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TURBULENT HEAT AND MOMENTUM TRANSFER FOR 

GASES IN A CIRCULAR TUBE AT WALL TO BULK 

TEMPERATURE RATIOS TO SEVEN 

H. C. PERKINS? and P. WORSOE-SCHMIDT: 

Mechanical Engineering Department, Stanford University 

(Received 19 November 1964 and in revised form 22 January 1965) 

Abstract-Measurements are reported for local friction and heat-transfer coefficients with constant 
heat flux in an electrically heated circular tube. Precooled nitrogen in turbulent flow was used to 
obtain local wall to bulk temperature ratios from 1.24 to 7.54. The Inconel test section had a 40 
diameter hydrodynamic entry section and a 160 diameter heated section. The bulk illlet Reynolds 
numbers covered the range from 18 300 to 279 000. Correlations in terms of both the bulk and the 
modified wall Reynolds numbers are presented for the local friction factors; the local heat-transfer 
results are presented in terms of the wall to bulk temperature ratio with bulk properties and also 
directly on the modified wall Reynolds number. Both the friction and heat-transfer results are shown 
to be sienificantlv affected bv the influence of the variable uroperties. Entrance region effects for 

both the heat-transfer and friction coefficients are discussed. - 
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NOMENCLATURE 

diameter; 
mass velocity [lbm/ftsh]; 
unit conversion 32.2 [lbm ft/lbf+]; 
enthalpy ; 
heat-transfer coefficient [Btu/h ft2 

Greek symbols 
P9 density [lbmjft3] ; 
9, impulse function, see equation (5); 
7, shear stress; 
PFL, viscosity. 

de@1 ; Subscripts 
unit conversion 778 [ft Ibf/Btu]; aw, adiabatic wall; 
length of test section; iso, isothermal conditions; 
pressure; 0, stagnation conditions; 
heat flux [Btu/h fts] ; wall ; 
gas constant ; b”: bulk. 
temperature; 
velocity in x direction; 

Note: The absence of a subscript on dimensionless 

bulk average velocity; 
parameters and gas properties denotes bulk static 
properties. 

mass flow rate [lbm/h]; 
distance down test section; 
compressibility factor; 
Reynolds number, 4wlrrD CL; 
Nusselt number, hDjk; 

Prandtl number, p+lk. 

INTRODUCTION 

TN THE LIGHT of present day technological 
interests, particularly nuclear reactor power 
generation and rocket propulsion, convective 
heat-transfer problems are becoming more in- 
volved with the effects of variable properties. 
Because of interest in these effects an experi- 

t Presently Associate Professor, Aerospace and 
Mechanical Engineering Department, University of 

mental program has been under way at Stanford 

Arizona, Tucson, Arizona. University for several years to measure friction 
$ Presently at the Technical University of Denmark, and heat-transfer coefficients with high wall to 

Copenhagen, Denmark. bulk temperature ratios [l, 21, the wall to bulk 
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TURBULENT HEAT AND MOMENTUM TRANSFER FOR GASES 1013 

temperature ratio being a measure of the effect 
of the property variation across the flow stream. 
In order to attain greater ratios than those 
previously reached, on the order of 2.5, pre- 
cooled gas was used so that the bulk temperature 
at the test section inlet was as low as 180”R. 
Consequently it was possible to reach local 
wall to bulk temperature ratios as high as 
7.54. 

The heat-transfer apparatus consisted of an 
Inconel tube with a 40 diameter hydrodynamic 
entry section and a 160 diameter heated section. 
Ideally this results in a thermal boundary 
condition of uniform inlet temperature and a step 
change in heat flux at the wall. Local friction 
coefficients at x/l)‘s from 16 to 114 were deter- 
mined from pressure drop information taken 
with 7 pressure taps. Thermocouples were used 
to measure the local wall temperature variations 
from which the local heat-transfer coefficients 
could be determined. Average heat-transfer and 
friction coefficients were found from the inte- 
grated local wall temperatures and the mean 
properties in the manner of Humble et al. [3]. 

Previous results for turbulent internal flow in 
ducts with precooled gas include those of 
McCarthy and Wolf [4] and Wieland [5]. In 
reference 4 average heat-transfer coefficients 
were measured with hydrogen and helium gas 
flowing in electrically heated circular tubes with 
length to diameter ratios from 20 to 67. Because 
of the use of these relatively short test sections, a 
large entry effect on the average heat-transfer 
results was found. Some local data over the 
downstream segment of the tube are also given. 
Correlations were determined on the bulk, 
film, and wall temperature properties with the 
use of the wall to bu1k temperature ratio to some 
power. Wieland measured local heat-transfer 
coefficients with hydrogen gas flowing in an 
electrically heated circular tube of some 250 
diameters in length. He correlated his data with 
both the wall and film modified Reynolds number. 
In both references it was found that for large 
wall to bulk temperature ratios, three or greater, 
a quite different wall temperature profile resulted 
than that for the ordinary constant heat flux 
case. Instead of the usual entrance region rise 
followed by a linear increase in wall temperature, 
a sharp rise and then a drop in the wall tempera- 

ture some 20 to 40 diameters downstream from 
the entrance was found. 

Other work on high-temperature heat transfer 
in a circular tube includes that of McEligot et 
al. [I], Dalle Donne and Bowditch [6, 71, 
Taylor [SJ, and Lel’chuk and Dyadyakin [9]. In 
these cases precooling was not used and typical 
values of the local wall to bulk temperature 
ratio were 2.5 or less. Taylor did achieve ratios 
up to 5.6 by using a tungsten tube which permitted 
wall temperatures to 56OO”R. Table 1 summarizes 
the work and heat-transfer results of the various 
authors. Previously, there have been no local 
friction coefficient results for temperature ratios 
greater than 2.5. In the present study, however, 
focal friction coefficients were found at tempera- 
ture ratios above 7. Table 2 summarizes the 
range of variables covered in the present work, 
while Table 3 summarizes the present data. 

Table 2. Range of variables in the present experiment 
__..._ ._~ 

Experimental runs 39 
I&et bulk Reynolds number 18 3~3~9~ 
Exit bulk Revnolds number 4300-204 000 
Maximum T$Tb 
Axial distances 

Heat-transfer coefficient 
Friction coefficient 

Maximum Mach number 
Heat-transfer coefficient 
Friction coefficient 

7.54 

1.2-1440 
16.0-l 14.0 

0.50 
0.46 

EXPERIMENTAL APPARATUS 

The heat-transfer loop and associated instru- 
mentation have previously been described in 
references 1 and 10. Only a brief description will 
be given here. The loop consists of a gas supply 
bank, followed by a pressure regulator, a system 
of filters, and an integral-orifice differential 
pressure flow meter. The gas passes through the 
liquid-nitrogen cooler to the inlet mixer and then 
enters the test section after which it is cooled and 
exhausted to the atmosphere. The flow rate is 
controlled with a needle valve downstream from 
the test section. For the cold gas tests a stainless 
steel liquid-nitrogen dewar was installed with a 
cooling coil. Figure 1 shows the details of the 
dewar and test section const~ction. A second 
container was used inside the dewar to control 
the temperature of the lower electrode on the 
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EXIT MIXER ~ 

TEST SECTION-~. 

GAS IN-- 

INLET MIXER 

OUTER DEWAR 

INNER DEWAR 
t 

.I 

~BUS BAR 

COOLINQ COIL 

FIG. 1. Test section and cooling dewar. 

test section independently of the inlet gas tem- 
perature. Thus the temperature difference be- 
tween the mixer where the inlet temperature was 
measured and the lower electrode, where the heat- 
ing began, could be minimized. By regulating the 
liquid nitrogen level in the two containers suffici- 
ent control was available so that little heat 
transfer to the gas took place in the 40 diameter 
hydrodynamic development section between the 
mixer and the lower electrode. 

The test section consisted of an Inconel tube 
of 0.0216 inch wall and 0.1237 in inside diameter, 
some 26 in long including both the hydrody- 
namic, unheated, entry length and several 
diameters length after the last thermocouple. 
The useful length of the test section was some 
144 diameters for heat transfer and 133 diameters 
for friction factors. Chromel-Alumel thermo- 

couples and ten pressure taps were attached to 
the tube. The pressure taps were drilled out with a 
0.015 in drill so the tap to tube diameter ratio 
was about 0.1. Because of the difficulty in 
brazing and drilling the taps only seven of the ten 
taps were usable. 

Pressure drops were measured on a gas over 
water and gas over mercury manometer bank. 
When the pressure drops were too small for 
accurate measurements on the vertical manome- 
ters an inclined water manometer was used. 
With this system, pressure drops from 0.1 in 
water to 60 in of mercury from tap to tap or from 
any combination of taps could be determined. 

Since the tube was heated using a d.c. welding 
generator and the thermocouples were directly 
attached some pick-up by the latter was noted. 
This was corrected for in the manner of Daven- 
port et al. [I 11. Several tests were conducted 
with heating but no flow through the tube to 
determine the local heat loss to the room during 
the actual test runs. The assumption was made 
that there was the same heat loss to the room 
with how as occurred with no flow at the same 
wal! temperature. This assumes similarity of 
wall temperature profiles between the heat loss 
runs and the actual flow runs. With the exception 
of the first diameters downstream from the 
start of heating this was the case. 

DEFINITIONS AND CALCULATIONS 

The local heat-transfer coefficient is defined 
by the equation 

q:,: = h Vu, - Tawl (1) 

The adiabatic wall temperature is determined 
from the relationship Taw = T + R V2/2gc where 
R is the recovery factor for turbulent flow 
taken to be NgY3. The bulk static temperature 
is defined, by analogy to the energy equation 
for constant properties treatments, by the 
equation 

c,, 0 [T, - T] = v”I2gc.J (2) 

couples were spot welded to the test section for 
temnerature measurements and thin wall, 0.006 

which uses the definition of the bulk velocity as 

inch, 0.125 in outside diameter, Inconel pressure 
taps were brazed to the test section for local 

V = GZRTjp (3) 

pressure measurements. In all, thirteen thermo- A more exact determination would require a 



TURBULENT HEAT AND MOMENTUM TRANSFER FOR GASES 1015 

knowledge of the actual variation over the cross 
section of the two-~mensional functions for 
H, p, and u. The local friction factor is defined as 

f = %J/t PV2/2&) (4) 

Momentum considerations for the steady flow 

of fluids through circular tubes lead to the 
following expression for the wall shear stress, 
TV, in terms of quantities which may be deter- 
mined expe~mentally : 

_--~,“;[p+~~]-$~* (5) 

This expression, which neglects the change in 
elevation, assumes that the static pressure is 
uniform across the flow cross section and treats 
the momentum flux as one-dimensional. 

The data reduction was performed on the 
IBM 7090 at the Stanford University Computa- 
tion Center. The input consists of the thermo- 
couple readings converted to “F, flow rate 
information, pressure drops from tap to tap, 
etc. The thermocouple data was converted using 
NBS 561, Reference Tables for Thermocouples, 
which gives Chromel-Alumel e.m.f.‘s to - 3 10°F. 
Formulae and tables contained in the program 
provide gas properties which were taken from 
NBS 564 [12]. Test section characteristics and 
overall coefficients for the radial heat loss are 
introduced when needed. In preliminary calcu- 
lations the program computes the gas flow rate 
and corrects for the thermal expansion at the 
thermocouple and pressure tap locations. 

Heat-transfer results are obtained at the wall 
thermocouple locations. The wall heat flux is 
obtained by subtracting the radial and axial 
heat losses from the total electrical energy 
generation. The inside wall temperature is 
determined from the heat flux and the outside 
wall temperature. Trapezoidal integration of 
4:: then yields the bulk stagnation enthalpy, 
hence the bulk stagnation temperature. After 
the bulk static temperature is found, the desired 
heat-transfer parameters can be calculated. 

Local friction factors are determined at the 
pressure tap locations by interpolating the bulk 
static temperature to form the specific impulse 
function, 4, then taking its gradient to obtain 
the wall shear stress. Since the diameter enters 

these calculations to approximately the fifth 
power it is corrected for thermal expansion. 

Average heat-transfer and friction results 
are calculated in the manner of Humbte et al. 131. 
Because the present results have inlet tempera- 
tures to 180”R it was necessary to extrapolate 
the NBS properties for nitrogen by some 10”R. 

RESULTS AND CORRELATIONS 

The correlation of heat-transfer and friction 
data with high heating rates is complicated by 
the appreciable property variation across the 
tube. There are two ways which are commonly 
used to account for the influence of the property 
variation: one is to use a reference temperature, 
selected in such a way that when the properties 
are evaluated at this temperature the correlation 
reduces to that for constant properties; the 
second is to correct for the property effect by 
using a property or temperature ratio in the 
correlation which otherwise uses bulk properties. 
Both methods were used to correlate the present 
data. 

Because of the very large property influence 
in the present experiment the bulk Reynolds 
number could decrease by as much as a factor 
of 5 between the tube inlet and exit. In contrast 
the wall Reynolds number, defined as: 

__ 4~ rm 
N Re, w = - 

TDclw 
first decreased rapidly and then gradually 
increased along the tube, decreasing by as 
much as a factor of five but then returning at the 
exit to within a factor of two of the inlet wall 
Reynolds number. The film Reynolds number 
is defined in a similar manner using the viscosity 
evaluated at a temperature mid-way between the 
wall and the bulk temperature. It followed the 
same trend as the wall Reynolds number. When 
used in this manner the wall and film Reynolds 
number are commonly referred to as modified 
Reynolds numbers. For a perfect gas we see 
that the wall Reynolds number becomes equiva- 
lent to 

vb Pb D Pw 
NRe,w= ____ -_=- 

[ 1 vb PW D 

ILW Pb CLZV 

In a paper dealing with ways of correlating 
heat-transfer data for turbulent gas flow in 
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tubes with appreciable variation of properties, point of view the use of bulk properties may have 
Smith [13] strongly advocates the use of bulk an advantage, at least for heat-transfer calcu- 
properties with the use of a wall to bulk tempera- lations. 
ture ratio to account for the property variation. From equation (5) one can note that the fric- 
His arguments are mainly based on the fact that tion coefficient is determined from the results of 
an overall energy balance is directly related to a momentum balance which includes the wall 
the bulk Stanton number. It may, however, be shear stress and the bulk momentum flux. One 
argued with equal strength that since both heat might thus be tempted to correlate the bulk 
transfer and wall shear stress in turbulent flow friction factors with the wall Reynolds number 
are primarily influenced by the flow field near in the manner of Dalle Donne and Bowditch [7]. 
the wall, either the film or wall properties With these comments in mind we now turn 
should be used. The latter point of view gains to the results of the present experiment. Figure 2 
some support from the fact that in the present shows the typical trends for runs with low, 
study transition from turbulent to laminar-like moderate and high wall to bulk temperature 
flow occurred at Reynolds numbers, based on ratios. Although not shown, the bulk temperature 
bulk properties, far above the critical value. rises linearly as expected for the case of a 

Since neither of the two methods can fully constant heat flux and the heat flux is nearly 
take into account the rather complex conse- constant after the first few diameters which are 
quences of the property variation, the choice affected by the axial heat loss. The temperature 
between them is largely a matter of convenience, ratio is seen to rise to a maximum and then to 
particularly convenience in application. From this decay towards the value of 1, while the bulk 

2- 

0- 

.6 - 

\ 

I I I I 

0 I 2 3 4 5 6 7 8 

FIG. 3. Local friction coefficients normalized oo isothermal wall conditions, 16 < x/D < 114. Correlation as 
suggested by Kutateladze and Leont’ev [14]. 
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Reynolds number decreases all along the length 
of the tube. In contrast the wall temperature 
profile is greatly affected by the degree of pro- 
perty variation present; that is, by the wall to 
bulk temperature ratio. With large heat fluxes 
the wall temperature rises as expected but reaches 
a peak, then decreases, then begins the linear 
rise characteristic of a constant property, 
constant heat flux case. This shape profile can 
be predicted from an equation of the Dittus- 
Boelter form at large wall to bulk temperature 
ratios so its existence does not rule out that an 
equation of that form should provide an adequate 
correlation of the data. 

7 per cent below the line. Taps 4, 5, and 6 
showed good agreement with the Karman 
Nikuradse correlation, all points being within 
10 per cent of the line. Since the computer 
program for data reduction fits a curve to the 
pressure distributions for each group of three 
pressure taps, friction coefficients are not 
determined at the first and last taps, hence only 
at taps 2 through 6 are local friction coefficients 
determined. Because the correlations based on 
the present data are given in terms offifiso the 
effect of the burr is eliminated and the data are 
generally applicable. 

Fric f ion rem Efs 
Several runs were made to determine friction 

coefficients without heating for comparison to 
the usual correlations for adiabatic friction 
coefficients. Unfortunately there seems to have 
been a burr on the test section between taps 2 and 
3 causing the isothermal data at tap 2 to fall 
some 30 per cent higher than the Karman- 
Nikuradse line while that at tap 3 lay some 

Figure 3 shows the result of a correlation of 
the friction coefficients based on bulk properties 
but normalized by the (experimental~ isothermal 
friction coefficients for the same modified wall 
Reynolds number. The solid curve represents 
the relation 

obtained by Kutateladze and Leont’ev [14] from 
an analysis of the ~lon-isothermal boundary 

0 1 2 3 4 5 6 7 8 

G/r, 

FIG. 4. Entry corrections for friction coefficients based on wall properties. 
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layer on a flat plate. The expression, which in the 
above form is valid for the limiting case of 
subsonic flow at large Reynolds number, has 
been applied by the above authors to fully 
developed flow in a tube, however, with the 
isothermal friction factor based on the bulk 
Reynolds number. A more exact expression for 
the finite Reynolds numbers includes an im- 
plicit dependence on the isothermal friction 
factor as well as the ratio of the centerline to 
bulk velocities. It is somewhat surprising that 
with wall Reynolds numbers as low as those 
found here, 5000-50000, the agreement with 
the limiting form for large Reynolds numbers is 
so good. The data at taps 2 and 3 which were 
located 16 and 53 diameters downstream from 
the start of heating are corrected for the effect 
of the thermal entrance region. The corrections 
were determined in the following manner: 

1. The ratio offb/‘iso, w was plotted versus the 
temperature ratio, T,/Tb, for each of the five 
taps at which local friction coefficients were 
determined. 
2. A cross plot was then made of fb/fjso, w 
versus x/D for a constant value of the tem- 
perature ratio. 
3. From this the ratio of fbifso, W divided by 

fbifiso, w downstream, was determined as a 
function of x/D in the entrance region. 

The entry correction, shown in Fig. 4, thus 

involved finding the parameter necessary to 
reduce the upstream data to the downstream 
values. Since the upstream results were taken at 
wall to bulk temperature ratios to 7.47 and 
the downstream data only covered ratios as 
high as 35 it was necessary to extrapolate the 
downstream results to these higher temperature 
ratios. However, the results from the upstream 
pressure taps paralleled those of the down- 
stream taps so there is little uncertainty in doing 
this. 

As a somewhat simpler alternative to the 
formulation suggested by Kutateladze and 
Ieont’ev, fb(fKNlfiso)NR,,, Was plotted versus 
the modified wall Reynolds number. For taps 
4, 5 and 6 this was equivalent to using fb while 
for taps 2 and 3 this method eliminates the effect 
of the burr between taps 2 and 3. It is seen in 
Fig. 5(a) that the factor (fKNlfiSO)NR,, w 
(Tw/Tb>-"'6 correlates the data to * 20 per cent, 
the majority of the points falling within 10 per 
cent of the Karman-Nikuradse line when treated 
in this manner. This result is consistent with the 
fact that the right-hand side of equation (6) 
may be approximated by the temperature ratio 
raised to the -0.6 power. 

The correlation of equation 6 was tried on 
the bulk Reynolds number and is seen in Fig. 6. 
The scatter here is large but a trend is evident in 
that an increasing exponent is needed on the 
temperature ratio to correlate the data. For a 

0.010 - I I I ,,I,, I I I I Ill, 

KARMAN - NIKURADSE > 

FIG. 5(a). Local friction coefficients correlated on the Karman-Nikuradse line, 16 < x/D < 114. 
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N 
\ 
XQ 

O-010 

O-005 

0.002 

0.001 

I I I lllli~ I I 

IO3 2 5 I04 2 

FIG. 5(b). Low NRe, w friction results. 

0.4 6 ‘fso bulk o.22 t 

0 I 2 3 4 5 6 7 6 

FIG. 6. Local friction coefficients normalized on isothermal bulk conditions, 16 < x/D < 114. 
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ratio from about 1 to 2 the exponent would be 
-0.1, from 2 to 4 it would be approximately 
-0.2, and above 4 the exponent appears to be 
-0.3. Figure 7 shows the entry correction which 
was made to the bulk data. This correction was 
determined in the same manner as the correction 
to the data correlated on the wall Reynolds 
number except that the bulk Reynolds number 
was used to determine the isothermal friction 
coefficients. The correction suggested by Magee 
[15] on the basis of data reaching a wall to bulk 
temperature ratio of 25 is also included. The 
agreement is seen to be acceptable. McEligot 
et al. [I] suggest that f$fisO, b should be propor- 
tional to (?‘JTb>-O’i for ratios between 1 and 2.4. 
This agrees with the present data as shown on 
Fig. 6. Lel’chuk and Dyadyakin [9] suggest that 
the exponent on the temperature ratio should be 
-0.16, again for ratios up to 2.4. Their data was 
taken, however, with a simultaneous thermal and 
hydraulic entry length. 

The only data which have been correlated 
on the wall Reynolds number are those of Dalle 
Donne and Bowditch [7]. They found that for 
temperature ratios to 2.5 the data correlated on 
the Karman-Nikuradse line using the modified 
wall Reynolds number directly without any 

further temperature ratio correction. The scatter 
was some &25 per cent. Thus there is some 
disagreement between the present results and 
their results since our data require a temperature 
ratio to the -0.6 power to correlate on the 
Karman-Nikuradse line using the wall Reynolds 
number. 

For water, Allen and Eckert [16] and Maurer 
and LeTourneau [17] both found that with 
significant variable property effects a correlation 
for the friction coefficients could best be achieved 
on the wall Reynolds number. 

Several runs were taken in which the modified 
wall Reynolds numbers reached values below 
5000. These runs exhibited a behavior character- 
istic of a transition to laminar flow. Figure 5(b) 
includes these friction coefficient results as well 
as the high Reynolds number results. Our results 
show the laminar like runs to have friction 
coefficients some 10 per cent below the isothermal 
laminar correlation. Dalle Donne and Bowditch 
[7] found for laminar data that the correlation 
f/2 = 8-5/N~~, w worked well. This is some 20 per 
cent above our results. 

Some confusion remains on the use of the 
relation proposed by Kutateladze and Leont’ev. 
In reference 14 good agreement is shown for 
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FIG. 7. Entry correction for friction coefficients based on bulk properties. Correction of Magee [15] included. 
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experimental results for wall to bulk temperature 
ratios to 2.4 but evidently with the isothermal 
friction coefficients based on the bulk Reynolds 
number. As shown on Fig. 6 our results when 
based on the bulk Reynolds number lie well above 
the correlation and the -0.6 line which approxi- 
mates the correlation. It was thought that this 
might be caused by the inability of the limiting 
Reynolds number correlation to handle the finite 
bulk Reynolds results from the present ex- 
periment. To check this, results were also 
calculated using the finite, non-limiting, corre- 
lation suggested in reference 14. However, while 

I I g I r I 

WORSOE-SCHMIDT 

the results fell closer to the -0.6 line they were 
still well above it. 

As a further check the data of McEligot et al. 
[l] for air and helium and of Lel’chuk and 
Dyadyakin [9] for air were correlated in the 
present manner on the modified wall Reynolds 
number. Figure 8 shows the results of this re- 
working of their data. To determine the modified 
wall Reynolds number for reference 9 the bulk 
Reynolds numbers were multiplied by 
(TBlTW)i’75, which assumes a viscosity power law 
of (T/T,.Bf)s.7s. The results were also correlated 
using the entry correction determined from the 

- a 

I I , I I I 

b \ 

Fro. 8. Comparison of the friction results of McEligot ef al. [I] and Lel’chuk and Dyadyakin [9] with present 
correlation, wall properties used throughout. (a) reference 9, entry corrected; (b) reference 9, downstream: 

(c) reference 1, entry corrected test section 14; (d) reference 1, downstream test section 6. 
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present experiment. Good agreement is seen with 
our data using this correlation. 

Film properties, evaluated half way between 
the wall and the bulk temperature, were also 
tried. They gave results which lay between the 
correlation, i.e. the -0.6 line, and the bulk data. 
No particular correlation was evident using the 
film properties. 

The recommended correlation for friction 
coefficients to wall to bulk temperature ratios 
of 7.5 is given by: 

2 

_fjyiso, tu = 
1 I (7) 

In simpler form this reduces to approximately: 

_fY!!so, w = [~w/~?P’s (8) 

The required entry correction is given in Fig. 4. 

Heat-transfer rest&s 
As mentioned previously the choice of a 

correlation when significant variable property 
effects are present is one of convenience. For 
design purposes a bulk correlation is easier to 
use so the local heat-transfer results were first 
correlated on the bulk properties. Figure 9 
shows the results for the downstream, local 
heat-transfer data taken from thermocouples at 
x/D’s of 66, 89, 119, 144. The best fit for these 
results comes with an exponent on the wall to 
bulk temperature ratio of -0.7 which is slightly 
larger than what would correspond to the Russian 
prediction which Kutateladze and Leon’tev 
suggest should be applicable to heat transfer as 
well as friction coefficient results. The resulting 
correlation is given by: 

i- ’ ’ ““I I I I lllll I I 
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FIG. 9. Local downstream heat-transfer results based on bulk properties, x/D > 65. 
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The accuracy of the exponent on the temperature 
ratio is estimated to be Jc 0.1. Figure 9 shows the 
correlation to be adequate to within f 10 per 
cent except for a few runs which will be seen to 
have been affected by transition phenomena at 
the lower Reynolds numbers. The constant of 
0.024 is about 5 per cent higher than the usual 
isothermal constant of 0,023 [18]. 

With this correlation for the downstream heat- 
transfer results as a starting point it was desired 
to find some suitable form of an entry parameter 
which would enable a correlation of all the data 
from the first thermocouple at an x/D of 1.2 
to the end of the test section at an x/D of 144. 
The form of this entry parameter ideally should 
reduce to one which had proved satisfactory 
before for low wall to bulk temperature ratios. 
A correction of the form [l + (x/D)-0.73 has 
been found satisfactory by both the investigators 
of references 1 and 19. Consequently an equation 

of the form 1 Jr (x/D)-@~ (TWIT@ was tried. 
Figure 10 shows the final results where the data 
are seen to be correlated to within -&20 per cent 
by the relation: 

NN~ = 0.024 N$i Ngj (Tw/Tb)-o’7 

[l + (;I-“” @jO.‘] (10) 

The entry correction was applied through and 
including an x/B of 40. Again several runs at 

the lower Reynolds numbers were not well 
correlated. These wilt be discussed later in this 
paper. 

The entry correction, while adequate, does 
show some trends. In general the data at wall to, 
bulk ratios from 2 to 4 are undercorrected while 
at the larger ratios of 6 to 7.5 the data are 
slightly overcorrected. A tighter correlation 
might be achieved by using a polynominal in 
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FIG. 10. Local heat-transfer results based on bulk properties, 1.2 < x/D < 144. 
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T,/Tb as a multiplier to the x/D term in the 
entry parameter. The convenience and simplicity 
of the present form, however, would seem to 
warrant accepting the 20 per cent scatter in the 
data. 

A comparison of the results of references 1 
and 9, both for air, for local heat transfer using 
bulk properties is shown in Fig. Il. In this 
Figure the downstream data of McEligot et al. 
and of Lel’chuk and Dyadyakin are correlated in 
the manner of the present experiment. An insert 
on the Figure shows the improvement which is 
found by adding a wall to bulk temperature 
factor to the entry parameter. The agreement 
between the three experiments is seen to be 
good; McEligot’s data lies some 5 per cent below 
the present data in general as does the Russian 
data. 

Another form of a correlation for local heat- 

transfer results has been found by Dalle Donne 
and Bowditch [6, 71 in which they also use bulk 
properties with a wall to bulk temperature ratio. 
However, the exponent on the temperature ratio 
in their correlation is of the form a + b (x/D) so 
that any entry effect is included in the exponent. 
A similar form was tried with the present data; 
however, the exponent ceased to be a function of 
test-section length after some 40 diameters so 
that it was felt that an entry parameter with x/D 
included was more representative of the physical 
situation. As pointed out in reference 6 the 
average exponent on the temperature ratio for 
their tube is about -0.8 in comparison to our 
exponent of -0.7. The data of reference 6 
includes wall to bulk ratios to 2.4. The correlating 
constant for their local heat-transfer data is the 
same as ours, O-024 

It thus appears that good agreement is found 

$ LEL’CHUK 8 DYADYAKIN 

o,A, etc. PRESENT RESULTS 

N 
f?e 

FIG. 11. Comparison of the results of McEligot et al. [l] and Lel’chuk and Dyadyakin [9] with present experiment. 
Bulk properties used throughout, downstream data only. Solid line is correlation constant of 0.024, dotted line 

0.023. Insert shows improvement of entry correction using T,/Tt, in entry parameter. 
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between the present results, correlated with 
bulk properties, and the results of references 1, 
6, 7 and 9. 

The results of McCarthy and Wolf [4] for 
incremental average heat-transfer data correlate 
on a wall to bulk temperature ratio to the 
-055 power for temperature ratios to 9. A 
correlation of the present data with this exponent 
was also tried. The downstream data could be 
adequately correlated to within Ilfr: 15 per cent 
with this power and a constant of O-022. However, 
a systematic deviation occurred in the data 
when the entry correction was applied. A 
correlation of the form of equation (IO), but 
with a value of 055 for the exponent on the wall 
to bulk temperature ratio in both places in 
which the ratio appears, proved to work well 
except that points with wall to bulk temperature 
ratios of 5 or larger fell some 25 per cent below 
the correlation. When the value of 0.7 was used 

for the exponent in both the entry and down- 
stream correlation no such systematic deviation 
was noted. One might argue that the high wall 
to bulk points occur at the peak in the wall 
temperature profile, see Fig. 1, where there is 
~ssi~a~t~ between the heat loss runs and the 
flow runs. Since, with the high Reynofds number 
runs, the total heat loss was less than 10 per 
cent this dissimilarity should be a second order 
effect. The recommended correlation using 
bulk properties is thus equation (10). 

Another correlation for heat-transfer data 
which has had common acceptance uses the 
modified wall Reynolds number. This method 
was found to be satisfactory with the present 
results and is shown in Fig. 12. In this case all 
of the properties are evaluated at the wall 
temperature in both the Reynolds numbers and 
the heat-transfer parameters. A comparison with 
the results of other authors may be made from 

I I I llllll I I ~111111 I I 
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FIG. 12. Local heat-transfer results based on wall properties, 1.2 Q x/D f 144. 
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Table 1. Previously data have been correlated 
in this manner with a constant that ranges from 
O-0265 for the data of Kirchgessner and Taylor 
[8, 191 to 0.0208 for that of Dalle Donne and 
Bowditch [7]. The present data are seen to be 
correlated by the relation: 

NNU, w = 0.023 N;;, w N;; w 

[l + (s)-“‘7(g)o’7] (11) 

This includes data with wall to bulk ratios of 
7.5 in the tube as a whole and 3 in the down- 
stream region. For the wall correlation the entry 
correction was applied through and including an 
x/D of 24. A plot of the local heat-transfer 
results versus x/D showed that the entry effect 
was not felt as far downstream using wall 
properties as using bulk properties, thus the 
difference in applying the entrance correction 
parameter. The downstream results using wall 
properties correlated best with a constant of 
O-022 in equation (11). 

A film correlation was also tried but the 
scatter was markedly larger than that found with 
the wall correlation. Similar behavior has also 
been found by Taylor [8] and Wieland [5]. 

The fact that satisfactory correlations can be 
achieved with both bulk and wall properties 
should not be surprising since one can start 
with either correlation and attain the second 
one by using power laws on temperature for the 
viscosity and conductivity and the perfect gas 
law for the density. Using the power laws 
corresponding to the temperatures in this 
experiment, one can deduce an exponent of 
about -0.7 on the wall to bulk temperature 
ratio from the wall correlation, equation (11). 

En try region 
The entry parameter used in correlating the 

data from the present experiment has a very 
large effect at small x/D and large wall to bulk 
temperature ratios. For example, at an x/D 
of 4.6 the correction amounts to a factor of 2 
at a temperature ratio of 4. In order to check 
this entry correction the data of both references 
1 and 9 were correlated in this manner. In both 
cases the correlation was good. In addition a 

comparison was made with the results of 
references 5, 6 and 7 in so far as it was possible 
to do so. In reference 7, Dalle Donne and 
Bowditch suggest that for the correlation with 
the modified wall Reynolds number an entry 
parameter with the form and magnitude of 
(1 + 4D/x) should be used, in reference 6 they 
suggest (1 + 6.2 D/x). These give a correction 
independent of the temperature ratio but of 
the same size as the correction made in the 
present experiment. Wieland [5] shows a plot 
of the factor NNU,W/N& N$&?w versus x/D for 
two runs with a low and high wall to bulk 
temperature ratio. Our data agree closely with 
these results at a corresponding temperature 
ratio; and consequently, it is thought that our 
entry correction will work with his data. 

Just why the entry effect is so accented by 
larger wall to bulk ratios is not clear. There is 
good agreement for constant property results 
with the entry correlation of Sparrow et al. [20] 
which is much smaller than the parameter 
found here. It would appear that future work 
is warranted in the area of entry effects at high 
wall to bulk temperature ratios. 

Average results 
Figure 13(a) and (b) show the average heat- 

transfer and friction coefficient results calculated 
in the manner of Humble et al. [3]. In both cases 
. the downstream local correlation works for 
the average results. It should be noted that the 
average wall to bulk temperature ratio used 
in these results is the average wall temperature 
divided by the average bulk temperature, not 
the average of the wall to bulk temperature 
ratio. No entry correction is needed for these 
results which are based on an LID of 144 for 
the heat transfer and a length of test section 
from an x/D of 16 to 114 for the friction 
coefficients. 

Transition behavior 
Because of the large increase of viscosity 

due to the rise in temperature, the local bulk 
Reynolds number experienced a large decrease 
through the tube length. Although the bulk 
Reynolds number never came near the critical 
value, it was apparently possible to obtain a 
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FIG. 13(a). Average heat-transfer results for Tw/Tb to 2.46. 
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FIG. 13(b). Average friction coefficient results for Tw/Tb to 2.46, 
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Table 3. ~u~~~ of d&a 

1029 

SplbOl RUtI Comments 

0 102 
0 103 

2 :; 
D 106 
D 307 
v 108 
u 109 

: ::: 
\ 112 
A 113 
5 114 
D 115 
Q 116 
D 117 
Q 118 
D 119 
0 120 
a 121 
0 122 
0 123 
c\ 124 
0 125 
0 126 

0 127 
cl 128 
D 129 
u 130 
a 131 
- 132 
- 133 
- I34 
- 13s 
0 136 
B 137 

g ::; 
Iq 140 

98ooo 
97ooo 
97ooo 

103 000 
16OooO 
236 000 
223 Ooo 
226 000 
211000 
170000 
120000 
122000 
122000 

76000 
72 700 
72000 

llfooo 
18700 
18300 
33000 
33000 
43 000 
44000 
44000 
43000 
45000 

142000 
268 900 
272 &-lo 
157 000 

none 
352 000 
357 ooo 
359000 
279 000 
271 Ouo 
266 000 
266 000 
266OuO 

33 600 
28 000 
28 000 
30000 
52000 

100000 
990# 
62ooo 
62000 
44000 
42 000 
29000 
27 000 
37000 
21000 
21000 
3.5000 

:z 
If000 

9000 
15000 
12000 
12000 
10000 
11000 
48ooo 
96000 
97ooo 
83 ooo 
none 

198000 
203 000 
204000 

74 800 
74 800 
67000 
67ooo 
67OQO 

2900 
1020 
4.500 
1730 
6800 
2530 
2530 
1890 
1750 

795 
1160 
X158 
1000 
1000 
448 
451 

1385 
1396 
1376 
585 

1847 
1856 

157 
867 
875 
86f 

12 
580 

1622 
419 

1141 
1124 
1588 
1571 
558 
560 
560 

70 
none 

25.0 
4.0 

10.5 
1295 
1299 
16% 
1648 
1717 

2.95 
3.73 
3.69 
3.60 
3.63 
2.58 
2.44 
5.53 
5.20 
5.61 
2.88 
6.48 
6.24 
1.84 
3.37 
3.34 
3.31 
2.29 
3.78 
2.50 
4%4 
2‘28 
3.77 
3.76 
4.36 
4.78 
3.00 
3‘23 
3.19 
1.80 
none 
1.76 
1.78 
1.78 
5.74 
5‘55 
7.06 
6.85 
?53 

runs 119 to 
127 show some 
transition 
effects. 

runs 133 to 
13s show 
condensation 
effects 

t~r~~~e~~ to i~~~~~~ transition in the test section 119 to 127, shows the range of variabIes for 
when running at moderate inlet Reynolds those runs which show some effects of either 
numbers and high wall to bulk tem~rature laminar Aow or transitional fiow. For runs 
ratios. The effect of such a transition on the 119, 121, and I23 the friction coefficients seem 
friction coefficients can be seen in Fig. 5(b) where to be only moderately affected. However, these 
the local coefficients are plotted versus the runs show considerable effects on the local 
modified wall Reynolds number. With this heat-transfer results as seen in Figs. 9, 10, and 
particular choice of a Reynolds number the 12. The other runs, between 119 and 127, are 
typical transition region is seen in the usual not shown on the heat-transfer plots as they 
range of Reynolds number. Table 3, runs are clearly in the laminar or transitional regime. 
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CONCLUSIONS 

Results for both local and average friction 
and heat-transfer coefficients have been cor- 
related for local wall to bulk temperature 
ratios to 7.5, The r~ommended correlations 
are : 

Friction coefficients 

See Fig. 4 for the entry parameter for x/D < 55. 

Heat transfer 
Bulk correlation 

[l + (2J*7 (?q-‘] 

with the same correlation without the entry 
parameter for x/D > 40. 

Wall correlation 

[l + (;)-“‘(q@‘] 
with the same correlation without the entry 
parameter for x/D > 24. 
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R&sum&-On rapporte les mesures de frottement local et de transport de chaleur avec un flux de 
chaleur constant dans un tube circulaire chauffb tlectriquement. De l’azote refroidi pr&lablement en 
&oulement turbulent a CtC employ6 pour obtenir des rapports de la temp&ature locale de paroi ?t la 
tempbrature globale allant de 1,24 & 7,54. La (section) d’essai en Inconel avait une r&ion d’entrke 
hydrcdynamique de 40 diam&res de long. Les nombres de Reynolds globaux d’entrke couvraient la 
gamme de 18 300 B 27 9000. Des corrklations en fonction ii la fois des nombres de Revnolds alobaux 
et des nombres de Reynolds mcdifiks rapport&s ii la paroi sont prksentees pour les-coeffi&nts de 
frottement locaux; les rbsultats du transport de chaleur local sont pr&ent& en fonction du rapport 
de la temp&ature de la paroi & la tempkrature globale avec des propri&Cs globales et aussi directe- 
ment sur le nombre de Reynolds modifit rapport6 & la paroi. On montre que les rCsultats du frottement 
et du transport de chaleur sont tous les deux affect& d’une faqm sensible par l'influence des proprittts 
variables. Les effets de la rCgion d'entree sont discutbs B la fois pour les oecfficients de transport de 

chaleur et de frottement. 

Zusammenfassung-Fti lokale Reibungsbeiwerte und Wtirmeilbergangszahlen bei konstanter 
W%rmestromdichte in einem elektrisch beheizten Kreisrohr werden Messungen mitgeteilt. Urn ein 
Grtliches Temperaturverhtiltnis zwischen Wand und angrenzendem Medium von 1,24 bis 7,54 zu 
erhalten, wurde vorgektihlter turbulent striimender Stickstoff verwendet. Die Inconel-Versuchsstrecke 
hatte eine hydrcdynamische Einlatilnge von 40 Durchmessem und eine beheizte L;inge von 160 
Durchmessem. Die Reynoldzsahlen des Mediums am Eintritt iiberdeckten einen Bereich van 18 300 
bis 279 000. Fti die lokalen Reibungsbeiwerte werden Beziehungen in Termen sowohl mit den Rey- 
noldszahlen des Mediums wie such mit den mcdifizierten Wand-Reynoldszahlen angegeben. Die 
Ergebnisse des lokalen Wtieiibergangs werden in Termen des lTemperaturverhlltnisses zwischen 
Wand und angrenzendem Medium mit den Stoffwerten des Mediums und such direkt auf .die mcdi- 
fizierte Wand-Reynoldszahl bezcgen aufgefiihrt. Die Ergebnisse sowohl fiir die Reibung als such fiir 
den Wtirmeiibergang zeigen den deutlichen Einiluss der variablen Stoffwerte. Die Wirkung des Ein- 
laufbereichs sowohl auf die Wlrmeiibergangszahl als such auf den Reibungsbeiwert wird diskutiert. 

.&EEOTaqHS+npMBeJ@HbI H3Mept?HHH JIOKaJIbHbIX KO3+@IqWiTOB TpeHMR M TennOO6MeHa 
np~IlOCTORHHOM TenJlOBOM IIOTOKeB 3JleKTpOHarpeBaeMOi%KpyrJlOfiTpy6e.~peABapHTeJlbHO 
OXnamAeHHbIt a30T B Typ6yneHTHOM nOTOK IICnOJlb3OBaJlCJi AJIH nOJly=ieHHH OTHOmeHUt 
JlOKai'lbHbIX TeMnepaTyp CTeHKM II 06sema B AHana3OHe 1,24/7,54. Pa3MepbI ysaCTKOB 
cTa6&inH3aqaM CT3H~a,Il3rOTOB~3HHOrO113IIHKOHeJIH,CJIe~yH)~ll3:rH~pO~IIHaM11~3CKEI~~[--40 
AHaMeTpoB, TennoBoZt-160 JqnaMeTpoB. 06%eMHbIe Wcna PeiHOnbACa Ha BxoAe OXBaTbJBanR 
AmanaaoH OT 18300no279000.HpencTaBnea~ c~f13a,1lcxo~s~306%eMHb1xY~cej1Pe~Honb~ca, 
aTaK~eMO~~~~~~pOBaHH~X~~Ce~~3ZtHO~b~CaHaCT3HK3,~JIfi~OKaJIbH~XKO3~~H~H3HTOB 
TpeHEIH; KO3+$Uf~ll3HTbI JIOKaJIbHOrO TenJrOO6MeHa npencTaBn3HbI B BaAe +yHKqllH TeM- 
IIepaTyp Ha CTeHKe K 06'6eMHO& TeMnepaType, yWTbIBafI CBOtiCTBa HmAKOCTM B 06%eMe, 
OTHeCeHHOi HenOCpeACTBeHHO K MOAH@E~&ipOBaHHOMy WiCJIy PettHOJIbACa. nOKa3aH0, 'ZTO 
nepereHHbIe cHo$IcTBa aHa9nTenbHo Bnmno~ na peaynbTaTbI TpeHnH, a TaKme Tennoo6MeHa. 
06cyHcAaeTcH BJIIlFIHHe BXOAHOrO yYaCTKa Ha KOa$@MQHeHTbI TennOO6MeHa M TpeHHH. 


