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Abstract-The results of a numerical and experimental investigation of friction and heat-transfer 
parameters for turbulent flow of helium-argon mixtures in smooth, electrically heated, vertical circular 
tubes are presented. Mixtures with molecular weights between 15.3 and 29.7 are used; these values 
correspond to molecular Prandtl numbers between 0.42 and 0.49. Inlet Reynolds numbers range from 
31200 to 102 000, maximum wall temperatures from 392 to 828 K, maximum wall-to-bulk temperature 
ratios to 1.82, and pressures from 4.7 to 9.7 atm. Popular existing experimental correlations, developed 
using gases with Prandtl numbers of the order of 0.7, are found to overpredict the observed Nusselt 
numbers. By comparison of numerical calculations and measured constant property Nusselt numbers, 
turbulent Prandtl numbers are determined in the wall region. The validity of using these deduced 

turbulent Prandtl numbers is examined for conditions where the properties vary significantly 

NOMENCLATURE 

exponent used to account for temperature 
variation of viscosity ; 
cross-sectional area of tube; 
exponent used to account for temperature 
variation of thermal conductivity; 
velocity of sound ; 
specific heat at constant pressure; 
inside diameter; 
gravitational constant; 
dimensional conversion factor; 
average mass flux, &/A,,; 

heat-transfer coefficient ; 
specific enthalpy ; 
thermal conductivity; 
mixing length ; 
mass flow rate; 
molal mass ; 
pressure ; 
heat flux ; 
radius ; 
gas constant for a particular gas; 
universal gas constant ; 
temperature; 
velocity in axial direction; 
velocity in radial direction ; 
axial distance from start of heating; 
radial distance from wall. 

Greek symbols 

E/K, force constant in Lennard-Jones potential; 

Eh> eddy diffusivity for heat; 
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eddy diffusivity for momentum ; 
ratio of specific heats, cp/c, ; 
empirical constant in van Driest mixing 

length model, 0.4; 
absolute viscosity ; 
kinematic viscosity ; 
density; 
force constant in Lennard-Jones potential 

shear stress. 

Non-dimensional parameters 

ft friction factor, 2g,pt,/G2 ; 

Gr, Grashof number based on wall heat flux, 

SD4&I(v2~c,T)i; 
Nu, Nusselt number, hD/k ; 

P, pressure drop, pig,(pi-p)/G2 ; 
Pr, Prandtl number, c&k; Pr,, turbulent 

Prandtl number; 
+ 

4 f heat flux parameter, qL/(Gc,,iTJ; 

r, @ial distance, r/r, ; 

Re, Reynolds number, GD/p ; 
X, axial distance, x/D ; 

+ 
Y ? wall distance parameter, y(g,r,/p)1’2/v; 

+ 
YI 7 empirical constant in van Driest mixing 

length model, 26. 

Subscripts 

av, lengthwise average; 

b, evaluated at bulk temperature; 

cP> constant property condition; 

DB, Dittus-Boelter; 
DKM, Drew, Koo and McAdams ; 
ef, effective; 

I, inlet ; an index ; 
Max, maximum ; 
ref, reference ; 
L turbulent ; 
vD, van Driest ; 
W, wall. 
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1. INTRODUCTION 

THE CLOSED cycle gas turbine system, or closed 

Brayton cycle. has been found to be an efficient, 
compact and versatile system for propulsion and 
power plant applications [l, 21. The gas entering the 
compressor is not restricted to air at atmospheric 
conditions. The entire cycle can be pressurized to 
reduce the size of components and alternate gases 
can be employed to avoid contamination and 
corrosion problems. In addition to being chemically 
inert. several of the noble gases have higher 
molecular weights than air; in conjunction with their 
higher specific heat ratios, higher aerodynamic 
efficiencies and improved heat-transfer result. Based 
on thermodynamic cycle studies Bammert and Klein 
[3] concluded that considerable savings in the cost 
of a gas turbine cycle could be obtained by mixing a 
heavier gas with helium. 

In preliminary design studies for application of 
inert gas mixtures to closed gas turbine systems, 
Vance [4] compared the expected heat-transfer 
coefficients of the mixtures for turbulent flow in 
ducts using a version of the Colburn analogy [S] 
which may be written as: 

Nu = 0.023Re0.8Pr”3. (1) 

This relationship is supposedly valid for the range 
0.5 < Pr < 100, but is primarily based on exper- 
iments for fluids with Pr = 0.7 or greater. For gases, 

with Pr 5 0.7, McAdams [6] recommended the 
Dittus-Boelter correlation with the coefficient 

modified, 

NM nR = 0.021Re0~8Pr0~4, (2) 

instead. The difference is about 10% for most gases 
(with Pr 2 0.7). As shown later the Prandtl number 
for a mixture of helium and argon can be of the 

order of 0.4; no data are available for this range so it 
is important to test the validity of these correlations. 
This testing is one of the purposes of the present 

experiment. 
For predictions of heat transfer to turbulent flows 

many engineering analyses employ the turbulent 
Prandtl number, Pr, = ~,,,/a,, to estimate effective 
thermal conductivity from correlations for momen- 
tum transfer. As shown in surveys by Blom [7], 
Quarmby and Quirk [S] and Reynolds [9], there 
still exists considerable uncertainty concerning the 
proper variation of Pr, with molecular Prandtl 
number. At Pr z 0.7, some idealized analyses suggest 
that Pr, > I while others yield Pr, < 1. A second 
purpose of the present work is to determine whether 
Pr, differs significantly from unity at Pr c 0.4-0.5 in 
the wall region, which dominates the convective 

heat-transfer behavior. 
The next section summarizes pertinent knowledge 

of the transport properties of mixtures of helium and 
argon. Section 3 briefly describes the numerical 
analysis to be employed and, for fully established 
conditions, presents the predicted Nusselt numbers, 
which disagree with correlations (I) and (2) when 

Reynolds analogy (Pr, = 1) is employed. The exper- 
iment is then described. In Section 5 the data are 
extrapolated to the constant property idealization to 
test the correlations and then the diagnostic tech- 
nique of McEligot et ul. [lo] is applied to estimate 
Pr,,w. The following section extends the data to 
heating rates where the temperature dependence of 
the transport properties becomes significant and 
demonstrates that numerical predictions based on 
the value of Pr, deduced from measurements at low 
heating rate are still adequate. Major conclusions are 
reiterated in the last section. 

2. TRANSPORT PROPERTIES OF 
HELIUM-ARGON MIXTURES 

The properties needed for this study were compre- 
ssibility, viscosity, thermal conductivity, specific heat, 
enthalpy, speed of sound and the gas constant. The 
properties of air have been studied extensively; for 
the comparison data the NBS tables of Hilsenrath et 
a[. [ll] were used in this investigation. The 
properties of helium and helium-argon mixtures 
were calculated theoretically. For all gases the 
viscosity and thermal conductivity were assumed to 
be independent of pressure. 

The helium and helium-argon mixtures were 
assumed to be ideal gases, thus making the compre- 
ssibility equal to unity. This assumption is reason- 
able for the range of pressures (lOO-970kPa) and 
temperatures (290-830 K) used in this experiment. 
Since helium and argon are monatomic and the 

temperature range in this study was not too large, 
the relation [ 121 

cp = (5/2)R = (5/2)&I? 

was used to calculate the specific heat. 

(3) 

Using the ideal gas and constant specific heat 
assumptions, one may derive simple equations for 
the enthalpy and speed of sound [ 131: 

and 

i = cp( T- T,,,) 

c = (yRT)“’ = [(5/3)R7-1”‘. 
(4) 

The Lennard-Jones [6-121 potential can be 
employed in the Chapman-Enskog kinetic theory to 
predict thermal conductivity, viscosity and Prandtl 
number of binary mixtures of inert gases [ 141. There 
has been considerable experimental study of the pure 
gases but few data exist on the mixtures. 

With force constants, E/IC and 0, as suggested by 
Hirschfelder et al. [14] the predicted viscosity for 
helium falls about 8% below the data of Dawe and 
Smith [15] and Kalelkar and Kestin [16] at 
temperatures around 900°C. Likewise, the predicted 
thermal conductivity is about 9% lower than the 
measurements of Saxena and Saxena 1171 up to 
1100°C. Similar discrepancies exist for argon. Using 
force constants suggested by DiPippo and Kestin 
[lS] instead leads to essential agreement with the 
values recommended by the Thermophysical Proper- 
ties Research Center [ 191. 
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The mixture properties are shown in Fig. 1. The 

solid curves were calculated with the force constants 
recommended by DiPippo and Kestin: 0 = 2.158A 
and E/K = 86.2K for helium and o= 3.292A and 
E/K = 152.15 K for argon. The dashed curves compare 
values calculated from the recommendations of 
Hirschfelder et al. 

The viscosity of the mixture varies only slightly 
with molecular weight (composition). From pure 
helium to pure argon the variation is only about 
15%; for mole fractions of argon greater than 0.25 

the viscosity is almost constant. As with pure gases 
the viscosity increases with temperature. The pre- 
dicted values agree well with the data of Tanzler [19] 
at 7.5 atm and of Kalelkar and Kestin [ 161. 

The mixture thermal conductivity decreases by a 
factor of five or more as the molecular weight 
increases from pure helium to pure argon and it 
increases with temperature. Agreement with the data 
of Gambhir and Saxena [20] and of Cheung et al. 
[21] is close. The measurements of Paterson et a!. 
[22] at 50atm show that neglect of pressure 
variation is justified. It appears that the higher 
temperature data of Mason and von Ubisch [23] 
refute the model; however, in a critical review 
Gandhi and Saxena [24] have observed that the 
measurements of von Ubisch appear to be systemati- 
cally higher than others they reviewed. 

In a companion study for laminar flow, McEligot 
et al. [25] demonstrated that the temperature 
dependence of the viscosity and thermal conductivity 
could be approximated as 

P T a 
-= _ 

i > T 
(5) 

Pref rer 

The exponent a ranges from 0.7 to 0.8 and b falls 
between about 0.7 and 0.75. 

As a consequence of the variation of thermal 

conductivity and specific heat vs molecular weight 
the Prandtl number decreases to a minimum of 
about 0.42 at iii z 16 from about 2/3 for the pure 
gases. It is about 0.48 at the molecular weight of air. 
The temperature dependence is almost negligible 
since the power law exponents for p and k differ so 
little. 

In the present study the calculated properties were 
applied in tabular form in the data reduction 
programs. For numerical analyses, correlations of 
the calculated values-such as equations (5)-were 
used to reduce computation time. 

3. NUMERICAL ANALYSIS 

In this paper, analysis is by the numerical method 
of Bankston and McEligot [26] utilizing finite 
control volume approximations to solve the govern- 
ing equations, 

Continuity: 

s;;r 2 a;; 
g+-&=o. 

x-Momentum: 

f?i.i die dp 4 Id 
i)i(Z+2;r*F=:+-:- 

I r dx Rei r dr 
(6b) 

Energy : 

&+2pb;= 4 l d AA. 6’ 

sx f3r ReiPri ? df 
(6~) 

Integral continuity: 
‘1 

@rdr = 3. (6d 1 
0 

Idealizations implied by these forms are (a) the 

axisymmetric boundary-layer approximations, (b) 

steady flow at low velocities, (c) constant mixture 
concentration, and (d) negligible axial conduction. 
The circumflex (*) represents non-dimensionalization 
with respect to the value of the quantity at the 
entrance with the exception of 1 and c which are 
normalized by the inlet bulk velocity. 

Gas properties may be idealized as 

;=i/T’; fi= e; k^= p’b; 2,&J. (7) 

Initial conditions are specified and boundary con- 
ditions are the no-slip, impermeable wall with the 
observed wall heat flux variation specified. 

The effective viscosity is predicted with a com- 

bination of the van Driest mixing length [27] and 
Reichardt middle law [28], 

I,, = KJ’[l -exp(-yf/y,‘)] @a) 

and 

The wall temperature is used to evaluate properties 
in y’. With K = 0.4 and y;’ = 26, this representation 
yields adiabatic friction factors within about lpb of 
the Drew et al. correlation [29] over the range 
3 x 10 < Re < 3 x 10’. This van Driest model has 

also been found to be most successful in predicting 
wall temperatures in conditions where strong heating 
rates cause significant gas property variation [26]. 

The program uses implicit algebraic equations to 

represent the governing equations. These equations 
are iterated at each axial step to treat their coupling 
and the non-linear terms. Mesh spacing is chosen to 
provide Nusselt numbers and friction factors within 
about 2% of their converged values. The node 
nearest the wall falls at y.+ 2 0.5 or less. 

For predictions under the constant property 

idealizations the exponents a, b and d are set to zero 
and j is taken as unity. Then if the inlet condition is 
a fully developed flow, only the energy equation is 
solved. 

Heat-transfer results for fully established con- 
ditions with constant properties are shown in Fig. 2. 
Reynolds analogy, Pr, = 1, has been assumed here. 
Normalization by the Dittus-Boelter correlation (2) 
is chosen due to its popularity in representing heat 
transfer to gases (with 0.021 as the coefficient); this 
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FIG. 1. Transport properties of helium-argon mixtures. Pressure = 1 atm unless noted. 

correlation is often taken as a reference in represent- 
ing effects of gas property variation. It describes gas 
data for low heating rates well over the range 
2400 < Re < 2 x lo5 [51,52]. 

The present predictions diverge from correlations 
(1) and (2) as the Prandtl number is reduced and the 
Reynolds number is increased. If the present results 
are reasonable, the two correlations would overpre- 
diet the Nusselt number with the Colburn analogy, 
used by Vance [4], being about 15% worse than the 
Dittus-Boelter correlation for helium-argon mix- 

tures. Whether Reynolds analogy and these numeri- 
cal predictions are adequate must be determined by 
experiment. 

4. EXPERIMENT 

The experimental apparatus, arrangement, and 
procedure were similar to those used by Campbell 
and Perkins [30]. Instead of a square duct, a circular 
tube of Hastelloy-X was used as the test section. This 
vertical tube had an inside diameter of 0.312cm 
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FIG. 2. Heat-transfer predictions for fully established 
conditions. Constant fluid properties. 

(i/8 in) and a wall thickness of 0.056cm (0.022in). 
The test section consisted of a heated section 98 
diameters in length preceded by an unheated section 
92 diameters in length. The unheated section ensured 
that the flow approached a fully developed profile 
prior to heating. Electrical resistance heating of the 
test section yielded an axial heat flux distribution 
which exponentially approached a constant value 
within three diameters and then remained constant 
within a few per cent. As in the work of Campbell 
and Perkins the test section itself served as the 
electrical resistance heater; thin stainless steel elec- 
trodes were brazed to the tube and AC current from 
a line voltage stabilizer was supplied via variable 
transformers. Two pressure taps were used. One was 
located in the lower electrode and the other eight 
diameters below the upper electrode. 

Sixteen premium grade Chrome]-Aiumel ther- 
mocouples, 0.013cm (0.005 in) diameter, were spot 
welded to the heated section of the tube using the 

parallel junction suggested by Moen [31]. Thermo- 
couple conduction error was calculated from the 
heat loss calibration data and a relation developed 
by Hess [32]; the thermocouple conductance was 
estimated from the emissivity of the bare wires and a 
natural convection correlation for small Rayleigh 
numbers. The correction is of the order ot 1% of the 
difference between the tube temperature and the 
environmental tem~rature; at Re x 3 x IO’, the 
effects are approximately 1$-270 on the Nusselt 
number and 3-4x on the deduced turbulent Prandtl 
number. 

With the exception of air, the gas was supplied in 
commercial gas cylinders. The manufacturer, Ma- 
theson Gas Products Division, provided the mixtures 
to our sp~ifications in lots of four bottles. For the 
first two batches concentration was determined 
locally by gas chromatography; due to equipment 
difficulties, concentration measurements on samples 
of the same mixture varied by 2% on a volume basis 
so adiabatic friction factor measurements were used 
to confirm the concentration as reported by the 
manufacturer. For the last two batches Matheson 
determined the concentration with a thermal con- 
ductivity column with sample variation to within 0.8 
and 0.4% (however, the experimental uncertainty of 
the technique is estimated as 2%); these con- 
centrations were also confirmed by the adiabatic 
friction data. 

To measure the higher flow rates, our positive 
displacement meter was replaced by a Meriam 
laminar flow element. The latter was calibrated to 
measure the flow rate within k 1.5%. Heise gages, 
inclined water manometers, and vertical mercury or 
water manometers were used to measure static 
pressure and pressure drop. 
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Table 1. Range of variables in the present experiment 

Experimental runs 
Molecular weight 
Inlet bulk Reynolds number 
Exit bulk Reynolds number 
Inlet bulk Prandtl number 
Exit bulk Prandtl number 
Maximum TWIT, 
Maximum T, (K) 
Maximum ’ q 
Maximum Gr:‘Ref 
Maximum Mach number 
x/D for local bulk Nusseh 

numbers 

Air Helium Helium--argon 
-- 

25 4 28 
28.97 4.003 15.3-29.1 

329OC-100000 30 200 3 I 200- 102 000 
19 900-89 000 18 400-26 600 17 000-68 000 

0.719 0.667 0.419-0.486 
0.682 0.667 0.426-0.495 
1.90 1.75 1.82 
817 789 828 

0.0027 0.0027 o.GO32 
x.90x 10-S 4.84 x io-5 3.22 x lo-” 

0.26 0.25 0.33 

2.1-82.1 2.1 -82.1 2.1L82.1 

Table 2. Data for helium-argon mixture with molal mass 
= 29.70 

-- 
Run 102H, q ‘(41) = 0.002579, Pri = 0.486, Mi = 0.268, 
p(90.4) = 2.45, ti = 16Skg/h, 7; = 295K, pi = 8.19atm 

2.1 494.3 1.656 305.6 8.069 149.6 
4.1 531.8 I.747 312.4 7.93 1 129.6 
8.1 574.0 1.815 3 14.4 7.680 111.7 

16.4 624.2 1.832 316.1 7.218 96.5 
24.6 659.1 1.807 316.5 6.829 88.5 
32.5 686.8 1.770 316.9 6.500 83.4 
40.9 711.4 1.723 316.7 6.192 79.9 
48.9 736.1 1.687 316.8 5.932 76.6 
57.0 757.4 1.646 316.4 5.696 74.4 
65.0 772.8 1.599 316.5 5.489 74.1 
73.4 794.2 1.565 315.9 5.292 72.4 
81.6 807.6 1.520 314.9 5.119 72.8 
90.4 811.0 1.458 304.5 4.952 74.4 

Run 103H. q”(41) = 0.002044, Pr, = 0.486, iwi = 0.173, 
p(90.3) = 2.12, @ = 16.4 kg/h, 7; = 295K,p, = 8,15atm 

2.1 452.5 I.521 242.4 8.052 150.7 
4.1 484.8 1.604 245.9 1.942 128.0 
8.1 512.7 1.646 248.4 7.739 114.6 

16.4 547.8 1.655 249.5 7.359 102.0 
24.5 574.8 1.642 249.8 7.029 94.5 
32.4 594.8 1.614 250.2 6.743 90.6 
40.8 616.3 1.588 250.0 6.470 86.5 
48.8 634.7 1.561 250.3 6.236 83.9 
56.9 652.8 1.534 250.0 6.020 81.6 
64.9 667.0 1.502 250.1 5.826 80.9 
73.3 682.1 1.472 249.8 5.640 80.1 
81.5 696.1 1.443 249.1 5.474 79.8 
90.3 699.5 1.393 241.7 5.314 82.0 

Table 1 summarizes the range of variables covered 
in this investigation. The significant raw data, 
control parameters and deduced local Nusselt and 
Reynolds numbers for the helium-argon experiments 
are presented in Tables 2 and 3. A more detailed 
discussion of the experiment and more complete 
tabulations of the data are available in a report* by 
Pickett [33]. 

*This report will be available from the Defense Docum- 
entation Center in the United States. 

Table 2. ~continued 

Run 104H, $(41) = 0.001192. Pri = 0.486, Mi = 0.173, 
@(90.1) = 1.62, & = 16.4kg/h, 7; = 296K, p, = 8.16atm 

2.1 387.5 1.309 142.2 8.099 I5l.i 
4.1 402.5 1.347 144.8 8.034 135,i 
8.1 418.8 1.377 145.6 7.912 121.0 

16.4 438.6 1.390 146.0 7.672 109.9 
24.5 453.1 1.387 146.2 1.454 104.3 
32.4 463.5 1.374 146.4 7.258 102.4 
40.8 477.2 1.368 146.2 7.062 98.2 
48.7 489.4 1.361 146.3 6.888 95.2 
56.8 499.7 1.348 146.3 6.723 93.8 
64.8 508.7 1.333 146.4 6.571 93.4 
73.1 519.9 1.323 146.1 6.420 91.6 
81.3 528.9 1.309 145.8 6.283 Y1.3 
90.1 531.2 I.278 142.5 6.145 95.2 

Run 105H, q”(41) = 0.000653, Pri = 0.486, Mi = 0.173, 
~(~.O) = 1.30, riz = 16.5kg/h, ‘& = 296K, pi = 8.19atm 

2.1 345.2 1.173 79. I 8.154 155.7 
4.1 353.9 1.196 79.4 8.118 135.6 
8.1 360.9 1.208 80.0 8.049 126.5 

16.4 370.9 1.216 80.1 7.911 117.6 
24.5 378.8 1.218 80.2 7.780 112.7 
32.4 385.1 1.215 SO.2 7.660 110.8 
40.7 392.6 I.215 80.1 7.536 107.2 
48.7 398.8 1.212 SO.2 1.423 105.5 
56.8 405.1 1.209 80.1 7.313 103.8 
64.7 410.1 1.202 so.2 7.209 104.1 
73.1 416.8 1.200 80.0 7.103 102.0 
81.2 421.6 1.193 79.9 7.005 102.7 
90.0 422.6 1.175 78.5 6.904 109.0 

Run 107H, q’(41) = 0.003165, Pr; = 0.486, Mi = 0.083, 
~(90.4) = 2.97, & = 6.3 kg/h, 7; = 296K, p; = 6.6atm 

2.1 483.9 1.594 142.3 3.044 74.0 
4.1 532.3 1.711 148.7 2.9X0 61.8 
8.1 584.2 1.792 150.3 2.864 51.6 

16.4 641.4 1.795 150.9 2.657 43.9 
24.6 679.9 1.753 150.5 2.488 40.1 
32.5 709.3 1.699 150.2 2.348 37.9 
40.9 734.7 1.636 149.5 2.221 36.6 
48.9 757.6 1.582 149.1 2.116 35.7 
57.0 780.4 1.533 148.2 2.022 34.9 
65.0 799.2 1.484 147.6 1.940 34.8 
73.4 819.4 1.439 146.7 1.862 34.1 
81.6 835.1 1.394 145.1 1.795 35.2 
90.4 838.5 1.331 134.3 1.733 35.7 



Heated turbulent flow of helium---argon mixtures in tubes 711 

Table 2.-cffntin~ed 

4:, R% 
TJ’G Ww/m’l x 1O-4 Nu,, 

Run 108H, 4+(41) = 0.002210, Pri = 0.486, lcl, = 0.083. 
~(90.2) = 2.39, ti = 6,4kg/h, 7; = 296K, pi = 6.6atm 

2.1 425.6 1.413 99.8 3.078 75.7 
4.1 455.8 1.487 103.6 3.033 64.5 
8.1 485.8 1.534 104.9 2.949 56.3 

16.4 522.7 1.544 105.2 2.792 49.2 
24.5 548.2 1.524 105.2 2.657 45.9 
32.4 570.0 1.4Y9 105.1 2.541 43.7 
40.8 588.6 1.464 104.8 2.43 1 42.6 
48.8 608.6 1.439 104.6 2.338 41.1 
56.9 623.7 1.405 104.3 2.252 40.9 
64.9 639.4 1.376 104.1 2.176 40.7 
13.3 657.4 1.352 103.3 2.103 39.9 
81.4 669.7 1.321 102.7 2.038 40.6 
90.2 675.9 1.279 95.3 1.977 40.5 

Run 109H, q+(41) = O.oOI414, Pri = 0.486, I\/I< = 0.083, 
p(90.1) = 1.91, ti = 6.3 kg/h, 7; = 297 K, pi = 6.6atm 

2.1 378.2 1.262 64.0 3.087 77.3 
4.1 395.4 1.305 66.4 3.058 67.6 
8.1 414.7 1.340 66.9 3.002 58.X 

16.4 435.2 1.346 67.2 2.895 53.7 
24.5 450.4 1.337 67.2 2.798 51.3 
32.4 465.2 1.329 67.1 2.712 49.1 
40.8 476.6 1.309 67.0 2.628 48.7 
48.7 490.6 1.300 66.9 2.553 47.0 
56.8 501.3 1.283 66.7 2.484 46.9 
64.8 511.3 1.265 66.7 2.420 47.1 
73.1 523.3 1.252 66.4 2.3% 46.6 
81.3 533.7 1.237 65.9 2.301 46.5 
90.1 535.7 1.203 62.2 2.245 48.7 

Run 111 H, q ‘(41) = 0.0~898, Pri = 0.486, Mi = 0.084. 
p(90.0) = 1.58, i = 6.4 kg/h, 7; = 293 K, pi = 6.6atm 

2.1 344.4 1.170 40.6 3.191 78.4 
4.1 355.4 1.199 42.5 3.172 69.2 
8.1 367.7 1.223 42.8 3.135 60.5 

16.4 381.8 1.234 42.9 3.060 54.9 
24.5 391.8 1.233 42.9 2.992 52.6 
32.4 400.8 I.229 42.9 2.929 51.0 
40.7 409.3 1.223 42.8 2.866 50.1 
48.7 417.8 1.218 42.7 2.808 49.0 
56.8 426.1 1.212 42.6 2.754 48.1 
64.7 432.9 1.203 42.6 2.702 48.2 
73.1 441.3 1.198 42.4 2.651 47.3 
81.2 448.9 1.191 42. I 2.604 46.7 
90.0 451.5 1.171 39.9 2.557 47.7 

Run I 12H, q+ (41) = O.OGO574, Pr< = 0.486. Mi = 0.084, 
p(90.0) = 1.40, ri2 = 6.4 kg/h, I; = 293 K, pi = 6.6atm 

2.1 327.6 1.114 26.1 3.188 75.8 
4.1 334.7 1.133 27.1 3.176 66.5 
8.1 341.1 1.144 27.4 3.152 61.2 

16.4 350.4 1.154 27.4 3.103 55.4 
24.5 356.9 1.155 27.4 3.OS7 53.3 
32.3 362.3 1.153 27.4 3.014 52.5 
40.7 368.1 1.151 27.3 2.910 51.5 
48.7 373.2 1.147 27.3 2.930 51.1 
56.8 379.4 1.148 27.2 2.890 49.4 
64.7 383.6 1.142 27.2 2.853 49.9 
73.0 388.9 1.139 27.1 2.815 49.5 
81.2 394.4 1.137 26.9 2.779 48.4 
89.9 396.4 1.125 25.7 2.143 49.4 

Table 3. Data for helium-argon mixture with molal mass 
= 15.30 

Run 124H, $(41) = 0.000563, Pri = 0.419, Mi = 0.113, 
B(90.0) = I .40. ti = 6.4 kg/h. 7 = 295 K, pr = 6.9atm 

2.1 326.9 1.108 51.4 3.210 70.7 
4.1 333.3 1.125 52.3 3.198 61.6 
8.1 339.9 1.137 52.6 3.176 55.4 

16.4 348.5 1.145 52.6 3.130 50.8 
24.5 355.1 1.146 52.6 3.087 48.7 
32.3 360.7 1.145 52.6 3.047 47.7 
40.7 366.4 1.144 52.6 3.005 46.8 
48.7 372.0 1.143 52.6 2.967 45.9 
56.8 377.7 1.142 52.5 2.929 45.0 
64.7 382.7 1.139 52.5 2.894 44.7 
73.0 388.4 1.137 52.4 2.858 43.8 
81.2 393.2 1.134 52.2 2.824 43.8 
89.9 395.5 1.122 51.1 2.789 45.8 

Run 125H, 4.‘(41) = 0.001360, Pr, = 0.419, Mi = 0.113, 
ij(90.1) = 1.87,& = 6.4kgjh, 7;- = 295K, pi = 6.9atm 

2.1 372.7 1.253 123.2 3.178 70.2 
4.1 388.4 1.292 125.6 3.150 60.7 
8.1 405.2 1.320 126.3 3.098 53.7 

16.4 426.3 1.332 126.6 2.996 48.3 
24.5 441.8 1.327 126.7 2.904 45.8 
32.4 454.7 1.3!6 126.8 2.822 44.5 
40.8 467.9 I .305 126.7 2.741 43.3 
48.7 480.8 1.295 126.8 2.649 42.2 
56.8 493.6 I.285 126.6 2.601 41.2 
64.8 504.6 1.272 126.7 2.538 40.9 
73.1 517.1 1.261 126.4 2.477 40.3 
81.3 528.5 1.250 126.1 2.420 39.8 
90.1 534.5 1.225 122.5 2.364 40.9 

Run 126H, q+(41) = 0.000551, Pr$ = 0.419, Mi = 0.234, 
fi(90.0) = 1.42, tii = 1 I.1 kg/h, ‘J = 296K, pi = 5.7atm 

2.1 332.2 1.139 87.5 5.583 102.7 
4.1 337.8 1.153 88.4 5.563 92.6 
8.1 344.2 1.165 88.7 5.526 84.4 

16.4 352.6 1.174 88.8 5.451 78.1 
24.5 359.1 1.176 88.8 5.380 75.1 
32.3 364.4 1.175 88.9 5.313 i3.8 
40.7 369.9 1.174 88.8 5.246 72.5 
48.7 375.6 1.174 88.9 5.184 70.9 
56.8 3X1.1 1.174 88.8 5.122 69.6 
64.7 385.9 1.171 88.8 5.064 69.3 
73.0 391.1 1.170 88.X 5.005 68.6 
81.2 395.9 1.167 88.6 4.950 68.3 
89.9 397.1 1.153 87.6 4.893 73.0 

Run 127H, q+(41) = 0.002156, Pr, = 0.419, Mi = 0.112, 
p(90.2) = 2.36, & = 6.4kg/h, 7; = 296K, pi = 6.9atm 

2.1 416.8 1.385 194.7 3.132 71.1 
4.1 441.6 1.443 198.4 3.089 61.1 
8.1 468.8 1.484 199.6 3.009 53.2 

16.4 502.7 1.492 200.3 2.861 47.0 
24.5 527.5 1.476 200.6 2.733 44.0 
32.4 547.6 1.451 200.8 2.621 42.3 
40.8 566.9 1.423 200.7 2.515 41.2 
48.8 585.6 1.399 201.0 2.424 40.2 
56.9 610.9 1.391 200.4 2.338 37.7 
64.9 628.0 1.367 200.5 2.263 37.2 
73.2 645.3 1.344 200.1 2.191 36.9 
81.4 661.7 1.321 199.4 2.126 36.7 
90.2 669.2 1.281 192.7 2.063 37.9 
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Table 3.-continued 

x/D &, 
I, 

4, Rabx 
LIT, Ww/m'l x lo-4 Nu,, 

Run 128H, q+(41) = 0.003037, Pri = 0.419, Mi = 0.113, 
p(90.4) = 2.90, ti = 6.4 kg/h, T, = 297 K, pi = 6.9 atm 

2.1 475.2 1.564 274.5 3.110 67.1 
4.1 516.1 1.659 279.8 3.050 56.2 
8.1 560.1 1.723 282.1 2.943 47.8 

16.4 615.3 1.735 283.4 2.748 40.7 
24.6 654.0 1.704 283.7 2.588 37.1 
32.5 683.9 1.660 283.9 2.453 35.2 
40.9 712.1 1.611 283.6 2.327 33.6 
48.9 737.4 1.567 283.6 2.223 32.6 
57.0 761.8 1.525 283.1 2.129 31.8 
65.0 781.1 1.480 282.7 2.047 31.8 
73.4 794.6 1.425 282.9 1.969 32.8 
81.6 825.8 1.408 280.5 1.897 31.1 
90.4 831.8 1.349 269.9 1.833 32.4 

Run 129H, q+(41) = 0.001254, Pri = 0.419, Mi = 0.233, 
p(90.1) = 1.94, +I = ll.lkg/h, 7; = 297K,p, = 5.7atm 

2.1 382.8 1.295 198.2 5.483 101.3 
4.1 397.8 1.333 200.3 5.440 88.8 
8.1 413.8 1.361 201.1 5.358 79.4 

16.4 434.4 1.376 201.7 5.199 71.7 
24.5 449.6 1.375 201.9 5.055 67.9 
32.4 462.1 1.367 202.2 4.926 65.9 
40.8 474.7 1.358 202.2 4.798 64.1 
48.7 487.1 1.350 202.4 4.684 62.4 
56.8 498.8 1.342 202.4 4.577 61.1 
64.8 509.1 1.331 202.5 4.477 60.5 
73.1 520.3 1.321 202.4 4.380 59.7 
81.3 530.8 1.311 202.1 4.29 1 59.2 
90.1 533.5 1.281 199.0 4.202 62.5 

Run 130H, q.‘(41) = 0.001919, Pri = 0.419, Mi = 0.186, 
p(90.2) = 2.22, ti = ll.Okg/h. T = 298 K, pi = 7.1 atm 

2.1 429.3 1.432 301.0 5.394 99.8 
4.1 453.2 1.489 304.7 5.328 86.7 
8.1 479.1 1.530 306.3 5.207 76.5 

16.4 512.0 1.545 307.5 4.977 67.8 
24.5 535.7 1.534 308.1 4.777 63.4 
32.4 555.1 1.514 308.6 4.601 60.8 
40.8 574.4 1.491 308.7 4.432 58.7 
48.8 592.9 1.472 309.1 4.286 56.7 
56.9 609.8 1.450 309.1 4.150 55.5 
64.9 623.7 1.424 309.4 4.025 55.2 
73.2 641.1 1.405 309.2 3.906 54.1 
81.4 654.3 1.381 308.8 3.800 54.2 
90.2 659.2 1.338 302.9 3.695 56.6 

Run 131H, q.‘(41) = 0.002791, Pr, = 0.419, Mi = 0.186, 
~(90.4) = 2.80, ti = 1 l.Okg/h, T, = 298 K, pi = 7.1 atm 

2.1 489.6 1.618 435.2 5.340 98.7 
4.1 527.7 1.707 441.0 5.247 84.1 
8.1 568.7 1.767 444.0 5.078 72.8 

16.4 631.4 1.783 446.4 4.770 62.5 
24.6 658.7 1.758 447.4 4.511 57.3 
32.5 688.6 1.722 448.2 4.293 54.0 
40.9 716.3 1.678 448.5 4.089 51.6 
48.9 741.8 1.640 449.0 3.915 49.7 
57.0 765.3 1.601 448.9 3.760 48.4 
65.0 783.4 1.556 449.1 3.624 48.2 
73.4 804.7 1.519 449.0 3.495 47.6 
81.6 823.0 1.482 447.9 3.380 47.6 
90.4 827.3 1.421 437.7 3.265 49.6 

The experimental uncertainties were estimated by 
the method of Kline and McClintock [34]. Typical 
values for the Nusselt number are 13”/’ at x/D z 1.2 
decreasing to 4% at x/D 2 25 for low heating rates 
and slightly less for the higher heating rates. The 
dominant uncertainty is in the bulk stagnation 
temperature which depends on the mass flow rate, 
electrical power and the heat loss calibration. 

The test section was a bare tube surrounded by a 
draft shield so heat loss was by radiation and natural 
convection. The heat loss was calibrated as a 
function of axial position and temperature from 
measurements without internal flow. During runs 
with flow the fraction of power dissipated to the 
environment, instead of to the internal gas flow, 
increases with axial position and temperature level 
and decreases with Reynolds number. For the 
helium-argon data the worst situation in the present 
data occurred at Rri z 3.1 x lo4 and &? = 29.7 
where C&J& reached 0.15 at the highest heating 
rate; thus, for this condition a 10% uncertainty in 
heat loss would cause less than 2”/: uncertainty in the 
heat flux to the gas. For mixtures with lower 
molecular weights, improved convective heat transfer 
led to lower heat loss ratios, e.g. (q;b,,jq~V) z 0.07 
with &’ = 15.3 at the same conditions. 

Adiabatic friction factors were measured before 
each series of heated runs. These results were used as 

a check of the measurements of pressure, mixture 
molecular weight, and flow rate. The measured 
friction factors were compared to the experimental 
correlation of Drew et a/. [29], 

f DKM = 0.0014+0.125Re-0.32. (9) 
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FIG. 3. Comparison of adiabatic friction factors to Drew et 
al. correlations for air, helium and helium-argon mixtures. 

Figure 3 shows the measured friction factors plotted 
as a function of Reynolds number. Air and helium data 
points are included for comparison. All the measured 
values are within 4% of correlation (9) and three- 
quarters are within 2%. The data for the mixture 
with fi = 15.83 and for helium show the best 
agreement. No systematic variation with molecular 
weight seems evident. 

5. HEAT TRANSFER WlTH CONSTANT 
PROPERTIES 

In order to deduce the turbulent Prandtl number 
without complications introduced by its possible 
variation with heating rate, the measurements were 
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extrapolated to the constant property idealization by 
the approach of Malina and Sparrow [35]. For this 
method, a series of experimental runs are taken with 
the same inlet Reynolds number and gas com- 
position but with successively higher heating rates. 
At each thermocouple location the measured Nusselt 
numbers are plotted vs the local temperature 
difference, T, - Tb. An extrapolation to T, - & = 0 
yields the deduced Nusselt number for constant 
property conditions, Nu,,,. A comparable extrapo- 
lation of the experimental uncertainty provides an 
estimate of the validity of these data. For the range 
of data reported the uncertainty in constant proper- 
ties Nusselt number varied from 9% at small axial 
distances to about 5% at large distances. 

For fully developed conditions with air or helium 
as the fluid, the ratio Nu,,JNu,, varied from 0.94 to 
1.0 without any evident dependence on Reynolds 
number. With helium-argon mixtures of Prandtl 
number 0.42-0.49 the ratio varied from 0.83 to 0.93. 
This reduction in the normalized value corresponds 
to the trend predicted in Fig. 2. Since the reduction is 
greater than predicted by the analysis, it is a first 
indication that a turbulent Prandtl number greater 
than unity may be appropriate for the mixtures. 

In addition to equations (1) and (2) several other 
correlations have been recommended for heat trans- 
fer to gases with fully established temperature 
profiles downstream in tubes. Kays [36] recom- 
mends the relation 

Nu = 0.022Re0~8Pr0~6 (10) 

for the range 0.5 < Pr < 1.0 for the thermal bound- 
ary condition of a constant wall heat flux. This 
analytical correlation agreed with the present mix- 
ture data within 6% so it can be considered valid to 
Pr = 0.42; at Pr x 0.7 it shows slightly better 
agreement than the Dittus-Boelter correlation (2). 

Sleicher and Rouse [37] suggest a correlation for 
the ranges 0.1 < Pr < lo5 and lo4 < Re < 106, 

where 

Nu, = 5 +O.OlSReyPr”, (11) 

m = 0.88 - 0.24/(4 + Pr,) 

and 

n = (l/3) +0.5 exp(0.6PrJ. 

The subscripts, b, f and w, refer to evaluation of 
properties at bulk, film and wall temperatures, 
respectively, when property variation is significant. 
For constant properties in the range of the present 
data this relation predicts lower values than the 
simpler correlation of Kays. At Pr x 0.7 the pre- 
dictions of Sleicher and Rouse correspond to the 
lower limit of the data and at Pr x 0.45 they are a 
few per cent below the lower limit of these data. 
While the magnitudes differ from the data slightly, 

their trend with Prandtl number corresponds to the 

present predictions and measurements. 
In order to deduce the turbulent Prandtl number 

the technique of McEligot et al. [lo] is applied. 
Essentially, hypothesized distributions Pr,(y) are 
introduced in the numerical analysis and the pre- 
dicted Nusselt numbers, Nu(x), are compared to the 
data, Nu,,(x). Variations in the shape of Pr,(y) are 
reflected in variation in the shape of Nu(x) in the 
thermal entry region. One of the main advantages of 
this matching technique is that it concentrates on 
determining Pr, accurately in the region which is 
most important for predicting surface temperatures 
in flows heated from the wall. 

Application of the technique requires accurate 
velocity and eddy diffusivity profiles u+(y+) and 
E(J+)/v. In the present study these are generated 
from the van Driest mixing length model modified 
by the Reichardt “middle law”, equations (8). 

Although the van Driest model currently seems quite 
successful and has been used widely for calculation 
of the wall region of turbulent flows [40,41] there is 
reason to question its detailed behavior in the 
viscous layer, y+ 4 30. Sleicher [42] and Coles [43] 
presented tentative profiles obtained by synthesis of 
data taken with hot wires and pitot tubes during the 
late 1940’s and 1950’s; the resulting eddy diffusivities 
are lo-20% greater than deduced from the van 
Driest model in the range 10 < y+ < 30. As pointed 
out by Lykoudis in discussion of Sleicher’s report, 
the values of E/V derived from velocity profile 
measurements can be highly uncertain. Plots of 
u+(y+) are sensitive to the determination of r, since 
it appears in the denominator of u+ and the 

numerator of yf. Further, near the wall the per cent 
uncertainty in Ay can be substantial when using 

Au/Ay to calculate E, particularly since z, c< r for 

y+ < 10. More recently, Andersen et al. [44] obtained 
careful hot wire data for y+ 5 3 ; the difference from 
the van Driest profile is about 10% near y+ = 10 but 

the uncertainty Su/u is of the same order [45]. 
Further from the wall, at y+ z 29 the uncertainties 
in u+ and y+ are in the range of 3-5% due to the 
uncertainty in r,. For the outer wall of an annulus 

Heikal and Hatton [46] show very close agree- 
ment with the van Driest prediction in the range 
11 < y+ < 30 but do not include estimated exper- 
imental uncertainties. In summary, it appears that a 
definitive mean velocity profile has not yet been 
determined for the viscous layer; thus, it is best to 

consider the present results for Pr, to be dependent 
on the assumption of the van Driest model for the 
viscous layer. 

In this study, as in the demonstration in [lo], the 
experimental uncertainty at small axial distances was 
too large to determine d Pr,/d(_y/r,) clearly. Con- 
sequently, a constant value of Pr, was used in the 
present calculations; the sensitivity tests in reference 
[lo] showed that it is essentially equivalent to an 
effective Pr, w for the wall region. Only results for x/D 
greater than eight were used to determine Pr,,,. 
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FIG. 4. Examples of the comparisons between measured Nv,,(u) and predicted Nu(H) as used to deduce 
Pr,, for constant properties. 

Figure 4 illustrates examples of the comparisons 
between measured Nu,,(x) and predicted Nu(x) used 
to determine Pr,,,,. Examples for three Reynolds 
numbers and two Prandtl numbers are shown. 
Brackets indicating the estimated experimental un- 
certainties of the Nu,,(.Y) are also included. 

Figure 4(a) shows the measured and calculated 
Nu,, for a helium-argon mixture with a molecular 
weight of 15.3, Prandtl number of 0.42, and Reynolds 
number of 32000. The turbulent Prandtl number is 
seen to be about 1.1 or slightly less. From com- 
parisons on similar graphs, Pr,., was estimated to be 
1.1 kO.1 for helium-argon mixtures with molecular 
weights of approximately 15, Prandtl numbers of 
0.42, and Reynolds numbers between 32000 and 
55200. Measurements and predictions are shown in 
Figs. 4(b) and (c) for a helium-argon mixture at a 
molecular weight of 29, Prandtl number of 0.486, 
and Reynolds numbers of 31600 and 82 100. From 
similar graphs, Pr,., was estimated to be l.OkO.1 for 
the range of helium-argon mixtures with molecular 
weights between 27 and 30, Prandtl numbers 
between 0.46 and 0.49, and Reynolds numbers 
between 3 1600 and 102 000. 

The effect of Reynolds number on Pr,,,,, can be 
examined qualitatively using the results in Figs. 4(b) 
and (c), but the experimental uncertainty prohibits a 
quantitative determination. These results are for the 

same Prandtl number (PI = 0.486), but two different 
Reynolds numbers: 31600 and 82 100. For x/D 

greater than eight, and at the lower Reynolds 
number, the measured Nu,,(x) data are slightly 
below the calculated Nu(u) curve for a Pr,,, of 1.0. 
At the higher Reynolds number and same axial 
locations, the measured Nu,,(x) are slightly above 
the prediction for Pr,.,, = 1.0. For the stated con- 
ditions, it appears that Prl,,. may have a weak 
dependence on Reynolds number, and may decrease 
slightly as the Reynolds number increases. 

The effect of molecular Prdndtl number on 
turbulent Prandtl number can be examined using the 
observations from Figs. 4(a) and (c) which are 
summarized in Table 4. The air data of McEligot et 
u/. [IO] can also be considered since the present 
study shows Prf,_, to vary only slightly with Reynolds 
number. For the range shown in Table 4, 0.42 ?: Pr 

< 0.7, the turbulent Prandtl number increases as the 
molecular Prandtl number decreases as suggested by 
the review of Reynolds [9].* However, reference to 
Fig. 4 shows that predictions based on 0. Reynolds’ 
analogy are still valid to within 5SlO% which is 
adequate for many engineering applications. 

*This observation must be tempered by the recent data 
of Serksnis et a/. [47] for hydrogen- carbon dioxide 
mixtures at Pr z 113; a range 0.95 ? Pr, ? I is determined 
by the present method. 
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Table 4. Variation of Pr,,, with respect to molecular Prandtl number 
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Gas 
Molecular Prandtl 

weight number 
Reynolds 
number 

Helium-argon 15.3 0.419 1.1 +0.1 32 000 
Helium-argon 29.7 0.486 1.01-0.1 31600 
Air [lo] 28.97 0.72 0.9+0.1 44 500 

Na and Habib [48] extended an unsteady sublayer 
treatment of Cebeci 1491 and have predicted Pr,(y ’ ) 
over a wide range of molecular Prandtl number. 
They too predict an increase in Pp; as Pr decreases 

and as y’ + 0. However, examination of their Fig. 8 
shows that they predict 1.3 2 PI, r 1.5 in the viscous 
layer for the range of the present experiments. The 

results of the present measurements disagree with 
these values. The present authors suspect that the 
difficulty lies in the empirical determination of 
adjustable constants by Na and Habib; for the range 
0.02 < Pr < 0.7 they apparently employed old liquid 
metal data-often highly uncertain-and some old 
gas data from experiments with high heating rates. 

6. HEATING WITH PROPERTY VARIATION 

In order to increase power densities or lower the 
weight of closed Brayton cycle systems, moderately 

high heating rates must be employed. Consequently, 
the temperature-dependence of the fluid transport 
properties causes significant variation in properties 
appearing in the coefficients of equations (6) and 
coupling of the equations. The results and cor- 
relations based on the constant properties idealiz- 
ations become invalid. In this section the modifi- 
cations accounting for property variation are exam- 
ined and the application of the turbulent Prandtl 
number, dete~ined above for constant properties, is 
tested. 

Since only two pressure taps were attached to the 
test section, local friction factors could not be 
determined. Overall average friction factors with 
heat addition were compared to the correlation 
proposed by Taylor [38] 

,f,, = (0.0014+0.125Re,;0.32) 

x (~~,*VITb.,“)-“~5 (12) 

for the data of a wide variety of experiments with gas 
flow. Most previous measurements agreed within 
lo’/;. For evaluation of this expression, arithmetic 
averages of the conditions at the two pressure taps 
were used to calculate the average temperatures and 
pressure and, hence, density and viscosity. The 
overall friction factor was determined from the 
frictional pressure drop, 

and the modified wall Reynolds number was defined 
as 

In the present study correlation (12) predicted 

most of the data within 4%; all are within lOP:, 
These measurements are presented in Fig. 5. Com- 
parison to Fig. 3-which uses the constant proper- 
ties limit of the same equation-shows a general 

increase in the normalized data with heating. This 
increase indicates the exponent on the temperature 
ratio may be slightly too large, leading to an 
underprediction of the average wall friction. The 
effect appears to be most significant for the lower 
molecular weight mixtures in low Reynolds number 
Row. 

The downstreanl measurements of the local 

Nusselt number were compared to correlation (11) 
of Sleicher and Rouse [37]. Though intended to 
account for property variation, the values predicted 
were 15.--40% lower than the measurements for the 
mixtures. Thus, this correlation could yield ex- 
cessively conservative estimates of surface tempera- 
tures in design calculations. Sleicher and Rouse 
present another correlation to account for the effect 
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NUMERICAL E,,, FROM VJN DRIEST/REICHARDl 
ANALYSIS 

I 
Pr+,,,=I.OZ,M=297,Pr=0.486 
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FIG. 6. Comparison of data to numerical predictions accounting for transport property variation, 

of gas property variation, their equation (12), 

Nu, = 5 +0.012Re~~83(Pr+0.29)(T,/T,)q 

where q = -log,,(T,/T,)“4+0.3 for x/D > 40. This 

equation was not compared to the present data 
initially since 0.6 < Pr < 0.9 was listed as its range of 
validity. More recently it has been verified to within 

10% for the downstream data of Tables 2 and 3, with 
the exception of a few points in two runs, despite the 
lower Prandtl number. 

Magee [39] has suggested accounting for property 
variation and thermal entry development by apply- 
ing a multiplicative factor to the constant property 
correlation. In the range, 2.1 < x/D < 81.6, his 
correlation predicted 97% of our data for heat 
transfer to air and helium to within 10%. Since the 
transport properties of helium-argon mixtures vary 
with temperature in approximately the same manner 
as for air and helium, the same exponent was taken 
for the temperature ratio. Kays [36] discusses the 
effect of Prandtl number variation on the thermal 
entry behavior for circular tubes. As the Prandtl 
number decreases the thermal entry region is 
expected to become more pronounced, so a larger 
coefficient is appropriate for the axial development 
term. These considerations plus a correlation of the 
constant properties results [33] lead to 

Nu, = 0.021Re0.8Pr0.55 b b 

x [(T,/Tb)-o.4+0.85D/x] (13) 

which predicts 92% of the present helium-argon 
data to within 10% for the range 2.1 < x/D < 81.6. 
The greatest discrepancy occurs in the range 
4 < x/D < 16 at high heating rates; in this situation 
the measurements are underpredicted by 5-15x 

c331. 
The validity of the deduced values of the turbulent 

Prandtl number were tested for the conditions of two 
experimental runs, one with slight property variation 

and the other with strong heating. Both runs were 
with the same mixture with fi = 29.7 and Pr x 0.49 
and essentially the same inlet Reynolds number. For 
predictions the measured wall heat flux distribution 
was used for the thermal boundary condition and 
exponents in equations (5) were taken as n = 0.772 
and b = 0.741 to account for property variation. 
From the constant property results the turbulent 
Prandtl number was taken as 1.02. 

Comparisons between the two heating rates and 
the numerical predictions are presented as Fig. 6. 
These demonstrate that the combined effect of the 
strong heating rate and the property variation is a 
reduction in Nub of about l/3 in the downstream 
region. The difference in Nu decreases as the thermal 
entry is approached while the temperature ratio 
peaks near lo-15 diameters, the region where 
correlation (13) shows the greatest discrepancy. 

The numerical predictions and data agree well for 
both heating rates. This observation is to be 
expected for the lower heating rate, q+ = 0.0006, 
since the maximum difference between wall and bulk 
properties was about 11%. Thus, the conditions did 
not differ substantially from the constant properties 
idealization under which the turbulent Prandtl 
number was deduced. 

At the higher heating rate, q+ = 0.0032, the 
property variation at a cross section approaches 60”/ 
Thus, it is reasonable to ask whether the heating 
causes a significant effect on the turbulent Prandtl 
number in the important wall region. Apparently, it 
does not. Applying the value deduced for constant 
properties leads to close agreement between pre- 
dicted and measured Nusselt numbers at this heating 
rate as well (Fig. 6). While not an exhaustive 
examination, this test is an initial indication that Pr, 
is not a strong function of heating rate. One 

plausible physical explanation is presented by 
Serksnis et al. [47]: Reynolds analogy corresponds 
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to an impulsive transport model and, since flow 6. W. H. McAdams, Heat Transmission, 3rd Edn. 

visualization [SO] shows the majority of the turbu- McGraw-Hill, New York (1954). 

lent momentum transport to occur via the abrupt 
7. J. Blom, Experimental determination of the turbulent 

phases of motion in the viscous layer, one would 
Prandtl number in a developing temperature boundary 

expect the turbulent energy transport in the region 
layer, in Proceedings of the Fourth International Heat 
Transfer Conference. Vol. II, Paper FC 2.2 (1970). 

to be impulsive. Property variation due to increased 
heating rates likely modifies the dominant scales and 
frequencies but not the basic phenomenon itself. 

Extension to other molecular Prandtl numbers, 
Reynolds numbers and heating rates is the subject of 
further work now in progress. 

8. A. Quarmby and R. Quirk, Measurements of the radial 
and tangential eddy diffusivities of heat and mass in 
turbulent flow in a plain tube, Jr. J. Heat Mass 
Transfer 15,2309-2327 (1972). 

9. A. J. Reynolds, The prediction of turbulent Prandtl and 
Schmidt numbers, Int. J. Heat Mass Tr~ns~r 18, 
1055-1069 (1975). 

10. 13. M. McEligot, P. E. Pickett and M. F. Taylor, 

7. CONCLUSIONS 

From experiments and numerical analyses for the 

Measurements-of wall region turbulent Prandtl num- 
bers in small tubes, Int. J. Heat Mass Transfvr 19, 
799-803 (1976). 

heated flow of helium-argon mixtures with mole- 11. J. C. Hilsenrath, W. Beckett, W. S. Benedict, L.‘Fano, 

cular Prandtl numbers in the range 0.42 to 0.49, the H. J. Hoge, J. F. Masi, R. L. Nuttall, Y. S. Touloukian 

following major conclusions may be drawn. The 
and H. W. Wooley, NBS Circular 564 (195.5). 

Dittus-Boelter correlation and Colburn analogy, 
12. W. C. Reynolds, Thermodynamics, 2nd Edn, p. 228. 

McGraw-Hill. New York (1968l. 
based on measurements for Pr 5 0.7, overpredict 13. W. C. Reynolds and H. d. Perkins, Engineering 

Nusselt numbers for fully developed flow with Thermodynamics. McGraw-Hill, New York (1968). 

constant properties in this range. Equation (12) of 14. J. 0. Hirschfelder, C. F. Curtiss and R. B. Bird, 

Sleicher and Rouse predicts most of the downstream 
Moiec~l~r Theory of Gases and Liquids. John Wiley, 

data of Tables 2 and 3 within 100,:. For the range 
New York (1964). 

15. R. A. Dawe and E. B. Smith, Viscosities of the inert 
2.1 <s/D < 82 correlation (13) of the present work gases at high temperature, J. Chem. Phys. 52, 693-703 

represents the local Nusseh numbers well. (1970). 

With the van Driest/Reichardt model (equations 8) 
16. A. S. KaleIkar and J. Kestin, Viscosity of He-Ar and 

taken as a basis for predicting momentum 
He-Kr binary gaseous mixtures in the temperature 
range 255720°C J. Chem. Phys. 52,4248-4261 (1970). 

transfer, the turbulent Prandtl number in the wall 17. V. K. Saxena and S. C. Saxena, Measurements of the 

region was deduced to be 1.1 fO.l for Pr x 0.42 and thermal conductivity of helium using a hot-wire type of 

1.OkO.l for Pr 2 0.49 for constant properties; thermal diffusion column, Br. J. Appl. Pkys. (J. Pkys. D.) 

variation with Reynolds number was slight. These 
1,1341-1351 (1968). 

results do not differ substantially from Reynolds 
18. R. DiPippo and J. Kestin, The viscosity of seven gases 

UD to 500°C and its statistical interoretation. in Fourth 

analogy. At Re, 2 3 x lo4 and Pr = 0.49, the value of S&nposium on Thermal Physic& Properties, pp. 

Pr,, deduced in low heating rate experiments 304313 (1969). 

provides adequate predictions when property vari- 
19. Y. S. Touloukian and C. Y. Ho, Tkermoph}~s~cQ~ 

Properties o~~atter. Plenum Press, London (1970). 
ation becomes significant. 
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ECOULEMENT TURBULENT CHAUD EN CONDUITE 
DE MELANGES HELICAL--ARGON 

Kbum&OOn prCsente les r&.dtats d’une etude num~rique et exp~rimentaie du frottemcnt et du transfert 
thermique pour un kcoulement turbulent de mtlanges h&hum-argon dans des tubes circulaires, lisses, 
verticaux et chauffks klectriquement. On considkre des melanges ayant des masses mol&ulaires entre 15.3 
et t9,7: ces valeurs correspondent B des nombres de Prandtl mol&culaire compris entre 0,42 et 0.49. Les 
nombres de Reynolds a l’entree varient de 31 200 B 102000. les tempiratures maximales de paroi entre 
392 et 828K, le rapport maximal de temperature paroi -coeur jusqu’i I.82 et les pressions de 4.7 a 
9,latm. Les formules expCrimentales connues, pour des gaz $ nombre de Prandtl de l’ordre de 0.7 
surestiment les nombres de Nusselt observts. Par comparaison des calculs numtriques et des nombres de 
Nusselt mesurks pour des propritt&s constantes, les nombres de Prandtl turbulent sont dttermints dans la 
rtgion de paroi. La validitb de l’utilisation de ces nombres de Prandtl ainsi dkduits est examinee pour des 

conditions dans lesquelles les propri&s varient fortement. 

BEHEIZTE TURBULENTE ROHRSTR~MUNG VON HOLISM-.ARGON~GEMISC~EN 

Zusammenfassung-Es werden Ergebnisse einer numerischen und experimentellen Untersuchung von 
Reibungs- und Wtirmeiibergangsparametern der turbulenten St&mung van Helium-Argon-Gemischen 
in glatten, elektrisch beheizten vertikalen Rohren mit kreisfarmigem Querschnitt dargestellt. Es werden 
Gemische mit Molekulargewichten zwischen 15,3 und 29,7 verwendet; diese Werte entsprechen den 
molekularen Prandtl-Zahlen von 0,42 bis 0,49. Die Einlauf-Reynolds-Zahlen reichen von 31,2 bis IO&O: 
die maximale Wandtemperatur von 392 bis 828 K ; des Verhlltnis der maximalen Wandtemperatur zur 
mittleren Fluid-temperaiur bis 1,82 und der Druck von 4,7 bis 9,7 at. Es zeigte sich, da8 gut bekannte 
exoerimentelle Korrelationen fiir Gase mit Prandtl-Zahlen in der GrSDenordnung von 0,7 fiir die 
erhaltenen Nusselt--Zahlen zu hohe Werte liefern. Durch Vergleich von numerischenBerechnungen mit 
bei konstanten Stoffwerten gemessenen Nusselt-Zahlen wurden turbulente Prandtl-Zahlen in Wandn;ihe 
bestimmt. Die Zulbsigkeit der Verwendung dieser abgeieiteten turbulenten Prandtf-Zahlen wird fiir 

Bedingungen untersucht, unter denen sich die Stoffwerte sehr wesentlich Indern. 
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TYP6YJIEHTHOE TEYEHkiE rEJIMEBO-APTOHOBLIX CMECEfi 
B HAF-PEBAEMbIX TPYGAX 

AEBIOTWIS- &lWT~B~C~bI pe3ynbTaTbI TeO~T~q~KOrO H ?KC~ep~MeHTa~bXOrO ~~fleAO~H~K 

TpeHiW I1 Tennoo6hteHa np~ Typ6yneHmoM Tevefiwi renrzeao-aproaoebix cMeceii B rnamsix BepTw- 

KaJIbHbIX Tpy6aX, Hai.JEBaeMbIX 3neKTpWIeCKHM TOKOM. B 3KCIlepLiMeHTaX liCIlOJIb30BanHCb CMeCU! C 
MOJIeKynKpHbIMH BeCaMB B npenenax OT 15,3 no 29,7. 3Tkft.i 3HaYeHHllM COOTBeTCTBOBaJIH MOJIeKy- 
nnpwe rucna ~~~H~TJIR OT 0,42 no 0,49. qncna Pekonbnca Ha BxoAe cocTawwxu OT 31 200 no 
10200% MaKCHManbHaRTeMIIepaTypa CRHKH HaXOAHJlaCb B I'IpAenaX OT 392A08%"K, MaKCHManbHOe 

OTHOLLfeHHe TeMIIepaTypbI CTeHXR K Cp‘?AHeO6tiMHOii TeMnepaType CMeCH-A0 I,82, AaBReHHe-OT 

4,7 A0 9,7 aTMOC@p. HaiiAeso, ‘ST0 Cy~~CTBy~~~e 3KCnepHMeHTa~bH~e 0606~~KH~e 3aBK~~MO~~, 
nonyrewbte nps ~CnOnb3OBaH~~ 4EcAa npaHAT,IK IxopnaKa 0,7, 3aBbIWaK)T 3Ha=ferisilt sacna 

HyCCenbTa, nonyltenkibIe B AaHHOM 3KcnepaMeHTe. ~YT~!M cpaBHeHsn pe3ynbTaToB wcnewroro 

pWli?Ta C kf3MepeHHbIMH 3Ha'ieHkiKMN 'illCJIa HyccenbTa AJIK XHAKOCT’Zfi C IIOCTOIlHHbIMH CBOkTBaMH 
Oll~JJWleHbI 3Ha’IWIHB Typ6yJleHTHOI’O ‘IHCJla npaHXTJIn B 06JIaCTH CTeHKH. CIlpaBeAnHBOCTb 3TUX 

3HiiYeHkiti IlpOBepReTCR B yCJIOB&iXXCyUleCTBeHHOrO BSMeHeHMK (PHSN'IeCKHX CBOkTB XWAKOCTW. 
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