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Abstract

Here an experimental study of temperature ®elds on the surface of smooth and rough walls is dealt with, in

turbulent channel and pipe ¯ows. The hot-foil infrared technique was used to measure the local (instantaneous and
time average) temperatures on the walls. The detailed data on mean and ¯uctuation temperature distributions are
presented. The temperature ®elds in the vicinity of a single macroscale roughness (particle) as well as a lattice of
particles are studied. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Heat transfer in turbulent ¯ows over smooth walls

has attracted the attention of numerous investigators
during the last decades. The results of some researches
devoted to this problem are summarized in mono-

graphs and textbooks [1±3]. Also, heat transfer in tur-
bulent ¯ows over rough surfaces has been extensively
studied. It was shown that these surfaces enhance heat

transfer from the wall to the ¯uid and raise the heat
transfer coe�cient [4,5].
At present there are a number of publications deal-

ing with the e�ect of ribs, coarse particles etc. on the

convective heat transfer in turbulent ¯ows [6±13].
These contain, mainly, data related to the mean
characteristics of the ¯ow. This does not allow one to

estimate the speci®c features of the heat transfer in the
immediate neighbourhood of the wall. For better
understanding of the real mechanism of heat transfer

from the smooth and rough walls to a ¯uid, detailed
studies of the temperature ®elds on the walls are
needed.

The study of temperature ¯uctuations on the wall
presents a special interest. It is necessary to estimate
the e�ect of turbulence on durability of heated wall

lifetime (considering fatigue of material, etc.) as well as
to provide correct formulation of thermal boundary
conditions to calculate heat transfer in turbulent

boundary layer.
The e�ect of temperature ¯uctuations on the wall on

thermal structure of turbulent boundary layer was
investigated numerically by Kasagi et al. [14] and

Sommer et al. [15]. It was shown that the wall tem-
perature ¯uctuations signi®cantly a�ect temperature
®eld up to y+230, i.e. within the region determining

scalar transfer. However, at present, the detailed exper-
imental data regarding temperature ®eld on the wall
are limited. In particular, there are no data about tem-

perature ¯uctuations on the rough walls, e�ect of
Reynolds number on statistical properties of tempera-
ture ¯uctuations etc.
The aim of the present investigation is to elucidate

the instantaneous and average temperature ®elds on
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the surfaces of smooth and rough walls in developed

turbulent channel and pipe ¯ows, as well as the e�ect

of macroscale roughness on the heat transfer intensity.

It is our contention that the temperature distribution

on the wall, as measured by our heated foil technique,

is a signature of the velocity distribution in the bound-
ary layer of the turbulent ¯ow. A high temperature

streak can be interpreted as a result of low velocity

near the wall, and vice versa. Therefore, the study of

various characteristics of the temperature distribution

on the wall leads to better understanding of the vel-
ocity distributions in the boundary layer of turbulent

¯ow.

The time and space behavior of the temperature dis-
tribution were recorded, and are available upon

request.

2. Experimental set-up

2.1. Equipment

To study the temperature ®elds on the smooth and
rough walls in a wide range of Reynolds numbers, two
experimental set-ups were used: a ¯ume and a pipe.

The ®rst of them was described by Hetsroni and
Rozenblit [16], therefore, presented here is only the
main features of the test section and the scheme of

measurement (Fig. 1(a)). The ¯ow loop consisted of a
stainless steel open ¯ume 4.3 m long, 0.32 m wide and
0.1 m deep. Water at constant temperature was recir-

culated within the ¯ume. The test section was located
at a distance 2.5 m from the channel entrance, where a
developed ¯ow was established. The constantan heater

Nomenclature

b the width of the channel
cp speci®c heat of the ¯uid at constant pressure
d the diameter of the cylinder

dB the diameter of the particle in the lattice
D the diameter of the pipe
f the friction factor

h the local heat transfer coe�cient
H the depth of the ¯uid layer
Nu the Nusselt number

Pr the Prandtl number
q heat ¯ux
ReH the Reynolds number based on ¯uid's depth
Rey the Reynolds number based on the momentum thickness

ReD the Reynolds number based on the pipe diameter
Tw the temperature of the wall
T 'w the ¯uctuations of the temperature on the wall

Tf the temperature of the ¯uid
u mean ¯ow velocity
u+ dimensionless streamwise velocity

u ' the ¯uctuations of the ¯ow velocity
u � friction velocity
x, y longitudinal and vertical Cartesian coordinates

y+ dimensionless distance normal to the lower wall
x+ dimensionless longitudinal coordinate
x dimensionless longitudinal coordinate normalized to diameter of cylinder

Greek symbols

Eu the intensity of velocity ¯uctuations
ET the intensity of wall temperature ¯uctuations
L the spacing between the thermal streaks

L+ non-dimensional spacing between the thermal streaks
l the thermal conductivity of the ¯uid
n kinematic viscosity
r the density of the ¯uid
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(on an insulated frame) was made of a foil 0.33 m
long, 0.2 m wide and 50 mm thick. The window of the
frame was 0.3 m long and 0.15 m wide. The foil was

attached to the window by means of contact adhesive
and was coated on the airside, by black mat paint of
about 20 mm thickness. Constant heat ¯ux from the

Fig. 1. The schemes of test section: (a) open channel ¯ow; (b) pipe ¯ow.
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wall was achieved by supplying DC power up to 300
A, to the foil.

The ¯ow depth H ranged from 0.037 m to 0.058 m.
The cross-sectional mean velocity ranged from 0.15 m/
s to 0.23 m/s, so that the Reynolds number, based on

the momentum thickness was Rey=300±600. A fully

developed ¯ow was established in the region beyond
2.5 m downstream from the inlet to the ¯ume, which

was con®rmed by the measurements of both the vel-
ocity pro®le and distributions of root-mean-square
(RMS) values of streamwise velocity ¯uctuations u '.
The measurements were performed at the centerline of
the ¯ume, i.e. at z=0 (z is the spanwise direction).
Velocity measurements were done by means of a hot

®lm anemometer. The standard 908 conical probe was
connected to a traversing mechanism having a spatial
resolution of 10 mm. The anemometer signal was trans-

mitted in digital code through an acquisitor to a PC.
The hot-®lm probe was calibrated in the water ¯ume,
and after calibration the sensor was positioned in the
boundary layer and the data were recorded. The cali-

bration was re-checked periodically. When the sensor
drifted from the previous calibration more than 2%,
the data were rejected and the calibration process was

repeated. The uncertainty in a single measurement of
the streamwise velocity is estimated to be of the order
2±4%; the highest value corresponds to the lowest vel-

ocity. Note, that such accuracy is typical for the hot-
®lm measurements of mean velocity [17], whereas it is
about 8% for the measurements of turbulent ¯uctu-

ations.
The experimental set-up to study heat transfer in a

pipe ¯ow was made of plastic tube 49 mm in diameter.
It consists of ®ve sections: (i) calming; (ii) ¯ow devel-

opment (3.6 m long); (iii) pressure measurement (1.2 m
long); (iv) test; and (v) outlet. The heated surface of
the test section was made of constantan foil 0.18 m

long and 50 mm thick glued to the inner wall of the
plastic tube. The windows of the test section are 0.06 m
long and 0.03 m wide. The heated section can be

rotated around the horizontal axis to put the windows
in a desired position. The ¯ow was produced by a cen-

Table 1

The general parameters of the experimental set-ups

Item Unity Channel Pipe

Characteristic dimensions H m� 10ÿ3 37±58 ±

D m� 10ÿ3 ± 49.2

Mean water temperature Tf 8C 2020.1 2020.1

Mean ¯ow velocity u m sÿ1 0.15±0.23 0.40±1.37

Reynolds number ReH 5500±8700 ±

ReD ± 20000±68600

Heat ¯ux q W mÿ2 2700±10000 18000±41000

Roughness type Single cylinder Lattices of spherical particles

N1 N2 N3

Cylinder diameter d m� 10ÿ3 4.0

Particle diameter dB m� 10ÿ3 ± 5 3.9 2.7

Pitch in the streamwise direction Pst m� 10ÿ3 ± 35 15 11

Pitch in the spanwise direction Psp m� 10ÿ3 ± 8 7 6

Fig. 2. Macro-scale roughness: (a) cylinder; (b) lattice of

spherical particles.
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trifugal pump and was measured by means of a ¯ow-
meter.

A number of heat transfer and hydrodynamic veri®-
cation runs were undertaken prior of the data logging.
A series of pressure drop tests was made to establish

that the ¯ow behaves as a fully developed one. The
pressure drop was measured across 1100 mm length by
pressure transducers. The upstream point of measure-

ments was 74 tube diameters from the entrance to the
development section. The pressure drop results agree
with the accepted smooth pipe values (Blasius

equation). The standard deviation does not exceed 2%
for all data sets.
Two types of macro-scale roughness (Fig. 2(a,b))

were used to disturb the ¯ow: (i) a single cylinder

(d=4.10ÿ3 m), placed on the wall and oriented in the
spanwise direction (the ®rst set-up); (ii) the lattices of
spheroidal particles of di�erent sizes (the second set-

up). The parameters of the lattices used here are pre-
sented in Table 1.

2.2. Temperature ®eld diagnostics

To study temperature ®elds on the walls the hot-foil

infrared technique (HFIRT) was used. Such technique
has been applied to explore various thermal and hy-
drodynamic problems [16,11,18,19]. Hetsroni et al. [20]
have shown that HFIRT allowed to obtain detailed in-

formation on the wall temperature, in particular, tem-
perature ¯uctuations.
The IR radiometer was used to measure average and

¯uctuation temperatures. It consists of a scanner and
control/electronics unit. The scanner incorporates elec-
tro-mechanical servos to perform horizontal and verti-

cal scanning. Horizontal scanning is performed at a 4
kHz rate in a resonant (sinusoidal) mode. Vertical
scanning is performed using a sawtooth pattern com-
mensurate with standard television formats. The con-

trol/electronics unit contains circuits to process,
digitize and reformat the IR signal or display it
colored or black and white on the display or external

video monitor.
The temperature range of the measurements of the

IR radiometer is ÿ20±15008C, with a minimum detect-

able temperature di�erence of 0.18C at 308C. Through
calibration, the radiometer is very accurate in a narrow
temperature range, giving the typical noise equivalent

temperature di�erence only, which is less than 0.28C
(with image average less than 0.058C). A typical hori-
zontal resolution is 1.8 mrad or 256 pixels/line. The
range of ambient operating temperatures of the IR

radiometer is ÿ15±+508C. The scanner of the IR
radiometer was situated at a distance of about 0.5 m
from the heated foil. The calibration of the IR imaging

radiometer was checked in the special device with a
precision mercury thermometer placed in the water.

Fig. 3. The distribution of mean and ¯uctuation velocities

near the wall (channel ¯ow). (a) The log±law plot of mean

velocity pro®les over smooth wall: Ð, u+=2.5lny++5; H,
Rey=300; D, Rey=470; q, Rey=600; w, data by Antonia et

al. [22]. (b) Distribution of dimensionless streamwise turbu-

lence intensities near the wall: Q, Rey=300; q, Rey=470; *,

Rey=600; w, data by Nishino and Kasagi [24]. (c)

Dependence of friction factor f=2t/ru 2 on the Reynolds

number. *, experimental data; Ð, Blasius equation.
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The Inframetrics model 760 operates with individual

Mercury/Cadmium/Telluride detector. It is cooled by
Inframetrics integrated cooler to 77 K for maximum
thermal sensitivity and high spatial resolution. The fre-

quency response of IR radiometer is 25 frames� sÿ1.
The accuracy of the IR radiometer (manufacturer

data) was 22%. The heat ¯ux (DC power) was deter-
mined with an accuracy of 0.5%. The water depth and

¯ow velocity were determined with accuracy of 20.5%
and 2%, respectively. The water temperature was
measured by means of a precision mercury ther-

mometer with an accuracy of 20.058C. The errors in
the Reynolds number did not exceed 2.6%. The accu-
racy of the estimation of the non-dimensional spacing

of the thermal streaks was 16%.
The frequency response of heated foil was estimated

according to the work by Hetsroni et al. [20]. It was
found that foil characteristic frequency did not exceed

10 sÿ1.

2.3. Characteristics of the ¯ows

The pro®les of mean velocity at 300 < Rey < 600
(Rey is the momentum thickness Reynolds number) are
depicted in Fig. 3(a). The solid line on this graph cor-

responds to the logarithmic law u+=2.5y++5.0
(u+=u/u �, u and u � are the local and friction vel-
ocities, respectively). The pro®les of velocity were ®tted

to this line by adjusting u � so that the experimental
values of u+ and y+ agreed with the `law of the wall'.
The present velocity distribution and the friction vel-

ocity u � are in agreement with the measurements by
Rashidi et al. [21] and Kaftori et al. [22], who used an
identical ¯ume. In Fig. 3(a) the data by Antonia et al.
[23] are also presented. It is seen that these results

agree fairly well with the data of the present exper-
iments. In both cases, the dependence
u+=2.5y++5.0 is fairly much within the limits 20<

y+ < 600. Note, that the lowest Rey=300 in our ex-
periments seems to be the minimum Reynolds number
at which turbulent ¯ow is maintained [24].

The turbulence intensity distributions in a ¯ume are
shown in Fig. 3(b). For comparison, the experimental
data by Nishino and Kasagi [25] are also presented in

this graph. The u '/u � pro®les exhibit a clear Reynolds
number dependence. For y+>20 the value of u '/u �

decreases less rapidly with increasing Reynolds num-
ber. However, the latter practically does not a�ect the

shear stress distribution [23].
Some results related to hydraulic characteristics of

the second set-up are plotted in Fig. 3(c). These data

agree fairly well with known results on the friction in
smooth pipes.
The data of the thermal tests of the ®rst and the sec-

ond experimental set-ups are presented in Fig. 4(a,b).
Here are also shown the results of the heat transfer
coe�cient calculation in accordance with Kays [2] and
Deissler [26]. In both cases (¯ume and pipe ¯ows) a

fairly good agreement between experimental and calcu-
lated data are observed. The general parameters of the
®rst and the second experimental set-ups are presented

in Table 1.

3. Results and discussion

3.1. Macro-scale thermal structure

Appearance of the macro-scale thermal structures on
the wall in a turbulent ¯ow was observed [27,28,16,13].
These structures (so-called thermal streaks) were

oriented mainly in the streamwise direction. They
move slowly in the downstream direction and meander
about in the lateral direction. The thermal streaks

movement is accompanied by some twisting and mer-
ging with the neighbouring streaks.

Fig. 4. Heat transfer coe�cient. (a) Open channel ¯ow exper-

imental data: Q, Re=5500, q, Re=8500; Ð, the theoretical

prediction by Kays [2]. (b) Pipe ¯ow: *, experimental data;

Ð, theoretical prediction by Deissler [25].
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The existence of thermal streaks demonstrates the
heterogeneity of the temperature distribution on the

wall. The typical temperature ®elds on the smooth and
rough walls are shown in Figs. 5 and 6. It is seen that
the number of thermal streaks, in the streamwise direc-

tion in the unperturbed ¯ume and pipe ¯ows, is practi-
cally constant (Figs. 5(a) and 6(a)). The measurements
show that the dimensionless spanwise thermal streak

spacing L+=Lu �/n (L is a dimensional spanwise
streak spacing, n is the kinematic viscosity) is about
L+ 1 90. This result agrees with the data by Kline et

al. [17], Achia and Thompson [29], Iritani et al. [27],
Smith and Metzler [30], Oldaker and Tiederman [31]
on hydrodynamic and thermal structures of the near-
wall ¯ow.

However, notice that the temperature ®eld is drasti-
cally changed on the roughened wall, Fig. 5(b). An
existence of a macro-scale roughness leads to the total

disruption of the thermal streaky structure behind the
obstacle. In the wake of the disturbance, the streaky

structure disappears, while further downstream the
regular thermal streaky structure once again is restored
[12,13].

The structures of the temperature ®eld over the pipe
wall with roughness in the form of lattices of spherical
particles are shown in Fig. 6. In these pictures, the in-

frared images of instantaneous thermal ®elds of the
heated wall are presented. Fig. 6(a) shows a tempera-
ture ®eld of the pipe wall without a lattice. A typical

instantaneous streaky structure over the wall can be
seen here. Fig. 6(b) shows the infrared image of the
heated wall in the case that the lattice N1 is inserted
into the pipe. It can be seen that the color play is

shifted towards a lower wall temperature, i.e. the heat
transfer coe�cient increases. The color play of Fig.
6(c) corresponds to the lowest temperature level, (in

Fig. 5. Temperature ®eld on the wall (open channel ¯ow; ¯ow is from the left to the right): (a) smooth surface, ReH=8500;

(b) rough surface, ReH=8500.
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this case the lattice N3 was mounted). There are only
small `islands' of relatively high temperature, since the

¯ow is completely disturbed by the disturbances in the
lattice. In the ®gures with lattice roughnesses, two
zones of a decreased temperature ®eld were observed.

The ®rst of them is located underneath and in front of
each particle and the second one is revealed in the
wake behind it with the length of about 4db. The

measurements showed that the location of the second
zone weakly depends on the Reynolds number. Similar
observations were done by Hetsroni et al. [12] with a

single particle. In that work, experimental observations
and numerical simulations showed that there is a cool
region in front, and under, the particle, and another
cold region in its wake.

The above-mentioned results reveal some character-
istics of instantaneous temperature ®elds on smooth
and rough walls. Some features of the average tem-

perature ®elds are now brie¯y considered. First of all
the data characterizing macro-scale structure of these
®elds are presented:

Use RMST of the lateral temperature distribution as
a measure of average temperature variations in a given
cross section, i.e.

RMST �
���������������������������������������������
1

n

Xn
i�1
�Tw�z� ÿ �Tw�z��2

s
�1�

where Tw(z ) and Tw(z ) are the instantaneous and aver-

age temperatures at a given point and a given cross
section, respectively, n is a number of points of
measurements.

The dependencies RMST(tav) (tav is the averaging
time) for 3 cross sections far enough from the leading
edge of the heated foil, on the integration time are
plotted in Fig. 7. These data are obtained by image

processing of 400 pictures with a time step of 0.1 s.
They show that the level of variations in the tempera-
ture ®eld decreases with increasing of averaging time.

This e�ect leads to smoothing of the temperature ®eld
due to migration of thermal streaks in spanwise direc-
tion. Homogeneity of the temperature ®eld at large tav
shows that the probability of thermal streaks appear-
ing at any particular region of the wall is the same.
This is a rather important observation, pointing at the
random nature of the phenomena, i.e. the appearance

of the coherent structure on the wall looks like a ran-
dom process.

3.2. Temperature ¯uctuations

The near wall region of the turbulent ¯ow possesses

a very complicated structure which is a consequence of
the interaction of vortices of various scales [32±35].
Coherent structures (bursting, ejections etc.) play an

Fig. 6. Temperature ®eld on the wall (pipe ¯ow): (a) smooth

wall; (b) lattice 1 (Table 1); (c) lattice 3 (Table 1).
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important role in the turbulence production and heat
transfer. The transversal motion of the ¯uid due to

bursting process leads to penetrating of the cold ¯uid
from the external to near wall region, sublayer break-
down, formation of zones with very small thermal re-

sistance and abrupt change of wall temperature in the
vicinity of the burst/wall impact point. Although the
turbulence/wall interaction is the reason for wall tem-
perature ¯uctuations, their characteristics depend not

only on the hydrodynamics of the near wall ¯ow but
also on physical properties of the wall material. These

considerations were used by Hetsroni et al. [20] to esti-
mate the intensity of temperature ¯uctuations on the
wall in a turbulent ¯ow. The authors assumed that due

to the ¯uid/wall interactions a temperature heterogen-
eity (thermal spot) was formed on the wall.
The model of the thermal spot appearance allows

one to determine the behavior of temperature ¯uctu-

Fig. 7. The dependences RMST(tav) for ReH=8500 along line (for 3 cross sections): Ð, x+=1000; . . . , x+=2000; - - -,

x+=3000.

Fig. 8. The dependence T 'W/(q/a ) vs x/H (channel ¯ow). Re=8500; q=1� 104 W/m2.
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ations, depending on the intensity of velocity ¯uctu-

ations, physical properties of wall material as well as

the heat transfer. For the simplest type of ¯ow disturb-

ances (harmonic ¯uctuations of velocity) Hetsroni et

al. [20] obtained the expression for the intensity of the

temperature ¯uctuation on the wall, i.e.:

T 0 � Sou
0

1� o 2M2
�2�

Fig. 9. The dependence T 'w vs q/a at various heat ¯ux q. q, q=1.78� 104 W/m2; Q, q=2.75� 104 W/m2; q�, q=2.1� 104 W/m2:

20,000RReR68,500.

Fig. 10. The dimensionless ®rst moment of the wall temperature vs x/d.
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where

So � 1

a� �u �j �
�Tw ÿ Tf�da� �u �

d �u
, M � rcd

a� �u �j ,

a( �u ) is the heat transfer coe�cient, �u is the mean ¯ow
velocity, Tw is the mean temperature, Tf is the ¯uid

temperature, u ' are the velocity ¯uctuations, r, c are
density and speci®c heat of the foil material, respect-
ively, d is the wall thickness, j1 1 is a parameter, o is

a characteristic frequency.
Eq. (2) has the following form (for a thin foil):

T 0 � u 0

a� �u � �
�Tw ÿ Tf�da� �u �

d �u
�3�

Then, taking into account that Nu=A Re n Prm, where
Nu and Pr are the Nusselt and Prandtl numbers; A, m,
n are known constants, Eq. (3) can be rewritten as

T 0w � u 0

u
n
q

a
�4�

where q is the heat ¯ux on the wall.
Thus, in the hydrodynamic stabilized ¯ow the tem-

perature ¯uctuations are directly proportional to the
heat ¯ux value and inversely proportional to the heat
transfer coe�cient.

In the developed channel ¯ow the intensity of vel-
ocity ¯uctuations does not change downstream [36].
Accordingly, with (4), the intensity of the temperature

¯uctuations must be constant downstream at a given
Reynolds number. It can be seen that Eq. (4) agrees

fairly well with the experimental data (Fig. 8).
In Fig. 9 the change of temperature ¯uctuations T 'w

is shown vs q/a at various values of heat ¯ux q and

Reynolds number in a pipe ¯ow. In spite of the signi®-
cant scatter of experimental points, these data also
support Eq. (4).

3.3. Statistical characteristics

Statistical characteristics of temperature ®elds on the
surface of smooth and rough walls were determined by

averaging instantaneous temperatures in a given point
during some time interval. The latter was chosen so
that the results of the statistical analysis did not

depend on tav.
The mean temperature distribution along the foil

with a single macro-scale cylindrical roughness is
plotted in Fig. 10. It is seen that the cylinder leads to

sharp changes in the temperature ®eld as compared
with the undisturbed ¯ow. The temperature distri-
bution has two minima located in front and behind the

cylinder. In front of a single cylinder one can see a
sharp decrease of mean temperature. At the distance
x/d=ÿ1 the minimum DT/DTo is observed. Then

mean temperature increases up to DT/DTo =1.2. At
x/d>+1 a sharp temperature drop takes place. The
second minimum DT/DTo is located at x/d 0 5. Far

Fig. 11. The level of the dimensionless temperature ¯uctuations vs x/d.
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from the cylinder temperature increased to its level in
the undisturbed ¯ow.

The distribution of the wall temperature ¯uctuations

in the vicinity of a cylindrical roughness is shown in
Fig. 11. It is seen that this distribution is similar to the

mean temperature distribution. In both cases the

Fig. 12. Skewness depending on dimensionless distance from cylindrical roughness: q, smooth wall; Q, with cylinder.

Fig. 13. The distribution of the dimensionless heat transfer coe�cient vs x/d.
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dependencies DT/DTo=f(x/d ) and T 'w/T 'wo have

characteristic extrema located in front of and behind
the macro-scale disturber.
The dependence of skewness on the dimensionless

distance is illustrated in Fig. 12. It is seen that the
skewness value is close to zero for the smooth surface
(normal distribution). In contrast, the value of skew-
ness is quite di�erent from zero for a rough surface.

According to the data in Fig. 12, the temperature ¯uc-
tuations distribution on the rough wall is not normal.

3.4. Heat transfer coe�cient

The distribution of the dimensionless heat transfer
coe�cient a/ao in the vicinity of the cylindrical dis-
turber is presented in Fig. 13. The single macro-scale

roughness leads to a strong modulation of the ¯ow. As
a consequence a sharp change of heat transfer coef-
®cient near the disturber occurs. The change of a/ao vs
the distance downstream has two maxima in the

regions of a direct interaction between the cold water
from bulk ¯ow and the wall, and single minimum in
the stagnation zone, behind the cylinder. At the ®rst

maximum heat transfer is enhanced three times. A
similar e�ect, a signi®cant heat transfer enhancement
in front of the body was observed at some other types

of macro-scale roughness: coarse spherical particle,
square or circular columns [37,38].
The e�ect of macro-scale roughness on the heat

transfer in a pipe ¯ow is illustrated in Fig. 14. It is

seen that macro-scale roughness in the form of a lattice
of spherical particles leads to a remarkable enhance-
ment of the heat transfer coe�cient. This e�ect

depends on various parameters of the lattice and can
reach 200±300% in comparison with undisturbed ¯ow
(the optimal values of pitches are: 1.5±3db for the
spanwise direction and 3±5db for the streamwise one).

4. Conclusions

The temperature ®elds over the smooth and rough
walls, at the developed turbulent ¯ow in the open
channel and pipe were studied by using infrared ther-

mography. It is shown that the instantaneous tempera-
ture ®eld on the heated walls possesses a streaky
structure, whereas the average temperature ®elds are
practically uniform. The measurements show that the

intensity of temperature ¯uctuations, on the surface of
a smooth wall, is directly proportional to the heat ¯ux
from the wall and inversely proportional to the heat

transfer coe�cient. Macro-scale roughness on the wall
(a single cylinder, lattice of spherical particles) leads to
destruction of the thermal streaky structure. This pro-

cess is accompanied by a sharp transformation of aver-
age and ¯uctuations temperature ®elds and increasing
of heat transfer coe�cient by 200±300%.

Fig. 14. The heat transfer enhancement by the lattice
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