of measurement section

(Fig. 1). The box was ®lled with liquid R-113 to alleviate

laser beam refraction at the outer wall of the quartz

tube.

The volumetric ¯ow rate of liquid R-113 through the

channel was measured by a turbine ¯ow meter (EG&G

Flow Technology). The liquid temperature at the test

section inlet was measured by a copper±constantan

thermocouple (Omega). The pressure at the m.p. was

measured by a test gauge (Omega, 0±1200 kPa range,

1.4 kPa resolution).

Fig. 1. The measurement section.
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Four copper±constantan surface thermocouples

(RdF Corporation) were installed on the inner wall of

the heater tube which was then ®lled with aluminum

oxide powder insulation.

The entire test section except for the length encased

by the aluminum box was insulated on the outside with

50 mm thick jacketed ®berglass wool.

2.1. The two-component LDV system

The LDV system (TSI) consists of a 100 mW Argon-

ion laser with 50 mm beam spacing and a backscatter

light detector. A 130 mm focal length transmitting lens

was used for the measurements reported here. This focal

length is considerably shorter than the 261 mm length

used for the measurements reported in [3]. The current

m.v. dimensions are calculated to be 55 lm diameter and

290 lm spanwise length, Fig. 2. Hollow glass spheres

8±12 lm in diameter were used to seed the ¯ow.1

A brief discussion of the LDV beam refraction, the

beam tracing algorithm required, and the beam steering

module which was employed to place the m.v. at desired

locations in the annulus is provided in [3].

The coincidence mode was used for the velocity

measurements. The coincidence time window is a critical

parameter especially for Reynolds shear stress

measurement [7]. The general rule is that the time win-

dow should be about the same as or slightly larger than

the transit time of a seed particle through the LDV m.v.

and smaller (by up to an order of magnitude) than the

di�erence between the arrival times of consecutive seed

particles at the m.v. For the measurements reported

here, the coincidence time window was in the 100±200 ls

range.

Data density, de®ned as the product (data validation

rate) � (Taylor time microscale), is an important

parameter when considering the presence of statistical

bias in the velocity data [14]. In the experiments reported

here, the data density was between 2 and 6 ± i.e., from

intermediate to high. Thus, bias should not be a signif-

icant problem.

2.2. The cold-wire

A 3.8 lm diameter tungsten cold-wire was used to

measure the liquid temperature ®eld, Fig. 2. While the

total wire length was 0.9 mm, only the 0.3 mm bare

center segment was the active (temperature-sensing)

length, the two side segments (each 0.3 mm long) having

been coated with a 5 lm thick copper layer. The cold-

wire was operated by a Temperature Module (TSI 1040)

which feeds a constant current to the wire from a reg-

ulated supply. The ampli®er in the module is referenced

to ground and operates in a feedback mode to permit

zero and gain setting. The output from the module was

further ampli®ed by a Paci®c Instruments ampli®er±

®lter unit prior to data acquisition.

The temporal response of the cold-wire in a partic-

ular ¯uid ¯ow depends upon the thermal inertia of the

wire, heat conduction from its ends to the relatively

massive support prongs, and transport properties of the

¯uid. Wroblewski and Eibeck [15] suggested an analyt-

Fig. 2. Positioning of the LDV m.v. with respect to the cold-

wire.

1 Seed particles such as of nylon tended to soften in the

heated liquid and then adhere to the cold-wire.
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ical method to compensate for the ®rst two e�ects.

Adopting a similar approach, we used an active phase-

lead circuit for thermal inertia compensation and a

constant gain for the end conduction. The time constant

of the compensated cold-wire was measured in situ at

the velocities of our interest and found to be 0.30 �
0.02 ms.

2.3. Simultaneous measurement of local velocity and

temperature

Several issues needed to be considered during this

measurement. One is the juxtaposition of the LDV m.v.

and the active length of the cold-wire. They must be

su�ciently close to provide the correct cross-correlation

between velocity and temperature ¯uctuations but, at

the same time, not interfere with each other. Referring

to Fig. 2, if the LDV m.v. is placed too close to the cold-

wire, the latter will be felt by the m.v. as an obstruction

to the ¯ow and at least the mean axial velocity will be

rendered lower. A lesser problem (in the sense that this

occurs at even smaller separation distance) is the heat-up

of the cold-wire by the laser beams. In our case, an axial

separation distance of 0.25 mm (�15±30 wall units de-

pending upon the ¯ow rate) was found to be a good

choice. An additional consideration for low-velocity

¯ows such as ours is the time delay incurred by the ¯uid

in travelling from the LDV m.v. location to the cold-

wire location (200±500 ls for the present experiments).

To account for this, a delay circuit was used to introduce

the appropriate time delay in the temperature time series

data. The DATALINK multi-channel interface (TSI)

and a 16-bit data acquisition board were then used to

acquire the velocity±temperature data simultaneously.

The velocity/temperature sampling points were 36,000 at

each measured location. The data rate ranged from

about 400 Hz in the region close to the wall to about 800

Hz in the core of the channel.

3. Results and discussion

Selected results from eight experiments are presented.

These experiments were conducted at test section inlet

temperature of 42.7°C, three di�erent ¯ow rates, and inner

wall heat ¯uxes of zero and two non-zero values. Table 1

contains the experimental conditions and associated un-

certainties. In this table and the remainder of the paper,

the term ``mean'' of a quantity implies its ``time-mean''.

The data are presented in dimensional form because

some e�ects which may be quantitatively small can be

identi®ed unambiguously in this form ± for example,

e�ects due to modest changes in Reynolds number. Also,

when turbulent stresses are non-dimensionalized by the

square of the friction velocity, it is di�cult to surmise

whether their measured values are correct. T
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The data for V are not shown since the values were

always very small compared to the U values (K 1%).

This feature is consistent with the hydrodynamically

fully developed condition (for the isothermal exper-

iments) and close to fully developed condition (for the

heated experiments) at the measurement plane.

3.1. Velocity ®eld

Nouri et al. [16] reported, among other measure-

ments, LDV measurement of the velocity ®eld in iso-

thermal turbulent ¯ow of a Newtonian ¯uid in a

concentric annular channel of radius ratio 0.500. Since

this radius ratio is slightly larger than ours, the velocity

®eld will be slightly less asymmetric than in our iso-

thermal ¯ows. Figs. 3(a)±(c) compare the radial distri-

butions of axial turbulent intensity, radial turbulent

intensity, and axial Reynolds shear stress, respectively.2

The intensities are non-dimensionalized by the bulk

axial velocity and the shear stress by the square of this

velocity. Keeping in mind the expected di�erence in

asymmetry, the agreement is satisfactory.

Fig. 3. Comparison with the measurement of Nouri et al. [16], (a) axial turbulent intensity, (b) radial turbulent intensity, (c) axial

Reynolds shear stress (divided by q).

2 The Nouri et al. data were read o� the journal ®gures. As

such, some inaccuracy in our plots of the data should be

expected.
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Figs. 4(a)±(d) show the radial pro®les of, respectively,

U , u0, v0, and uv at the m.p. for experiments 1, 2, and 3.

Close to the heated wall (R� < 0:03), the pro®les tend to

merge. However, slightly further from the wall U be-

comes higher as the wall heat ¯ux increases, this trend

continuing to R� � 0:4. Beyond R� � 0:5, U decreases

slightly as the wall heat ¯ux increases. This, of course, is

required for mass conservation. Both u0 and v0 tend to

merge near the heated wall, but slightly farther away

they decrease as the wall heat ¯ux increases, this con-

tinuing to R� � 0:42. Beyond R� � 0:45, the intensities

increase by a small amount with wall heat ¯ux. The lo-

cation of maximum U as well as the locations of mini-

mum u0 and v0 shift toward the heated wall as the wall

heat ¯ux increases. These trends are similar to those

reported in [3]. The one di�erence is that the v0 magni-

tudes are slightly higher in the present measurements.

This is expected since the LDV m.v. is smaller and thus

able to capture the smaller scale ¯uctuations normal to

the wall better.

The signi®cant shift of the zero axial Reynolds shear

stress location toward the inner wall as the wall heat ¯ux

increases is also similar to our observation in [3].

However, in the present measurement the magnitude of

uv is markedly larger near the inner wall compared to

[3]. This is also an improvement brought about by the

smaller LDV m.v. and the narrower (and more appro-

priate) coincidence time window.

Figs. 5(a)±(d) show the radial pro®les of the same

four quantities, viz., U , u0, v0, and uv, for experiments 4,

5, and 6. The trends remain the same but the changes in

the velocity ®eld due to imposition of wall heat ¯ux are

smaller at this higher ¯ow rate. Figs. 6(a)±(d) show the

radial pro®les of U , u0, v0, and uv for experiments 7 and 8.

Fig. 4. Velocity ®eld at Reynolds number of 22,800, (a) mean axial velocity, (b) axial turbulent intensity, (c) radial turbulent intensity,

(d) axial Reynolds shear stress (divided by q).
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Again, the trends are the same but the changes caused by

wall heat ¯ux are even smaller at this high ¯ow rate.

Our mean axial velocity data for y�J 30 agree well

with the wall law proposed in [4].

3.2. Thermal ®eld

Figs. 7(a)±(d) show the radial pro®les of, respectively,

T , t0, ut, and vt at the m.p. for experiments 2 and 3. In

Fig. 7(a), the mean inner wall temperature is also shown.

Both the mean liquid temperature and temperature

¯uctuation intensity increase sharply near the heated

wall. A notable feature of the mean temperature pro®les

is their approximately linear variation in the region

0:15 K R�K 0:4. The temperature ¯uctuation intensity

pro®les exhibit a plateau in the same region, except at

low Reynolds numbers in conjunction with a high wall

heat ¯ux ± for example, experiment 3. If the magnitude

of temperature ¯uctuation at any location in the ¯ow is

considered to be proportional to the radial gradient of

the mean temperature there, then the observed features

are consistent.

Two characteristics should be noted in Fig. 7(c): (i)

the magnitude of ut increases with the wall heat ¯ux in

all regions except far from the heated inner wall

(R�J 0:8) where it tends to not change markedly, and

(ii) the zero crossing location of ut coincides approxi-

mately with the location of the maximum in the mean

axial velocity pro®le. The ®rst feature may be explained

as being due to the increase in temperature ¯uctuation

intensity at higher wall heat ¯ux (assuming that the

correlation coe�cient between u and t remains the

same). The second feature is explainable by considering

the radial transport of ¯uid `particles' carrying the local

Fig. 5. Velocity ®eld at Reynolds number of 31,500, (a) mean axial velocity, (b) axial turbulent intensity, (c) radial turbulent intensity,

(d) axial Reynolds shear stress (divided by q).
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instantaneous axial velocity and temperature from

various radial locations to any particular location, and

the resulting sign of ut at the latter location.

In Fig. 7(d), plotted along with the measured vt is the

radial pro®le of the same quantity calculated from

thermal energy balance at the axial plane in the channel:

vt� �r
q00w=�qCP� �

ri

R ro

r U�r�r dr

r
R ro

ri
U�r�r dr

� k
q00w

oT
or

� �
r

� qCP

rq00w

Z ro

r
V

oT
or

r dr
�

�
Z ro

r

o�wt�
o/

dr

�
Z ro

r

o�ut�
oz

r dr
�
: �1�

The terms on the right-hand side of this equation are

arranged in descending order of magnitude. Neglecting

the three terms given in the underbrace as small, vt is

calculated using the measured local values of U and T .

The di�culty encountered in measuring vt close to

the inner wall is evident from Fig. 7(d). The measured

value peaks at R� � 0.07±0.08 and then drops o� sharply

closer to the wall. The energy balance equation, on the

other hand, predicts the peak to be at R� � 0.02±0.03

which is more realistic. The undermeasurement of vt
close to the wall is quite possibly due to: (i) the spatial

averaging of the small-scale velocity and temperature

¯uctuations over the spanwise lengths of, respectively,

the LDV m.v. and the cold-wire active length, and

(ii) the loss of cross-correlation caused by the separation

distance between the LDV m.v. and the cold-wire. It

should be noted that when the ¯uid Prandtl number is

greater than 1 (see Table 1), the smallest temperature

Fig. 6. Velocity ®eld at Reynolds number of 46,400, (a) mean axial velocity, (b) axial turbulent intensity, (c) radial turbulent intensity,

(d) axial Reynolds shear stress (divided by q).
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length scales are smaller than the smallest velocity scales

[17]. An additional cause for the undermeasurement of

vt may be the time constant of the cold-wire (a smaller

time constant would be preferable), although this

probably is not as much of a problem as the spatial

scales and probe dimensions.

Figs. 8(a)±(d) contain the radial pro®les of, respec-

tively, T , t0, ut, and vt for experiments 5 and 6. The same

trends as in Fig. 7 are displayed by the data. Figs. 9(a)±

(d) show the radial pro®les of the same four quantities

for experiment 8. Again, the trends are similar.

In [4], we reported a logarithmic wall law for the

mean ¯uid temperature at conditions where

�Grq=PrRe4�m:p: has modest values (typically less than

10ÿ9), i.e., the buoyancy e�ect is not particularly strong.

Of the ®ve heated experiments reported in the present

paper, only three satisfy this criterion. Their data fall

within the uncertainty range of the law proposed in [4]

albeit on the low side.

We now calculate the turbulent Prandtl number, Prt,

from our measurements by two di�erent methods. First,

it is equated to the ratio j=jH yielding the value

0:91� 0:04. This is shown in Fig. 10. Second, we use the

relation

Prt � uv
vt
� oT=or
oU=or

: �2�

Best-®t expressions of the measured data are used for T ,

U , uv, and vt. Since the calculated gradients of T and U
are very sensitive to the respective expressions, consid-

erable care is needed in obtaining these. In contrast to

the ®rst method, local values of Prt are obtained. The

Fig. 7. Temperature ®eld at Reynolds number of 22,800, (a) mean temperature, (b) temperature ¯uctuation intensity, (c) axial

turbulent heat ¯ux (divided by qCP), (d) radial turbulent heat ¯ux (divided by qCP).
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results are shown in Fig. 10. Prt obtained by this pro-

cedure is indeterminate in a narrow radial zone for each

experiment. This zone is delimited by the uv � 0 and

oU=or � 0 locations and the Prt values shown here are

to be disregarded. The greater than unity values of Prt

near the inner wall are meaningful. This is a result of the

near-wall behavior of the four quantities which de®ne

Prt, Eq. (2), as suggested by Slanciuskas and Pedisius

[18].

The uncertainties in the measured turbulent quanti-

ties and the turbulent Prandtl number were estimated

following Benedict and Gould [19]. The estimated un-

certainty values (percent) at a 95% con®dence level are:

ĥu0 ĥv0 ĥuv ĥt0 ĥut ĥvt ĥPrt

<1:0 <1:0 <3:5 <1:0 <2:5 <5:0 <6:0

At this juncture, a discussion of the velocity and

thermal ®elds is in order. In [3], we had discussed the

e�ect of buoyancy on the velocity ®eld on the basis of

two mechanisms suggested by Petukhov and Polyakov

[20] ± the external e�ect and the structural e�ect. The

®rst e�ect is due to the buoyancy force acting on the

entire ¯ow and is represented by �qÿ q0�gi in the i-

momentum equation.3 The second e�ect arises from the

turbulent density ¯uctuations in the gravitational ®eld

and is represented by the production term �ÿgibuit� in

the turbulent kinetic energy equation. According to

Petukhov and Polyakov, the two mechanisms appear

Fig. 8. Temperature ®eld at Reynolds number of 31,500, (a) mean temperature, (b) temperature ¯uctuation intensity, (c) axial

turbulent heat ¯ux (divided by qCP), (d) radial turbulent heat ¯ux (divided by qCP).

3 This equation is given in Part II of this two-part paper.
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simultaneously in the ¯ow and their e�ects can be sim-

ilar or dissimilar.

In the heated experiments, the turbulent kinetic

energy production due to mean shear, ÿuv�oU=or�, is

estimated to be an order of magnitude larger than the

production due to buoyancy. From this consideration,

the external e�ect was more important.

If we integrate the axial momentum equation from

the inner wall to any radial position in the annulus, the

following equation is obtained:

l
oU
or

�
ÿ quv

�
ÿ 1

r

Z r

ri

q0gb T 0

ÿ ÿ T
�
r dr

� ri

r
swi
ÿ
�
ÿ 1

2

dP 0

dz

�
r2 ÿ r2

i

r
; �3�

Fig. 10. Turbulent Prandtl number.

Fig. 9. Temperature ®eld at Reynolds number of 46,400, (a) mean temperature, (b) temperature ¯uctuation intensity, (c) axial

turbulent heat ¯ux (divided by qCP), (d) radial turbulent heat ¯ux (divided by qCP).
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where P 0 � P � q0gz, T 0 is a reference temperature given

by 2=�r2
o ÿ r2

i �
R ro

ri
T r dr, and the axial pressure gradient is

dP 0=dz � ÿ2�riswi � roswo�=�r2
o ÿ r2

i �. The right-hand

side of Eq. (3) can be expressed as swiA1�r� � swoA2�r�
where A1�r� and A2�r� are known functions of r.

The terms on the left-hand side of Eq. (3) were

evaluated using the experimental data. They are plotted

in Fig. 11 for experiment 2 as is their sum S�r�. A least

square ®t of the S�r� data (excluding the two points

closest to the inner wall) is plotted as well. Also shown in

Fig. 11 is the sum of the right-hand side terms of Eq. (3)

where swi was evaluated using the measured zero uv lo-

cation, R0, and the pressure gradient was evaluated using

the Blasius friction factor formula [4]. The external e�ect

of Petukhov and Polyakov is represented by the buoy-

ancy term in Eq. (3). Fig. 11 indicates that this term

contributes signi®cantly to the stress balance in the ¯ow

and that it is dominant in the region near R0. These

features were common to all of the heated ¯ows reported

here.

It is observed that the e�ects of buoyancy on the

velocity ®eld manifest away from the walls ®rst. The

inner and outer boundaries of the a�ected region move

away from the respective walls as the Reynolds number

increases. Near the walls, the velocity ®eld does not

change signi®cantly due to the substantial viscous forces

present.

The thermal ®eld is a�ected by buoyancy, its in¯u-

ence becoming signi®cant at values of Gr=Re2 larger

than those at which the velocity ®eld begins to be in-

¯uenced. This is consistent with Polyakov [21].

From the transport equations for the turbulent heat

¯ux components, the following algebraic expressions for

vt and ut can be obtained assuming local equilibrium

and employing the thin shear layer approximation [20]:

vt � ÿD1

k
�

v2
oT
or
; �4�

ut � D1

k
�

�
ÿ uv

oT
or
ÿ D2vt

oU
or
� D3bgt2

�
; �5�

where D1, D2, and D3 are constants. Only the expression

for ut contains an explicit buoyancy term. Estimates,

using the experimental data, of the three terms on the

right-hand side of Eq. (5) indicate that D3bgt2 is very

small in magnitude compared to the other two terms

except in the region between R0 and Rm where their

magnitudes are of the same order.

4. Concluding remarks

We have measured the velocity and thermal ®elds in

isothermal and heated turbulent up¯ow of liquid Re-

frigerant-113 through a vertical concentric annular

channel. The radial distributions of the mean axial and

radial velocities, the corresponding turbulent intensities,

and the axial Reynolds shear stress were measured at

one axial plane in the channel. In the heated ¯ows, the

radial distributions of mean temperature, temperature

¯uctuation intensity, axial turbulent heat ¯ux, and radial

turbulent heat ¯ux were measured at the same axial

plane. A two-component LDV system was used for the

velocity measurements and a cold-wire for the temper-

ature measurements. Use of an LDV measuring volume

smaller than that used in our earlier e�ort in conjunction

with a more appropriate coincidence time window en-

abled improved measurement of the axial Reynolds

shear stress close to the inner wall of the annulus. Ac-

curate measurement of the radial turbulent heat ¯ux

near the heated inner wall was hindered by the relatively

large spanwise length of the LDV measuring volume and

the active length of the cold-wire, as well as by the larger

than desirable separation distance between the LDV

measuring volume and the cold-wire.

The turbulent Prandtl number in the ¯ow was calcu-

lated from the measurements by two methods: (1) using

the logarithmic wall laws for mean axial velocity and

temperature that the respective data comply with, and (2)

using the turbulent di�usivities of momentum and ther-

mal energy obtained from the data. The second method

yields local turbulent Prandtl number whereas the ®rst

method provides a single value which is then considered

to be invariant across the channel gap.

Of the external and structural e�ects of buoyancy on

heated ¯ow suggested by Petukhov and Polyakov, the

former e�ect is estimated to be more important for the

experiments reported here.
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