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HEAT TRANSFER AND FRICTION COEFFICIENTS FOR
TURBULENT FLOW OF AIR IN SMOOTH ANNULI AT
HIGH TEMPERATURES*
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Abstract—Local heat transfer and averaged friction coefficients were measured for subsonic turbulent flow
of air through two smooth annuli, with diameter ratios equal to 1-99 and 1-38, respectively, having the inner
tube heated up to temperatures of 1000°C. The main experimental results can be summarized as follows
1. The local heat-transfer coefficients are correlated by:

D 0-16 T —0-2
Nuy = 0018 <D~2> Re%® pro <?W>
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which gives the Petukhov and Roizen correlation [13] for low temperature differences (7;,/T; — 1).
2. The average heat-transfer coefficients for the inner region of the annulus are correlated by:

T —-0-2
Nuy = 00217 Red® Pro* (-"')

TE
in excellent agreement with data for circular tubes (Dalle Donne-Bowditch correlation [1]).
3, The friction coefficients, both for the whole annulus and the inner region of it, are in excellent agreement
with the correlations of Maubach [26] obtained by integration of the universal velocity profile of Nikuradse,
provided that density of the fluid is evaluated at the temperature T, = \/(T}, - T,) and the kinematic

viscosity at the temperature T,,, as suggested by the experiments of Taylor for circular tubes [6].

NOMENCLATURE entrance length not included)
Geometrical parameters [cm];
D, diameter of the inner cylinder of L, total length of heated test section
the annulus {cm]; [em];
D,, diameter of the outer cylinder of s radius of the inner cylinder of the
the annulus [cm]; annulus [cm];
I, distance from the inlet of the Ty radius of the outer cylinder of the
section considered (the unheated annulus [cm];
Yoo radius at which the two radial
universal velocity profiles (from
* This paper has been prepared within the framework of the inner and outer wall of the
e gsomten, Earom Gl fr Kt anmulus) interect, andwhich
t Delegated from Euratom to the Fast Breeder Project, separates the inner from the outer
Instittl‘lte t;lf Neutr?n Plllgsiclzs aﬁld V"I’{ca:cé(;)r Engineering, region of the annulus [cm];
Kemlorchmmarinn, Katohe M Gomany o or Tw Tadits at which the two radia
Neutron Physics and Reactor Engineering, Kernforschungs- temperatures profiles intersect
zentrum Karlsruhe, West Germany. [cm];
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outer surface of t5th of the inner
tube 7D, L/10 [em?];

inner surface of 5th of the outer
tube, nD,L/10 [cm?];

radial distance from the wall of
the considered point in the annu-
lus cross section [em).

specific heat at constant pressure

[cal/g °C];
thermal conductivity [cal/cm
s °C];
specific heat ratio [dimension-
less];

kinematic viscosity [cm?/s];
density [g/cm?].

T, — (u3/2.107Jc,) = absolute

static. bulk temperature of the
gas [’K];

absolute total gas temperature
at the test section entrance =
absolute static gas temperature
at the entrance (because the gas
velocity is very small there) [°K];
T, + (Q,/Mc,) = absolute total
bulk temperature of the gas [ °K];
absolute temperature of the wall
of the inner tube [°K];

absolute temperature of the wall
of the outer tube [°K];

absolute static gas temperature
at the outer edge of the thermal
boundary layer for a free stream
geometry [°K];

J(T,,T, = geometrical mean
between wall and bulk tempera-
ture [°K];

gas bulk temperature of the
inner region of the annulus [°K];
gas bulk temperature of the outer
region of the annulus [°K].

Other physical parameters

3

convective  heat-transfer co-
efficient between inner tube sur-
face and gas bulk [cal/cm? s °C];

1

4,2

z
qgla

/
qu ’

uB$M/ApB’

max®

conversion factor from heat units
to work units = 4187 [W s/cal];
mass flow rate of gas [g/s];
absolute static pressure of the gas
[dynes/cm?];

quantity of heat given to gas from
entrance to the considered cross
section of the annulus [cal/s];
heat produced by Joule effect in
a segment equal to J5th in length
of the inner tube [cal/s];

heat given to gas in {5th of the
test section [cal/s];

heat given to gas directly by the
inner tube in ith of the test
section [cal/s];

heat given to gas by the outer

tube in tth of the test section

[cal/s];

heat lost radially by conduction
through insulation for- {5th of
test section [cal/s];

heat transmitted radially by
radiation from inner tube to
outer tube for $5th of test section
[cal/s];

heat given to gas directly by inner
tube for unit surface [cal/cm?s];
heat given to gas directly by outer
tube for unit surface [cal/cm?s];
velocity of the gas [cm/s];
velocity of the bulk of the gas
[em/s];

velocity for r = r [cm/s];
velocity of the bulk of the gas in
the inner region of annulus [cm/
s];

velocity of the bulk of the gas in
the outer region of annulus [cm/
s];

J/(/p) = friction velocity [cm/
s];

total emissivity of the outer
surface of inner tube [dimension-
less];

total emissivity of the inner sur-
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face of the outer tube[dimension-
less];
1
1/e, + 8,/8,(1/e, — 1)
[dimensionless];
o, Stefan—Boltzmann constant [ cal/
cm?s °K*];
T, shear stress at the wall [dynes/
cm?].
Dimensionless groups
fgs2t/pgu, friction coefficient (or friction
factor) evaluated at the gas bulk
temperature Ty;
1,2t /pu u?, friction coeffxclent of the inner
region of annulus;
15, 2t,/p,u%, friction coefficient of the outer
region of annulus;
Ma, ug/\/(yp/pg); Mach number evaluated
at the gas bulk temperature Tp;
— Dy)/ky, Nusselt number eval-
uated at the gas bulk temperature
Ty
Pry, vgpge,p/ky, Prandtl number evaluated
at the gas bulk temperature T,
D,)/vy, Reynolds number
evaluated at the gas bulk tem-
perature Ty ;
Rey,,uy(D, — D,)/vy, Reynolds number
evaluated at the wall tempera-

812

Nug, h(D,

Rey,ug(D, —

ture Ty, ;
R 206 — 1) f
ey, ———/ v,  Reynolds number o
1
the inner region of the annulus
evaluated at the temperature T, ;
2(re —
Rey,, ,u, g o ) =0 _1/y., Reynolds number
1
of the inner region of the annulus
evaluated at the temperature T, ;
ut, u/u*,  dimensionless gas velocity;
T T) pc u* . .
(——)pﬂ— dimensionless gas
temperature‘;
y*t, yu*/v, dimensionless radial distance

from the wall;
o,r,/r, =D,/D,,

ﬁ s To / Ty
P rm/ ry.
Subscripts

B, gas properties evaluated at the
gas bulk temperature Ty, it refers
to the whole of the annulus;

W, gas properties evaluated at the
wall temperature T, it refers to
the whole of the annulus;

1, it refers to the inner region of the
annulus;

2, it refers to the outer region of the
annulus;

n, it refers to the nth cross section
of the test section;

n—1, it refers to the (n — 1)th cross

section of the test section;
X, . gas properties evaluated at the
temperature T, = /(T T,

1. INTRODUCTION

IN FAST reactor cores very high power densities
are present. It is therefore necessary to improve
the heat transfer from the fuel elements to the
coolant as much as possible, especially with gas
cooling, because gas is “per se” not a very good
coolant, The fuel element wall temperatures will
be rather high, During transients, temperatures
as high as 1000°C or above are possible. It is
therefore of interest to investigate the effect of
such high temperatures on heat-transfer co-
efficient and friction factor for geometries similar
to those adopted in fact reactor cores. The tem-
perature effect is already well known for circular
tube geometries [ 1-3], so it was decided to use in
the experiment a geometry more similar to the
one to be used in the core (bundle of parallel
cylindrical rods), but still sufficiently simple to
allow accuracy of results and simplification of
experimental equipment. The annulus geometry
with power production in the central rod is such
a geometry. It was felt that not sufficiently
reliable data were available regarding tempera-
ture effects on annuli, thus an experiment with
two annuli with radii ratio 1:38 and 199 was
planned. ‘
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The first results of this experiment have been
already published [4]. Since then the experi-
mental equipment has been improved in many
ways, namely:

The test section is vertical and not horizontal
thus reducing possible eccentricities between
inner and outer tube.
The number of thermocouple measuring the
temperature of the internal tube has been
increased from 12 to 14, while 4 of the 14
thermocouples have been placed at the
opposite side of the remaining to check for
possible excentricities in the annulus.
The number of thermocouples measuring the
gas temperature at test section outlet has been
increased from 2 to 6 to have a better measure-
ment of the mixed mean gas outlet tempera-
ture.
Better instruments were used to measure the
electrical heating power. We use now an
Amperemeter of the class 02 and a Voltmeter
of the class 0-5.
The inner tube supports are now considerably
smaller, producing a much reduced tempera-
ture variation on the test section, Furthermore,
the contact points between the supports and
the annulus outer tube are made up of
ceramic spheres which allow a relative axial
movement of the two concentric tubes without
unduly high friction.

Due account is now taken during the calcu-

lations of the friction and heat transfer

coefficients of the dimensional changes in
both tubes with temperature.

All these improvements have practically
eliminated the effect of eccentricities between
inner and outer tube and of the bowing of the
inner tube on our experimental results. In
presence of significant temperature differences
between inner tube thermocouples placed at
opposite sides, the test was rejected. Further-
more, the heat balances in the present experi-
ments were considerably better than those
relative to the experiments reported in [4]. All
this has as a consequence that the correlations
obtained in the present paper differ quite con-
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siderably from those reported in [4]. For the
reasons stated above and also because the present
results agree much better with theoretical con-
siderations as we will see in the present paper,
we consider the correlations of [4] as superseded
by the present ones.

The program of the present experiment
includes the study of the effect of high tempera-
tures on artificial roughness, which is also of
great importance for gas or superheated steam
cooled fast reactor cores. These experiments have
been performed and are being evaluated. Their
results will be published in the next few months.

Although the gases foreseen as possible
reactor coolants are helium, CO, or water
superheated steam as in the experiments of [4],
air is the coolant used in the present experiment,
This simplifies the experiment very much. In [1]
and [2] it has been shown that it is possible to
obtain with air formulae valid for other gases as
well, also for convective heat transfer in the
presence of high temperature differences between
wall and gas, provided the correlation formulae
are chosen properly.

2. APPARATUS AND PROCEDURE

A turboblower driven by an electrical motor
delivers air successively through an orifice plate
assembly to measure flow rate, an adiabatic
entrance length, an annulus formed by a stain-
less steel heater rod supported concentrically in
a tube, and finally to atmosphere.

Electrical supply for the test section is obtained
from a fixed ratio transformer (40V, 2000 A
maximum), the primary winding of this trans-
former being supplied by a voltage regulator,
the output voltage of which may be varied from
0 to 220 V. The voltage regulator is connected
to the supply net through a voltage stabilizer.
Thus there is the possibility of varying con-
tinuously the power supply from 0 to 80 kW and
to keep constant within +0-5 per cent any value
in this range.

The temperature of the internal tube heated
surface is measured. by means of 14 Platinel
thermocouples introduced in the center of the
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heater element and electrically insulated with
twin bore alumina tubing and then inserted into
the wall of the stainless steel tube where they
are peened over.

The outside tube of the annulus is insulated
by a 50 mm thick calcium silicate slab con-
tained between two layers of asbestos tape each
about 7 mm thick. Twenty-two CrNi/Ni thermo-
couples are welded to the outer surface of this
tube.

In five sections each 400 mm apart along the
test section are placed static pressure measuring
devices. In each section there are four pressure
taps spaced at 90°. Thus one has the average
static pressure in the section independently from
local dissymmetries, In practice the four mea-
sured values in any section differed very little.

The gas temperatures at the inlet and at the
outlet of the test section were measured respec-
tively by means of a bare Platinel and seven
Cr/Ni thermocouples, of which the four nearest
to the test section outlet were shielded.

The gas temperature measurements were
checked at every test by means of a comparison
between the measured electrical power and the
thermal power (heat to gas, plus heat losses
through insulation). Tests with heat balances
more than 5 per cent out were rejected.

The distribution of the power produced by
Joule effect in the heater rod is known by mea-
suring the voltage distribution along the tube.
One leg of each thermocouple fixed on the inner
tube is used as a voltage tapping.

The static calibration allowed also the mea-
surement of the relative total emissivity e,
between the two concentric tubes as a function
of temperature. For the central portion of the
test section where the temperatures T,,,, and T,
are constant, one can assume with a good
approximation that the heat is transmitted by
radiation in radial direction only. Thus one can
use the formula valid for infinitely long concentric
tubes

oS,

s (T;tm -

= T4
=7 sl<1 > w2)
S (2o
& S\

= 8120S1(T?V1 - T?VZ)‘ 1)

The emissivity coefficient depends on both
temperatures Ty, and T;,,, but, in first approxi-
mation, ¢,, = ¢, because S, /S, < 1 and we can
assume that &,, depends only on T, . With
the static calibration and the use of equation (1)
it is possible to give £, as a function of T, for
any test section.

During the tests the temperatures of inner and
outer tubes, the voltage distribution along the
inner tube and the pressure distribution along the
annulus were measured.

The bulk gas total temperature was calculated
in the following way. The test section is divided
into ten equal parts along the length. For each
part the heat produced in the inner tube by
Joule effect (q,) is calculated, knowing the
electrical current and the voltage drop in that
particular section. From the average value of
T, of the section and the heat losses curve given
by the static calibration one obtains the heat
loss through the lagging (g,). The difference
between heat produced and heat lost gives the
heat to the gas (¢,). Dividing this by the gas mass
flow one obtains the increment in enthalpy of
the gas in this section. The gas enthalpy at the
inlet of the annulus is obtained from the gas
temperature and pressure which are known.
From the gas enthalpy and pressure distribution
along the test section, one can calculate the total
gas bulk temperature along the annulus.

To calculate the heat which goes by convection
from the inner tube directly to the gas, it was
necessary to subtract from g, the heat which
goes by radiation from the inner tube to the
outer-tube and then by convection from the
outer tube to the gas (g,,), q,, is given by the
difference between g¢,, which one can obtain
knowing T,,,, Ty,,, &, (from the static calibra-
tion) and g,. Thus:

4 =4, — 4, — a) =4, — q,
-4 +q4=9-49 2

The friction coefficients were calculated from
the equation:

941 :qg—
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D,-D, 4
2pyMa? ol
which requires the measurement of gas mass
flow, pressure, and total gas temperature along
the test section. This equation takes into account
the pressure drop due to acceleration. Its deriva-
tion is shown in [4].

In the calculation of the heat transfer and fric-
tion coefficients, attention was confined to the
central portion of the test section, where the heat
flux to the gas was almost constant and the effect
of conduction of heat along the test section walls
was negligible. Calculations were performed for
four stations, 60, 100, 140 and 180 cm distant
from the point where the heating starts. All the
average values given in the paper are relative to
the three latter cross sections, the first being
still affected by inlet effects.

More detailed information on the apparatus
and on methods used to analyse the experi-
mental data is reported in [4].

f=- [p(l +yMa®)] ()

3. EXPERIMENTAL RESULTS

3.1 Friction factors

Figure 1 shows the average friction factor vs.
Reynolds number, all the gas physical proper-
ties being evaluated at the gas bulk temperature.
The local friction factors are affected by con-
siderable higher scatter due to the smaller
measured pressure drop. The error in the
measurement and, consequently, the scattering
of the points is reduced for the average friction
factors because those refer to greater measured
pressure drops. The following points are of
interest:

The experimental points agree very well with
the Prandtl-Nikuradse law of friction for
smooth pipes for Re, > 103, [5], while for
Re, = 10* they are about 15 per cent higher.
The agreement with a theroetical line, valid
for our annuli and with which we will deal in
section 4, is better (10 per cent difference at
Rey = 10%).

No systematic difference within the accuracy

M. DALLE DONNE and E. MEERWALD

of the experiment can be noticed between the
two annuli.

No systematic difference can be noticed
between isothermal friction coefficients and
coefficients with heat transfer up to the
maximum measured temperature of 1000°C.

This last point has a general character and
deserves some comments. Taylor has recently
correlated a large number of friction factors from
many different authors for both laminar and
turbulent flow of gases through a smooth tube
with surface to fluid bulk temperature ratios from
035 to 7-35 [6]. While for the laminar flow he
found that the friction coefficients could be
predicted by the Dalle Donne-Bowditch re-
lationship:
16

o= g 117 @
for the turbulent regime he suggested the
correlation:

o/ T/ Ty) OWTD 00007 + 20057

033"
Rey,

)

For the gases considered (air, nitrogen, carbon
dioxide, helium and hydrogen) one can write
with good approximation:

Py I’Z o7 (6)
Hgp - TB

T
P 2 0
Py w
thus
T 1:7
Re, = Re,, <—W> 8)
T,

and equation (5) becomes:

T\~ %% 00625 (T, \ %%
B

B B
which is in the Reynolds number and tempera-
ture ratio ranges of the present experiment
(8 x 10* < Rey < 2 x 10°; 13 £ T, /T, < 26)
practically coincident with the Prandtl-Niku-
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Fi1G. 1. Average friction fact

radse law of friction with all the gas properties
evaluated at the gas bulk temperature:

?/—(1?—) = 4log[Rey/(f)] — 0:40.  (10)

This is confirmed by Figs. 2 and 3 which show
the friction factors with heat transfer obtained
in the present experiment both in the plot f; vs.
Rey and f,./(T,,/T,) vs. Rey,. For both annuli,
no systematic difference can be noticed between
the two correlation systems, However; in the
larger Reynolds number and temperature ratio

221072

Re,

ors vs, Reynolds number,

ranges considered by Taylor, equation (5) is
necessary to correlate all the experimental
points, It is interesting to notice that the cor-
relation system f,./(T,/T;) and Re,, is equiva-
lent to assume that the friction velocity which
appears in the universal velocity distribution is:

w* = Jt/p,) (11)

where © = fj (pzu3/2), p, is evaluated at T, =
J(T,,. T,), while the kinematic viscosity is
evaluated at T, If these definitions are used, the
universal velocity distribution remains the same

oo %o
2
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P ~=% ¥ ®
WEE 2 ¥a,
or —= :
‘. 1 ~BHHR [267
3 .
5%10 g ‘bg
T ® V7,7, versus Re 1 %%%9 O
A (AR w Prandt! - Nikuradss T

O fg versus Reg

21073 S—

T
5x10° 10°

2x 103

4 T T T T
2x10 5x10
ey, or Reg

10 2x10

F1G. 2. Average friction factors; Taylor’s correlation, D,/D, = 1-99.
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FIG. 3. Average friction factors; Taylor’s correlation D,/D, = 1-38,

in presence of large temperature differences
between wall and gas as in the case of isothermal
flow.

3.2 Heat transfer coefficients. Correlation with
Ty/Ty
Figures 4-9 show the ratio Nuy/Red® Pro4
vs. T, /T, for various I/D’s and two different
values of D,/D,. In this, one assumes that the

Reynolds number effect is at the exponent 0-8,
how it was found by almost all the previous
authors for fluids in turbulent regime, and the
Prandtl number effect is at the exponent 0-4.
The exponent of Pr, is usually taken as 0-4
although in some cases other values are given.
Due to the very small vatiations of the Prandtl
number of gases the precision with which it is
possible to measure this exponent is very low.

003
002
-1 0,
Nug °° &
- " .
e X8 p 04 ] 9 %8| o
o v o
T 0015 0
i fopecac ¢=-0325
o HE~
00t
10 15 20 26 30 &0

—_— TW/TB

FIG. 4. Local heat transfer coefficients vs. T,,,/T;, D,/D, = 1:99; I/D = 403,
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FIG. 5. Local heat transfer coefficients vs. T, /T, D,/D, = 1:99; /D = 56'5.

Conversely its variations have little effect on From the figures one can see that the equa-
heat-transfer coefficients, e.g. the sometimes tions which correlate the experimental points
used value 0-33 makes only 2:5 per cent dif- are the following:

ference on Nuy,

As many authors before, we used the ratio 08 poaf Tw) €
T,,/T; to take into account the effect of the Nuy = 00190 Rey™ Pry ?B
variations of fluid properties in any section of D
the annulus due to large temperature differences for =2 = 199 (12)
between wall and gas temperatures. D,

003
002
Nug ] .
/?egABPrgM - [=2] e%@
0015 5
| M ¢=-0381
E]
i \
001
-0 5 20 25 30 40

— T, 1Ty

FIG. 6. Local heat transfer coefficients vs. T;,,/T;;, D, /D, = 1:99; I/D = 726,
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F1G. 7. Local heat transfer coefficients vs, T,,,/T;,, D, /D, = 1-38; I/D = 52-3,
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Fic. 8. Local heat transfer coefficients vs. T,,/T,, D,/D, = 1:38; I/D = 732,
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FiG. 9. Local heat transfer coefficients vs. T, /T, D,/D, = 1-38; I/D = 94-1.
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FiG. 10. The exponent C vs. I/D.



798
and
T -C
Nu, = 00186 Re® Pry* <—W>
Ty
D
for 22— 1.
or 5 1-38 (13)

-

where the exponent C is a function of I/D.
Figure 10 shows the exponent C vs. I/D for the
experiments reported in the present paper and
from various other .authors for flow inside a
pipe. The values of C, obtained in the present
work for the two annuli investigated, lay below
the values for the tube geometry, the general
tendence to increase linearly with I/D being
mhaintained. It should be noticed that the
uncertainty assigned to C is considerable due
to the difficulty to determine the value of the
‘factor ‘

< Nu, >
= 08 p.0-4 ‘
ReB S Pr Tw/Ts=1

However, the discrepancy between the various
curves of Fig. 10 is probably more apparent
than real, because to greater values of C cor-
respond for different authors greater values of
A. These two differences compensate in fact each
other, so that the values of Nu,/ReJ® Pr®4, in
the region where most measurements lay
(15 < (T,,/Ty) < 2), are much closer than Fig.
10 would at first sight indicate,

Figure 11 shows the factor 4 vs. D /D,
from experiments and theories of many dif-
ferent authors. Of the experimental points of
Puchov and Vinogradov [12] only those for
L/D > 45 have been plotted in Fig, 11, assuming
that in the other test sections shorter than
L/D = 30, no really fully established flow was
reached. The empirical correlation of Petukhov
and Roizen [13] describes quite well the experi-
mental points, inclusive of the two obtained in
the present work:

D,\0t6¢
= 0018 (=2
4 8 <D )

1

(14
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where
Dl
= —_— > "
¢E=1 for D, 02

and

D — 5\06 D

E=1+75 -A/D—l———5> for L <02
Re, D2

¢ is a correction factor accountirig for the fact
that according to the data of Petukhov and
Roizen the exponent of the Reynolds number
is smaller than 08 at D, /D, < 0-143.

The correlation of Barthels [14] and of
Buleev, Molosova and Eltsova [17, 18] agree
reasonably well with equation (14), while Rapier
[11] tends to give too low values of A, especially
in the region of small D,/D,’s. The two experi-
mental points of Furber, Green and Vivian [20]
would lay considerably above the Petukhov—
Roizen line. This is very likely due to the fact
that in this experiment the fully established
flow was not reached.

3.3 Heat transfer coefficients. Correlation with
Ty/T,

In recent time the ratio T,,/T, has been used
in place of T,,/T, to correlate high temperature
heat-transfer coefficients with forced convection
of gases in tubes [ 1-4, 21]. This was done to try
to eliminate the I/D effect on the exponent C.
It was thought that the temperature profile, in
analogy to the velocity profile, would become
fully established after 15-30 diameters in tur-
bulent regime, thus the I/D effect on C at values
as high as I//D = 300 [1] would have been given
by the wrong choice of the temperature para-
meter rather than by a real entrance or boundary
effect.

The choice of the parameter T,,/T, was sug-
gested by the comparison of the growth of the
thermal boundary layer in a duct (closed
geometry) and along a flat plate (free-stream
geometry). For a free stream geometry the
temperature-dependent fluid properties are ac-
counted by the ratio T,,/T . Because for a
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FiG. 13, Local heat transfer coefficients vs. T;,/T,, D,/D, = 138,

closed geometry T, corresponds to T, for a
free stream geometry, the assumption of T,,/T,
as the characteristic temperature parameter
implies that the thermal boundary layer in a
duct develops, at least in the region nearest
to the wall which is the most important for the
heat-transfer coefficient, like that of a flat-plate.
This assumption is perfectly reasonable be-
cause the thickness of the boundary laminar
sublayer is always much smaller than the
hydraulic radius of the duct. A more theoretical
explanation, based on dimensional analysis is
given in [22].

Figures 12 and 13 show the ratio Nuy/
Rey® Pry* vs. T, /T, for various I/D’s and the
two different values of D,/D,. The I/D effect
is practically eliminated for both test sections.
The equations which correlate the points are
the following:

T -02
Nu, = 00186 Re3'® Pro4 <_VZ>
Ty

D2
for 51 =199 (15)

and
T -0:2
Nu, = 00184 Red® Pry4 <—E>
T,
D,
—2 = 1-38. 16
for D, (16)

Within the accuracy of the present experiment
one can say that:

Nug _ Nu,
Reg‘s Prg.4 Tw/Te=1 - Reg's Prg.4 Tw/Tp=1
17)
Therefore from equations (14)-(17) one has:

/

D 016 T -0-2
Nu, = 0018 (1’);) Reg'sprg"*(—’l) .

1 TE

(18)

The exponent of the parameter T,,/T, found in
the present experiment is rather close to the
one found previously by the authors also for
annuli (—0-18) [4], but smaller than the values
found for a tube: —0-255 for a tube with long
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unbeated entrance length, and —0-304 for a
tube with short entrance length [2,3]. This
could possibly be due to the same uncertainties
discussed above for the exponent C, or could be
due to the different geometry (annulus, tube with
long unheated entrance length, tube with short
entrance length).

4. SEPARATION OF THE INNER AND OUTER
REGION OF THE ANNULI

As one can see from equations (15) and (16),
the heat transfer coefficients for the annuli
investigated in the present experiment are about
20 per cent lower than those for the flow inside
a circular tube, where the coefficient A is
generally taken as equal to 0-022 [1]. This had
to be expected because, contrary to the latter,
in an annulus, heat is transferred beyond the
shear-stress-equal-zero line towards the outer
region of the annulus. To compare our experi-
ments with the data for a circular tube we
devised a method to separate the outer from the
inner region of the annulus, This method will
be also useful to evaluate the experimental
data with an annulus having an inner rough rod.

Originally it was assumed by Hall [23] that
the separation line, ie. the line for v = 0, was
coincident with the line of maximum velocity.
Kjellstrom and Hedberg showed that these
two lines were not coincident in turbulent
regime and in presence of central rough rods
[24], ie. in presence of a strongly not-sym-
metrical velocity profile, possible also with
smooth annuli with small D,/D, ratios. This
discrepancy has been investigated in more
detail and confirmed by many experimental
results in a recent paper of Maubach and
Rehme [25].

We apply here a method suggested by K.
Maubach [26] which satisfies the experiments
of Kjellstrom and Hedberg, This method was
developed for isothermal conditions, and we
extended it to the case of heat transfer to the
fluid, with the assumption that the velocity
profile, in terms of the law of the wall, is not
affected by the temperature profile. This is
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legitimate within the conditions of the present
experiment, as we have already discussed in
section 3.1 (see also Figs. 2 and 3). Nikuradse
found that the velocity profile in a smooth
circular tube is given by [27]:

ut =25Inyt + 55 (19)

Maubach assumes that this velocity profile is
valid for the outer and inner regions of an
annulus and that the line ¢ =0 is given by
the intersection of the two velocities profiles
starting from the respective walls. Although
mathematically at this intersection the velocity
has a maximum, he shows that the agreement
with the line ¢ = 0 experimentally determined
by Kjellstrom and Hedberg is excellent. At the
intersection one has:

umax _ . 7‘———-7'_ .
W—ZSIH[O‘,I 1\/(71/p1)i|+55 (20

—\/(";m;; ;= 251In [lzj)ﬂ Vi (Tz/pz)} +35.21)

Integrating equation (19) in the two regions one
obtains the friction factors for the inner and
outer regions of the annulus:

2 ro—F, [{T )] <
JE) =22 )]+ 55—

(22)
2 r,— 7o [{T5\]
Z)=2sm(2"To [(2)| 455 ¢,
f Yy IZyA
(23)
where
G. - 375K, + 125ry/r,
1= 1+ ry/r
375K, + 1:25rr,
G, =
L+ ry/r,

and K, = 1:0576 is an empirical factor which
takes into account in the integration of the
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laminar sublayer near the surface. Taking the
definitions:
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given by a “law of the wall” of the type:

*=AIny* + B, (28)

ryfr, =0 ro/ty = B (24) . .
For the inner region of the annulus, between
considering that r =r, and r = r,, the integration of equation
J(&/p) = i/(f,/2) (25 (8 gives:
that the pressure drops is the same for both 47, — T, — 941 . { Al (ro — ruf
regions: PiCpt Vi
T _ ﬁl — o2 ' 7, _ 1 - /32 + le _ Asl'S;O'Sﬁ_/a_} 29)
T ol —a) '\t I 1+ Bla
(26) Where
considering furthermore the definition of Reg, s _ /{1 _ B* — «®| Regv,
from equations (20), (21) and (24)(26) it follows: ! Py ol — o) | 20r, — 7))
=) (2) )3
2:51In LB BB | 4 55
p? — B [2(1 — o) \/< 1—a 2 P2/ Vs @7
p ol — 52)

B

B —a

251n[2(1 )

(oc(l - a)) Re, \/ <§’> \/ (%f)vv—ﬂ r55

Rey and f, are measured in the experiment (see
equation (3)), p, and v, are known because we
measure gas pressure and temperature along
the tube, o is measured accurately for each test
section at the beginning of the test, v, v,, p,
and p, are known once the mean gas tempera-
tures T, and T, in the two regions of the annulus
are known, so that the only unknown S, which
determines the separation line between the
two regions, can be obtained by equation (27).

Determination of two mean gas temperatures
T, and T,

Our extension of the Maubach method con-
sists in the derivation of equation (27) in which
it is taken into account of the different physical
properties of the two regions of the fluid. To do
so, it is necessary to evaluate the mean gas
temperatures T, and T, of the two regions. We

assume with Gowen and Smith [28,29] that.

the temperature profiles in the two regions are

&> \/ <B£> (from equations (25) and (26))
2 Py

Ul
and ¢ is a correction factor which will be deter-
mined by the heat balance, how explained below.

For the outer region of the annulus, between
r=r, and r = r,, the integration of equation
(29) gives:

+ b
o+ p A—p?
% qg [(52 o2) In (rm - 7'1“?)

P1CpUY Yy

— (8>~ oY <_—v-1—r—1 u1>:| Ty

q, 1 1
T _—_ g2 (g _ it
g { v chp2“>1k|: 2 A (2 " L+ 5)
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;A n <r2 ;2rm u;)i'} (30) that is: 2

' ——
_T 1

Cpp (T, — 7}3(::—1)) =2 2

2 1

where

ut = \/(h) _ /(1 - B2> Re,v, X ¢, (Ty, = Tyue1y)
Py 1 —a /20, —71) 2 i‘g 0,

2
JOE), AT e
x =2 =)
2 P,

From equations (24)26) one obtains:

At the line of intersection between the two , , ) i ) )
temperatures profiles for r = r_, (7,/r, = 6), the 1o — ¥y pjidy p* — /[ﬁ — o ]

gas temperatu;e has a minimum, and for ¢ —+ipu, 1 —o? a1 — o)
continuity one has:
’ X \/(fB/fl) \/(,01/.03) =C (36)

’ ro—r _

Tyy — glu*[As]n<mv 1“T>+Bs1] 13 = o Pally =1_ﬂ2 1 - p
P1Cpily 1 12—, 1—o? 1—o
' r,—F

= TWZ - q2 % Asln 2 2 muj +Bs2 . X \/(fB/fz)\/(pz/pB)zD

P2Cpot2 v

(31) and equation (35) can be written as:

1 ch(’I}in — TB(n—l)) + Cc,,1T1(n«1) + DCpZTZ(n— 1),

(37)
q Cp1quC + cpquzD

Furthermore from equations (22), (23), (25) B, d, T, and T, are calculated by iteration. In
and (26) one obtains: the first iteration one assumes T, = T, = Tj; B
) B—u B2 — o is given by equation (27) and J from equation

\/ <—> =25 ln[ \/ ( ):l Re, (31). From equations (29) and (30) the products
fi 21 =)\l — o) gT, and qT, are calculated. C and D are cal-

D\ vy [{ps culated with equations (36), (32) and (33),

X 2 /v, A \p, +55-G, 32)  therefore it is possible to obtain, from equation

! ! (37) the value of 1/q. The calculation is repeated

5 1-p 1- p? until two subsequent values of g differ less than

\/ <—> =25 ln[ \/ < )Reﬂ 1 per cent. The value of A was assumed in the
f 21~ o) l—a calculations to be constant and equal to 22
\vs l(Ps according to the measurements of Gowen and
I\ ;‘\/ 0, :I +55-G, (33} Smith [28], while the value of B_ was assumed
2 2 to be dependent upon the ratio T,,/T,; indeed,

while A, characterizes the temperature distribu-
tion in the fluid at a distance from the wall, B,

(3 — 3) psCon (Toy — Touo1) is the most important term near the wall, where,
in presence of a large temperature difference

_ between wall and fluid, most of this difference is
+ = 13) poliyC,y (T, — Thpoyy)  (34)  concentrated. It is logical therefore to assume

The heat balance is given by:

= n(ré - "f)Pﬁlcpl (Tln - Tl(n—l))
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FIG. 14. 1/q for B, = &5 + 159 In (T, /T;,).

that the effect of the variation of the fluid
properties on the temperature distribution is
concentrated on B, in the same way as, for
instance, the sand roughness on the wall effects
only the constant part and not the coefficient
of Iny* in equation (19) [30]. The relation
between B, and T,/T, is of course not known.
We tried therefore various correlations until

near as possible to the value 1 for all the experi-
mental points and no systematic deviation of ¢
from 1 could be observed. In other words we
tried to determine the relation between B, and
T,,/T, indirectly from our measurements of
wall temperatures, heat fluxes and from the heat
balance. Figure 14 gives the values of 1/g for
the chosen correlation of B_:

the corresponding obtained values of ¢ were as B, = 45 + 159 1In (T, /T}). (38)
5
003
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FiG. 15. Average heat transfer coefficients for the inner region of the annulus vs. T;,/T;..
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FiG. 18. Average friction coefficients for the inner region of the annulus, Taylor correlation, D,/Dy = 199,
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FiG. 19. Average friction coefficients for the inner region of the annulus, Taylor correlation, D,/D, = 138,

Once T, is known, f, is obtained from equation
(32) and

=
JENE)

q;ﬂ ﬁz - OC
(TW1 - T1) k1

(39)

Nu, = 2r,.  (40)
Figure 15 shows the ratio Nu,/(Red® Pro'#) vs.

T,/ T, Unlike in Figs. 12 and 13, here the values
are averages, because the determination of
Nu, and Re, depend on the friction factor f,
and, as we have explained in section 3.1, the
average values of the friction factors are less
affected by measurement errors than the local
values.

For both test sections the points can be cor-
related by:

T —-0-2
Nu, = 00217 Re%'® Pri* (—'—V> 41)
I
which is in close agreement with the correlation
recommended in [ 1] for flow in circular tubes.
Figures 16 and 17 show values of f; vs. Re,
for the two test sections.
In [26] a friction correlation in isothermal

conditions (f = f(Re,a)) for the whole of the
annulus as well as for the inner and outer regions
of the annulus was obtained from equations (22),
(23) and the continuity condition. Figures 16
and 17 show an excellent agreement of this
correlation with our experimental points for
Reynolds numbers greater than 15000, In Fig. 1
it is shown that the agreement of the correlation
of [26] for the whole annulus with our experi-
mental points is better than the Prandtl-
Nikuradse law for circular tubes.

Figures 18 and 19 show f,./(T,,,/T,)) vs.
Rey,,, whereby in this case the values of f
and Re,,; have been obtained using p,, p, ., P,
Virss Vi1 Vw2 0 place of pp, py, pay ¥, V1, Vs
respectively in equations (27)37). The dif-
ference from Figs. 16 and 17 is here more
marked than for the friction factors for the
whole annulus (Figs. 3 and 4), due to the fact
that the new values of p and v produce slightly
different values of f (position of the separation
line between the two region of the annulus). The
agreement with the correlations of [26] is
excellent even for Reynolds numbers smaller
than 15000, suggesting that the definition of
the friction velocity given by equation (11) is
applicable in presence of large temperature
differences not only to tubes, as the experiments
of Taylor show, but to annuli as well.
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5. CONCLUSIONS

Local heat transfer and averaged friction
coefficients were measured for subsonic turbu-
lent flow of air through two smooth annuli, with
diameter ratios equal to 1-99 and 1-38, respec-
tively, having the inner tube heated up to tem-
peratures of 1000°C. The main experimental
results can summarized as follows:

1. The local heat-transfer coefficients are cor-
related by:
D 0-16 T -0:2
Nu, = 0018 <Bl> R P4 (%)

1 E

which gives the Petukhov and Roizen correla-
tion [13] for low temperature differences

(T/ T, — 1).

2. The average heat-transfer coefficients for
the inner region of the annulus are correlated by:

T,

T —0-2
Nu, = 00217 Re%8 P4 <—W>
E
in excellent agreement with data for circular

tubes (Dalle Donne-Bowditch correlation [17).

3. The friction coefficients, both for the whole
annulus and the inner region of it, are in
excellent agreement with the correlations of
Maubach [26] obtained by integration of the
universal velocity profile of Nikuradse, provided
that density of the fluid is evaluated at the
temperature T, = \/(T;,. T,) and the kinematic
viscosity at the temperature T;,, as suggested
by the experiments of Taylor for circular
tubes [6].
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COEFFICIENT DE TRANSFERT DE CHALEUR ET DE FROTTEMENT POUR
L’ECOULEMENT TURBULENT D’AIR DANS LES CANAUX ANNULAIRES LIS A
HAUTES TEMPERATURES

Résumé—On a mésure les coefficients du transfert local de chaleur et les coefficients moyens de frottement
pour un courant turbulent subsonique d’air passant par deux espaces annulaires lisses aux rapports
diamétriques de 1-99 respectivement de 1-38. La tube intérieure a été chauffée jusqu’a des températures de
1000°C. Les principaux résultats expérimentaux obtanus se résument comme suit:

1, 1l existe une corrélation entre les coefficients de transfert de chaleur par

D 0:16 T —02
Nu, = 0:018 <D_2> Red® Pro+ <?W>

1

E

ce qui donne la corrélation de Petukhov et de Roizen [13] pour les petites différences de température

(T,/T; — 1),

2. Une corrélation existe entre les coefficients moyens de transfert de chaleur pour la région intérieure de

I’espace annulaire par

T -0:2
Nuy = 00217 Re§'® Pyt (~TL">

E

ce qui fournit un accord excellent avec les données valables pour les tubes circulaires (corrélation de Dalle

Donne et de Bowditch [1]).

3, Les coefficients de frottement pour 'ensemble de ’espace annulaire ainsi que pour sa région intérieure

sont en tres bon accord avec les corrélations de Maubach [26] obtenues en intégrant le profil universel de

vitesse de Nikuradse sous condition que la densité du fluide soit déterminée & la température T, =

(T« T,) et Ia viscosité cinématique & la température T;, ce que suggérent les expériences de Taylor sur
des tubes circulaires [6].



HEAT TRANSFER AND FRICTION COEFFICIENTS

WARMEUBERGANG UND REIBUNGSKOEFFICIZIENTEN FUUR TURBULENTE
LUFTSTROMUNG IN GLATTEN RINGRAUMEN BEI HOHEN TEMPERATUREN

Zusammenfassung—Gemessen wurden die lokalen Wirmeiibergangs- und mittleren Reibungskoeffizienten
einer turbulenten Unterschall-Luftstrémung durch zwei glatte Ringrdume mit einem .Durchmesserver-
héltnis von 1:99 bzw. 1:38. Das innere Rohr wurde auf Temperaturen bis 1000°C erhitzt. Die wichtigsten
Versuchsergebnisse kdnnen wie folgt zusammengefasst werden:

1. Zwischen den lokalen Wérmetibergangskoeffizienten gilt die Beziehung

D 0-16 ) ) T ~0-2
Nu, = 0018 (B_Z) Rej® Prg* (%)

1 E

was fiir kleine Temperaturdifferenzen (T,/T; — 1) die Korrelation von Petukhov und Roizen [13] ergibt.
2. Zwischen den mittleren Warmeiibergangskoeffizienten fiir den inneren Bereich des Ringraums gilt die
Beziehung

T —-0-2
Nuy = 00217 ReJ'® Pro* <l>

TE
und hier ergibt sich eine ausgezeichnete Ubereinstimmung mit den fiir kreisf6rmige Rohre gewonnenen
Werten (Korrelation von Dalle Donne und Bowdicht [1]).
3. Die Reigunbskoeffizienten fiir den Gesamtringraum und fiir seinen inneren Bereich stimmen aus-
gezeichnet mit den Korrelationen von Maubach [26] iiberein, die man durch Integration des universellen
Geschwindigkeitsprofils von Nikuradse erhilt, wenn die Fliissigkeitsdichte bei Temperatur T, = \/(T,,, . T,)
und die Bewegungsziihigkeit bei Temperatur T,, bestimmt werden, was aus den von Taylor mit kreis-

formigen Rohren durchgefiihrten Experimenten hervorgeht [6].

KOSOOUIEHTLI TEIIJIOOBMEHA 11 TPEHMA IIPY TYPBYJIEHTHOM
TEYEHNN BO3JYXA B HOJBIIEBBLIX HKAHAJTAX C NIAJTKUMU CTEHKAMU
P BOJIBIINX 3HAYEHUAX TEMIIEPATYPLI

Annoramusi—MecrHsie  kosPEOUIMEHTEI TEINIOOTHAYM ¥ cpefHHe HKOsQPUIEHTH TPeHuA
usMepeHsl [IIA JOBBYKOBOrO TYpPGOYJEHTHOTO MOTOKA BOBAYXA 4Yepes [BA MJIABHHIX KOIBIA ;
oTHOIIeHHe AuametpoB pasuo 1,99 u 1,38 coorBercTBenHO ; BHyTpeHHAA Tpyba 6bima
pagorpera pgo Temmneparyp 1000 °C. I'maBHEIe 5KCHEDHMEHTANBHBIE PE3YJIBTATEL MOMKHO
0600610aTh CIeLYIOmUM 00pasoM :
1. Mecrusie kKo3(@HUIIEHTH TENIOOTIAYHN KOPPEINPOBAHEL CIEHLYIOMIHNMN COOTHOMEHHEN
0,16 -0,2
Nug = 0,018 (&) " Reg8 Prgdt (ﬂv) '
D1 T
uyro pmaeT Koppenaunuio Ileryxosa u Poiizena [13] ama unskoii pasnocTn TeMmepaTyp
(Tw/Tg — 1),
2. Cpenune KoBQ(PUIIMEHTH TEIUIOOTHAYH [JIA BHYTPEHHEH YacTH KOIbUA KOPPEIHPOBAHEI
CiTeIyI0IHM COOTHOIISHNEM !

Ty 0.2
Nug = 0,0217 Reg08 Prgdi (—)
Tr
YTO HAXOMUTCHA B BEChMAa XOPOLIEM COTVIACHH C TAHHBIMU [AIIA RPYPIsX 1py6 (ROppessuus
Hamns Houms — Baynmya [1]).

3. Hos(@uiuenTsr TPeHUA, HAK A LEJOT0 KOIBLA, TAK M [Jd ero BHYTPEHHeH yacTu,
OYeHDb Y[OBIETBOPHTEIBHO COBIANAIOT ¢ Koppeisuuamu Maybaxa [26], nomydemmemm
HHTEerpHPOBAHHEM YHNBepCAIbHOTo mpofmia ckopocreit Hukypanse, mpu ycioBuu, uroe
IUIOTHOCTE JRUJIKOCTH OIEHHBaeTcsa npi Ttemmeparype Ty = +/Tyw.Tp U KuHeMaTH-
4eCHAA BABKOCTE INIPH Temmeparype Ty, KaK 10 clegyerT us nposemeHHbX Teitmopom

OIBITOB [JIS1 KPYTIHIX TpY0 [6].
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