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HEAT TRANSFER AND FRICTION COEFFICIENTS FOR 

TURBULENT FLOW OF AIR IN SMOOTH ANNUL1 AT 

HIGH TEMPERATURES* 

M. DALLE DONNEt and E. MEERWALDS 

(Received 20 June 1972) 

Abstract-Local heat transfer and averaged friction coefficients were measured for subsonic turbulent flow 
of air through two smooth annuh, 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: 

which gives the Petukhov and Roizen correlation [13] for low temperature differences (T,/T, + 1). 
2. The average heat-transfer coefficients for the inner region of the annulus arc correlated by: 

/,V \ -0.2 
Nu, = 0.0217 R&’ Prf,‘4 ( 2) 

in excellent agreement with data for circular tubes (Dalle Donne-Bowditch correlation Cl]). 
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 TX = ,/(T; TB) and the kinematic 

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

NOMENCLATURE 

Geometrical parameters 
D 

1’ 
diameter of the inner cylinder of L, 

the annulus [cm] ; 
D 

2’ 
diameter of the outer cylinder of rI , 

the annulus [cm]; 
1, distance from the inlet of the 

r2’ 

section considered (the unheated 

* This paper has been prepared within the framework of 
the association Euratom-GesellschaR fur Kernforschung 
mbH., in the field of fast breeder development. 
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Institute of Neutron Physics and Reactor Engineering, 
Kernforschungszentrum Karlsruhe, West Germany. 

$ Gesellschaft ftlr Kemforschung mbH., Institute of rm’ 
Neutron Physics and Reactor Engineering, Kernforschungs- 
zentrum Karlsruhe, West Germany. 
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entrance length not included) 

[cm] ; 
total length of heated test section 

[cm] ; 
radius of the inner cylinder of the 
annulus [cm] ; 
radius of the outer cylinder of the 
annulus [cm] ; 
radius at which the two radial 
universal velocity profiles (from 
the inner and outer wall of the 
annulus) intersect, and which 
separates the inner from the outer 
region of the annulus [cm]; 
radius at which the two radial 
temperatures profiles intersect 
[cm] ; 
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s 
1’ outer surface of &$h of the inner 

tube xD,L/lO [cm2]; 
s 

2’ inner surface of $th of the outer 
tube, 1rD,L/10 [cm2]; 

Yt radial distance from the wall of 
the considered point in the annu- 
lus cross section [cm]. 

Gas properties 
c 

P’ 
specific heat at constant pressure 

[Cal/g “C] ; 
k thermal conductivity [Cal/cm 

s “Cl; 

Y, specific heat ratio [dimension- 
less] ; 

V, kinematic viscosity [cm2/s]; 

P, density [j&m’]. 
Temperatures 

T B’ TT - (I@?. lO’.Ic,) = absolute 
static bulk temperature of the 
gas c”K]; 

T E’ 
absolute total gas temperature 
at the test section entrance = 
absolute static gas temperature 
at the entrance (because the gas 
velocity is very small there) PK]; 

T 
T’ 

TE + (Q,/Mc,) = absolute total 
bulk temperature of the gas C”K]; 

T 
Wl’ 

absolute tem~rature of the wall 
of the inner tube PK]; 

T 
W2’ 

absolute temperature of the wall 
of the outer tube c”K]; 

T m’ absolute static gas temperature 
at the outer edge of the thermal 
boundary layer for a free stream 
geometry [OK]; 

T x’ J(T,T, = geometrical mean 
between wall and bulk tempera- 
ture c”K]; 

T 1’ gas bulk temperature of the 
inner region of the annulus [“K] ; 

T 2’ 
gas bulk temperaturqof the outer 
region of the annulus E”K]. 

Other physical parameters 

h, convective heat-transfer co- 
efficient between inner tube sur- 
face and gas bulk [callem s “C] ; 

conversion factor from heat units 
to work units = 4.187 [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 &th in length 
of the inner tube [Cal/s]; 
heat given to gas in &th of the 
test section [Cal/s] : 
heat given to gas directly by the 
inner tube in &th of the test 
section [cal/s]: 
heat given to gas by the outer 
tube in $th of the test section 
[Cal/s] ; 
heat lost radially by conduction 
through insulation for< $h of 
test section [Cal/s] ; 
heat transmitted radially by 
radiation from inner tube to 
outer tube for &th 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/cm2s]; 
velocity of the gas [cm/s]; 
velocity of the bulk of the gas 
[cm/s] ; 
velocity for r = r. [cm/s] ; 
velocity of the bulk of the gas in 
the inner region of annulus [cm,! 

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

sl; 
$y/p) = friction velocity [cm/ 

to;al emissivity of the outer 
surface of inner tube [dimension- 
less] ; 
total emissivity of the inner sur- 
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fae of the outer tube[dimension- 
less] ; 

1 
52’ 

I/&, + S1P2U/&2 - 1) 

[dimensionless] ; 
Stefan-Boltzmann constant [Cal/ 
cm’s “K4]; 
shear stress at the wall [dynes/ 
LX?]. 

Dimensionless groups 

f~,~~~P~U~, friction coefficient (or friction 
factor) evaluated at the gas bulk 
temperature Ta; 

fi, 2r,/P&* friction coefficient of the inner 
region of annulus; 

f2>2~2IPp:~ friction coefficient of the outer 
region of annulus; 

Ma* ~~/~(~P/P~) ; Mach number evaluated 
at the gas bulk temperature TB; 

Nn,, W, - D,)lk,, Nusselt number eval- 
uated at the gas bulk temperature 
T. 

Pr, 9 ‘&&J~*: Prandtl number evaluated 
at the gas bulk temperature TB ; 

ReB,uB(D2 - D1)/vs, Reynolds number 
evaluated at the gas bulk tem- 
perature TB ; 

Re,,u,(D, - D,)/v,, Reynolds number 
evaluated at the wall tempera- 
ture Tw ; 

Re u wg - r:> 
17 1 

r, 
/VI 3 Reynolds number of 

lthe inner region of the annulus 
evaluated at the temnerature T. : 

I L’ 

2(rz - rf) 
Re,,,u, r Ivwy Reynolds number 

1 
of the inner region of the annulus 
evaluated at the temperature T, ; 

u+, u/u*, dimensionless gas velocity; 

t+ (TW - T) pep’* , ..* , dimensionless gas 
%3 

temperature; 
v+ ,yu*/v, dimensionless radial distance 

from the wall; 
~1, r11r2 = D,lD,, 

8, r,lr2 ) 
7, r,lr, . 

Subscripts 
& 

l% 

1, 

2, 

% 

n - 1, 

x, 

gas properties evaluated at the 
gas bulk tem~rature TB, it refers 
to the whole of the annulus; 
gas properties evaluated at the 
wall tem~rat~e T,, it refers to 
the whole of the annulus; 
it refers to the inner region of the 
annulus ; 
it refers to the outer region of the 
annulus; 
it refers to the nth cross section 
of the test section; 
it refers to the (n - l)th cross 
section of the test section; 
gas properties evaluated at the 
temperature TX = J(Tw * T,). 

1. INT~ODU~ION 
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 tem~ratures 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 [l-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 1.99 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 the~ocouple measuring the 
temperature of the internal tube has been 
increased from 12 to 14, while 4 of the 14 
thermocouple have been placed at the 
opposite side of the remaining to check for 
possible excentricities in the annulus. 
The number of the~o~upl~ 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 0.2 and a Voltmeter 
of the class 05. 
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- 

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 [l] 
and [Z] 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 concent~cally in 
a tube, and finally to atmosphere. 

Electrical supply for the test section is obtained 
from a fixed ratio transfo~er (4CV, 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 f O-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 sectjons each 400mm 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 inde~ndently 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 .si2 
between the two concentric tubes as a function 
of temperature. For the central portion of the 
test section where the tem~ratur~ 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 

= E12cqT;1 - T4,,). (1) 

The emissivity coefficient depends on both 
temperatures T,, and T,, , but, in first approxi- 
mation, s1 2 = sl because S,/S, < 1 and we can 
assume that ei2 depends only on T,, . With 
the static calibration and the use of equation (1) 
it is possible to give ai2 as a function of T,, for 
any test section. 

During the tests the temperature 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 (4,) is calculated, knowing the 
electrical current and the voltage drop in that 
particular section. From the average value of 
Tw2 of the section and the heat losses curve given 
by the static calibration one obtains the heat 
loss through the lagging (qJ. The difference 
between heat produced and heat lost gives the 
heat to the gas (4,). 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 4, 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 (qg2), qe2 is given by the 
difference between q,, which one can obtain 
knowing T ,v1, 7”2, sz2 (from the static calibra- 
tion) and ql. Thus: 

4 gl = 4, - Cie2 = 4, - (4, - 41) = 4, - 41 

- 4, -i- 42 = 4, - 4, (2) 

The friction coefficients were calculated from 
the equation: 
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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]. 

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-Nikurad~ law of friction for 
smooth pipes for Re, 3 IO’, [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 
Re, = 104). 
No systematic difference within the accuracy 

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 1OOOC. 

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: 

fB = $91,3] 
W 

for the turbulent regime he suggested the 
correlation : 

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

E!K,, 
PB - 

T 
pwz -E 

PB - Tw 

thus 

1.7 

(6) 

(7) 

(8) 

and equation (5) becomes: 

-Oe5 + 0.0625 T, -@04 
- 

0 Re0’32 T (9) 
B B 

which is in the Reynolds number and tempera- 
ture ratio ranges of the present experiment 
(8 x lo4 < Re, < 2 x 105; 1.3 z$ T,/T, G 2.6) 
practically coincident with the Prandtl-Niku- 
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Ree 
FIG. 1. Average friction factors vs. Reynolds number. 

1 

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

& = 4log t-Re, ,&)I - 0-m (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 fB vs. 
Re, and f,,/(T,IT,) vs. Re, For both annuli, 
no systematic difference can be noticed between 
the two correlation systems. However; in the 
larger Reynolds number and temperature ratio 

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,IT& and Re, is equiva- 
lent to assume that the friction velocity which 
appears in the universal velocity distribution is: 

a* = JWP,) (11) 

where r = fs (p&2), p, is evaluated at T, = 
,/(T.. T,), while the kinematic viscosity is 
evaluated at Tr If these definitions are used, the 
universal velocity distribution remains the same 

FIG. 2. Average friction factors; Taylor’s correlation, DJD, = 1.99. 
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FIG. 3. Average friction factors; Taylor’s correlation DJD, = 1.38. 

in presence of large temperature differences Reynolds number effect is at the exponent 0.8, 
between wall and gas as in the case of isothermal how it was found by almost all the previous 
flow. authors for fluids in turbulent regime, and the 

Prandtl number effect is at the exponent 0.4. 
3.2 Heat transfer coefficients. Correlation with The exponent of Pr, is usually taken as 0.4 

Twf& although in some cases other values are given. 
Figures 4-9 show the ratio Nu$Rei” Pri’4 Due to the very small variations of the Prandtl 

vs. TJT, for various l/D’s and two different number of gases the precision with which it is 
values of D,/D,. In this, one assumes that the possible to measure this exponent is very low. 

1.0 15 2.0 25 30 40 

FIG. 4. Local heat transfer coefficients vs. T,/T,, DJD, = 1.99; l/D = 40.3. 
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001 

1.0 15 2.0 3.0 
- TWIG 

FIG. 5. Local heat transfer coefficients vs. T,,,/T,, DJD, = 1.99; l/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 25 per cent dif- are the following: 
ference on Nu, 

As many authors before, we used the ratio 
T,/T, to take into account the effect of the Nu, = 0.0190 Rei” Pri’4 4 

variations of fluid properties in any section of 
( > 

-C 

B 

the annulus due to large temperature differences 
between wall and gas temperatures. 

for 2 = 1.99 (12) 
1 

FIG. 6. Local heat transfer coefficients vs. Tw/TB, DJD, = 1.99; l/D = 72.6. 
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- 

FIG. 7. Local heat transfer coetlicients vs. Q/l& D,fD, = 1.38; lfD = 52.3, 

i.0 l-5 2.0 2.5 
-T ,r 

3.0 40 

FIG. 8. Local heat transfer caeflicients vs. T,jT,. DJD, = 1.38; f/D = 73.2. 
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c 

0 IO 20 30 40 50 60 70 80 

Fm 10. The exponent C vs. l/LX 
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and where 

Nu, = O-0186 Reg.* Pri’4 g -’ 
0 B 

for 2 = 1.38 (13) 
1 

where the exponent C is a function of l/D. 
Figure 10 shows the exponent C vs. Z/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 t/D being 
maintained. It should be noticed that the 
uncertainty assigned to C is considerable due 
to the difficulty to determine the value of the 
factor 

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$Rei’* Pro.4, in 
the region where most measurements lay 
(I.5 d (T&T,) < 2), are much closer than Fig. 
10 would at first sight indicate. 

Figure 11 shows the factor A 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: 

A = 0.018 2 
0 

0.16< 

(14) 
1 

< = 1 for 2 > 0.2 
2 

and 

<=1+7-5(D2’i:g5)0’6 for 2<0.2, 

c is a correction factor accounting for the fact 
that according to the data of Petukhov and 
Roizen the exponent of the Reynolds number 
is smaller than 0.8 at D,,/D, < 0.143. 

The correlation of Barthels [f4] and of 
Buleev, Molosova and Eltsova [17, 18-j agree 
reasonably well with equation (14), while Rapier 
[ 1 l] 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 coeflcients. Correlation with 

In recent time the ratio TJT, has been used 
in place of Tw/Ts to correlate high temperature 
heat-transfer coefficients with forced convection 
of gases in tubes [l-4, 211. This was done to try 
to eliminate the l/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 l/D effect on C at values 
as high as l/D = 300 [l] 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,lT, 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 TWIT,. Because for a 
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Fro. 11. The factor A = ~Re~~~.~) rw,l. = ; DP2. 

FIG. 12. Local heat transfer coefficients vs. T,/T,, DJD, = 1.99. 
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FIG. 13. Local heat transfer coefficients vs. TJT,, D,/D, = 1.38. 

closed geometry TE corresponds to T, for a 
free stream geometry, the assumption of Z&/T, 
as the characte~stic tem~rature 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 coeEcient, like that of a flat-plate. 
This assumption is perfectly reasonable be- 
cause the thickness of the boundary Jaminar 
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 Nu$ 
Rc?“~ Prom4 vs. T,/T, for various l/D’s and the 
twi diff%ent values of D,/D,. The l/D effect 
is practically eliminated for both test sections. 
The equations which correlate the points are 
the following: 

- 0.2 

NUB = 

for : = 1.99 (15) 
1 

and 
-0.2 

Nu 
B 

= 00184 Re@* Pro.4 
B 

D 
for g = 1.38. (16) 

1 

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

(17) 

Therefore from equations (14)-(17) one has: 

‘T -0.2 
&0’8 pro*4 3 

B 
0. 

B T 
E 

(18) 

The exponent of the parameter T,IT, found in 
the present experiment is rather close to the 
one found previously by the authors also for 
annuli (-018) [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 ANNUL1 

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 0022 [l]. 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, i.e. the line for z = 0, was 
coincident with the line of maximum velocity. 
Kjellstrijm and Hedberg showed that these 
two lines were not coincident in turbulent 
regime and in presence of central rough rods 
[24], i.e. in presence of a strongly not-sym- 
metrical velocity profile, possible also with 
smooth annuli with small D,/Dz 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 Kjellstriim 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 

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]: 

U+ = 25 In y+ + 55. (19) 

Maubach assumes that this velocity profile is 
valid for the outer and inner regions of an 
annulus and that the line z = 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 z = 0 experimentally determined 
by Kjellstrijm and Hedberg is excellent. At the 
intersection one has: 

Jzlp,) = 2.5 In [ v ,/(z,/pl) 1 + 5.5 (20) 

Jz;,J = 2.5 In 1 + 5.5. (21) 

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

where 

(23) 

G 
1 

= 3*75K, + 1.25ro/r, 

1 + robI 

G 

2 

= 3.75Ko + 1.25ro/r2 

1 + rob2 

and K, = 1.0576 is an empirical factor which 
takes into account in the integration of the 



802 M. DALLE DUNNE and E. MEERWALD 

laminar sublayer near the surface. Taking the 
definitions: 

r&, = ?x rJrz = B (241 

considering that 

&/PI = G/(&/2) (25) 

that the pressure drops is the same for both 
regions : 

(26) 
considering furthermore the definition of ReBf 
from equations (201, (21) and (2+-o--(6} it follows: 

given by a “law of the wall” of the type: 

t+ = A,Inyf + Ba. (281 

For the inner region of the annulus, between 
1” = I, and r = rO, the integration of equation 
(28) gives: 

where 

ReB and & are measured in the experiment (see 
equation (3)]* pR and vB are known because we 
measure gas pressure -and temperature along 
the tube, a is measured accurately for each test 

and q is a correction factor which will be deter- 

section at the beginning of the test, vr, v2, pi 
mined by the heat balance, how explained below. 

and pz are known once the mean gas tempera- 
For the outer region of the annulus, between 

tures T, and 7” in the two regions of the annulus 
r = rO and r = r2, the integration of equation 

are known, so that the only unknown & which 
(29) gives : 

determines the separation line between the 
two regions, can be obtained by equation (27). 

Determination of two mean gas lemperaatures 
T. and T_ 

x ~~~ -4(~+&)]~+f$jz 

O$ extenion 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 TI and Tz of the two regions. We 
assume with Gowen and Smith [ZS, 291 that 
the temperature profiles in the two regions are 
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where 

u: = J(2) = ~(~)2(y??:l) 
x J(#$ 

At the line of intersection between the two 
temperatures profiles for r = r,,,, (r,,,/r2 = 6), the 
gas temperature has a minimum, and for 

x Cpl CT,” - Tc.-1,) 
2 

+ 
12 - r; P2Q, 

T----T 
12 

-cjJ2 K” - T2(n-I))’ 
- ‘1 buB 

From equations (24,)-(2(i) one obtains: 

continuity one has: 

T WI - P,~~$[Asln(~$) + Bsl] ;+ I 2;: _:~f~~~~~\z ’ 

’ = T w2 - P2~~uz~sln(~$) + B,,]. X df$fi)J(P2/P~)=D 

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

(35) 

(36) 

(37) 

Furthermore from equations (22) (23), (25) 
and (26) one obtains: 

&) = 2.5ln[&\i($$)]Rea 

x J(+);d(;)] + 5.5 - G, (32) 

&) = 2v51n[&~(~)ReB 

x @pJ(9] + 5.5 - G,. (33) 

The heat balance is given by: 

7c(rz - ‘f) PB~B~~B CT& - T~cn- 1)) 

= 7+-i - r:) PIQJl (?I” - Tl@- 1)) 

+ 4rf - r,$ ~~~~5,~ CT,, - T,,,-1)) (34) 

b, 6, Tl and T, are calculated by iteration. In 
the first iteration one assumes Tl = T2 = TB; /I 
is given by equation (27) and 6 from equation 
(31). From equations (29) and (30) the products 
qT, and qT, are calculated. C and D are cal- 
culated with equations (36), (32) and (33) 
therefore it is possible to obtain, from equation 
(37) the value of l/q. The calculation is repeated 
until two subsequent values of q differ less than 
1 per cent. The value of As was assumed in the 
calculations to be constant and equal to 2.2 
according to the measurements of Gowen and 
Smith [28], while the value of B, was assumed 
to be dependent upon the ratio TWIT,; indeed, 
while As characterizes the temperature distribu- 
tion in the fluid at a distance from the wall, Bs 
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 
concentrated. It is logical therefore to assume 
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FIG. 14. l/q for BS = 43 + 15.9 In (TJT,). 

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 lny+ in equation (19) [30]. The relation 
between Bs and TWIT, is of course not known. 
We tried therefore various correlations until 
the corresponding obtained values of 4 were as 

near as possible to the value 1 for all the experi- 
mental points and no systematic deviation of 4 
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 l/q for 
the chosen correlation of BS: 

Bs = 45 + 15.9 In (T,/T,). (38) 

FIG. 15. Average heat transfer coefficients for the inner region of the annulus vs. T,,,/T,. 
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FIG. 16. Average friction coefficients for the inner region of the annulus, DJD, = 1.99. 

FIG. 17. Average friction coefficients for the inner region of the annulus, DJD, = 1.38. 

FIG. 18. Average friction coefficients for the inner region of the annulus, Taylor correlation, D,/D, = 1.99. 
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FIG. 19. Average friction coefficients for the inner region of the annulus, Taylor correlation, D,/D, = 1.38. 

Once 7” is known, f1 is obtained from equation 
(32) and 

Re, = Re, 

$1 B” - a2 2r 
N”l = (T,, - T,)k, cc 2’ 

(40) 

Figure 15 shows the ratio Nu,/(Rey” Pry’4) 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 f1 
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 1 = O-0217 ReO’* Pr0’4 3 
1 1 

TE 

(41) 

which is in close agreement with the correlation 
recommended in [l] for flow in circular tubes. 

Figures 16 and 17 show values of fi 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, J(T,,/T,) vs. 

Rem, whereby in this case the values of fi 
and Re,, have been obtained using p,, pr,, pzX, 

vw1, vwl, vw2 in place of pe, pl, p2, vB, vl, v2, 
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 /? (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 199 and l-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 : 

Nu, = OS018 2 
(> 

0.16 T 

(> 

-0.2 
j&o.spro.4 JJ 

1 
B B T E 

which gives the Petukhov and Roizen correla- 
tion Cl33 for low temperature differences 

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

Nu, = 00217Rei’* Pria4 + 
( > 

-“.2 
E 

in excellent agreement with data for circular 
tubes (Dalle Donne-Bowditch correlation [ 11). 

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 TX = ,,/( 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’l&OULEMENT TURBULENT D’AIR DANS LES CANAUX ANNULAIRES LIS i\ 

HAUTES TEMPl?RATURES 

R6sumk-On a m&sure 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 
diamktriques de 1.99 respectivement de 1.38. La tube inttrieure a Ct& chauffke jusqu’8 des tempkratures de 
1ooo”C. Les principaux rCsultats expCrimentaux obtanus se rCsument comme suit: 
1. 11 existe une corrClation entre les coefficients de transfert de chaleur par 

Nu, = 0.018 0 2 
0.16 -0.2 

1 
ce qui donne la corrklation de Petukhov et de Roizen [13] pour les petites diffbrences de tempirature 

(T,IT, -+ 1). 
2. Une corrtlation existe entre les coefficients moyens de transfert de chaleur pour la rCgion intkrieure de 
respace annulaire par 

Nu, = 0.0217 ReE’8 PrE’4 $ 
( > 

-0.2 

E 

ce qui fournit un accord excellent avec les don&es valables pour les tubes circulaircs (corrClation de Dalle 
Donne et de Bowditch Cl]). 
3. Les coefficients de frottement pour l’ensemble de l’espace annulaire ainsi que pour sa region inttrieure 
sont en tres bon accord avec les corrClations de Maubach [26] obtenues en integrant le profd universe1 de 
vitesse de Nikuradse sous condition que la densit& du fluide soit dCtermin&e g la temptrature TX = 
J(T, TB) et la viscositC cinkmatique B la temptrature T, ce que suggirent lea expkriences de Taylor sur 

des tubes circulaires [6]. 
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WARMEUBERGANG UND REIBUNGSKOEFFICIZIENTEN FUR TURBULENTE 

LUFTSTRGMWNG IN GLATTEN RINGRAUMEN BE1 HOHEN TEMPERATUREN 

Zusammenfassung-Gemessen wurden die lokalen Warmetibergangs- und mittleren Reibungskoeffizienten 
einer turbulenten Unterschall-Luftstrimung durch zwei glatte Ringrlume. mit einem Durchmesserver- 
haltnis von 1.99 bzw. 1.38. Das innere Rohr wurde auf Temperaturen bis 1OOOC erhitzt. Die wichtigsten 
Versuchsergebnisse konnen wie folgt zusammengefasst werden: 
1. Zwischen den lokalen Wlrmeiibergangskoeftizienten gilt die Beziehung 

was fur kleine Temperaturdifferenzen (T,/T, -+ 1) die Korrelation von Petukhov und Roizen [13] ergibt. 
2. Zwischen den mittleren Wlrmetibergangskoefzienten fur den inneren Bereich des Ringraums gilt die 
Beziehung 

Nu B 

und hier ergibt sich eine ausgezeichnete Ubereinstimmung mit den fiir kreisformige Rohre gewonnenen 
Werten (Korrelation von Dalle Donne und Bowdicht Cl]). 
3. Die Reigunbskoefhzienten ftir den Gesamtringraum und fur seinen inneren Bereich stimmen aus- 
gezeichnet mit den Korrelationen von Maubach [26] iiberein, die man durch Integration des universellen 
Geschwindigkeitsprofils von Nikuradse erhalt, wenn die Fltissigkeitsdichte bei Temperatur TX = d(T,,, T,) 
und die Bewegungszahigkeit bei Temperatur Tw bestimmt werden. was aus den von Taylor mit kreis- 

formigen Rohren durchgefuhrten Experimenten hervorgeht [6]. 

KO3cINGIIIEHTbl TEIIJIOOBMEHA B TPEHMH IlPI4 TYPBYJIEHTHOM 
TE=IEHIIII BOBAYXA B ICOJIbIIEBbIX KAHAJIAX C FJIAAKIIMI? CTEHECAMII 

DPB BOJIbIIIIIX 3HA’qEHklfIX TEMIlEPATYPbI 

fhHOTl%qWI-MeCTJILIe KO3@@lIQleHTJ,I TeIIJIOOT~aWI M CpeHHHe KOENjJ@l~I8eHTbI TpeHHR 

H3MepeHLI &WI AO3ISyKOBOrO T)‘@yneHTHOrO IIOTOKa BO3HyXa ‘Iepe3 ABa IIJIaBHLIX KOJIhqa ; 

OTHOIIIeHLie ;IPlaMeTpOB p3BHO l,% I4 1,38 COOTBeTCTBeHHO ; BHyTpeHHIIfI Tpy6a 6bIJIa 

pa3OrpeTa A0 TehlIIepaT)‘p 1000 ‘c. haBHbIe 3KCIEpL1MeHTaJIbHbIe pe3YJIbTaTbI MOXEHO 

0606qaTb cneAyIon[m 06pa30M : 
1. MeCTHJZ KO3@&~HeHTLI TeIIjIOOT~aWI KOppeJWpOBaHLI CJIeAyJO~MM COOTHOIIJeHIleM : 

NUB = 0,018 (2)“” Re?B”~* Pr#*4 (FE) -“‘2 

‘1TO RaeT KOppeJIfII~HIO neT)‘XOBa M POti3eHa [13] AJIFI HIG3KOti pa3HOCTLI TeMIIepaTyp 

(Tw/TE-+~), 
2. CpenHJle KO&jj@fI~I4eHTLI TeIIJIOOT~aWI &%I JJtij’TpeHHeti YaCTM KOJIbqa KOppWIMpOBaHLI 

CneAyJOQJlM COOTHOIIIeHHeM : 

NUB = 0,0217 ReB0*8Pr~0~4 g 
( 1 

-0,2 

YTO HaXOARTCfI B BeCbMa XOpOUIeM COrJIaCMH C L[aHHLIMJi &TIfJ KPYr.?bIX TpS’6 (KOppWIqHfI 

Aanna JJ~HH~ - BayAnva [l]). 
3. ~03@@i~JleHTbI TpeHIlH, KaK AJIH UeJIOrO KO.lIbua, TalE Jl AJIFI er0 BHYTpeHHeti YaCTJl, 

OqeHb YROBJIeTBOpHTeJIbHO COBIIaAaJOT C KOppe.?RLIWJMLI IvIayBaxa [26], IJOJIyqeHHbIMH 

PIHTerpHpOBaJIHeM YHHBepCaJIbHOrO IIpO@HnfJ CKOpOCTdl Hnuypanae, npn YCJIOBHIt, 9TO 

JIJIOTHOCTb ~wIRKOCTH OqeHEIBaeTCx IIpM TeMIlepaType Tz = 1/Tw. TB II KHHeMaTII- 

9eCKaH BR3KOCTb IIptl TeMIIepaType Tw, KaK 3TO CJIeAyeT $13 IJpOBeAeHJIbIX ‘ktinOpOM 

OIIbITOB AJIfI KpyrJIbIX TpY6 [6]. 


