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4.

ABSTRACT

The:,results of an -e-eI-sent m /investigation of

friction and heat transfer parameters for turbulent flow

of helium-argonimixtures in smooth, electrically heated,

circular tubes are presented. Experimental results are

-.compared to existing experimental correlations and to

, . analytical results. Results of air and helium from the

same experimental apparatus are included for comparison.

In this experiment helium-argv*omixtures with molecular

weights between 15.3 and 29.7 are used., ,rtx-srage result4 in

Prandtl numbers between 0.42 and 0.49. Inlet Reynolds

numbers range from 31200 to 102000, maximum wall temperatures

from 392 to 828'K, maximum wall-to-bulk temperature ratios

to 1.82, maximum wall heat flux values to 511 KW/m and

pressures from 469 to 967KPa.j4.7 to 9.7 atmospheres).

xisting experimental correlations, developed using

gases with Prandtl numbers of approxlmatel 0.7, are

compared to the measured friction and heat transfer results.

Adiabatic friction factors and friction factors with heat

addition are predicted within ±4 and ±10 percent, respec-:. ..-
_. .

L_ tively. Nusselt numbers for fully developed, constant

property conditions are predicted within ±5.0 percent., An

empirical equation that correlates the,helium-argon ,data

within ±15 ,prent,",and includes entrance and variable

.,Codes/0.j.. ad /or

Dis . . . .



property effects is presented.

Using a recently developed technique that compares

numerically calculated and measured constant property

Nusselt numbers, turbulent Prandtl numbers in the wall

region for helium-argon mixtures are determined. The "-,.

U'b

validity of using these turbulent Prandtl numbers in a ..

variable property umerical analysis is examined. The

variation of turbulent Prandtl number with respect to

Reynolds number and molecular Prandtl number is also

inspected.
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NOMENCLATURE

a, exponent used to account for temperature variation

of viscosity;

al, array of system parameters;

A', calibration constant for the laminar flow element;

A , cross sectional area of tube;

b, exponent used to account for temperature variation

of conductivity;

B', calibration constant for the laminar flow element;

c, velocity of sound;

c, specific heat at constant pressure;

* D, inside diameter;

E, voltage drop;

g, gravitational constant;

gc' dimensional conversion factor;

G, mass flow rate per unit area;

h, heat transfer coefficient;

1, enthalpy per unit mass;

k, force constant in Lennard-Jones (6-12) potential;

K, thermal conductivity;

L, length between pressure taps in laminar flow

"-, element;

ai, mixing length;

Ln, mass flow rate;

M, molal mass;

vi
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AP, pressure drop;

P, power;

q, heat transfer rate;

q ,heat transfer rate per unit length;

q" heat flux;

Q, volume flow rate;

r, radius;

R, gas constant for a particular gas;

R', resistance per unit length;

R, universal gas constant;

T, temperature;

u, velocity in axial direction;

x, axial distance from start of heating;

y, radial distance from wall;

Yi' array of measured values;

Z, a calculated quantity.

Greek symbols

a, thermal diffusivity, K/c P;
p

force constant in Lennard-Jones potential;

ERI eddy diffusivity for heat;

EM, eddy diffusivity for momentum;

y ratio of specific heats, c/c; /'.

von Karman constant

0.4;

P, absolute viscosity;

V, kinematic viscosity;

vii
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. I, density;

a, variance or standard deviation;

T, shear stress.

Non-dimensional parameters

f, friction factor, 2gc PT/G
2

Gr, Grashof number based on wall heat flux,

- gD 4 q"/(v 2 pc T).;

M Mach number, J/c

* Nu, Nusselt number, hD/K;
" Pr, Prandtl number, c pi/K;

... :: q heat flux parameter, qw/(Gc T

Re, Reynolds number, GD/p;

y , wall distance parameter, y(g T p) /v;
cvw

+
yy empirical constant in van Driest mixing length

model, 26.

Subscripts

b, evaluated at bulk temperature;

cond, heat conduction;

cp, constant property condition;

DB, Dittus-Boelter;

. gen, heat generation;

i, inlet; an index;

* Max, maximum;

ref, reference;

t, turbulent;

VD, van Driest;

W v, wall; ~-,

. Xe, xenon;

environment conditions.
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INTRODUCTION

The closed Brayton cycle using inert gases as working

fluids has been considered for use in many current applica-

tions. The Navy has investigated its use for undersea and

surface ship propulsion. NASA has examined it for future

space missions requiring relatively large amounts of elec-

tric power (100 - 500 Kw) [1,2,3,4). Binary mixtures of

helium and heavier inert gases, such as argon or xenon,

have been considered as possible working fluids in these

closed Brayton systems. The increase in density, due to p,,

the heavier inert gas, reduces the size of the compressor

g and turbine. The thermal conductivity of the binary mix-

ture is lower than that of helium, thus causing an increase

in the size of the heat exchangers. At an intermediate

molecular weight an optimum can be attained.

Fig. 1 illustrates the relative heat transfer of

helium-argon and helium-xenon mixtures compared to the

pure gases and air. The relative heat transfer coefficients

S-' were calculated using the Dittus-Boelter type relation

0.8 0.4
h - 0.021 Re Pr (K/D) (1)

and were normalized with respect to the lowest value. The

geometry and mass flux were kept constant. This resulted

in a relative heat transfer coefficient of the form

0.4 0.6(2
h/hxe (cp Pxe/cpxe1I) (K/Kxe) (2) * a!*

1'2.

• ° , ,
-,. ..- _ .. .. .,. ,- -.. .. .. .. ... ... .. . .. .- .- ., . .. .. . . . ... -. . .. . ... .. . ..., , . . . ..
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All properties were taken at 860K and 101KPa. Vanco

[4) performed a similar analysis, but kept the geometry

and molal flow rate constant, which gave quite different

curves. Examination of Fig. 1 shows why helium-xenon

is the prime candidate for a working fluid in the closed

Brayton cycle. Helium-argon has been investigated ini-

tially due to expense and convenience of experimental

apparatus.

The purpose of this research was to determine, for

turbulent flow in tubes, the momentum and heat transfer

characteristics of helium-argon mixtures. No basic mo-

" "'" mentum and heat transfer experimental work for fluids "

with Prandtl numbers between 0.1 and 0.67 presently exists

in the literature. Until recently, it was thought that

no fluids existed in this Prandtl number range [5,6).

The mixtures of helium and heavier inert gases fill this

* void, having Prandtl numbers between 0.25 and 0.67. Fig. 2

shows the variation of molecular Prandtl number, Pr, as

a function of molecular weight and temperature for helium-

argon and helium-xenon [7]. It can be seen that the Prandtl L4

number varies little with temperature.

.'I Experimental correlations, such as equation 1, were

developed using air (Pr t 0.7) and helium (Pr - 0.67).

Extension of similar experimental correlations for calcu-

lating adiabatic friction factors, average friction factors

with heat addition, Nusselt numbers at constant property

- .. f-3

.. .~t. ~e~t ->9...'
•-.',*



. ..9 . . . " . . - . , .• "

-, .-.71 v

i ,. % .

T - ,m

0 0

0.6-

- -i..

0.4-

0.2

0 20 40 60 s8 100 120 140
M
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conditions, and Nusselt numbers with variable property

and thermal entry effects included were examined in this

study using helium-argon mixtures. Mixtures at molecular

weights of approximately 15 (Pr - 0.42), 27 (Pr - 0.46),

and 30 (Pr - 0.49) were used. For comparison, experiments ".

with air and helium were also performed. Experimental

studies similar to this one, except using air, helium,

or hydrogen include those by Perkins and Worsoe-Schmidt

[8], McEligot and Magee [9), Taylor (10), and Dalle Donne

and Bowditch [i].

In many analyses that predict turbulent heat transfer

results, the value of the turbulent Prandtl number is

needed 112]. The turbulent Prandtl number, Prt is defined

as the ratio of eddy diffusivity of momentum and eddy

diffusivity of heat, eM/CR, The eddy diffusivities are

defined by the transport relationships,

T/P - (v + e y.

q"/pcp - -(C + E) T

and are used to account for the additional momentum and

- heat transport caused by turbulent mixing.

Much work has been done, both analytical and experi-

mental, to develop methods to predict Pr . As of yet,

no generally accepted method exists. Reynolds [13] examined

more than thirty ways that have been developed to determine

* .* Pr t . For more background information his review can be

consulted. Quarmby and Quirk [14] demonstrated the wide

5
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range of Pr t values that are predicted by different analyses

and measured data. For air and other common gases, they

showed that different methods predict Pr near the wall

from 0.5 to infinity.

Due to large uncertainties [15], experimental measure-

ments haven't clarified the discrepancies. The measurements

have indicated that Pr t is a function of Pr, position in

the flow, and turbulence intensity [13]. It has been

generally observed that Pr increases as the wall is

approached, and that the relationship between Pr and Pr

is [12,13]

Pr *l for Pr<>l unless Pr\fl. (4)
t

A recent technique, developed by McEligot, Pickett,

and Taylor [16], determines Pr in the wall region by
t

comparing the experimentally measured and numerically

calculated axial variation of Nusselt number. The Nusselt

numbers are calculated for the constant properties condi-

tion, and the measured Nusselt numbers are extrapolated•....

to a constant properties condition. The technique was

used in this investigation to determine Pr t in the wall _

region for mixtures of helium-argon. By comparing Pr"

for helium-argon mixtures with results for air [16],

the variation of Pr t as a function of Pr was examined.

The variation of Pr as a function of Reynolds number was
t

also examined.

Relatively high heating rates could possibly occur

6



in the heater tubes of the closed Brayton cycle. These

high heating rates cause significant variation of prop-

erties, and the constant properties idealization becomes

invalid. To calculate bulk Nusselt numbers of helium-

S-argon mixtures at these conditions, the Pr determined
t

for constant properties was used in a numerical analysis

in which the properties were allowed to vary. To validate

using Pr determined for constant property conditions -t

in a variable properties analysis, calculated and measured

bulk Nusselt numbers were compared. By examining this

comparison, the possibility that the helium and argon

had separated, due to the Soret effect [17], was examined.

d7

.

- ... - .
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GAS PROPERTIES

The properties needed for this study were the com-

pressibility, viscosity, thermal conductivity, specific

~. .heat, enthalpy, speed of sound, and gas constant. The

properties of air have been studied extensively, and

tables listing these properties are readily available.

The Tables of the Thermal Properties of Gases (18] were

used in this investigation. The properties of helium and

helium-argon mixtures were calculated theoretically. For

all of the 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 compressibility equal to

* - "a constant value of one. This is a reasonable assumption

for the range of pressures (101.3 - 967.3KPa) and tempera-

• "tures (294 - 8280K) used in this experiment. Since helium

. and argon are monatomic, and the temperatures used in this . -

study were not too great, the equation [19]

. c =(5/2)R (5)

was used to calculate the specific heat. The specific

* heat was assumed to be constant, and the gas constant was

calculated from the relation

' '+. R R/i . (6)

S,. Using the ideal gas and constant specific heat assumptions,

*simple equations for the enthalpy and speed of sound can

8M o
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be derived [20)

£ c (T - Tf) (7)

c M Vy R T /5/3 R T (8) g

Tref is an arbitrary reference temperature. From the P

assumptions already mentioned, the ratio of specific

heats, y, becomes a constant value of 5/3.

The viscosity and thermal conductivity of the helium -

and helium-argon mixtures were calculated using the Lennard-

Jones (6-12) potential in the Chapman-Enskog kinetic

theory [17]. The predicted properties were compared with

experimental measurements. •

The force constants, c/k and a, suggested by Hirsch-

felder, Curtiss and Bird [17] were tried originally. The

predicted properties were compared with the experimental

values only for the range of temperatures used in this

study. The predicted helium viscosities were five percent

below the experimental measurements of Dawe and Smith [21]

and Kalelkar and Kestin [22]. The predicted thermal

conductivities of helium agreed within one percent of the

measurements by Saxena and Saxena [23], but were five .

percent below the values calculated from experimental

viscosity measurements of Kalelkar and Kestin £22]. The

predicted viscosities of helium-argon mixtures at 870 K

were three to five percent below the measured values of

Kalelkar and Kestin [22]. The predicted thermal conduc- -.

tivities of helium-argon mixtures at 790 were five to

9 9 "'" "";I';



nine percent below the measured values of the Thermophysical

Properties Research Center [24), and the measured values

of von Ubisch repeated by Gandhi and Saxena [25].

In an attempt to get better agreement between predicted

and measured values, force constants suggested by DiPippo

and Kestin [26] were tried. With these force constants,

the predicted viscosities of both helium and helium-argon

agreed within one percent of the measured values mentioned

in the previous paragraph. The predicted thermal conduc-

tivities of helium agreed within one percent of the values

of Kalelkar and Kestin [22], but were five percent above

the measurements of Saxena and Saxena [23]. The predicted

thermal conductivities of helium-argon were essentially

unchanged. Since the agreement between the predicted and

measured viscosities was improved, and the agreement

between the predicted and measured thermal conductivities

1 remained approximately the same, the force constants sug-

gested by DiPippo and Kestin [26] were used. The calcu-

lated properties of helium and the helium-argon mixtures

used in this investigation are listed in Appendix A.

The properties were inserted in tabular form in the

numerical programs that reduced the experimental friction

and heat transfer measurements. In the numerical program

used to predict heat transfer results, the properties were

inserted in equation form. The ideal gas law was used,

NO'
the specific heat was assumed constant, and the variation

10
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of viscosity and thermal conductivity with temperature

was accounted for with the following relations.

il/re f - (T/T )a (9)

K/K ref - (T/Tref)b (10)

As discussed by McEligot, Taylor, and Durst [7], the

exponent "a" ranges from 0.7 to 0.8, and the exponent

"b" ranges from 0.7 to 0.75 for the inert gases and their

mixtures. The exponents, "a" and "b", of air for the

range of temperatures in this study are 0.67 and 0.81,

respectively. Thus, the viscosity and thermal conductivity

of air, helium, and helium-argon vary with temperature in

approximately the same manner.

For the present study the following values of the

exponents were used for the mixtures:

at M - 15.83, a 0.745 and b - 0.718

at M - 27.53, a - 0.772 and b - 0.741.

p

I- -''

I:: :..
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EXPERIMENTAL APPARATUS AND PROCEDURE

The experimental apparatus, arrangement, and procedure

was similar to that used by Perkins, Schade, and McEligot Pt'

[27]. Only differences in the two experiments will be

noted here. Instead of a square duct, a circular tube

made of Hastelloy-X was used as a test section. The tube

*' . had an inside diameter of 0.312 cm. and a wall thickness

of 0.056 cm. The test section consisted of a heated sec-

* tion 98 diameters in length preceded by an unheated section

S.- 92 diameters in length. The unheated section ensured

that the velocity profile was fully developed at the inlet

- of the heated section. For attachment of the a.c. power

cables, stainless steel electrodes were brazed at the upper

and lower ends of the heated section. Two pressure taps

were used. One was located in the lower electrode and the

other 8.0 diameters below the upper electrode. Sixteen

premium grade chromel-alumel thermocouples (0.013 cm.

diameter) were spot welded to the heated section of the tube

using the parallel junction suggested by Moen [28].

In addition to the power supply used by Perkins

et al. [27], an a.c. Lincoln welder was used in order to

reach the high temperatures at the larger Reynolds numbers

used in this experiment. To measure the higher flow rates,

the positive displacement meter was replaced by a Meriam

12
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laminar flow element. The latter was calibrated to

measure the flow rate within -1.5 percent. Heise gages, -

inclined water manometers, and vertical mercury or wa-

ter manometers were used to measure static pressure and

pressure drop.

A vacuum external enviromment was not used in this

experiment. The test section was completely enclosed

with a heat shield that restricted the convective air

currents and helped stabilize the heat loss from the

tube to the environment.

The experimental procedure was slightly different

than that used by Perkins et al. [27]. The "radiating

thermocouple condiction error", discussed by Hess [29],

was not exactly appropriate since the test section was sur-

rounded by air at atmospheric pressure. Instead a cor-

relation for natural convection from small wires was .

introduced, in addition to radiation, as detailed in

Appendix E. The heat loss from the tube to the environ-

ment was determined using the method described by Camp- -

bell and Perkins [30].

To reduce the heat transfer data the same computer

program that was used by Perkins et al. (27], was employed

in this study, but was modified for use with a circular

tube. The basics of this computer program are described

13
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Sin other reports [30,31,32]. Table 1 summarizes the

.. -,.

~range of variables covered in this investigation. A .-

more detailed discussion of the experiment is contained

~~in Appendix B. A list of the experimental data is con- .

tained Appendix D.

1-
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TABLE 1

Range of Variables in
the Present Experiment

Air Helium Helium-Ar~on

hExperimental runs 25 4 28

Molecular weight 28.97 4.003 15.30 - 29.70

Inlet bulk Reynolds number 32,900 - 100900 30,200 3;,200 - 102000

Exit bulk Reynolds number 19P00 89%000 18,400 -26,600 17,000 -68,000

Inlet bulk Prandtl number 0.719 0.667 0.419 - 0.486

Exit bulk Prandtl number 0.682 - 0,708 0.667 0.426 - 0.495

Maximum T /T 1.90 1.75 1.82wb
0Maximum T K I) 817 789 828

+
Maximum q+ 0.0027 0.0027 0.0032

Maximum Gr/Re 2 8.90 X 105 4.84 X 10- 3.22 X 10-

Maximum Mach number 0.26 0.25 0.33

x/D for local bulk Nusselt 2.1 -82.0 2.1 -82.0 2.1 -82.0

numbers

1.5



EXPERIMENTAL RESULTS

Friction Results

~Adiabatic friction factors were measured before each

series of heated runs. These were compared to other re-

searcher's results, and were also used as a check of the

pressure, mixture molecular weight, and flow rate measure-

.. ments. The method described by Shapiro [33] was used to

calculate the adiabatic friction factors. The measured

~friction factors were compared to the experimental corre-

,-. lation of Drew, Koo, and McAdams [34],

" ~f -0.0014 + 0.125 Re - " 2 1)

This correlation is for turbulent flow in tubes, and was

~used because of its simplicity and close agreement with

r, b- the K'rman-Nikuradse relation.Fg3sostemaue

% friction factor divided by that calculated from equation

• " (11) plotted as a function of Reynolds number. Air and

. . helium data points are included for comparison. All the

measured friction factors are within ±4.0 percent of equa-

tion (11), and 76 percent are within ±2.0 percent.

"..

Since only two pressure taps were used, local friction

.qf

factors could not be determined for experiments with heat

." .. addition. Average friction factors were determined in the

.• manner of Humble, Lowdermilk, and Desmon [35]. The average

a.'

Adaatcfriction factors were compared to an experimental correla-

StTon suggested by Taylor [36] This correlation is for

16
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turbulent flow in tubes with heat addition.
f - (0.0014 + 0.125 Re -0.32) (T/T) -0.5 (12)

w w

This relation is similar to equation (11), but the bulk

Reynolds number is replaced by the modified wall Reynolds

number. The term (T /T ) is included to account for

variation of properties with temperature. Equation (12)

was used by Taylor to correlate average friction coeffi-

cients measured by several different people. It predicted

most of the data within ±10 percent.

Fig. 4 shows the average friction factors with heat

addition as measured in this investigation. The friction

coefficients are divided by equation (12) and plotted as

a function of modified wall Reynolds number. Again, helium U .,

and air are included for comparison. All of the data is

predicted to within ±10 percent by equation (12) and 84

percent is predicted to within ±4.0 percent.

Heat Transfer Results

To determine the effects of the lower helium-argon

Prandtl number on the heat transfer results, the variation

of properties with temperature, and the entrance effects

were minimized. The entrance effects were minimized by

considering primarily te results at which fully developed condi-

tions existed (x/D>20). A method described by Malina and

Sparrow [37] was used to approach the constant properties

idealization.

For the method described by Malina and Sparrow, a

17
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Figure 3. Comiparison of Adiabatic Friction Factors to Drew, Koo
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Mixtures.
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fixed inlet Reynolds number is maintained while the wall- N,

to-bulk temperature difference is varied. At a particular

axial location, the ratio of experimentally determined

bulk Nusselt number to a Dittus-Boelter type correlation

is plotted as a function of the difference between wall

and bulk temperature. Extrapolation to a difference of

zero between the wall and bulk temperature gives a ratio

that can be directly used to calculate a constant property

Nusselt number, Nuc. Since the ratio of bulk Nusselt
cp

number to a Dittus-Boelter type correlation partially C=9

eliminates any effects caused by small deviations of the

Reynolds number, these deviations should be kept as small

as possible.

The procedure described in the previous paragraph .

is demonstrated in Fig. 5 for a helium-argon mixture with

a molecular weight of 15.30, inlet Reynolds number of

55200, and inlet Prandtl number of 0.419. Extrapolation

for four different axial locations is shown. For this in-

vestigation the Dittus-Boelter type correlation used was

(equation 1 rearranged) .

Nu - 0.021 Re0 Pr 0.4 (13)
DB

For a sequence of runs at a nominal inlet Reynolds number,

all individual runs had inlet Reynolds numbers within 1.8

percent of the nominal value.

The dashed lines in Fig. 5 show how the error in the

constant property Nusselt number was estimated. This

19
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technique was used by Reynolds, Swearingen, and McEligot

[38]. The error in this investigation varied from ±9 "

*: percent at small x/D to ±5.4 percent at large x/D. The . .

dominant uncertainty in the Nusselt number is due to un-

certainty in the wall-to-bulk temperature difference.

This difference is small in the entrance region, thus

causing a large error in the Nusselt number. At large -

x/D, the flow is fully developed and the wall-to-bulk

temperature difference is relatively constant. The error

in the Nusselt number becomes a minimum, and then increases

with increasing x/D due to greater uncertainty in the bulk

temperature. Appendix C describes the method used for

calculating error in the measured Nusselt number.

For fully developed conditions (x/D>20), with air or

helium as the experimental fluid, the ratio Nu -'/Nu

varied from 0.94 to 1.00. No dependence on Reynolds number le

was noticed for the Reynolds number range used in this

experiment. For fully developed conditions, with helium-

argon mixtures as the experimental fluid, the ratio Nu cp/NuDB

varied from 0.83 to 0.93. For a helium-argon mixture

at a molecular weight of 15.30, inlet Reynolds number of

55200, and x/D value of 56.9, Fig. 5 shows the ratio

Nup/NuDB to be approximately 0.84. From these results,

it was determined that the Dittus-Boelter type equation

(equation 13) did not predict correct Nusselt numbers for j

4. .
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the Prandtl number range between 0.42 and 0.50.

A correlation suggested by Kays [39] predicted the

constant property Nusselt numbers of the helium-argon

mixtures within ±6.0 percent.

P. 0.80.6
Nu - 0.022 ReO 8Pr (14).

This equation was recommended for fluids with Prandtl

numbers between 0.5 and 1.0, constant properties, a constant

heat flux boundary condition., and fully developed turbulent

flow. If the coefficient of this equation is changed to

0.021, and the Prandtl number exponent adjusted so that

approximately equivalent results are obtained, the result-

ing equation is

0.8 0.55
Nu - 0.021 Re0pr0  . (15)

This equation shows that the exponent of the Prandtl number

in equation (13) should be changed from 0.4 to 0.55 in

order to accurately predict the constant property Nusselt

numbers of the helium-argon mixtures. Fig. 6 shows the

constant property Nusselt number divided by equation (15)

plotted as a function of Prandtl nuuber for the mIxtures. Results are

5 plotted for three Prandtl numbers, four Reynolds numbers,

and axial positions at which the flow was fully developed.

From the figure it can be seen that equation (15) predicts __

the constant property Nusselt numbers within ±5.0 percent.

At a Reynolds number of 32000, a small effect of the Prandtl

number varying between 0.419 and 0.486 can be noticed.

A dependence on Reynolds number was observed for the

22
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-1 %
helium-argon mixtures. Since the effect on the constant

property Nusselt number was about equivalent to the error

in the constant property Nusselt number, only general

trends can be discussed. Two trends were observed (Fig. 6).

For a particular Prandtl number the ratio of Nu divided
cp

by equation (15) decreased as the Reynolds number increased,

and this effect became more pronounced as the Prandtl

number decreased.

To account for the variation of properties and entrance

effects in this investigation, the correction factors

suggested by Magee [40] were used.

[(T /T ) + 0.6D/x] (16)
w b

The term (Tw/Tb) 0.4 accounts for the variation of proper- a.

ties, and the term 0.6D/x accounts for the entrance effects.

If these correction factors are applied to equation (13),

the resulting equation is

0.8 0.4 -0.4Nub - 0.021 Reb Prb [C(T/Tb) + 0.6D/x]. (17)

For x/D between 2.1 and 81.6 this equation predicted all of

the present aeagured Nusselt numbers for air and helium

within ±15 percent and 97 percent of the Nusselt numbers

within ±10 percent.

If the correction factors (16) are applied to equation

(15) the resulting relation is

Nu-002 e0.8 0 .55[r 0.4Nub 0.021 Reb Prb O (Tw/Tb) + 0.6D/x]. (18)

This equation predicted the helium-argon Nusselt numbers

U in the fully developed region within ±13 percent, but

24
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underpredicted the Nusselt numbers in the entrance region VA

by as much as 22 percent. To have the same type of accuracy

with the helium-argon data that was obtained with the air

and helium data changes to the correlation were necessary.

As previously discussed, the transport properties of

helium-argon vary with temperature in approximately the

same manner as those of air and helium. For this reason

the trm ( 'T'-0.4.hebterm (Tw/T was retained as a reasonably accurate

correction factor for the variation of properties. Kays

139] discusses the effect of different Prandtl numbers in

the thermal entrance region of circular tubes. He shows

that as the Prandtl number decreases, the effect of the

entrance region on the Nusselt number is more pronounced.

Because of this, the coefficient in the term 0.6D/x of

equation (18) was changed. Since helium-argon has a

lower Prandtl number than air, one would expect the coeffi-

cient to have a larger value than 0.6. Different values

for the coefficient of the entrance effects term were used

in equation (18), and compared to the experimentally de- "1

termined bulk Nusselt numbers of helium-argon. From this

comparison it was determined that a value of 0.85 worked

best for the coefficient of the entrance effects term.

The complete correlation, accounting for entrance effects

and variation of properties is

Nub 0.021 Reb0.8 Prb0.55 (wTb) -0 .4 + 0.85D/x]. (19)

For x/D between 2.1 and 81.6 this equation predicted all

25
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of the measured bulk Nusselt numbers for helium-argon

within ±15 percent and 92 percent within ±10 percent.

Measured bulk Nusselt numbers divided by equation

(19) are plotted on Fig. 7 as a function of x/D. For

q clarity, only results from four helium-argon experimental

runs were plotted. The data plotted are from experimental

runs that include the complete range of experimental

variables for the helium-argon mixtures. The greatest

difference between the experimental data and equation (19)

* "occurred at high heating rates in the x/D range between
4.0 and 16.0. In this range equation (19) underpredicted

" the measured Nusselt numbers by 5 to 15 percent.

Few correlations for gases with Prandtl numbers be-

tween 0.1 and 0.67 presently exist in the literature.

- Sleicher and Rouse £41) suggest a correlation for Prandtl

5numbers between 0.1 and 10 , and Reynolds numbers between

104 and 106. The correlation is for fully developed condi-

tions, and accounts for property variation.

Nu 5 + 0.015 Re m Pr
b f w

m 0.88 - 0.24/(4 + Pr w ) (20)

n - 1/3 + 0.5 exp(-0.6 Pr )

For the helium-argon mixtures, this equation predicted

Nusselt numbers that were 15 to 40 percent lower than the

Nusselt numbers measured in the fully developed region

of this investigation. Equation (19) correlated the data

more accurately.

26
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NUMERICAL ANALYSIS

Procedure for Determining the Turbulent Prandtl Number

To determine Pr t for helium-argon mixtures, the nu-

merical method of Bankston and McEligot [42) was used in

" -conjunction with the technique developed by McEligot,

i "Pickett, and Taylor [163. The numerical method uses

finite control volume approximations. It was developed

to solve the coupled, partial differential, axisymmetric,

boundary layer equations; but can also be used for con- ..

stant property conditions which uncouples the boundary

layer equations. The boundary conditions are the no-slip

and impermeable-wall conditions, the inlet conditions,

and the wall heat flux.

The technique of McEligot et al. [16] uses the axial

variation of the Nusselt number to determine Pr in the• t

wall region. By examination of the simplified energy

equation,

3T T
1/r !-[r(a + cM/Prt) ir] (21)

they showed that the functional dependence of the Nusselt

number is

Nu Nu {xu(r),eM(r),Pr }. (22)

The energy equation was simplified from the general form

by using the following assumptions: the axisymmetric

boundary layer approximations, hydrodynamic fully developed

flow, steady flow at low velocities, and constant fluid

28
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properties. By using one of the semi-empirical relation- K

ships for M(r) to determine the velocity profile, u(r),

they obtained the result Nu Nu {x,Pr 1. They inverted

this relationship to obtain Pr t -Pr t {Nu(x)}. If Pr t is

considered one-dimensional, comparison of experimental

measurements of Nu(x) with calculated values of Nu(x) can

be used to determine Pr .(r). McEligot et al. [16] pointed

out that direct inversion would be difficult, and itera-

tive use of the numerical procedure described in the pre-

vious paragraph was used. The radial variation of the tur-

bulent Prandtl number was assumed to be

P + d(Pr (y/rw). (23)r = Pt 3 w d(y/r) w

The results of McEligot et al. [16] showed that a

change of Pr in the wall region from 1 to caused changes
t

of 30 to 45 percent in Nu(x), whereas a change of Pr in
t

the core only caused small changes. For air at a Reynolds -

number of 44500 and a Prandtl number of 0.72 they deter-

mined that

Pr - 0.9 + 0.1 and d(Prt) - 0. (24)
d(y/r )

The typical errors of the experimentally measured Nusselt

d(Pr)
numbers did not allow calculation of diyrt)

d(y/r w"

To determine £ (r) in this investigation, the van Driest

mixing length model [43] was used in conjunction with the

29



Reichardt middle law [54].
+ +

VD K y [ 1 exp (-y /yZ )]-.'

The values Of K and Yj were 0.4 and 26, respectively.

With these constants, the predicted friction factors agreed

within one percent of equation (11) for the range of Rey-

nolds numbers used in this study. In this study, as in the

study by McEligot et al. [16], the errors in the experi-

mentally measured Nusselt numbers did not allow calcula-- d(Pr t

tion of d(y/rw). The inlet Reynolds number, inlet Prandtl

number, constant properties condition, wall heat flux var-

iation, and different values of Pr were used as input to the
t

numerical procedure. For the first three diameters, the

experimental axial wall heat flux variation resembled an

exponential approach to a constant value as x increased.

For the remaining length, the wall heat flux was constant
p

within two percent. The same axial variation of wall heat

flux was used for all of the constant property numerical

calculations.

From the numerical analysis the axial variation of

Nu was calculated. By comparing graphs of the experi-
cp

mentally measured Nu and the calculated Nu (examples in
cp cp

Fig. 8), Pr for helium-argon mixtures was determined.. t,w

The variation of Pr with respect to Reynolds number was
t-w

examined by comparing Nu at different Reynolds numbers,

cp-

30
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but the same Prandtl number. The variation of Pr with
t,w

.. respect to Prandtl number was examined by comparing Nu
cp

at different Prandtl numbers, but the same Reynolds num-

P ber.

Procedure for Studying High Heating Rates

* As mentioned in the Introduction, relatively high

heating rates could possibly occur in the heater tubes

of the closed Brayton cycle. To calculate Nu for helium-
b

argon mixtures at these high heating rates, the numerical

method of Bankston and McEligot [42], discussed in the

previous section, was used. Properties were allowed to

vary, and the relations (9,10) discussed in the Gas Prop-

erties section were used. The simple van Driest/Reichardt

. - model eqn. (25), and Prt,w determined for helium-argon

at constant property conditions were incorporated. No

radial variation of Pr was included, thus, Pr a Pr t .*
-t t t,w

The axial variation of wall heat flux was similar to the

one used for the constant property calculations, but was

modified slightly for each experimental run to agree with

" -the wall heat flux variation determined from the experi-

"- ;. mental measurements.

The axial variation of measured Nu from two helium-N~b

argon experimental runs was compared to the calculated

axial variation of Nub. From a series of runs with

approximately equivalent inlet Reynolds and Prandtl numbers,

the runs with the highest and lowest heating rate were

32
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chosen. Since the Pr t used was for constant properties,

one would expect agreement of measured and calculated Nub

at the low heating rate. tf the measured and calculated

Nub at the high heating rate agreed, this would validate

the use of Pr determined from constant property conditions
t

for conditions in which properties varied significantly.

If the results at the high heating rate did not agree, this

might indicate that either, Pr determined for constant
t

properties couldnot be used for variable property conditions,

or that some other phenomenon, such as the Soret effect, was

acting. a"

Turbulent Prandtl Number Results and Discussion .

Fig. 8 illustrates examples of the comparisons between

measured Nucp and calculated Nucp used to determine Prtow

*' Examples for three Reynolds numbers and two Prandtl numbers

are shown. Curves of the calculated Nu are included at I
cp

four different Pr t (0.9,1.0,1.1,1.2). Brackets indicating

the experimental error of the measured Nu are also included.
cp

Because of the large error in the immediate thermal entry,

only results for x/D greater than eight were used to

determine Pr "'

Fig. 8a shows the measured and calculated Nu for a
cp

helium-argon mixture with a molecular weight of 15.30,

Prandtl number of 0.419, and Reynolds number of 32000.

By examining results of similar graphs, Prt w was determined

to be 1.1 t 0.1 for helium-argon mixtures with molecular

33. --- !

.. . . . . . . . . . . . . . . . . .. . . . . . . . . . .



weights of approximately 15, Prandtl numbers of 0.42, and

Reynolds numbers between 32000 and 55200. The measured

S and calculated Nu are shown in Fig. 8b and 8c for a helium-
cp

argon mixture at a molecular weight of 29.70, Prandtl number

of 0.486, and Reynold4 numbers of 31600 and 82100. From

results of similar graphs, Pr was determined to be2: t Pr ,w

1.0 ± 0.1 for helium-argon mixtures with molecular weights

between 27 and 30, Prandtl numbers between 0.46 and 0.49,

and Reynolds numbers between 31600 and 102000.

The effect of Reynolds number on Prt w can be examined

qualitatively using the results in Fig. 8b and 8c. These

results are for the same Prandtl number (Pr - 0.486), but

Reynolds numbers of 31600 and 82100. For x/D greater than

eight, and at the low Reynolds number, the measured Nu
cp

are slightly below the calculated Nu for a Pr of 1.0.
*cp t'w

At the high Reynolds number and same axial length, the

measured Nu are slightly above the calculated Nu for a
cp cp

Pr of 1.0. For the stated conditions, it appears that

Pr has a weak dependence on Reynolds number, and decreases
tW

slightly as the Reynolds number increases.

The effect of molecular Prandtl number on Pr can be
t W

examined using the results from Fig. 8a and 8c summarized in

Table 2. The results (24) of McEligot, Pickett and Taylor

[16] for air may also be used since the mixture results appear

to show that Pr varies only slightly with Reynolds number.
t'w

Table 2. Variation of Pr with respect to Prandtl number.
,W
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Gas Molecular Prandtl Pr Reynolds
Weight Number t,w Number

Helium-argon 15.30 0.419 1.1 ± 0.1 32000
Helium-argon 29.70 0.486 1.0 ± 0.1 31600
Air 28.97 0.72 0.9 ± 0.1 44500

For the range of Prandtl numbers in Table 2, Pr has a

relatively strong dependence on Prandtl number and decreases '.,

as Prandtl number increases. This dependence agrees with

that (equation 4) noted by Reynolds [13].

High Heating Rate Results and Discussion

Fig. 9 shows the results of the measured and calculated

axial variation of Nub for the two experimental runs that

were investigated. The two runs were for a helium-argon

mixture at a molecular weight of 29.70, inlet Prandtl

number of 0.486, inlet Reynolds numbers of 32000 and 31200,

and maximum heating rates of q - 0.0006 and q - 0.0032.

Since at a Pr value of 1.0, the measured Nu in Fig. 8b
t cp

were slightly below the calculated Nu cp, a Pr t value of

1.02 was used. The constants, "a" and "b" in equations

(9) and (10) were 0.772 and 0.741, respectively. For both

heating rates, the calculated axial variation of Nu b in

Fig. 9 agreed with the measured axial variation of Nub,

within the accuracy of the measured values. From this..V

example, it appears that Pr determined from constant Q *4-

property results can be used to calculate Nu for variable
b

property conditions with heating rates up to, q - 0.0032.

At high heating rates a large temperature gradient ( "

exists from the wall to the centerline of the tube. At

35
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sufficiently high heating rates, the possibility of separa-

. tion of the helium and argon due to the Sorer effect arises.

If separation did occur, Nu at a particular axial location
b

- would be expected to change since pure helium or argon have

higher Prandtl numbers than helium-argon mixtures. For

the high heating experimental run in Fig. 9, the largest

wall-to-bulk temperature ratios occur in the axial range,

8.1<x/D<16.4. In this axial range, the measured Nu do
b

fall slightly above the calculated Nub, but this can not

' necessarily be attributed to the Soret effect, since the

calculated Nu are within the experimental accuracies of
b

the measured Nub.

The effect of high heating on the axial variation of

Nub can be examined by comparing the low and high heating

rate results in Fig. 9. Since the thermal conductivity

and viscosity of helium-argon increase aa the temperature

increases (equations 9,10), this causes Nub for high heat

flux conditions to be lower than Nub for low heat flux

conditions. In the immediate thermal entrance region

-. (x/D<5), the small rise in bulk gas temperature has not

caused significant bulk property variation, and the Nub

• for the two heating rates are approximately the same. In
o.-

the fully developed region, the large rise in bulk gas

. -. temperature has caused large property variations, and

Nu are quite different. At x/D - 57, Nub for q -

0.0032 is 29 percent lower than Nub for q Max 0.0006.
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CONCLUSIONS

The object of this investigation was to study the

momentum and heat transfer characteristics for turbulent

flow of helium-argon mixtures in tubes. Experimental

results were compared to existing experimental correlations,

and to results from a numerical analysis. From this

investigation the following conclusions have been made:

1. Existing experimental correlations, such as the

Drew, Koo, and McAdams relation [34],

f - 0.0014 + 0.125 Re-0 .3 2

predic:t the helium-argon adiabatic friction factors

within ±4.0 percent 'for turbulent flow in tubes with

Reynolds-numbers between 31200 and 102000.

2. A, correlation suggested by Taylor [36],
-0 32 -0.5

f=(0.0014 + 0.125 Re 0 .3 2 ) (Tw/Tb )  "
wwb

predicts average friction factors within ±10 percent

for heated turbulent flow of helium-argon mixtures in

tubes with inlet Reynolds numbers between 31200 and

102000.

3. Dittus-Boelter type correlations developed from air

and helium experimental data

Nu = 0.0.21 Re
0 .8 Pr 0 .4

overpredict helium-argon Nusselt numbers for constant

property, fully developed conditions by as much as 17

percent.. An equation of similar form,
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Nu 0.021 Re 0 8 Pr0

but with the exponent of the Prandtl number changed to

0.55 predicts constant property Nusselt numbers of .

helium-argon mixtures within ±5.0 percent. The range

of Prandtl numbers was between 0.419 and 0.486, and the

range of Reynolds numbers was between 31200 and 102000.

4. For the same range of Reynolds numbers and Prandtl

numbers, the entrance and properties variation effects

can be accounted for by using the equation

Nu 0.021 Re0 . Pro- 5 5 [(T /T)-. + 0.85 D/x].b b b w b

This equation predicted the bulk Nusselt numbers of

helium-argon mixtures within ±15 percent for x/D between

2.1 and 81.6 and a maximum wall-to-bulk temperature

ratio of 1.82.

5. For helium-argon mixtures with molecular weights

between 14 and 20, Prandtl numbers of 0.42, Reynolds

numbers between 32000 and 55000, and constant property

conditions the turbulent Prandtl number in the wall

region, Pr was determined to be 1.1 ± 0.1.
t ,w

6. For helium-argon mixtures with molecular weights

between 27 and 30, Prandtl numbers between 0.46 and 0.49,

Reynolds numbers between 32000 and 102000, and constant

property conditions Pr was determined to be 1.0 ± 0.1.
t,w

7. For Reynolds numbers between 30000 and 100000,

Prt is a weak function of Reynolds number. For the .. ,

Prandtl number range between 0.42 and 0.72, Pr is
t ,w

40

. .. .~ _. .-..



IN

a strong function of Prandtl number, and decreases

as Prandtl number increases.

+
-, 8. At maximum wall heating rates of q 0.0032

((T/Tb)M - 1.78), Prw determined from constant

property conditions can be used in a variable properties

numerical analysis to calculate Nub(x). For the par-

ticular experimental run studied (Re, - 31200, Pri - 0.486,

Pr Prt  1.02), calculated Nub(x) agreed with meas-
t,w

ured Nu (x), within the accuracy of the measured values.
b

No separation of the helium-argon mixture was apparent.

m, -,
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APPENDIX A.
Gas Properties

Helium

Molecular Weighit -4.0026

Specific Heat at Constant Pressure m 1.24036 BTU/LB-R

Temperature Viscosity Conductivity Sound Velocity
(F) (LB/Fn-HI) (B U/HiR-FT-F) (F'/S=)

40.000O0 4.5339250E-02 a3.435395eE-02 3.216l07lE+03
70.00000 4*7348801E-02 Bo809Z741E-02 3.31124,30F+03
[00.0)0000 4. 93C1672E-02 9.17260702-02 3.4037209E+03
130.00000 5 .l202b9bE-02 9*5262937E-02 3. 4937518E+03
16000000 5,3056299F-02 Qo87]11577E-OZ 395815203E+03
190.00000 5.4866529E-0Z 1.0207952E-01 3*bb71887E.03

di220.00030 39663708i4E-02 1.0537365E-01 397509011E+03
250.00000 5 .8371342E-02 1,.0860025E-01 3.8327355E+03
Z80.30030 6.u072394E-02 i.1176507E-01 3.9129567F+03

*310.00000 6.1743066E-0Z 1.14B7336E-01 3.9915LdC.E+C3
340.30000 6o3oI2572E-OZ 1*1835159iE-O1 4*068502bE.03
370.30000 6o5l92576E-02 i.ZlZ912uE-01 4.l441751F+03
400900COO 6,.b752529E-02 1.2419350F-01 4.2184325E*03
430.00000 6*829334bE-02 1*2706020E-01 4.2414J52E+03

~tb0.30)) 6.1o E-02 lo29Fq?2j6E-01 '.363157eE+O3
490.00000 7.1320'879r-O2 10 3269294E-01 4. 433749OE+C3
5?0.0OCOI 7.ZdO91OF-02 i*354b174E-O1 4.503Z339E+03
550.00000 ?o4281207E-02 1*3820065E-01 4.571bb29E+03
590.0000') 7,5 73?9?-5E-02 L. 4091t)70E-Cl 4*639083Z6E+03
610.00000 7,7179543E-02 1.4359302E-01 4.7055364E+03

50.30)O(03 7.ib6-CdE-02 1.4624A64E-01 4o7710647E+03
670*OCCOO 8,0020435E-02 1.4887052E-01 4,8357051E+03

S730600000 8*2807678E-02 1*54C645BE-01 4946Z4606E403
*.750*0000.) t.4182578E-02 1 e 5 66 2 2 4 P-0 1 5o0246394E403

790.00000 8,5545409E-02 1.5915777E-01 5*0860581E~r3
OOQ^11 -jod~,4 3E02 1**tdc7L4CE-01 5i.I467439E+03

650*00000 8ea236173E-02 1*6416395E-01 5.2067224E+03
800000000 8,4-649IIE-02 1.6 3160kE-01 5.2660179E+C3
910*00000o 9*0882989E-02 1,6908837E-01 5.324b53OE+03
q-40*00000 ;dlq1#31E-02 197152141.F-01 5*3826495E+03
970o oOCOO 9*3'.88391E-02 lo7393574E-01 5. 4400277E+C3
L;00000000 9.477o287E-02 1.7633IaBE-01 5.,4968070E+03
1030.00000 9e6054671E-02' 1.7871032E-01 595530357E+03
1060.00000 9*7323797E-02 1*B107153E-01 5ab086414E+O3
1090.00000 9.d58390SE-02 1.8341548 E-01 5.6637306E+03
1120*30000 9o:)635234FO02 1.857440F;:-O 5:7182390E+03
1190.00000 l.0O?312412-Cl 1.90352cE-01 5*8258734E.O3
1210000000 1 .G353867E-01 1. 9ZE343E-01 5. 8789?73F+0i3

1.20.0000 1. 0'75b9E-l 1.q4O12E-01 5.9315068E+03
1270.00000 1.0596752E-01 1.9715323E-01 5*983b2't2E+03

J303c~ 7 317 04 7E- 1 1*9430133E-01 6. 0 352 41 5 oQ 3
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HIelium cont.

Temperature Enthalpy z
40.0o0o0 6.1979399E+o2
70.00000 69570C470E+02100.00000 6.94ZI41E OZ"
130,00000 7.314261zE02"
160.00000 7.68b3b83E OZ"
190.00000 8.0584754E+02
Z20000000 8.43058Z5E"02250.00000 8-8026696E+0z
80.00000 9,1747967E+OZ

310.00000 9*54bO38 E+oZ340o00000 4,O919010E+O0"2:::

3700000 1.0bo3a1E+03

430,00000 191035332E+03
40o,0000 1:1407439E403
490,00000 1 1779546E+03
52C.O0o0 1.Z151654E+03
5.0000 1,25Z3761E 035600.0000 *289;86 BE 03

610.00000 1.3257975E+03
640*00000 1.36400t32E,03670*.00000 1,4012189E03
70000C030 t.'43dq29bE+03730.00u00 1.475t403E+03
76C.00000 1o5128510E 03
T 790#00000 1*550Ub17E+03
dZ0,O0000 Is58127ZSE+03.50000000 1.6Z4432E03'
80,00000 1#6616939E 03
910,00000 1#989046E+03
97000000 1,7733260E+O.
1000000000 1.8105367E+03
103000000 1,0417474E+03
1060.00010 188 4951E+03
1090.00000 1,9Z21589E+03
1120.00OO0 1*9593796E+03
1150.00000 1.99b903E 03
i O,00bO0 2,O33boiuE,03 """':
1ZO,00000 .T071(,117E+03
1240Oo000 2.*O18ZZ4Ee03
1Z70.O0000 2,1454331E+03
1300.00000 .18Z438E 03

'
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Helum.-Argon

* Molecular Weight -15.30

Specific Heat at Constant Pressure *0.32449 BTU/LB-R

Temiperature Viscosity Conductivity Sound Velocity

4 0 9)0111)( 5923013793E-02 490625810E-02 196449620E+03
70.00000 5o4834472E-02 4,2473701E-02 b9o1E3

I )(i:.j73CZ310E-02 it* 427tl174;:0C 1*74092i?0E.O3
I 30rO000 599708821E-02 496b0364t61E 07 1.7864737F+r3
MoC. 00C)3 ~?05 7765E-02 4,7757t44--2 1*83]6ZE.C3
190O0000 6e435Z7Z6E-02 4.9442169E-02 1 .37 5'5 E+ (.3

2 ?0 I ) ):)) e~i1O5E-? .10O2972E-2 1*9184464F+03
250.O0000 6e8794071E-02 5o2711998E-02 1.4603763EK03
?8O.0)ull 791944',67E-O? 5*43P1t72z-1i2 2.00l3i40E+03

- .3100OO0OO 793057?739E-02 5.5863917E-02 2.0 41.-b2 F+0~3
340.OCV 7*5111'65a-02 i*7479FO5E-02 2 00809 ?Z7F+03

*370.00000 1.72125Z47E-02 5,8979570E-02 ;2.1196467,:+03
400sOCOI 7.4207'39=-oZ 6 ,r04 5 8 07a z-O (. Z .157oVT6E+03

430600000 a 1169245E-02 6.1916424t-02 2.1949i414Ei-'!
:.3100O'48c-02 t).33 5561GE-02 2.231b6].OE+oi

-. 49O00O 8.5004721E-02 6,47766CdE-02 !2*26775tRF+03

5?0.001 9d6?14E-2 otIF27r-0 2.3032167t+P3

6103OU0 Z50b4F-02 7.0372762E-02 2 .40676+G3
)4,000- 44'23 IF-2 7. i695393F-02 2*4402358E.-03

~70.000 .O6740E-02 7e 3OC5Z94E-3Z 2*473347bo+c3
.7n.OL,3 . 77313?1 6E-D2 7 o 1C 29 C ;--cI2 2e5O59?37E403

73C.10000 9.'9438497E-02 7e55886'47E-02 2 .5381 02;:+r3

790.00001 19-0280286E-01 7*81263O0E-02 2.oO13)74E&+C3
R '0 Y)j 0 .Q44 -1 1 7. ?37m5 4f-C2 2*b3Z437E+'03

3;0.00000 1 .0610497E-01l 60o6zio('-44 2*6631143F+c3

~4Q.QJ)J 1.1C2~-1 *43C3q34E-02 2.753o0b6fl+o3
.i170*0O0000 126.,322-01 8*55Cb316E-2 2.7624444F+0C3

-- )00000010' 11:142Z.?46 -O]. '19 q7e-02 Z.811412~6F+03
1030.00000 1*I573082E-01 de7884e5OE-02 2.64( Z!'9E+C3
1J)COO0 6 4)t 4 73?31iE-01 C,~e- E-T2 2*866bdb3E+03

109060COOO lol885461E-01 9.0229963E-02 2 *8 96 8 .31F+r 3 -t

IL ? 0 000000 L .2(37559;-Ql ? * 13"rO 51 E~-0 Z.29247684E+03
1150.00000 1.2188632E-0I 9.2543323E-02 2e4541,.j0E+C3
1'iOOJOO"~) £..33VT706E-')I 9.oe54F) 2*9?97953E4(I3
1210.00000 IeZ487803E-01 9*48264e'7E-0)2 3.'006'311E+C'3
1?4O.)OOO)C jab3ti47' 01 4.q705:0 3.033da42E+C3.

*1270*30000I 19278~3161E-01 99708Q 76E-02 3.Jbc0411GE+C3 f
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Helium-Argon, M -15.30 cont. -

Temperature Enthalpy

40.2)0000 l.6Zl429?E+02
TO 00000 1.7Ld?75dL+o!
100.00010 lo8l61220E.02
130.00000 1.9j34co9IE+02'
160000000 ?90106142E0O?
190.00000 ?.10.±cu'E+02
220.00000 202055055E+O?
250.00000 2.3026527E+02
Z60000000 2*4001988E+O2
310.00000 2.4,97544~9t+07
340.00000 2.5948911E4.O2
370.00000 ?.6922372EO02
400O000 2*7695;33E+02
430.00000 ~ 5+)
'. 0.00C0o 2*9n42IjbL*o2
490s00000 3.C,3lb217E.02
520.00000 3*1?69619E+02
550.00000 3.?24E0
,100.)0c0j 39.$?30bUZE402
610.00000 3.47100-3E.02
64C00000 3.5683524E+02
670000000 3.05c)i6E+02

730.00000 3.86039)8E+32
760-0001 3o9517310E+02
790.*00000 It.'JL E0
'320.00003 **.i524292E.02
850.00000 4..2447754tE40

3000OU10 493471215E+02
910.00000 4.444b77E.0'
44()O000 4o5418I38E402
970.00000 4.634?i5;4E.0'2
1000000c00 4.73b5061E*02
I030.00000 4.8335 2E~ UI~bcsooojo ',.93119d3E+0?
1090.00000 5.0)2jr4t5E+02
1120..)0003 :,.IZ58q~bE,0Z
1150.00000 .22323)7E+C2
1130OOCOO0 1.320"829I4'0d
LflO.00000 5*417.S?40C+02
1240.00000 5 1~527 5 2E+0 2
1270.00000. j. 12 6Z 3+ 0 Z
13U0OoCOO 29709967'*E+02
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Helium-Argon

Molecular Weight a 15.83 N

Specific Heat at Constant Pressure -0.31362 BTU/LB-R

Temaperature Viscosity Conductivity Sound Velocity

40 0)C A 5*2384618E-032 3.91961592-02 196171403E+03
70,00033 5*492d5l7E-02 4* 1190434P-02 19065028tE+O3
100.U0000 5o7't0l1lbE-02 4e2940763E-0Z 1.7115303E+03
130.00000 5 .982429IiE-OZ 4. 4650306hE-02 1.7568!315 E+03

15001000 .21&37b3F-02 4, f-3 2 1 7 ;-12 1*8009351E+03
190,00CO) 6o4489079E-02 4.79581035t-02 1.644,0127E+03
?30 0 0 0 0 D.574ji604,B-07 4.4561tc -02 1*8861367E*03
250.00030 6*8950516E-O2 5sl134167E-02 1.927281r5E+03

7.l1112809E:02 2.2678312E-"!? 1*9675449F+O3
310.00000 7,3233295E-02 594195007E-02 Z.O070487E+03
14 0 CQ.)J 79.-37Ui4 E-02 5,5t,1774;-1)2 2 *0 It5 839 9 E+ 03
370.00003 I.7405684E-02 59721q14lr-02 2.0838609E+03
4C0.)0000 7. 44O7AIm6;-02 5,85t777=-02 2ol2l2006E+03
430900001 8. 1377829Et-02 6*0072747E-02 2. 1575410 +03 -

d l~6. 3 3 1d15 2E-~ F E :) 2~ 291939743E+03
49090000 8*5230263E-02 6e2851537E-02 2*"2294706E+03

5 0.; e 00 a711,747E-02 A.e.?1524?P-,2 2*2644L04E+03
5500-00000 8*8976092E-02 6.55(2812t-02 2.298,5193F+C3

5 -j! . )O) ), )*46,3o6ECZ e642407E-02 2.3327207E+03
.5 tI. 0 3 6 6 9o2757737E-02 6.82e9597a-02 2*3661364E+03

14fj0001 -). 4,;2 70 2 F- 02 ,.4i7393?E--02 2*3990567E+03
670.00000 9*6277033E-02 7909459OOE-02 294315406F+03

7 (11 3 1 4.0ed96;02 7*21C592',E-02 2o4636656E403
* 7&.0CY) .92251-02 7.3354433E-02 2,4953284E+03

*790.00000 1.'3309984E-01 7.5618442rE-02 2.55747b3F4+O3

69000000) 1006414.41E-01. 7.824080iE-02 2*b181532E+C3
I 1C 0 )() 0T le3 C".964E-Oi 799437212c-02 *494EG

fl10fl0000 1.0967089E-0. @.0t24150E-02 2. 677'4.j36 E+C 3

q70600(,00 1. 13C0326E-01 39299687E-02 297354687E+03
* .fl0'00 .1m' 9157297 -Oj 69'414452L-O? 2*7640196E403

1030.00000 Ie1613i.ZE-01 8.5294890E-O2 2 *792 278 7E+0 3
1 i %0)00.)0 L * 767 84 6E -^U1 '*1 437221-J)2 290202546E+03
1040000000 1.1921483E-01 8*7571654E-02 2e8479557E+C3
11L21.00001) L *. 7 4 QOSoF - 1 het -'3A9E-02 Ze8?53399E+03
1150.00000 192225620E-01 .899817619E-02 2.9025648E4+03
1J.)0.0)"col lo2376172E-O1 9,092952tE-02 2*9294877EeO3
1210.000G00 19252 745E-01 9. 203429 7E-02 2.9561654E+03
L24O*'jOOI 192074362E-01 9.3132C7G -II? 2.9826045E403
1270.00000 lo2822046E-01 9*4223C37E-02 3.a08oI13E+03
13C0.')O00OO 19246416E-01 QJoG74:-. 3*0347417E403
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Helium-Argon, M -15.83 cont.

Temperature Enthalpy

40eO0O00 1.5671430E+02
70.00000 1.6612300F+402

100.000)0 1*7553169E+02
130.30000 1.844,036t+02
160.00000 lo9434907E+02
190.00000 e 03 71.777hE+OZ'-
220.00000 291316645E+02
250.00000 2,2257515E.'02
280.000000 2.3198334E+n2
310.00000 2.413q~i3E+J?
340v00000 2e505Gl22E4O2
370eO. O 0003I1E0
400.00003 2,69618iOE+02
430e00000 2?.7902730E+U2
4609000)9 2od43549E+02
490.00000 2,97 4458E+02
520.00000 3.0725337E+02
550.00000 3 e1~6 2) + 0 a
590900000 3.,2(30O15E+02
610.00000 3.3547q t5E+12
640O00000 3,4488814E+02
670.00000 3,5429663E+02
700 0000 3ob310552E+02
730.00000 3.7311421E+02
760.00000 3.d252290E+02
790.00000 3.9143L,0a,0'
320*00000 4,0134029E+02
a50o30U00 4.1374R 48E+12
88C*30030 4.20L07i7E+02
910.000000 4.Zq5b3bE+02
440900GOO 4*389705+02
970.300000 4,4 36375E-+12

1030000000 4,5774244iE+02
1030.w00000 '672C; L 3 E +0
10600OmcO 's.7b60982E.02
1090.00000 4.t&i)1,51E+02
1120200U30 4,9!54Z72UE+02
1150..00000 5.0 48 58 9E +0e
11I?0*0000O 5*Lf*Z4459t+02
1210600000 5.23o53.25E+O2
1240,300n0 5.3306197E+02
1ZT0000000 5o4247.7m6E+02,
1300*00000 595187935E+02
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Helium-Argon

Molecular Weight 27.53

Specific Heat at Constant Pressure -018034 BTU/LB-R

Temperature. Viscosity Conductivity Sound Velocity
()(LB/FT-HR) (BTU/HR-FT-F) (nT/SEC)

* 0.000 5*2563842E-U2 200434522E-02 1.22b3a50E403
*70.00000 59522755?E-OZ 2.1402132E-02 Ie26253C4E.C3

100.00000 5.7827260E-02 2,2347336~E-02 lo29784Z3E*03
130.00000 6*036585SE-02 2.3271434E-02 1.33ZI712F+^!
1b0030000 6..28462583E-02 2,41.75647E-02 Ie365b374E+03
190.000QQ571O2-O 2.5061130E-02 lo3963129;+03
220,00000 o.7643647F-02 2,5928965E-02 1.430ZZ25i+03
250.00000 6*496b537E-C2 2*6780169E-02 146451F0
?90000000 7*2241997E-02 2. 7"15646E-02 1*4920145F+03
310.00000 7a4472722E-02 2.8436438E-02 1*521970CCF+43
340.000D0 7 *6o 70 22 1 E-02 2.953'7-0 1.5513411+0
370.00000 7.id17021E-02 3.0045581E-02 1.5801713E+C3_
400.00000 8*0926015E-02 3oO0t25225E-02 l*b084927E403
430*00000 8oZ999207E-02 3*1593220E-02 1*6363, 73E+(3
4 '60*00000 8 .503 ti49 7E -02 3e35o1',7E-o2 lob636165E+o3
490*00000 807045687E-Q2 393096632E-02 1.*'S9 431 E +C 3 (
520900COO 6990224ilE-02 3 *3 83 314!)E-0 2 1.7170378F+03
550.00000 9,097049ZE-02 3*456C205E-02 1 *7 4 3174e E + 03
530.3000) 9e29b4234E-02 3.5334411E-02 1.76d$47OLr+03
610000000 9*4864927E-0Z 396032088E-02 1,7942259F+r 3
6 43.00000 4.6721845E-02 3. c72224ft2-C2 1.8192119F+03
670000030 9*8556091E-02 3.7405190E-02 1.8't3d )v4F+C'3
700o00000 1 0036871E-01 3. 0812OQc-'J2 le8681317E*C3
730,00000 1.0216070E-01 3.8750575t-02 1.812i 14F+.3
760.0J0000 1.!3393299F-01 199413547=-02 1.4159002E+03

*790.00000 lo056864SE-01 4.0070366i-02 1.9393L92HEC'3
320eOOOOO 1.0742201E-01 '..C 121264r-0! 1*9624,2s8E+03
550.00000 1 .0914040E-01 4.1366'460E-02 1. .953?87F+rl

* 80000000 lei0e4239F-01 4e2.J0e16ZE-OZ 2.098F3
910.00000 1 125267LE-01 492640566E-02 2.030 957E.n3
44T0.00000 1.L450619tF-O1 4*331553tE-12 2.052498E+03
970.00000 1. 1613465E-01 4.3q35632E-02 2*07423182E+e'3
1000000000 1*17751u?E-01 494551214E-02 2*0959382F+03
1030*00000 1*1935579E-01 49.5162402E-OZ Z*1173q69,-s03
1050.0000.) J.20Q49L2E-01 4*7769313E-02 2,138DS08E403
1090.00000 1.2253134E-01 4o6372057E-02 2.1595364F+C3
1120000010 1. 2410274E-01 4*647O738E-02 2.1803396E*03
1150.00000 leZ566359E-01 A.,756545SE-02 2*2009461F+03
1180,00000 192721415E-01 4eqJ56313E-O 292214116E+03

*1210,00000 le2875466E-01 4*8 74 3 3 96E-0 2 2.2415-.11F*C3
1240900000 1.3C285i37E-01 4o932679&E-02 2e2616997E+C3
1270.00000O L*3180649E-01 4o9906596E-02 2*281Jo2lH+03
130l.00000 1*3331d2bE-01 5eQ4e288OE-0)? 2 301 2!)Z9+0 3
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* aelium-Argon, M -27.53 cont. ~

Temperature Eta

40.3000)0 9.0112148E+01
70.0O000 4*5522231.E+01
100.00000 1*0093Z31E+O2
130.00000 IeO634V..)E+0?
160006000 l.1L75Z48E+O2
190.00000 1*17162ibE+02
220 *)1000) 19225i7265E+02
250.00000 1.2748273E+02
23000000 1.3339ZalE*02
310*00000 1.3,91C2 0E*02
440 *030 1* 44Z1296E+02
370.00000 j.41236E+0?
400O000011 1.5503315E+02
430.00000 Is504'.323E+O2
460 910COO l.b5854331E.0?-'
490*00000 1.712634t%)EO2
5 ?0. -)0-)')0 1.766.7348E+02
550.00000, 1.d20e35oE+02
') O * )CO)'O 19874,9364L:402
610.00000 14ZC373E+C?
640,300rl 1931381E*02
670.00000 ?.03723t3YE+02
7 ) i s )C2 tlj, 0 .09L3398E+OZ
730.00000 1.1454436E+0i?
76C.3O0l 2.1995414E+02
T90.00000 Z.253b4?3E+02
ijaQOjj 293Oi'431E402
850.00000 ?,361i8439E+02
3FOo00G')0 2*4159448E*02
910.00000 2.470C45t3'+02

97nO000 ?;.573Z473E+,)2
I..CO*00003 j.63Z3481E402
1030.00030 25.5664t+02?
10 OOCcVO 2,7405497E+02
1090*00000 2.7'?4t5ThE.0Z
11OT)O 1 284375L4E+02
1150.OOCOO a,432c522E40?

12130O~U0f 3 1 L 1- 5 39 E+ ')
1240.00000 3.065154?E+02
1270.00000 3eI1:Z~i5E402
1300030000 3sLI33564E+02
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0..

Helium-Argon

Molecular Weight -29.70

Specific Heat at Constant Pressure -0.16716 BTU/LB-R

Temperature Viscosity Conductivity Sound Velocity

*.40030000 5,2418661E-O2 1*507193'5E-02 101806560E+03
70o00000 5.50897b8E-02 l.8936920E-02 1.2155illE.03

* O.0 ) 5*76,97317E-12 1.97b1%o2E-02 lo249:P304E+C3
130.00000 o.0244079F-02 2.06C8217E-02 1. 2825114F+C3
1600001)0 5*2732633E-02 2,1416669E-02 1.3148110E+03
190.00000 6*5166339E-0Z 2*Z208326E-02 .1.34b2jl3EH3
2Z*J) 5,.7j47299F-02 2 .2 4 i. 2 1 F- 2 1.3?b9327kHC3
250.30003 6o9878341E-02 2,,3 74494 6E -02 1.4075 ,30P.C1
23~010000 7..2LA20Ca5 -02 2,4491622;-02 1.4364745E+I'3
310.00000 7*44C0728E-02 2.5224934;C-0Z 1*4o53L'p9E+O)3
340.)CI0 7e~6CL596E-02 2.552C,CE-02 1.4935465E*03
370.00000 768757404E-02 2.6659758E-02 1.5213564P+03
4C30~~ 3eG874C35E-02 ?.3e~-2 195486168E+03
430.00000 8o2954484E-02 2.8042132E-02 1,5754)56S+03 -
'b0.000') Re5000641zi-02 2 A7 17 43 E0 2 1*6O1?ct65E403

K490.00000 8.7014303E-02 2o938418CE-02 1.62761llE+01
320.JCO')J 4 .04 1 L -02 3.004135CE-02 1.6531b95E4-C3
550.00000 9*0950057E-02 3*0689903E-02 1.6762402E+'n3

OJ0 ) 0 e.,39OE-02 .3 ,13 7 2 -3 2 1*1030,05E,.3
6100OOCOO 9o4841908E-02 3.199939EE-O2 1.7274362;+C3
34f). 3)6')) (~7~E 3.2615263E--02 1.7514421t+03
b7011,00000 998546407E-02 3,3224512E-02 1.772220EiC3

T~fo I L OI 003 6 503 E-0 L 3e3827417P-02 j198bd9L0~l3
730.000n0 1*0216262E-01 3.4t424234E-02 1.8217549;+C3
7609)0010 1.J)3440j6;-013O3j0QE 1.8445112E+03
79 0.0 0 DO 1.0569856t-01 3e5 6C 0 570 E-0 2 1.65712"4i+G3

12 .Oic 1) 1 *Q 743,371C-ol 3.61eO53q9-02 1.dd940eobH03
850.0000 L.0916143E-0l 3.6755321C:-02 1.9114!52E+O?
iilo*000)0 lolJPo75,2F-01 3*7325114=-02 *31?E0
910000000 l.lZ55773E-01 3 7890104E-O2 1.'*5,tld3E-C,?
Q4C.0000') l1'56435E-01 3:3502097-9-c2 1.976OJ92t+03
970.30000 l1619396E-01 3.9053187E-02 1.;Q7073? +O?

1030.00000 1,1941741E-01 4*0143436E-02 29038548E+fj3
1060.90000 1.?101187E-0l 4,0662804E-0Z 200589125E+043
1090.00000 192259524E-01 4*l7l8466E-02 2.0791361F+63
1120*00000 192416776E-01 4 * 17 r0 51 7;-o2 2o0992249E+03
1150.00000 lo2572976E-01 4.2279046t-02 2.ll9Oo44F+03
lL90O0000) La27251459-Ji 4*2@0413'eE-02 z.13d7?194U3
1210,03000 1.2882309t-01 493325877E-02 2. 158 1404F+('3
12 40. IOU00 1.3u354921E-01 '4.3e443',CE-02 2*1774987E+03
J Z70.00000 1.3187716E-01 4*4359603E-02 2 .1 96t)314F +03

1 4N 1 39(w4E0 I 94e1734-02 2621j~dE-0



Helium-Argon, M 29.70 conit.

Temperature EnithalpyIN

40.00000 893528196E+01
.00O e.b542497E*01

100*OCOOO 9*355779t3E401
130e00000 9.5759coE+01
160.00000 1*035i8740E+02
1906.00000 1008 Ce20E+02
220e00000 I.1361700E+02
250.00000 1.1363lI0EOE0
280.100300 1.2364bb0E+02
310.00000 1.2so6-141E.i2
34093C000 1*3367621E+02
370.00000 1.38brL)1;+)
400.00000 1.4370531t+02
430.00000 1. 43 7?u-.1E+O
460.0000 0 Le 53 r3541E+02
490.30000 105 5* 1FO
520oOOCOO) 1.6376!)01E+02 -

55000000 1. 877dU4+07
580.00000 1. 73 r946I E+0
610.00000 1.7130941F+0?
640.00000 1.8382422t+02
670900000 L.86431 32E.02
700.00003 1*9Sd:3dZk.OZ
730.00000 1.9Ati2E02
760eUcoOO s0388342E+02
790000000 .083 9922 6+03
d20600000 ?.1391302E+02
850.00000 2. 18 4 Z7'3ZE4S2)
880000000 2e2394262E+02
910.00000 2.?d9 7421;40?
440930000 ?.3397Z23k*02
970.00000 2*389E7.)3F*0!
10000000g ?.4400133E+02
1030.00000 "). 491j 3 E+Q)e
106000ouO e'O343h+OZ
1090.0000) ?. 5-)46Z3FC02
1120*30COO 2*6406LO3E+02
1150.00000 !.c407:)o3E+)

IL 0.0000 2*740'93o3E+02
1210.00000 2.79IC543E+32
1240.00000 2ed4l2O24E402

-12709f00000 2*8913534E402
1300*00000 2.449s4E+OZ

-IN
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APPENDIX B.
EXPERIMENT

Apparatus

A schematic diagram of the experiment is shown in

Fig. BI. The helium and helium-argon mixtures were bought

from manufacturers in high pressure bottles. The air was

obtained from a large storage tank that was replenished

by a compressor. Two regulators were used to reduce and

stabilize the pressure. A Brooks rotometer was used to

obtain a rough measurement of the flow rate. A Bourdon

tube Heise gage measured the pressure just downstream of

the rotometer. A small tank constructed to mix the gas,

and instrumented with a thermocouple measured the inlet

stagnation temperature. A sketch of the test section from

the inlet to just below the outlet mixing tank, and dis-

U playing the location of thermocouples, pressure taps,

electrodes, and voltage taps is shown in Fig. B2.

Power was measured using a Fluke differential volt-

meter and Weston ammeter in the same manner as Perkins

et al. [27]. Whenever possible the power supply described

by Perkins et al. [27] was used. When it did not supply suf-

ficient power an a.c. Lincoln welder (Model TM-500/500) was

used. To determine a power factor when the welder was

used, the power measured with a Weston watt meter was

Lcompared to that calculated from voltage (Fluke voltmeter)
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".. "" --- 7 2 71 .''

vo~age Thermocoup~le Axial
Votage ifumbr Location (in.)

PT~sbsv.e I 22.73
---- 14r 20.6

Prs~e- -- ---- - 13 22.T3

* -13 19.65

* 11 17.66

10 16.6a

-9 -.6

-- ~--814.69

-7 13.69

- --. 6 12.68

Lower
paecaroe iz'e 11.*82

T ap 11.69

11.29

Nrote: Axial location1.0
reference is tb. test
section inlet.p ---- 8.04

- - -2.00

Voltage
Tap

..

Pig. 32. Diara of test section.
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and current (Weston ammeter) measurements. A power factor

of 1.0 was used since the two measurements agreed within

3.3 percent.

Thermocouple output was measured with a Hewlett r .

Packard digital voltmeter. An ice bath was used as a ref-

erence for all of the thermocouples. Thermocouples were

selected for measurement using a manual switch. The

numbered thermocouples on Fig. B2 were used in the computer

program that reduced the experimental data for the heated

runs. This computer program is described by a number of b

people [30,31,32,44]. The unnumbered thermocouples were

used to determine the amount of preheating of the gas

before it entered the heated section.

Pressure drop in the test section was measured with

Meriam 60 inch vertical water or mercury manometers.

Inlet static pressure was measured with a Bourdon tube

Heise gage.

After the gas passed through the test section, it was

cooled by a chilled water counterflow heat exchanger.

The valve used to control the flow rate was located just

downstream of the heat exchanger. The heat exchanger

was necessary in order that a Meriam laminar flow element

could be used. The laminar flow element was used to

obtain an accurate measurement of the flow rate. A Meriam

60 inch inclined water manometer with a 10 inch range was ..

used to measure pressure drop across the laminar flow
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element. The temperature of the gas in the flow element

was measured with a thermocouple, and the pressure was

measured with a Meriam 60 inch vertical mercury manometer.

The accuracies of the instruments used in this investiga-

tion are listed in appendix C (Table Cl).

"" Procedure

Before any experimental runs with gas flow were

- performed, the test section was hea'ted without flow in order

that the heat lost to the environment and the resistance

of the test section could be determined. These items are

discussed in detail in the following two sections.

The system was purged and all of the instruments

zeroed before each set of experimental runs. The purging

was done by pressurizing the system to approximately 100

psig with the gas to be used. The system was then allowed

to blow down to approximately 10 psig. This sequence was

performed four times.

The desired inlet Reynolds number was established by

adjusting the pressure level and mass flow rate. Before

power was supplied to the test section, measurements were

taken so that calculation of the adiabatic friction coeffi-

cient was possible. The measured adiabatic friction coeffi-

cients were compared to the Drew, Koo, and McAdams correla-

tion [34] (equation 11), and agreement ensured that the

pressure measurements, mass flow rate measurements, and

mixture molecular weights were correct.
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The test section was then heated to the desired level.

Since a small period of time elapsed while the thermocouples

were manually recorded, pressure drop, pressure level,

voltage, current, and mass flow rate measurements were .- [j,

taken before and after the thermocouple measurements. ..-

The average of the two measurements was used for data . -

reduction. The inlet Reynolds number was maintained I

approximately constant while the test section wall tempera-

ture was varied by varying the power input. Measurements

were taken for a number of different power inputs.

Heat Loss Calibration

In order to calculate the heat transfer coefficient,

the heat addition to the gas, q'gas' must be determined.-

If an energy balance for a small section of the tube is

performed, the result is:

q = - (q' + q? (B1)
gas gen cond loss %Bl

The heat generated in the small section of the tube, q' gn-.- ~gen ' -"-

is: . . -

1 2q - I R'. (B2)q'gen -

The current was measured, and the calculation of the

resistance per unit length is discussed in the next section.

The axial heat loss due to conduction is:

1 2 2
q - -K A d T /dx (B3)

cond c s w
The second derivative was determined using a numerical

parabolic fit described by McEligot [31). The variation

of thermal conductivity with temperature for Hastelloy-X _
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was determined from data supplied by the manufacturer [46].

K = [5.1 + (0.00622)(T)](Btu/hr-ft-F) (B4)

: :-;(T in degrees Fahrenheit)

To determine the heat loss, q'los the test section

P was heated at different levels without gas flow. A program

described by Coon [32] was used to calculate the heat loss

at each thermocouple. The heat loss was determined as a

function of the tube wall and environment temperat ure

* difference. The environment temperature was measured

with a thermocouple a few inches away from the test section.

Figures B3, B4, B5, and B6 show the results for each

thermocouple (thermocouple 4 is not included) . Except

for thermocouple three and four, the data for each thermo-

U couple was fitted with an equation of the form:

2 3
q 1 5  C1 (Tw -T.) + C (Tw~w + C3 (T-T,) (Btu/hr-ft) (B5)

(TV T. in degrees Fahrenheit)

*The numerical values of C1, C 2 9 and C 3are listed below.

*Thermocouple C1I C 2  C 3
2 2.43E+00 9 .43E-03 -2.53E-05
5 1.22E-01 1.84E-04 -1.64E-08
6 9.83E-02 2.30E-04 -6.57E-08
7 8.84E-02 1.66E-04 -3.79E-09

*8 8.30E-02 1.35E-04 3.07E-08
9 8.16E-02 1.03E-04 6.04E-08

10 7.89E-02 1.12E-04 4.96E-08
*11 7.70E-02 8.82E-05 7.13E-08
*12 7.40E-02 1.03E-04 5.50E-08

13 7.54E-02 8.08E-05 7.59E-08
14 7.31E-02 9 .77E-05 5.73E-08

4 .15 8.09E-02 8.07E-05 7.46E-08
*416 1.18E-01 1.59E-04 5.59E-08

17 2.76E-01 1.14E-03 1.19E-06

The data for thermocouple three was fitted with a

straight line determined using the method of least squares.
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Fig. B4. Heat l.oss calibration for thermocouples 3, 5, 6, and 7.
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..

q' C(T.C. 3) - 0.9(T w - T.) - 2.20(Btu/hr-ft) (B6)

(Tw -T in degrees Fahrenheit)

The data for thermocouple four was scattered and a rep-

resentative curve could not be fitted. For this reason

the heat loss at this thermocouple was neglected. This

introduced only a small error since the heat loss for

thermocouple four, even at the highest heating rates,

was less than five percent of the heat added to the gas.

The fitted curves are also shown on Figures B3, B4, B5,

and B6.

Measurement of Test Section Resistance

The variation of resistance with temperature was

measured by heating the test section without gas flow 5
in the same manner as was done for the heat loss cali-

bration. Using the thermocouple wires as voltage taps, ."

a measurement of the voltage drop between thermocouple p

14 and the lowermost thermocouple on the tube was taken.

Another measurement of the voltage drop between thermo-

couple 12 and the lowermost thermocouple was taken. The

difference between these two measurements gave the voltage

drop between thermocouples 12 and 14. The section of the

tube between thermocouples 12 and 14 was used since the

wall temperature for this length was approximately constant. .

For a particular power setting the voltage drop

discussed in the previous paragraph, the current, and the

average of the temperatures at thermocouples 12, 13, and
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14 were recorded. Using these measurements the resistance

per unit length was determined as a function of temperature.

The results are shown on Fig. B7. Also shown on Fig. B7

is the line that was used to approximate the variation of

- resistance with temperature.

R' - [3.98 X 10- 4 (T) + 4.745] (me/in) (B7)
(T in degrees Fahrenheit)

Meriam Laminar Flow Element Calibration

The laminar flow element was calibrated using a

S-., Parkinson-Cowan Type D1 positive displacement flow meter

as a standard. It is specified to have 1/2 percent accuracy

" .- at ambient conditions and was calibrated by Tucson Gas

and Electric before being used. Meriam [45] suggests the

following equation for the laminar flow element:

AP - A'QUL/D4 + B'PQ2 /D4  (B8)

A' and B' are the constants to be determined by calibra-

, .tion. Since the length, L, and the hydraulic diameter,

D, of the laminar flow element passages remain constant,

they can be incorporated into new calibration constants,

A and B.

A - A'L/D4  B " B'/D 4

" . Equation B8 now becomes:

AP - AQU + BpQ 2 . (B9)

If this equation is solved for Q the result is:

Q - [-A'/B + ]AU/B)2 + 4pAP/B/2p. (BlO)

-. If both sides of this equation are multiplied by the

density, p, the result is:
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m pQ - /2[-Api/B + /CAIj/B)2 + 4ptAP/B]. (BiI)

Mass flow rate measurements were taken simultaneously

with the positive displacement flow meter and the laminar

flow element. Both air and helium were used. These

". gases bound the range of helium-argon mixture molecular

weights that were used. From these measurements, A and B

were determined so that the maximum difference between the

positive displacement flow meter measurements and the

laminar flow element measurements was 1.5 percent. The

numerical values of A and B were 1375 and 672, respectively, .-

if the parameters in equation Bll have the following units.

m - lb/sec
p - lb/hr-ft
p - lb/ft 3

AP - inches of water
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APPENDIX C
Uncertainty Analysis

An analysis to determine the uncertainty of the re-

suits calculated from the measured experimental data was

performed. The uncertainties of the directly measured

quantities were determined from manufacturers' specifics-

tions and experience. Table Cl lists the uncertainties of

the instruments used in this investigation. The error

propagated to the calculated results from the uncertainties

in the measured quantities was determined using a method

* - described by Bottaccini £47]. The general equation used

was

2 3Z 2 Z 2aa az2 jaY +(2_)2 a +
S12 2 (Cl)

+Z 2 (2 + Z , 22+Dai ai  a 2  a
i i 2 2

a is the variance or standard deviation of the xth quantity.
x

Z is the calculated quantity, and Y and ai are the measured

-" values and system parameters used to calculate Z.

To illustrate the above technique, a simple example

will be done. The power supplied to the tube can be

.- determined using the relation (assuming a power factor of

one)

V, P E I. (C2)

,, If equation Cl is applied, the error or variance in the

power caused by uncertainties in the voltage and current

4 measurements is
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/22 2o2 -
''

ap l v(I) aE +(E) I., (C3) :r

The result can be presented in the following form so that

the percent of uncertainty can easily be determined.

o/P 1(aE/E) 2 + (ai/I) 2  (C4)

TABLE Cl

Uncertainties of Measured Values

Measured quantity Instrument Uncertainty

Current Weston 370 AC/DC ammeter ±0.25% of full scale

Voltage Fluke 883AB differen- ±0.1% of input
tial voltmeter

X-

Mass flow rate Meriam 50MH10-1 lam- ±1.5% of flow rate
inar flow element

Wall and inlet Premium grade chromel- ±2 0 F, 3/8% of read-
bulk temperature alumel thermocouples ing above 535 0  F

Thermocouple Gaertner M911 ±0.1mm
location Cathetometer
Pressure tap.
location J
Diameter Manufacturers' ±0.001 in.

specifications

Pressure 12 inch Heise gage ±0.15 psi

Pressure drop 60" Meriam 30EB25 vertical ±0.05 in-H 2 0
H 0 manometer

Meriam 30EB25 vertical ±005 in-Hg
Hg manometer

Table C2 lists the percentage uncertainty in the measured

bulk Nusselt numbers for two representative helium-argon runs.

The dominant uncertainty in the bulk Nusselt number is the

bulk stagnation temperature. For convenience no uncertainty

was included for the gas properties. The values used were

assumed to be precise.
.-
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TABLE C2S Percentage Uncertainties in the Measured F
BulkNuseltNumersof elium-Argon

Run 126H 131H
Mclecular weight 15.30 15.30
Re 156100 54700

P(T w/T )M 1.17 1.7

x/D Percentage Uncertainty

1.17 13 10
2.07 8 6
4.14 6 4
8.13 5 3

24.52 4 3
40.79 4 3
56.88 4 3
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APPENDIX D
Helium-Argon Experimental Data

The headings and their definitions used in the listing

of the adiabatic friction data are below.

, Heading Definition

Run Experiment run number

Date Date on which experimental
run was made

Gas Gas used in the experiment

Molec. wt. Molecular weight

Ti Inlet mixer temperature

m Gas flow rate

Re Inlet Reynolds numberi

P Static pressure at inlet
pressure tap

P2 Static pressure at outlet
2

pressure tap

Static Mach Static mach number at inlet
pressure tap

Static Mach 2  Static mach number at outlet
pressure tap

fad Adiabatic friction factor
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The headings and their definitions used in the listing

of the heated flow data are below. The headings that are

self-explanatory, or that were used in the listing of the

adiabatic friction data are not included.

Heading Definition

TIN Inlet mixer temperature

TOUT Outlet mixer temperature

I Alternating current

E Voltage drop between
voltage taps

TC Thermocouple number

X/D Corresponds to x/D in text

TW Inside tube wall temperature

TW/TB Wall-to-bulk temperature ratio "-

QGAS Wall heat flux

Q Non-dimensional heat flux
psrameter. Corresponds to
q in text.

PT Pressure tap: 1-inlet,
2-outlet

TB Bulk static temperature

6 •.4.-..
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RUN 998R DAT! 10/08/75 GAS HE-kR, .OLECULAP iT. - 15.83
?I 72.3 p TOUT a 30§.7 F MASS FLO4 RATE - 214.1 LB/HR, I - 101.2 A.PS. E a 5.765 73L5S
P2.11 *.416, a/RSSQ a .725E-04, IACH(2) a .217. !ACH(16) a .305, TSORR = 75.5 F

: 1/) TV TV/TB BULK .L/QGAS SULK BTAS ?R;TNOLDS . USSELT aTd:/RFT2 "

2 .1 110.0 1.122 514772. .062 250.36 57128.3 .3:1135
3 1.2 194.6 1.239 54528. 105 116.28 55763. 4 .331144
4 2.1 2214.14 1.290 54334. .030 101.37 59976.7 .)31231 .. .. "
5 %.1 256.0 1.336 53891. .020 6.4 6065 •1 1.01245
6 3.1 217.5 1.36. 53073. .018 76.3 6096,.9 .31251
7 16.14 319.1 1.374 511479. .816 71.CO 61152.5 .311256
8 24.5 3148.14 1.375 50042. . 18 56.62 61233.2 .001257
9 366.7 1.360 148742. .017 65.88 61329.14 .3)125) 1.

10 40.8 390.0 1.351 147451. .019 63.86 61308.0 .131253
11 4 87 147. 1 1.336 46315. .019 53.70 611400.4 .301263
12 56.3 430.6 1.330 15229. .021 61.64 61359.4 .3)1259
13 614.3 4148.1 1.318 144229. 022 51. 42 611417.9 .001261
I* 73.1 472.0 1.313 43219. 4 59.52 613249.9 .23125)
15 -1.3 487.3 1.298 42351. .027 60.07 61282.7 .001258
16 93.1 1493.5 1.269 1411452. 04& 63.05 6027%.0 .)11237
17 98.0 435.6 1.165 40749. .198 32.24 52321.3 .00107L&

PT 1/0 STATIC TW/TB TB PRESS "
PR3SS. (PSEA) g) CEFEO. "

1 -.5 8. 1.10 5 -. 516Z-)2
2 90.1 67.8 1.27 291.4 .199E+01

AVERAGE PARAMETERS BETWEEN PRESSURE TAPSAVERA3E BULK REYNOLDS AVERAGE WAL. REY.OLDS AVERAGE FRICTION FA:20R
48128. 36951. .33554

RUN 90HP DATE 10/08/75 GAS HE-AR, MOLEC3LAR WT. = 15.83
VIN = 72.8 F TOUT a 5q4.4 V MASS FLO4 RATE a 25.1 LB/R. I = 112.7 AMPS, 5 a 8.520 'L2S
P9,13 - .14,~ sa/REsQ a 6E-01. ItACECl .2014, MW9 (16) x .3140, T,SURR =79.5 F

rc I/D TV TV/TB BULK HL/GAS 3ULK 3A5 .

2 .1 I .2 1.2148 56716. .073 232.29 116516.4 .:3233)
3 1.2 325.0 1.472 56221. .105 115.33 114231.3 .00225"
4 2.1 383.0 1.568 55827. .031 101.32 122912.0 .332% 25
5 11 414%.9 1.651 54951 .03 86.38 124446.7 .31247
6 8.1 519.2 1723 53350. :023 73.34 125356.8 .33246)
7 16.14 593.1 1.725 50410. .021 65.C3 125787.1 .0024a3
8 214.6 553.0 1.708 07907. .02 59.80 126140.6 .3)2488
9 32.5 698.3 1.675 45769. .026 56.92 126287. 1 .C0243

10 40.9 745.2 1.6142 43763. .029 514.25 126315.1 .0)214 9
11 48.9 784.6 1.508 142033. .030 52.55 12b508.3 .002497
12 57.0 829.8 1.58a, 40478. .0314 50.41 126455.6 .D)2-49S
13 65.0 ,614.6 1 i 39108 036 49.56 1 99.2 002,497
1It 73.3 893.2 1: 12 37806. .036 49.66 116498.6 .024)97
15 81.5 921.8 1.478 36650. .042 49.70 126223.(4 .112492
16 30.3 428.3 1.422 35538. .066 51.93 123450.7 .102U37
17 98.3 796.6 1.2146 314792. .437 65.98 90759.6 .531792

PT I/D STATIC TW/TB TB PRESS
PRESS. (PSIA) 9p) DEFIC-

1 -.5 88.7 1.19 7.6 -.512E-02
2 90.;4 71.5 1.42 516.7 .283E#31

AVERAGE PARARETERS BETWEEN PRESSURE TAPS
AVERAGE BULK REYNOLDS AVERAGE WALL REYNOLDS AVERAGE F1CTION CTOR

146151. 30486. .:05149 .

74. ,

74
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RUN 93HF DATE 10/13/7 GAS HE-AR, M OLEC[ULAR iT. 315.43
TI~M 72.3 F, ?3UT =348.8 PM ASS FLO RATE = Ia. LB/dR, I x 83.0 AMPS E 4.535 V)LrS

a .413, GH/8ESQ . e7E-03, MACH(2) - .107, MACH(161 .134, ",SUZR 75.3 F

X/D TV TO/TB BULK HL/QGAS BULK _GAS 3.
o .o REYNQLDS MUSSELT STU/HIF'2

2 .1 110.3 1.091 31673. .067 194 11 36616.7 .31239
3 1.2 178.1 1.193 31523. .140 83.56 34390.1 .301211
a 2.1 209.2 1.2%6 31401. .054 70.53 37309.7 .3131

21282 3112. .20 6 61.97 38384. :3356 3.1 267.7 1.313 30607 .024 5:2355: 315

7 16.4 306.1 1.326 29597. .024 48.8 38649. 4 .031361
a 20.5 331.3 1.316 28687. .a25 46.71 38705.0 ,))1363
9 32.4 355.5 1.307 27872. .026 45.13 38717.9 .301363

10 4J.3 377.9 1.243 27067 . .028 44.32 33702.5 .311363
11 !8.7 404.3 1.88 26354. .031 (6 38687.9 .001362
12 56.- 021.9 1.71 25679. .032 4 :73 38674.3 .001362
13 64.8 439.9 1.255 25060. 033 42.92 38684.6 21362
10 73.1 462.7 1.246 24451. :037 '2.11 38599.9 -3013 9
is 31.3 482.5 1.234 23885. .042 41.90 39481.3 . 31355
16 90.1 qql.q 1.207 23323. .073 43.63 37399.8 .001317
17 98.3 411.6 1.078 22912. .273 97.21 31339.4 .001103

PT 1/0 STATIC :/.4/TB TB PRESSPRESS.(PSEC:

1 -. 5 9.9SIA' 1.37 4 5 59990 2
2 90.1 92.3 1.21 328.7 .1979*01

AVERAGE PARAMETERS BETWEEN PRESSURE TAPS
ATER4A3 BLXL RCYNOLDS AVE2AGE VALL REYNOLOS AVERAGE FBZ=T13N ?%:T3a

27508. 22429. .30638

RON 94P,. DATE 10/13/75 GAS HE-AR, MOLECULAR RT. 9 15.83

TIN 72.8 1 rOar = 368.2 F, MASS FLOO RATE : 1.1 LB/HR. I - 118.6 AMPS, Z 7.395 VOL"

?R.IN =.41h. 38/32SQ .407E-03, M!ACH(2) * 107, NIACH1(16) a .161, tSJR2 73.5 F

rc X/D t r/TB BULK HL/QGAS 3ULK QGAS - .
REYNO0LDS NUSSE LT 3TU/88FT2

2 .1 il 0 1.234 31584. .093 158.74 79013.0 .3D2775
3 1.2 322.9 1.449 31259. .148 77.42 75@90.4 .302667

2.1 390.9 1.560 31001. .053 66.89 83169.3 .332923
5 0.1 062.6 1.652 3G411. .037 525 84907.8 .3^f2a
6 .1 544.2 1.720 29343. .036 47.07 854704 .3 333"'

16. 635.2 1.721 27407. .037 01.08 85947.1 .303020
9 2%.6 735.5 1.693 25803. .041 37.37 85991.8 .333322
9 232.5 754.9 1.644 4462. .003 35.69 86094. .003025

10 .0.9 833.9 1 595 23203. .048 34.25 85989.1 .333:22
11 48.9 852.3 1.556 22169. .05. 33.00 8545.7 .003020
12 57.0 392.4 1.511 21237. .051 32.47 85817.6 .333315
13 65.0 9 1464 20417. .9 32.62 A5795.5 .313314
14 73.0 969.3 1.430 19640. .066 32.31 85537.3 .003006
15 81.5 1336. 135 1892. .0714 31.88 45260.9 32)6
16 30.0 101Mo I 13; 18282. .119 33.33 81739.7 .02872
17 98.0 831.7 1.130 17894. .885 .9.25 47896.7 .331693

PT X/D STATIC T7/TB TB PRESS
PRESS (SZAI 0E31 0 1.18 4F312 -P9::-

2 ; 4 90. 1.33 5 It .1 .303£,31. .,-----.

AVERAGE PARAMETERS BETWEEN PRESSURE TAPS
AVERAGE BULK REYNOLDS AVERAGE VALL REYNOLDS AVERAGE FRrZTtON & TOP

24956. 17318. .30655 . ..

75
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RON 98m? DATE 10/20/75 GAS HE-AR, MOLZCULAR VT. 2 15.83 Ii '
TrN 73.2 f rour 2 576.4 F MASS FLOO aAT! - 30.8 LB/HI. t * 160.9 AMPS, E = 9.670 V3LTS
PR'm .414, ;8/RESQ = .13E-03, IACH(2) a .204, mAC{(16) - .340, r,sUBR a 79.3 F

T I/O TI TI/TB BULK IL/QGAS BULK QAS

2 .1 245;! 1.259 59554. .058 285. 8 15018.8 .02,47
1 353.4 1.517 68910. .092 135.9 147299.2 .302366

14 2o1 118.9 1.631 68,01 .029 115.83 157043.5 .302523 :
5 %1 490.3 1.729 67285. .022 97.as 158341.7 .3 12552 -

6 9.1 559.8 1.787 65259. .020 85.50 160013.2 .:02571
7 16.4 641.1 1.791 61530. .020 75.28 160888.0 .332585
8 24.6 705.7 1.772 58370. .022 68.94 151295.3 .:02591
9 32.5 759.6 1.744 55688. .024 6a.72 161619.2 .32597

10 40.9 809.6 1.707 53172. .026 61.5 161776.9 .a02599
* 11 48.9 359.6 1.680 51003. .029 58.48 161M51.9 .3)2632

12 57.0 919&.3 1.636 49083. .030 57.53 162082.3 .00260%
13 55.0 931.9 1.601 47376. .033 56.32 162139.7 .3326)5
1( 73. 970.6 1.568 45758. .035 55.27 162139.a .002605
15 31.5 196.8 1.527 44325. .039 55.60 161899.3 .332631
16 90.4 1002.0 1.465 42947. .059 57.99 15784.5 .302551
17 J8.4 861.7 1.282 41994. .a07 71.18 118411.6 .331902

PT I/O STATIC TV/TB TS PRESS
* ~~~~~~~PRESS.(SA(F EET-*.

S -. 109.4 1.20 68.2 .Z4F8e-0"2
2 90.4 88.7 1.46 537.9 .275E*01

AVERAGE PASAMETERS BETWEENl PRESSURE TAPS
.4 AVERA3E BULK REYNOLOS AVERAGE WALL REYNOLDS AVEaAGE FRICTION FAO3R

56296. 36396. .O517

I ,,

RN 97H? DATE 10/20/75. GAS E-AR, EOLZCLA! '?. = 15.3 8 .
rtm 72.3 F rOUr = 295.2 F SASS FLO4 RATE a 35.3 LB/HR £ 117.2 AMPS, 1 = 6.793 VOLTS
PM.IN . / 318 3/RESQ . 536E-04, MACH(2) = .238, SACH(161 2 .337, T,$SUR 75.3 F .

B rc X/D L /T9 BULK L/QGAS SOLE BTAS l* 2
I)REYNOLDS USL TA!.

2 .1 131.5 1.129 80349. .049 333.86 79993. .001124
3 1.2 199.2 1.253 80006. .078 156.22 78204.2 .331099
"4 2.1 231.6 1.309 79735. .024 132.51 82555.1 .001160

S .1 264.6 1.359 79124. .017 112.68 83345.5 .:31171
S.1 291.3 1.385 77995. .013 102.45 83824 7 .31178

7 16.4 321.0 1.389 75803. .012 95.65 84077.0 .331181
S 24.5 351.3 1.396 73808. .013 89.06 84153.5 .331132
9 32.4 366.9 1.379 71996. .013 88.74 84302.6 .GO11q%

10 4.8 390.2 1.373 70209. .01 85.66 84314.8 .33118%
11 48.7 408.2 1.361 68614. .014 84.61 84435.8 .01186
12 55.8 433.1 1.360 67089. .016 81.05 84a34.7 .3311p
13 64.8 452.9 1.35 65693. .017 79.45 84496.5 .00118
14 73.1 468.2 1.33' 64312. .017 79.78 84511.9 .31187.
15 81.3 486.2 1.328 63048. .020 78.99 84428.2 .001186
1 .33.1 488.0 1.295 61787. .031 84.33 83508.6 .321173
1 98.0 447.8 1.213 60798. .159 105.05 74059.2 .001040

PT X/0 STATIC TW/TB TB PRESS
PRESS. (PSIA) g UEEjC!

1 -.5 106.9 1.10 45 -. 7-02 P
2 90.1 88.5 1.29 272.3 .183E01

AVERAGE PARAMETERS BETWEEI PRESSURE TAPS

AVERAGE 1aLK BEYIOLDS AVERAGE WALL REYNOLDS kv4ak3z FRE:TI0% FACOR ..'
71091. 53547. .30491

76
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RUN 102Hi DArE 01/23/76, GAS HE-AR, !OLZCULAR WT. 29.7,
514 7:.1 t 7o.2 a 573.9 ? SMA55 FLOW RATE 36.4 L 2/HR9 . 127.8 A9s Z. 7.703 0LSR, = . , G/EES = .55E-03, KACH(2) . .1, ZAHlb) a .Z66, 2, UR=7.

Tc X/O TV TV/-T3 BULK HL/QGAS BULK G3AS 94 "
F) RYNOLDS NUSSELT aTl,/HaFT2

.,5. : 1 177 1:.11 82080. .074 403.77 93352.5 .3.123i7 l

1:2 3 3.3 1.z26 813C2. 157 171.51 17626.-4 .02253
S 2.1 29. 1.656 80694. .052 1749.1 9630.5 .33257d'
5 1 .1 997.2 1.747 79J4. .03 129.60 99071.8 .G0253
6 969.6 1.115 2 76799. .07 .7 10027.5 .)1256;S 19663.5 1.831 72178. .032 76.7 10024. .03:Z573

1 . 726.1 1.00 6290. .037 88.45 IC0391.2 .332577
9 32.5 776.3 1.770 6494. .0 83.42 10092.6 .0258 )

7R23S 61S15. (F) 6,4

o 40.9 120.5 1 .0.3 79.88 
0  

.. 0025711 (4.9 864.9 1:687 59322. .0146 7b.59 100466.7 .3)257 i

212 57.0 903.3 1.. 56466. .050 74.l2 100362.5 0 C2577-
13 i35.0 931.0 1 05S9 5A893, o 74.06 100379.9 .3257114 73.4 969.6 1:365 52922: :a 72.35 10018c 5 .002572•

' ""15 d1.i 493 .o ) 1.521 51185. .062 7 .78 9g i4.0 .OC256 4 -'

15 )11. 999. 7 1.458 1A9522. .968 31. 1 666.4 .12 4
17 98.4 786.6 1.205 46)37. . 198 114d(5 .21 saa 2 0.3171 2

PT X/D STTI 79/7B TUL 5LQA PRLKESS

1 :.5 11WES. 1.20 a~ 7. 7oEo02
2 10. 97.1 1.346 3 1.2 2(45E001 8

3 = 1 gU 1.3H. DATE 01/2./76 GAS H-AR0 16 .15 9. 6

7:N 21.1 35 471.5211 r022 .046A 150. 7629.70009

1 4 71. S 1 RATE .352 L/R, I 113.8 A7S . 6.715 VOLTS
PR.N a .d, 6/RS- 1 7E-03, MAOH(2) a .173, 1ACd(16) = .251, T,SU a s. 03

r : X/D rw) TV/T3 BULK H/AGAS BULK GAS -
REYNOLDS HUSSELT RTA/HRFT2

2 .1 11.6 1.234 31602. .109 326.29 )1673.1 .00187
3 1.2 299.7 1.428 71002. .116 169.15 69860.6 .0010
9 2.1 35.5 1.521 30522. .016 150.7 76889.8 .301982
1 .0 412.7 1.60 7921. .035 127.99 77936.3 .. 02013
16 .1 462.8 1.646 77393. .029 11.59 78785.5 .302030
7 16.9 526.0 1.655 73587 . .029 1C.97 79123.1 .CC2C.39
3 2&.&5 574.6 1.602 70293. .031 90.18 79231.0 .00202-9 32.U 610.7 1.614 67-633. .032 90.55 79364.3 j302 45 "

m

to1 480"a 649, 4 1.5d8 64001. 03; 86.49 79300.6 .00204 "'-
11 1 a 680. 1. 1 62360. :0 3.90 7939C.5 .3 2045..

"-'12 56.9 715. 0 1.531 60196. .0 81.57 79301.2 .00 -
.,13 t34:9 740.6 1.502 58258. .0141 do.88 79336.5 ..132045

I 4 73.3 767.8 1.472 56404o .045 s0.13 79237.5 .0020&2
15 81.5 793.0 1.443 547,43. .05G 79.75 79005.6 .302C36
16 90.3 799.1 1.393 53137. .082 82.02 76660.3 .001976
17 J8.2 634.9 1.175 52034. .382 144.05 59365.5 .:31533

P '" PT Y/O STATIC TW/TB ARESS
PRESS. (PSZA) F) DEFECT

1 -. 5 110.0 1.19 o7.4 - 271E-
2 90.3 98.3 1.39 444.1 .21 *01

AVERAGE PARAMETERS BETiELS PRESSURE TAPS
AVERAGE BULK REYNOLDS AVERAGE iALL REYNOLLS AV7EAGE ZRIZTION eACr a

67 411. 45005. .304d3

77
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RUN 104H, OATS 01/28/76, GAS HE-AR, MOLECULAR WT. = 29.70
7r4 72.3 F, TOUT v 305 7 F lASS FLOW RATE = 36.2 LB/HR, I = 87.4 A.PS, E = 5.020 7OLTS
?R,1a .486, G2/RESQ = . Z8E-03, !ACH(2) z .173, .ACH(16) = .223, T,SUaR d0.0 F

.. ,..
TC X/O TA TV/T3 BULK i.L/2G AS SULLK GAS

RE 9YNOLDS SUSSELT 3T /daFT2
19.3 1 M 6 .119 29.5 1733. .

120.2 1 I 12 1. 1 1 4112c.,4 .005076
2.1 237.5 1.309 30994. .042 151.83 45115.3 .00119

5 4.1 264.5 1.347 803 4,. .02f 135.08 45939. 1 .001130
Si 8.1 293.8 1.377 79119. .023 121.02 46169.1 .301136
7 16.4 329.5 1.390 76716. .022 109.3 46 301,. 3 .1103
8 24.5 355.5 1.387 74536. .023 104.34 a6J53.7 .001191

32.4 374.3 1.374 72577. .023 102.42 4o423.2 .031193
10 40.8 398.9 1.368 70620. .026 98.20 46331.5 .001192
11 43.7 421.0 1.361 68d80. .027 95.15 6416.0 .OC1192
12 56.3 439. a 1.348 67234. .028 93.75 46389. 1 .001192
13 64.8 455.6 1.333 65708. .029 93.4C 46417.5 .0011)2
14 73.1 475.9 1.323 61201. .032 91.55 46346.5 .M51191
15 .,1.3 492.0 1.304 62827. .03b 91.29 46244.0 .301198
16 90.1 496.1 1.278 61452. .060 95.16 45192.9 .301101
17 98.0 414.5 1.142 60411. .225 161.89 38di1.3 .000998

PT X/D STATIC T/T8 TB PRESS
PRESS. (PSIA) (F) T -L-

1 -. 5 110.1 1.12 md.0 -. 471E-02
2 90.1 101.1 1.28 288.4 .162E 1 " •

AVERAGE PARAMETERS BETWEEN PRESSUSE TAPS
AVERAGE ULK REYNOLDS AVRAGE 7ALL REYNOLDS AVERAGE ?RLCTION ?ACTOd

515623.128. :00484

RUN 105di OATS 01/28/76, GAS HE-AR, 30LECULAR WT. £ 29.70
=: 71.9 F TOU: a 197.5 ? AASS FLOW HATE : 36.3 L/HRI= 64.9 AtPS, E = 3.585 IOL:S

PR,r3 = .48&, GB/RESQ .93E-03, MACH(2) = .173, SACh(16) x .204, TSuaa x 7).5 .

. I/0 Ti T/TB SULK dL/QGAS BULK QGAS
a(F)ENOLDS MUSSELT BTU/HiFT2

2 .1 11. 1 1.096 1892. .119 26d.31 22971.J .0005)0
3 1.2 147.5 1.149 81699. , 136 164.83 22o63.3 .0005d2
4 2.1 161.3 1.173 d1541. .028 155.74 25079.0 .30,644
5 4.1 177.1 1.1-16 81177. .025 135.57 25186.5 .000647
6 !.1 1A9.7 1.208 80493. .018 126.54 25382.8 .303652
7 16. 4 207.6 1.216 79108. .018 117.60 25418.4 .000653
a 24.5 221.9 1.218 77799. .018 112.70 25428.0 .l00653
9 32.4 233.2 1.215 76596. .019 110.75 25442.0 .000653

10 43.7 246.7 1.215 75357. .020 107.18 25419.6 .003b53
11 48.7 257.9 1.212 74225. .021 105.46 25432.2 .000O53
12 56.a 269.2 1.209 73129. .022 103.81 25414. 1 .)!Co53
13 6S.7 27d.2 1.202 72086. .023 104.13 25421.3 .0C~os"
14 73.1 290.3 1.200 71032. .025 101.97 253d5.% .Q30652
15 31.2 298.9 1.1.3 70048. .028 102.70 25328.5 .,00651
16 90.0 300.7 1. 175 69037. .040 108.99 24816.6 .0343'
17 )7.9 262.1 1.098 6d229. .1(45 182.22 2268b.8 .COO5d2

PT X/D STATIC T',/TB !!B P. ESs
PRESS. (PSIA) (F) O4FSC:

1 -. 5 110.5 1.08 o7.2 -.171E-02
2 90.0 103.3 1.17 187.7 .1J0k01

AVERAGE AhA.HTERS BETUEZH PRESSUR- TAPSAVERAGE BULX B-71NOLDS AVZRAGE WALL aEYSOLOS AV-aAGE ?IZ,.rUN FAZT02
751477. 61625. .00480

78
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RU7 107Ho DATE 01/28/7b, GAS HE-ARo MOLECULAR WT. = 29.70

?IN= 72.!F,,, Tour - 7 9.6 F, IASS FLOW RATE * 13.9 LB/H E, = 90.0 AmPS,= =5.370 VOLrS
PR, = .b- , GaRESa .

1
53E-02, MACH(2) .03, IAC3(16) = .12j, rSU-2 79.5 F

rc X/D Tli T'A/?s BULK 4 L/,2GAS dU LK A(nuOLDS NUSSELT sr u; /5872
•1 140 6 1.216 3195. .115 209.01 44574. 7 .302976

1.2 326.7 1.454 30713. .273 86.07 3941j.0 .0C26j1
2.1 411.C 1.594 30439. .118 7&.00 4514.0 .313^14

5 .I 498.1 1.711 29799. .077 61.81 47167.0 OC3149
6 d.1 591.6 1.792 28o43. .073 51.61 47659.6 .03182
7 16.4 694.5 1.795 26570. .076 43.93 47860.4 .03195
8 24.6 763.8 1.753 24880. .od4 40.09 47739.3 .O3187
9 32.5 816.7 I.b99 23484. .090 37.93 L6763C.8 .0C31tsO

10 40.9 862.-4 1.636 22208. .099 36.57 Z7:02.5 .33163
11 48.9 903.7 1.582 21155. .105 35.71 47285.k .OC3157
12 57.0 94.7 1.533 20215. .11' 3".94 47010.1 .003139
13 65.0 978.6 1.484 19396. .122 34.84 %6d12.6 .003125
14 73.4 1015.0 1.439 18621. .131 34.74 46536.3 .0031C7
15 31.6 1043.2 1.394 179,7. 1,46 35.18 4b31

7
.5 .33072

16 90.4 1149.3 1.331 17328. .239 35.66 :625o4.3 .302843
17 98.4 739.5 1.026 17003. 1.463 255.03 2C977.5 .001401

PT KID STATIC T4/TB TB PRESS
PRESS. PSIA) _IEE)1 -. 5 8.1 1.18 4.0 -. 5913-02

2 90.4 8b.1 1.33 674.0 .2978E01 I-e

AVERAGE PAEAMETERS BETWEEN PRESSURE TAPS
AVERAGE BULK REYNOLDS AVERAGE WALL REYNOLDS AVERAGE FRICTION FAZTO8

24213. 16879. .006:42

RUN 108H DATE 01/28/76, GAS HE-AR, MOLECULAR WT. = 29.70

IN = 73.2 ? Tour - 514.7 ?, MASS FLOW DATE 3 14.0 LB/HR, = 75.1 AHPS, S = .320 OL!N
PR.3 z .4a, SR/RES = .106E-02, HACU(2) .083, MACH(16) = .113. ,$UB? = 80.0 .

T- X/, 14 T4/TB BULK HL/QGAS BULK Q3AS
(F) REYNOLDS NUSSELT BTU/HRFT2

2 .1 lbd.6 1.177 31204. .18 16.79 292o. .i00194
3 1.2 254.2 1.326 30974. .266 84.21 27C.64.7 .0018,a
" 2.1 306.1 1.413 30783. .102 75.72 316o2.7 .332105

4.1 360.4 1.487 30329. .066 6&154 32956.8 .0 C184
31 4114.5 1.534 29489. .056 56.27 33280.0 .332i12

7 7 16.4 410.8 1.544 27915. .05d 49.23 33360.3 .0C2219
$ 24.5 526.7 1.524 26566. .062 a5.93 33377.5 .10221d
9 32.4 366.0 1.499 25407. .06b 43.74 333a5.6 .502216

10 40.8 599:5 1.464 24312. :072 42.58 33242.9 .002210.11 48.3 635.5 1.439 23377. .076 61.14 33176.1 .0¢2205"-.

12 56.9 562.7 1.405 22 0. .082 40.90 33071.3 .002198
13 iQ.9 690.9 1.376 2175d. .0d6 40.67 33003.9 .0C2194
114 73.3 723.3 1.352 21030. .096 39.93 32776.7 .002179
15 l.4 745.-& 1.321 20384. .105 40.59 32558.9 .:0214-
16 3.2 756.7 1.279 19770. .191 0.:47 3C236.& .302013
17 )3.2 551.6 1.033 19389. .759 243.12 20186.9 .001342

PT x/o STATIC T4/TB Ts PRESS
PRESS. PSIAk) 087802LX

1 -. 5 8 1.14 -. 590E-02
2 90.2 16.5 1.28 4)1.6 .239*.01

AVE3AGE PARAMET!RS BETWEEN PRESSURE :APS

AVERAG BULK 3EYd JLDS AVERAGE WALL aEf3EOLDS AVERAGE FRTON7 ?AC:OR

25502. 1cI93. .,0427

79
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RUN 109H, DATE 01/28/76, GAS HE-Aa, MOLECILA3 WT. 29.70
r IN 74.1 ?, ror - 361.3 F, !ASS FL04 RATE' x 13.9 L3/82. 1 - O.0 AM.PS, Z 3.30.j VOL"S
?2,8 3 .43o, G3/rESQ = .*alE-03, MACH 2) = .3d3, MACA (Ib) .103, 2,.3 5 30.7

rC (/D TW T7/TB BULK HL/QGAS 3ULK QAS
(JF) REYNOLDS NUSSZLT BT U/HRFT2

2 1 19.2 1.21 31140. .197 154.36 16371. .0C1222
3 1.2 190.3 1.211 30995. .256 63.98 17579.7
It 2.1 220.8 1.262 30872. .090 77.30 20293.9 .02134e
5 4.1 251.3 1.305 3057a. .353 67.So 21071.6 .C1401
6 .1 286.5 1.340 30020. .047 58.82 21225.7 .301411
7 16.4 323.3 1.346 28945. .040 53.72 2131a.3 .001417
3 24.5 350. 8 1.337 7983. .0,7 51.31 21324.8 .001 1 3
9 32.4 377.3 1.329 27121. .051 49.09 21292.0 .Z1416

10 40.8 397.8 1.309 26476. .054 48.71 21263.6 .001,14
11 43.7 423. C 1.300 25534. .058 %7.04 21225.5 o3 1,411
12 56.3 442.3 1.213 24d3b. .062 46.37 21170.3 .0014"d-
13 64.8 '460.3 1.265 214198. .064 47.11 21159.7 .30107
114 73.1 481.9 1.252 23573. .071 46.55 21051.3 .001401
15 31.3 500.6 1.237 23005. .0dO 4b.52 2CS97.9 .301390
16 90.1 504.2 1.203 22452. .145 48.68 1973C.9 .301312
17 98.0 3a4.C 1.028 22064. .429 299.26 15b65.4 .0010242

PT X/D STATIC TW/TB 1 73 PZSS
PRES.(PSIA) 1.19 .591--2:"1 -. 5 aWo1 1.10 3. .9E0

2 9C.1 87.1 1.20 341.5 .191E*01

AVERAGE PARAETERS SETWEEN PRESS03E TAPS
AVERAGE BULK REYNOLDS AVERAGE WALL REYNOLDS AVERAGE FRICTION FACTOR

26805. 21228. .00612

aRUN 111H DATE 01/29/76, GAS flE-AR, ' OLZCULAS WT. =29.70

TIN 2 67.0 F, OUT = 247.1 F, nASS FLUW RATE = 14.2 ./Ha 1 = 48.0 AMPS, E 2.920 VOLTS
*BIY = .48o, jR/33 = .4469-03, NACH(2) =.08, SACE(16) = .097, TSUS& 72.0 F

RX/D 7w ?4/LB BULK 8L/QGAS BULK qGAS 4"
RF EYNOLDS 8TJSSELT U118 F-2

2 .1 1C1.7 1.067 3209Q. .116 201.07 12579.6 .O0833
3 1.2 139.0 1.13a 31993. .269 db.i6 11087.3 .103734
4 2.1 160.0 1.170 31911. .095 78.39 12d74.2 .C00852
5 4.1 179.7 1.199 31718. .04d 69.21 13474.3 .:3:o92

4 4.1 201.9 1.223 31345. .C42 60.50 13576.4 .CC0899,P
7 16.4 227.2 1.234 30601. .041 54.85 13607.2 .CC3901
3 24.5 2Q5.2 1.2J3 29918. .042 52.62 13609.5 .0C0901
9 32.4 2o1.4 1.229 29236. .0L5 51.03 13596.0 .CC0900

10 40.7 276.3 1.223 28656. .048 50.07 13565.2 .008cda
11 4a.7 242.1 1.218 23084. .05 48.99 13557.2 .300o,)7
12 56.4 307.0 1.212 27536. .05a 48.07 13514.3 .000695
13 64.7 319.3 1.20J 27022. .056 4d.15 13507.5 .:o8d94
14 73.1 334.4 1.148 26513. .062 47.30 13449.8 .000do-
15 31.2 343. 1 1.191 26C39. .071 46.6a 13352.4 .230334
16 90.0 352.7 1.171 25572. .13C 47.67 12651.5 .30363d
17 17.9 266.C 1.027 25217. .266 280.55 11048.9 .000731 _.

PT X/O STATIC 7W/TB TB ORSS".
PH3TSS. PSIA) jF EC

1 -. 5 9.4 1.3 oo.5 -. 57E-02 -
2 90.0 87.7 1.17 234.1 .15dE01

AVERAGE ?ArAmeTERS 3E!T:4E PESS03E TAPS
AVERAGE BULK REYNOLDS AVZaAGE .AL. REY:44L.S AVERAGE F2 :0 I 8 FA::"Oa

23839. 24231. .20593
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v.6. UN 112H, DATE 01/29/76, GAS HE-kR, OLECULAR IT. = 29.70

.rI3 = 67.9 T2 :3UT a 182.9 F 'A53 FLOW RATE a 14.2 LB/HR I a 38. ASPS E '2.J50 VOL:5

Tc X/D 2w TV/TO BULK 11L/4GAS J3LA
RB!~QLDSUiSELT BTS/GlSFT2

2 .1 46 1.054 32001. .172 151.60 765d.b .000507
3 1.2 116.4 1.091 31938. .227 d84.67 7331.5 .3004d6
4 2.1 129.6 1.114 3168a. .07 75.75 82U3.5 .00504'
5 4.1 142.5 1.133 31759. .050 66.48 8510.1 .3^0568
6 3.1 153.9 1.1,44 31520. .036 61.16 i705.5 .000577
7 16.4 170.7 1.154 31032. .038 55.38 8702.2 .301576
--1 24.5 182.5 1.155 30571. .039 53.28 8b90.6 .C00516
9 12.3 192.1 1.153 30141. .040 52.53 4693.5 .;01576

1a 40.7 202.5 1.151 29702. .04l* 51.48 6670.0 .300574
11 18.7 211.7 1.147 29296. .0(44 51.12, 8670.9 0-R
12 56.8 222.9 1.148 28900. .049 19.t2 8636.6 .000 72
13 o0.

7  
230.5 1.142 23526. .050 49.90 d633.2 .0C0572

-. 14 73.0 240.0 1.139 28 147. .054 49.45 d607.2 .300570
15 -1.2 249.9 1.137 27790. .064 48.35 d536. 14 .OC055
16 39.9 253.5 1.125 27432. .116 49.39 8143.6 .340539
17 37.9 200.1 1.027 27149. .234 217.149 7332.2 .CC0406

PT X/D STATIC T7W/TB TB ?aESS
PRESS. (SZA) N IF) C

1 -.5 d9.3 1.04 ~ 7. 1 -.5d7E-02
2 90.0 d7.9 1.12 174.4 .140..01

AVERAGE PAhAA1ETERS DETWE!!J PRLSSURE TAPS
AVERAGE BULK EYNOLDS AVERAGE ALL aErNOLS AVE3AGZ FICTION FACTOR

29720. 25d98. .00590

RUN 1168 DATE 02/21/76 GAS HE-AR, MOLECULAR WT. 3 27.53
TINl 70.1 F TOUT 3154.2 ? MASS FLO4 RATE :44.1 LB/HR I =65.2 AMPS. E x 3.76) VOLfS
"PRs .46S, GR/BESQ = .&082-04, NACH(2) = .247, lACi(16) = .307, 7.SR0 R 73.3 F

rc 1/3 ni ?W/T3 BULK HL/QGAS BULK Q3AS
REYNOLDS HUSSELT BTU/IRFT2

2 .1 6.0 1.069 100497. .057 430.23 24488.4 .000481
3 1.2 128.4 1 1 100309. .130 188.90 22366.8 .233451

1.1 1 100162. .027 174.52 25297.7 .000497

6 8.11 1.181 9912.25116 92 .0 18 1542.20256. .000504
7 15.4 178.0 1.190 97897. .014 131.66 25688.4 .3,2535
8 2%.5 187.6 1.190 96690. .014 128.76 25710.6 .000505
9 32. 3 197.6 1191 95548. .01 124.98 20705.055

10 L0.7 204.5 18 4370 .01; 125.98 25714
11 48.7 211.2 1.188 93303. .016 122.87 25714. 5 .330535
12 56.8 223.7 1.188 92249. .017 120.28 25703.5 .0005%5
13 64.7 230.9 1.184 91243. .017 120.46 25707.0 .22:505
14 73.0 239.5 1:183 902t9. 018 119.31 2691.2 000,g
15 31:2 2 .467 1:180 8926. .021 119.52 2 :2.6 .30D 316 39:9 248.5 117.05 1647B 2a

882 .05 12.74.6 .0097
17 97.9 215.2 1.099 87476. .096 225.52 23824.d .333468

PT K/D STATIC TV/TB TB PRESS
"" PRESSA( SIA) 6 5-02EFEC

1 ~ ~ ~ ~ ~ -.5 9!1 1.6. 1450E-02
2 .0 84.2 1.17 147.3 .131E.01

AVERAGE PARAMETERS BETWEEN PRESSURE TAPSAVERAGE BULK 3EY30qLDS AVZRAGE IALL. RZYNOLDS AVERAGE PRLCT104 ? -ZT3R
: .. 94,402. 7887 . .3,46'A

-'2

.4.

a. -
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RUN 117H DATE 02/21/76 GAS RE-AR, MOLECULAR WT. - 27.53 -
TIN * 70.1 F TOUT a 28.8 F MASS PLOW RATE " 4.2 LE/HR, I = 103.7 AMPS, E * 5.750 V3LrS Ju
P3.1y a .46t, aR/RZSQ * .195E-03, PACR(2) a .246, MACH(16) a .352, .,SURR S 74.0 F % 10

TC 1/13 TV TI/TB BULK HL/QGAS BULK OGAS
REYNOLDS NUSSELT 8TJ/k1RFT2

2 .1 1j1.7 1.136 100521. .065 1451.90 58166.6 .301143
3 1.2 202.9 1.267 100069. 114 206.43 55920.5 .001096
I 2.1 235.7 1.324 99712. .037 179.63 60203.2 .301183
5 4.1 262.7 1.363 98903. .020 160.09 61333.4 .001202
6 9:1 292.1 1.393 97414. .017 143.53 61607.34 .001208
7 16.4 331.4 1.413 94475. .018 128.26 61761.0 .001211
a 24.5 356.1 1.409 91846. .018 122.80 61965.7 .301213
9 32.w 379.0 1 403 89457. .019 118.39 61922.7 .33121%

10 40.8 398.6 1.389 87095. .020 116.34 619'4.0 .001214
11 48.7 422.3 1.385 85011. .021 112.17 61992.2 .131215
12 56.8 439.1 1.371 83026. .022 111.32 61981.4 .301215
13 64.8 45.0 1.355 81207. .022 111.68 62031.4 .00121-
14 73.1 '73.8 1.346 79419. .0 4 109.87 6193.1.5 .31215
15 81.3 490.4 1.334 77779. .027 109.50 61885.8 .001213
16 43.1 1391.8 1.300 76162. .045 116.51 60861.7 .00119)
17 38.0 415.6 1.170 74930. .175 195.34 53799.3 :331355

PT X/O STATIC TV/TB TS PRESS
PRESS (PSIA) 1 I) DEFECT-5 913's8 1.11 7 :1778E01 2' ''

2 90.1 80.5 1.30 21 .1 701

AVERAGE PARAMETERS BETWEEN PRESSURE TAPS
AVERAGE BULK RETNOLDS AVERAGE WALL REYNOLDS AVERAGE FRICTION PAcOR-'

88371. 65677. .00453

RUN 118H DATE 02/21/76, GAS 3E-AR, MOLECULAR WT. * 27.53
Try x 73.1 F TOUT = 407.9 P. MASS FLOW RATE * H4.9 LB/,R. 1 = 123.4 AMPS. - 7.220 V3LTS
,.1 - .46s. GRR/ESQ .x5'4-03, ,ACH(2) = .223 mAcA(16) .339. T.SURR- 78.5 F .

T: I/D W "V/TB BULK HL/QGAS BGLK BIAS
REYNOLDS NUSSELT B?/UHRT2

2 .1 179.3. 1.221 101647. .0,, 382.46 86114.1 .301662
3 1.2 278.0 1. 00 100972. .111 200.05 84677.9 .01634

2.1 327.6 1.4d6 100431. .036 174.60 91095.0 .001758
5 4.1 375.2 1.54 99234. .025 151 19 92425.9 .)3178Q
6 8.1 420.1 1. 94 97016. .021 13521 93059.2 .001796
7 16.4 &175.3 1.605 92800. .021 121.31 93442.4 .031834
8 24.5 519.6 1.601 89109. .022 112.57 93605.2 .001807
9 32.4 55(.4 1.584 85870. .023 107.43 93754.0 .331813

10 40.8 585.9 I56g 82755. 025 103.88 93771.6 .301813
11 48.8 613.6 1:53 80063 .026 101.56 93909.9 .001813
12 56.9 643.5 1.515 77558. .028 98.75 93879.8 .331812
13 64 .9 670.2 1.494 75304. 029 97.03 93934.8 .001313 "
16 73.3 694.1 1.469 73127. .032 96.28 93886.6 .331812
15 61.4 713.5 1.441 71175. .034 96.96 93763.3 .301813
16 40.2 721.4 1.399 69273. .057 99.87 91823.8 .01772
17 98.2 605.4 1.227 67918. .283 147.20 75035.9 .00144"

PT X/D STATIC TV/TB TB PRESSP8ESS PSIA) 11@3.)0 _-DEFECT-2"'
1 -. 5 10.6 1.18 .-sio2
2 90.2 90.6 1.40 384.6 .209.01. .

AVERAGE PARAMETERS BETWEEN PRESSURE TAPS
AVERAGE BULK REYNOLDS AVERAGE 4ALL REYNOLDS AVERAGE FRICTION FAZTOR

85537. 57344 .456

82

......................................................-.-,



IL

RUN 1191 DATE 02/21/76, GAS HE-AR, MOLECOLAR WT.=* 27.53
TIN 3 71.9 u ' r - 45. 4 F ,'ISS PLOW RATE = 44.7 LB/HR = 1303 APSE .7.72 OLS
PRN = .46§, Ga/RESQ .591-;-03. MACH(2) - .224, eACh(16) = .355, rsuaa = 81.5 F

T2 11/0 rv TV/TB BULK HL/QGAS SULK $AS
F)REYNOLDS NUSSELT 8?/HRF'"2

.1 145.0 1.247 101063. .088 379.79 96546. 1 .001862
3 1.2 310.6 1.455 100308. .116 194.69 94971.1 .301833
14 2.1 360.7 1.540 99719. .033 175.36 102932.5 .301985
5 41 411.2 1.609 98383. .021 151.65 104166.2 .002009
6 8.1 463.2 1.655 95919. .022 13 .40 1014820. .002021
7 16.4 531. 1.675 91295. .022 119.03 105273.4 .302033
8 24.5 5814.8 1.671 87300. .024 109.16 105467.6 .002034
9 32.14 6 1.4 1.650 83833. .025 103.80 10564a.3 .02037-

10 40.8 617.5 1.616 80532. .027 100.70 105689.0 .002038
11 48.3 690.9 1.590 77699. .028 97.66 105821.9 .332.4t
12 56.9 723.9 1.565 75087. .031 94.~94 105796.1 .302043
13 64.9 752.5 1.538 72748. .032 93.43 105865.9 .002042
1% 73.3 783.7 1.51i 70509. .035 91.64 10574.9 30214)
15 131.5 807. 1 1.485 68517. .039 91.62 105602.2 .002037
is 90.3 807.6 1.429 66592. .061 96.25 103362.8 .301993
17 98.2 675.3 1.243 65258. .329 137.89 81768.2 .001577

PT I/D STATIC TV/TB TB PRESS
PRES.(PSIA)11 4 DEFECT1 -. 5 109. 1.19 4 . 449E-32

2 90.3 88.5 1.43 427.0 .227E*01

AVERAGE PARAMETERS BETWEEN PRESSURE TAPS
AVERAGE BULK REYNOLOS AVERAGE WALL REYNOLDS AVERAGE FRIZTIO ?AFACOR

83880. 54686. .00460

RUN 120H DATE 02/21/76, GAS fE-AR, MOLECULAR WT. 27.53
TIN 71.9 ?A TOUT w 20A.2 F, MASS FLOW RATE z 43.7 LB/HR, I = 80.8 AMPS, E= 4.750 VOLTS
PH, *x .46 , G8/RES = .121E-03, MACH(2) .249, NACH(16) = .330, TSURR 30.7

r: I/O TV TV/TB BULK UL/QGAS BULK BTA/RR-"'
RET~j 31101, OST

2 .1 1 l)0 1.132 99419. .103 136159.9 .0C713
3 1.2 165.5 1.195 99143. .096 188.89 36484.6 .30372)
4 2.1 185.4 1.230 98914. .031 167.61 38836.4 .000766
5 4.1 214.1 1.258 98394. .021 148.35 39J74.5 .330775
6 8.1 217.9 1:269 97431. .014 140.04 39 55.2 .000780" -. 7 16. 4 2E6. 27 1.285 5506. .015 127.00 39501.2 .333731

8 24.5 262.5 1.292 93706. .016 119.140 39614.7 .00781
9 32.4 272.0 1.291 92068. .015 120.33 39678.3 .303713
10 40.7 289.6 1.283 90392. .017 115.16 39645.0 .300782
11 48.7 302.7 1.279 88882. .017 113.39 39631.8 .000783
12 56.8 316.8 1.276 87421. .019 110.87 39661.3 .303782
13 64 7 127:3 1.69 86044 .019 111.05 39684.8 .000783
14a 73.1 3c;. I U66 8468?. .021 1 08.as 39648.9 )D)7732
15 81.2 352.0 1.259 83404. .024 109.06 39585.8 .000781
16 )0.0 353.9 1.237 82119. .038 115.36 39029.6 .300773

, 17 97.9 316.2 1.161 81098. .146 161.25 35272.3 .000696

PT I/O STATIC TW/TB TB PRESS
PRESS (PSIA) ,) DEFECT

-. 5 995s 1.11 -. .S1E-02
2 90.0 80.6 1.24 197.8 .151z01-

AVERAGE PARAMETERS BETWEEN ?RESSUR! TAPS
AVERAGE BULX REYNOLDS AVERAGE A ?RZ-'r10 ?ACTOR

907839.694 .,OSA 33466
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RUN 124H, DATE 03/01/76. GAS HE-AR, MOLECULAR 47. - 15.30 r F
?IN x 70.5 r T3UT x 18J.2 F MASS FLOW RATE = 14.2 LB/HS, I = 52.7 APS, E 3.370 VOLTS

MI .114, GR/RzSQ x 48WE-04, *ACH(2) = .113, 3AC ( 1 b) - .127, TSUa3 74. ) F

T- X/D TV TV/T9 BULK HL/QGAS BULK Q3AS
917 .03 REYNOLDS NUSSE T BTU/HRFT22 .1 3.03 2217. .057 1590.7 ..0-543

3 1.2 116.6 1.088 32152. .145 79.76 14790.6 .000500
4 2.1 128.4 1.108 32102. .040 70.71 16309.8 .310551
5 4.1 140.0 1.125 3198u. .023 61.57 16583.2 .C00560
6 8.1 151.9 1.137 31758. .018 55.39 16676.9 .)03563

16.4 167.3 1.145 31301. .019 50.77 16693.4 .00056"4
8 2o .5 179.2 1.146 30867. .019 48.72 16594.2 .503564
9 32.3 189.2 1.145 30465. .020 47.73 16691.6 ..0356 4

10 40.7 199.6 1.1(4 30051. .022 46.80 16676.9 .C0063
11 'g8.7 209.6 1.143 29668. .023 45.92 16675.6 .303563
12 56.S 219.9 1.142 29294. .025 44.97 16658.2 .000563
13 54.7 228.9 1.139 28939. .026 44.68 16650.8 .3)562
141 73.0 239.2 1.137 28576. .028 43.84 16625.3 .000562 ..
15 31.2 2(7.8 1.13% 28236. .032 43.78 16571.5 .- 03563
16 89.9 251.9 1.122 27886. .055 45.84 16219.9 .000548
17 97.9 219.0 1.056 27604. .148 93.90 14866.6 .30532

PT K/D STATIC TW/TB TS PRESS
PRESS. PSIA) 9) DEFECT

1 -. 5 92.7 1.03 a8.8 -. 585E-02
2 90.0 90.0 1.12 174.5 .140E +01

AVERAGE PARAMETERS BETWELN PRESSURE TAPS ...
AV9EAGE BULK REYNOLOS AVERAGE WALL REYNOLDS AVZRADE FRICTION FACTOR

30057. 26548. .305a4

RUN 125H DATE 03/01/76 GAS HE-AR, MOLZCILAB WT. * 15.33
TrN 3 71.1 F rour 3 8 ? MASS FLO4 RATE = 14.2 L3/HR. I a g1.5 AMPS, I = 4.3)5 *OLZ
P 2,1 414, Ga/RZs = .1635-03, MACH(2) .113, IACH(161 .142, ?,SaRR x 75.5 F -

TC X/O TV TV/TB BULK HL/QGAS BULK Q3AS
REYNOLDS NUSSELT BTU/HRFT2

.1 I4.r 1.106 32051. .083 166.09 37434.2 .301267
1.2 182.3 1.205 31902. .140 79.9% 35721.2 .001209

4 2.1 210.9 1253 31782. .044 70.18 39079.5 .3)1323
5 %.1 239.1 1.292 31504. .027 60.73 39423.1 .301348
6 3.1 269.3 1.320 30978. .023 53.58 '40054.8 .101356
7 1.4 307.3 1.332 29961. .023 4d.25 40154.4 .)31353
8 24.5 335.2 1.327 290i4. .024 '45.79 40192.7 .001363
9 32.i 358.5 1.316 28218. .025 44.46 40223.7 .3)1361

10 40.3 382.3 1.305 27107. .028 43.29 40192.0 .001360
. 11 48.7 405.4 1.295 26689. .029 42.22 40217.4 .331361

12 56.8 428.4 1.285 26007. .032 41.22 40165.1 .001359
13 6.48 448.2 1.272 25381. .033 40.90 a0176.9 .3313 s
14 73.1 470.7 1.261 2u765. 337 40.25 40131.7 .001357 - -
15 31.3 '491.3 1.250 24203. .13%1 39.84 39978.7 .3!1353
16 90.1 502.1 1.225 23635. .072 40.91 38857.9 .001315
17 48.3 421.0 1.093 23210. .275 81.51 32487.7 .301103

PT 1/0 STATIC "'4/TB Ts PRESS

1 -. 5 9s2 , 1.38 D5,3C
2 90.1 89.0 1.22 325.8 .1871*31

AVERAGE PARAMSTERS SETEEN PRESSURE TAPS
4VERAGE BULK ?EYNOLDS AVERAGE 4ALL REYNOLDS AVIRAGE FRICTION PZT3a

27853. 22239. .059 -
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RUN 126H DATE 03/01/76, GAS HE-A8, MOLECULAR WT. 15.33
T4 = 71.9 7, TOUT = 167.5 F ASS FLOW RATE = 24.5 L./Sn. I 68.2 AMPS, E 3.955 VOLTS
SPR,ZN =.419, GR/RESQ .273E-04, IACH(2) = .234, IAC (16 .291, TSURB 76.3 F

" : X/D w TV/TB BULK RL/QGAS BULK 33A5
REYNOLDS HOSSELT BT3/1R7T2

2 .1 143 1.077 56023. .071 194.39 2646(.8 .300518
3 1.2 126.6 1.119 55916. .090 114.68 26352.6 .333539

. 4 2.1 138.0 1.139 55829. .024 102.74 277514. .000543
5 1.1 148.1 1.153 55630. .014 92.56 29043.2 .31054
6 8.1 159.6 1.165 55256. .012 84.37 28128.7 .000550
7 16.4 174.6 1.174 54509. .012 78.11 28161.5 .33551
8 24.5 186.3 1.176 53802. .012 75.05 28172.5 .000551
9 32.3 195.9 1.175 53134. .013 73.75 28180.6 .333551

10 40.7 205.9 1.171 52458. .014 72.53 28176.2 .000551
11 48.7 216.1 1.174 51836. .014 70.88 28181.5 .333551
12 56.8 226.0 1.174 51221. .015 69.59 28173.7 .000551
13 64.7 234.6 1.171 50638. .016 69.2! 28174.0 .000551
14 73.0 244.0 1.170 50053. .C17 68H55 28160.4 .313551
15 81.2 252.6 1.167 49498. .020 b8.2' 28108.0 .000553
1 89.9 254.8 1.153 48925. .031 72.99 27790.9 .303543
17 97.9 234.7 1.107 48460. .106 103.78 25883.9 .333535

PT I/D STATIC 'PV/TB TB PRESSPRESS (S )() DEFECT1 -. 5 76.7 1.36 62.8 -. 51L-12

2 90.0 66.8 1.15 159.8 .142E*31

AVERAGE PARA ETERS BETWEEN PRESSURE TAPS
AVERAGE BULK REYNOLDS AVERAGE WAL !EYNOLOS AVERAGE FRICTION FACTOR

52481. 1441k7. .00504

Tin 73. 127P T DATE 03/01/6 GAS ,E-AR, MOLECULAR WT. = 15.30
TIN =73.2 F TOT = 510.4 F, MASS FLO RATE = 14.1 LB/HR, I a 102.2 AMPS. e - 5.990 V3LTS
PRTM .414, GR/RESQ = .156E-03, MACH(2) = .112, SACH(16) = .156, TSURR * 78.5 F

? " T X /D T TV/T3 BULK ffL/QGAS BULK QGAS
J(F/ REYNOLDS NOSSELT 8jU/gRFT2

2 .1 1217 1.149 3 ,175. .074 184.51 9526.6 .002016
3 1.2 246.1 1.313 31502. .146 80.63 56131.8 .301901
14 2.1 290.2 1.385 31316. .046 71.05 61737.6 .002091
5 4.1 334.9 1.443 308850 61.06 62919.0 .002131
6 8.1 383.9 1.4814 30094: .H27 53.20 63302.9 .032144

- 7 16.4 44a.9 1.492 28608. .027 46.97 63534.8 .002152
8 23.5 489.5 1.476 27325, .029 43.95 63620.6 .:02155
9 32 525.6 1.451 26210. .031 12.31 63695.6 .002158

10 4:8 560.4 1.423 25151. .034 41.16 63651.5 .002156
11 48.a 591.0 1.399 24240. .035 40.21 63739.0 .33215)

" 12 56.9 639.7 1.391 23383. .041 37.65 63552.0 .002153
13 64.9 670.4 1367 22626. .043 37.22 63580.9 .332154-1(& 73.2 701.5 1.344 21905. .0&7 36 90 63462.2 .002150
5 81.4 731.0 1.321 21258. .053 36.71 63232.0 .232142
16 90.2 744.5 1.291 20629. .090 37.92 61124.7 .30207)

="p, 17 98.2 613.6 1.106 20199. .455 73.31 45405.6 .001538

2T X/O STATIC TW/TB TB PRESS1PRESS . s | 1 oPIA)
9" 1 . 7 1.12 8?)1 -. 588EC-02

2 90.2 88.1 1.28 480.14 .236E*01

AVERAGE PARAMETERS BETWEEN PRESSURE TAPS
AVERAGE BULK REYNOLDS AVERAGE WALL REYNOLDS AVERAGE FRICTION FACTOR

26198. 19810. .30605
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RUN 128H OATS 03/01/76 GAS NE-AR, MOLECULAR WT. 2 15.30

?IN 744.1 P TOOT a 688.6 7 tASS ?LO RATE s 14.1 LB/HR5 1 a 121.2 AMPS, 2 7.280 '3LTS
P2,11 a .44, 3a/RSQ - .553- 3, MACH(21 .113. SAC 16) a .171, T,UR x 31.5 .

I .13/ V 1./56 BULK oL/QGAS .ULK a .o. 4o V,
(1REYNOLDS NUSSELT ST IJ/A37T

2 .1 148.3 1.229 31682. .082 lbs.34 833731 .102816
3 1.2 1j.6 153 31357. .1443 77.77 79,470.5 .332684__

Is 2.1 3154 31095. .051 67.10 87057.8 .30940
4.1 469.3 1.659 304. .036 17 88738.3 .302997

3.1 548.2 1.723 29427. .034 :83 89461.2 .003021
7 16.4 6147.6 1.735 27484. .036 40.6d 89974.6 .1:3035
9 244.6 717.2 1.704 25876. .040 37.13 89973.3 .00303 3-3

77.0 1.660 245 7. .043 3S.15 900499 00304110 14. 21.7 1:511 232R6. .048 33.63 89939.8" .333037 e

11 68.9 867.3 1.567 22229. .051 32.63 89946.1 .003038
12 57.0 911.3 1.525 21293. .056 31.8a 89781.9 .3^3032
13 65.0 945.9 1.48C 20470. .060 31.78 89569.4 .:33321
14 73.1& 970. 1.425 19694. .061 32.82 89734.8 .a03030
15 31.5 1026. 1.408 18974. .074 31.144 88954.9 .30333%
16 90.4 1037.3 1.349 18330. .117 32.38 85589.3 .002890
17 98.4 8448.7 1.139 17441. .875 46.57 50360.7 .001701

PT X/O STATIC TV/TB TO PRESS
P1 SSjISIA. 1.18 -4T) DE-02

2 90.4 87.0 1.35 650.4 .290301,

AVERAGE PARAMETERS BETWEEB PPESSURE TAPSAVERAGE 3gLK REYNOLDS AVERAGE WALL REYNOLDS AVERAGE FRICTZON FACTO25029. 17357. .0616

RUi 129H DAT 03/01/16, GAS RZ-Al, NOLECULAR VT. 2 15.30 3
T aN 75. 4 F TO U 304.3 P 4ASS FLOd RATE a 24.% LB/HR. I a 102.4 MPS, a : 5.925 V3LTS
PR,ZM a .415, GR/RESQ 2 .609E-04, IACH(2) a .233, AACH(16) a .335, T.SURR a 82.0 F

rT X/O TV TW/TI BULK RL/QGAS BULK GAS
31;~ O079 NUSSELT 329U/HAOF1'2

2 .1 1412 1.148 62. .079 204.06 59450.1 .331162
3 1.2 202.0 1.49 55020. .096 113.76 58758.4 .001149
4 2.1 229.0 1.295 54830. :026 101.31 S2852.8 .301229
5 4.1 356.0 1.333 5396. .018 98.79 63512.7 .001242
6 .1 29.9 1.371 53582. .01; 79.42 63791.5 .3312%7S16.1 321.9 1.376 51992. .01a 71.72 63959.8 .0012513 2(s.5 349.3 1.375 50553. .016 67.93 6440445.7 .1312529 32. 4 371.8 1.3g7 49261. .017 65.07 6Q119.4 .001254

10 41.3 3914.6 1.3 8 447980. .018 644.05 644126.6 .33125411 48.7 416.7 1.350 46841. .019 62.36 64191.1 .001255
12 36.8 1&37.9 1.3f42 45765. .020 61.05 64179.8 .01253-
13 i 456.3 1.331 i44774. 01 60.53 64223.2 .00125§
14 t1 (76.6 1.321 43796. :0 3 5).1 64189.6 .D3125.
15 11.3 495.&A 1.311 112906. .026 59.1 64093.8 .001253
16 30.1 500.3 1.281 42019. .042 62.A0 63112.5 .331234,
17 98.0 4447.0 1.183 41340. .194 86.43 54878.2 .001073

PT 1/1) STATIC ",I/TI TB PRESS
1P1.12 7. 51E- 22 90:1 63.3 1.28 289.7 .1943.1Ol

AVERAGE PARAMETERS BETWEEN PRE$SIRE TAPS
AVERAGE BULK RETNOLDS AVERAGE WALL REYNOLDS AVERAzE FRICTION FA:CTOR

48657. 36&11. .30516

86



3RUN 130R OATS 03/01/76, GAS RE-AR, MOLECOLAR T. - 15.30

Prly 76 .3 F roe? = 15.5 , ASS FLOW RATE : 2i.3 LB/HR I = 26.0 Ae.9S, g a 7.'0 VOLTS• P2,14 .- 9 -R/Rzsg - .3E-03, I ACR(2) -. 86, MACE(6) •.72 :,SOB a4 .7 F

PC I/D TV TI/TB BULK HL/QGAS BULK )aAS 4

2.9MOLDS sussEkz STI/HRFT2
F) .... 9.,59. 0 20

3 1.2 269.7 1.360 54232. .100 113.25 89109.7 .301747
. 2.1 312.8 1.432 53942. .030 99.83 95,469.5 .331871

5 6.1 355.8 1.4' 531283. .020 86.74 966,6.6 .0 1894
' : 81 'a2. a 1.530 520 69. . 8 76.5 97152.0 .00190 3

7 16.6. ,61.6 1.S"5 4977%,. .019 67.78 97526.1 .001912
a 2Q.5 5014.2 1.534 077 70. .02c 63.',' 97719.8 .001915
9 32. 539.1 1.514 '46C 13. .011 60.84 97882.8 .331919

10 ( .8 73.9 1.491 44322. .023 58.65 97915.0 001919
11 48.a 637.3 1.472 %285. 56.74 4800.9 .33,1922
12 56.9 637.7 11450 4196. 55.49 98031.8 0 921
13 64.9 662.7 1. 214 40251. 075. 98127.14 .01923
1' 73.2 69J.9 1405 39056. .030 5a.0 9804.9 .00192214. 73. 668. DO 3 VA :

15 31.14 717.8 1.381 37995. 023 519 97128.1:3 .00191916 90.2 726.5 1.338 36954. 0 3 ;6.62 9608.4 001883
17 98.2 635.8 1.199 36201. .299 77.10 77413.0 .331517

PT X/O STATIC TV/T9 To PRESSp a SIs A) Ig I .1 , o .%.
.. 1 -SS 1.154 )*q _?fQlco0

2 90.2 84.1 1.34 426.8 .222E.01

AVERAGE PARAM1ETERS BETVEEN PRESSURE TAPS
AVERAGE BULK 9UYNOLDS AVERAGE IALL REYNOLDS AVERAGE FRICTION FA.T3R

5799. 32455. .30524

RUN 131,t DATE 03/01/76 GAS HE-AR, MOLECULAR IT. 15.30
TIN 76.8 F TOUT - 62.6 F SASS FLO6 RATE 2 24.2 L8/R, 1 - 151.1 AMPS. E . 9.100 VOLTS
PR,r , 

2 .1.i GIRSSQ .106E-03, IACH(21 2 .186, HAC (16) m .305. T5UR3 87.0 F

T. 1/0 "IV TI/TI BULK XL/QGAS BULK ~ GS
RIYNOLDS NUSSELT a*/lHRFT2

.1. 2 6.8 10268 (A 305. .067 228.80 1 1 87.2 .002582
1 1:2 3541 1.509 3822. .101 113.99 128775 .302527
" 2.1 .21.2 1.I18 53404. .033 98.69 138017.9 .132709
5 4.1 '.89.8 1.707 5265. .02" 84.12 139960.7 .002745
6 8.1 563.1 1.767 50784. .022 72.77 160826.2 .332764

7 16.4 65 9.6 1.783 147695. 0 62.50 141568.6 .3027 8
a 2%4.6 125.6 1.758 145111. .016 57.26 141910.3 .302785

9 32.5 779. 1722 62927 .028 54.co 142162.9 .002790
9 29.3 1.6 8 4088. .031 51.60 142237.3 .)02791

11 48.9 875.3 1.6160 39149. .033 49.69 142391.6 .002794
12 57.0 917.6 1.601 37603. .036 8.140 142387.7 .00279t951 1445. .0 9

13 6.0 9532 1.56 36241. .038 16 14 4505. "0275
.4 988. 1.519 3946. .041

15 51.6 1021., 1.1&82 33801. .065 147.56 142063.1 )32793
16 40.4 1029.2 1.421 32649. .070 49.63 138833.6 .002725
17 98.4 881.1 1.237 31940. .504 61.94 97924.7 .301923

PT X/O STATIC TV/TB To PREss
PRESS. (EECT

I - 96. 1.21 73.1 -W17E-02
2 90.14 80.9 1.142 588.0 .280E*01

AVERAGE PAPAMETERS BETWEEN PRESSURE TAPS
AVERAGE! BULK REYNOLDS AVERAGE !ALL REYNOLDS AVERAGE FPZCTIO FACTOZ

14353%. 8683. .33526

e . :
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7-6-

aUN 1331, DATE 03/1C/76, GAS BE, MOLECULAR ir. , 4.C026
TIN 78. 1 F TOUT - 174.6 F, IASS FL4 RATE v 11.6 LB/dA. a 87.1 AMPS, E . 95 VOLTS
?RIN= .660, GR/RESQ - .112E-04, !ACH(2) a .162, MACi (16) ..Ia8, TSUaR a 75.5 F

TC X/D TV TW/TB BULK 8L/QGAS SULK Q% GAS 0%
.S REYNOLDS NUSSEL? BTU/53FT2

1 99s 1.018 30117. .04 0 24AC.47 144446.1 .000176
.3 1.2 131.5 1.105 30C65. .072 95.70 ,43 7.7 .0CC463
5 .1 152. 1.138 29935. .01C .CC'&93

6 3.1 16 1 14d 9761 COS 69.1&8 46085.
7 16.4 175.7 1.154 29425. .008 614.99 46138. .CC044
8 2t4.5 185.3 1.154& 29100. .008 63.51 166161.3 .001695
9 32.3 194.c 1.153 28791. god8 ;746185.16M 9

10 "10.7 201.8 1. 149 28476. CO, 46194.7 "
11 49.7 211.1 1.1149 2818.4. .009 61.46 46215.1 .IC1445
12 56.8 220. 1 1. 148 278914. .009 60.51 46219.4 .300.95
13 5..7 227.3 1.1-44 27616. .099 60.84 46233.4 .0c-95
14 73.0 236.3 1.141 27337. .310 60.09 46227. Z :00049
15 S1.2 242.6 1.13 27070. .011 61.22 46195.3 .:00495"
16 a9.9 244.9 1.125 26791. .G18 66.07 5902.2
17 )7.9 230.6 1.388 26556. .064 91.05 '385,.7

PT K/D STATIC TV/TB TS PRESS I
PRESS. (PSIA) 1-.

1 - 21 . 9 -' • .,02
2 90.0 96.3 1.12 166.8 .151Z c1

AVERAGE PARAMETERS BETWEEN PRESSURL TmAPS
AVERAGE BULK REYNOLDS AVERAGE IALL REYO LDS AvERAGE FRZCTION FACTOR.

28457. 25098. .00622

RUN 134 . DAT3 03/10/76, GAS NE, 3OLECULAE NT. " ..0026
T1N 77.7 F TOUT 32.1 P. ASS TLC4 PATE a 11.6 La/Ha 1 " 135.4 AMPS. E - 7.890 VOLTZ
paRN a .66f, Ga/EZS .172E-04, 3ACH(2) .162, MAU(16) - .211, !,SURR a 78.0 P

TC £/D TN T,/T3 SL. HL/QGAS BULK QGAS
lID.~ 6 .1 TO.s.SS2LJ BTU/ ': ,,:.

2 .1 I 6  REY2 301 S 4C051 1;.97 106 21.3 .C01143 I,

3 1.2 211.5 1.250 30016. 063 93.96 1G6021.3 .C01135
4 2.1 238.1 1 '95 299i9. .016 j.75 11112.7 .001190

4.1 263.c 2:9705. .011 73.42 111915.1 ."o 11id
6 3.1 89.3 1.351 29305. .009 66.58 1 12R7.2 .(,?)1202
7 16.% 3. 1. 9 .516. 009 61.08 112565.8 .00120

26.54 34 . 1.!a 7799. .009 58.80 112741.7 .001207
8~ 254. 3..0012071 32. 366.9 1.33 27198 .010 57.56 112881.9 .0012'8

10 4.).8 386.1 1.328 2649 7  .010 56.91 112966.1 .001209
11 51.7 407.8 1.321 Milt. .011 55.4 113017.4 .:11211
12 56.8 427.7 1.311 25358. .012 54.' 63 113157.9 .01211

i4..8 444.8 1.29 248.41. .012 54.52 113264.0 .M01213
14 73.1 464.7 1.237 2.4327. .013 53.92 113295.2 .001213
15 91.3 adl.9 1.27" 2385.4. .015 53.99 113261. .311213
16 40.1 483.6 1.2 4' 23340. .023 58.76 112379.0 .001203
17 36.0 452.14 1.169 22896. .119 7.4.&9 102%62.4 .310 7

PT 1/D STATIC TV/TB is PRESS .
PRESS. SIA 4F) 1 DFCT

1 -.5 103.] 1.10 4. .596E12
2 90.1 94.2 1.214 301.4 .199E+01

AVERAGE PARASETEBS BETWEEN PRESSURE TAPS
AVERAGE SULK REYNOLDS AVERAGE WALL REYNOLDS AVERAJE FRXCZICN FACTOR.

26749. 20976. ,03.

88
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7]

pUi 135! DATE 03/10/76 GAS HE, MOLECULAR 4T. ".0 26TII,:*6,TUTa417?.11 SL6RT 11.6 LB/H&~ 1 
= 

1-71.2 AMPS, E • 10.170 V'OLTS

PR,I 7 . ,Ga/RSQ .4354-04, wACH(2 .163, ,IACd(16) .235, TSUEB -32.0 F

TC T/D TV / E BULK HL/QGAS JULK 'GAS p 4V

()BB!IOLDS SET B Ra
1 14 . 3 1.215 30091. .055 178.J2 17 0678. 3  .CC S27

1.2 i9 :1 1.398 2989"5. :.01 33.56 17C966.9 .OC1830C0.2.1 3.5 .71 297%1. .C17 81.58 1-884 4.3 01915
5 '6.1 379.5 1.523 29402. .012 72.(15 180275.8 .001930
7 8.1 4J3.6 1.557 28772. .011 6'.59 181C28.5 .301938

16.4 8 . 6. J7580. .012 58.17 1817 3.6 .0019"6

8 8 24.5 520.2 1., 26536. .112 55.06 182172.1 .01950
32.4 5 2.4 1.518 5616. .1 53.40 184524.9 .CO1954

10 3C.8 V13.9 1. 419 14725. 01 52.2C 182743.1 .0 19 56
11 48.3 616.6 1.467 23949. .013 50.81 183C8.2 .,C196"

12 56.9 648.0 1.4435 23168. ,015 49.614 183221.5 ."C1962

13 64.9 673.7 1.418 248. .C15 49 .42 18341l .C1964.
14 73.3 703.2 1.396 21861. .017 4d.97 183564.7 .0C19o5

15 31.4 728.4 1.371 21295. .019 499.15 183551.8 .001965
16 90.2 731.5 1.321 2C735. .028 53.214 181637.3 .CC1947

17 9d.2 68C.5 1.22"4 20303. .183 64.29 15744935 .0016ac

PT X/D STATIC TW/TB TB PRESSPESDEFECT " '

, 1. P Sp SIA) 1.16 4 . 7 -.5i6E-02
2 9C.3 91.6 1.32 442.3 .253E+01

AVERAGE PARAMETERS BETWEEN PRESSURE TAPS
AVERAGE BULK REYNOLDS AVERAGE WALL REYNOLDS AVERAGE FRICTION FACTOR

251&28. 18139. .00b52

RUN 136H, DATE 03/10/76, GAS HE, MOLZCULAR WT. 4 4.0C26
TIN - 76.8 ? TOOT v 618.7 . ASS FL0 RAT! u 11.6 LB/KR I - 199.6 A:PS, - 12.015 VOLTS
Pals • .667, GR/EBSQ S .598i-04, .ACH(2) - .1b2, MAC(16) a .258, TSUBE • d6.5 F

TC 1/0 TV TV/TB BULK fi/QGAS BULK 3GAS Q#

REYNOLDS NMUSELT 3T/8f9. .'0251.1 2j1?.2 1.299 30J55. 05C 179.5 1 23365"). .0 C251 Io

' 3 1.2 369.2 1.533 29786. .06C 9u.72 2339 7.0 .,03511
4", 2.1 4t 3&&. 9 1.66410 29578. .019 81.07 &&t4549t. 5 .¢ 2

5 4.1 t093.7 1.711 29111 013 70. t

1 559.9 1.7693 21431. .13 62.3 28133.09 .C 2663
"7 16.:4 64t2.3 1.760 26735 :013 55.00 24t9".59. .C02677 d

a 2%.6 A99. 1.725 25"27: A1A 51,41 25021 t. LIC 2686
2 325 449 1.682 21633 .015 ..27 250806.7 .069?69210 4f 3. .3 30. .31 tt7.77 25123d.9 .269b

11 4d.-g 297.0 1.5913 22205. .01 46.4O ;51684t.4" ., 62701" -

7,. 45 .o .s19.9 22Cs.7.89a a.2 1 21.60. .0120-13 -is.O 399.8 1.;513 20737. .019 i,50 252310.2 .10.27C,8 .'

.- 4I 73.4 gi 84 1.1,79 23G4.2. .021 141; Is 25i560.5 .1^2711

15 1.6 9 " 1.461,6 191119. .024. 4S.11 252106.9 .,,1 0 '-.
1.6 40. 14 97: 2 ,.382 1 Sa13. 035 49s5 21&97"70.0 .602b81 --',

17 334 a74 1.25a 183648. .26C 5 . 0"21094.9 029

._PT 1,,o STATIC TV/TO TO PEzSS J

1 -5 103.2IA 1.22 41)5 -. 39ECE-C,
2 90.*t d9.2 1.38 579.-9 .3,09 E',

AERAGE PaA lE RS ETWEENZ- PRESSURE TAS"-'

AVERAGE BULK REYN'OLDS AVERAGE WALL RZY30OLDS AVERAGE ?EZCT:ON FACTOR :";,"

2961454,. 16195. .00669...,

".. 2,°°-89



1, 7

RJM 14;.fp OATE 04/02/76# G4S A14 # MCLECLLA; ',#. ?CQ*f

TIN 74.5 F, TCJT a 153.3 F. 'A!S FL1W PAT- a 36.6 L•i/R. I t4.2 .14 9; .3.5!! VOLTS
P* oP1-4 * .7ZC@ GR/RES3 * b1ZE-%3@ 4ACHZ2 a .22! r AC?4 (1 It .tOp T. UP ?t7.7 F

TC xIo TW TW / Tr 3UL!' HL I G AS BULK 2W C+
(F) REYNGCLOS 4LSStLT BTU/4R0TZ

2 .1 !J8 1.464 1030225. .074 !5O.C-c 2335t.' .0004173 .2 137.5 i.azb .100Z6. .145 244.03 21993.. .C00392

5 4.1 160.9 1 .64 49667. .019 234.P7 2'67'.l .COC441
6 9.1 171.5 1.176 9137. .015 1i,.u3 24c62.9 .1!304437 16.4 i65.0 1.165 ;dO56. .:15 175.74 24199.t .%.00444

b 24.5 195.5 1.I88 970Z5. .C11, 163.74. 24411.1 .CC0444
9 32.' 203.3 1.1d6 950. .015 lbz.Zl ZZ .1 .CC0445

10 4.3.7 211.6 . 85 95072. .016 163.54 24 il.4 .CC0444

1 4 61 :::, 1 0 2't4 23.1 .000445

J6. 1: 8 3 .. .. 315 4 :i 1.164 94 21. .017 1i. : 4915.6 C00C44413 64.7 J35 1.180 9232z. .C1 32 .C4 7491 .6 C0C444
74 73.0 17 1.17a 414d6. .0 9 t55.42 4904.3 C0444

I a 24. 1.176 029. .02 .54.1. ?4!47.q .C00443
1e Wi 24d.5 1.158 S9740. .35 166.39 24527.5 .0C0437"
17 ;7.9 212.1 1.386 89002. .392 304.1; 2317!.Z .;-;4 .'

PT XIO ST&TIC TW/T3 TS PS S•
PRESS.IPSIA) (F1 _ Fr"T

1 .1 92.1 1.05 bq.o -. 45C!-02
2 90.0 4.4 1.16 Il1.7 .117 01" "

AVZ;AGE PARAMEdTERS SETWzEN RZ!S$a. TAPS b
AVERAGE 3ULK AFY40LDS AVERAGE WALL *5YNOLOS AVZPAGi FQLCTION FACTCP

94992. 80621. ,C0451

RUN 1534. OATE 04132176# GAS AIR F rCLECULAR wT. 1.797
TIN * 75.9 F, TOUT a Z5.5 F; 4ASS FLOW RATE a 35.4 LBitR, I - C9.1 A"PS, E ! -.720 VOLTS
PR*IN a .TZC. GR/RESI .386E-03o MACh(Z) s .224# mACH(it] * .293v ToSURR 79.5 F

TC 9/0 7w ThIT8 SULK 4L/QGAS BULK GGAS 0#
M (1 1YN.LOS MLSSzLT 8TU/I4RFT2 .''2 1I 151.5 1.150 494 46 o.092 0-#,0 25011.5- .COORSt '

3 1.2 230.Z 1.293 ;1120. .1?40. 53151.4 C009
4 21.354 7. .41.P .O10C

41 1958 1.397 44164. .321 12 iQ249.6 *Colcse .I

6 6.1 32'..4 1.425 96918. .021 174.64 5C609.6 .Co1wt!
7 16.' 355.4 1.437 944d9. .020 162.24 59707.3 ,0olucp
8 24.6 37q.2 1.433 9227 C20 152.7Z 5,55.4 .CC107C
9 9 32.4 39d.8 1.424 q0227. .020 143.02 59959.7 .CC1C71-" 4 . 4J6 1.1 1.414 Sa145. 022 143.3t 59952 . 00107 1- ,.11 48.7 4 7.5 1.403 i6299. .022 140.C5 0020:, .C01C7

12 56.8 456.0 1.393 14540. .024 130.9t 5999!.6 C01072
13 648 409 1.379 32926. .224 135.59 03. 01
14 73.2 466.6 1.365 3133a. .06 134.64 60C04.9 ..OO1?Z
15 81.3 502.0 1.353 779e50. ,=29 133.t3 5QEI3.3 C01Z7C r.
it '40.1 5.8~ 1.317 71341. .047 13 ;.'46 5!l.6 .Colo9i
17 46.0 408.5 1.163 77201. .166 244.07 52513.7 .CCO93e

PT XIO STATI T./73 T 3
PqEiS.C5iIA ~ (F):. + -.93 5 9a I .1 71.5 -. IE-0Z ,' ,'+

901 12.0 1,3- 2 7-j.T 7 .9.+01 " '

AVE4AGE PARAMETERS ZTh.:'" 3Q:S!U;: TAPS
&Vj AGE 3LL( 2!VN4CLOS AVEPAGE 4ALL qaEY'CLD 1V E ;;ICTI:N ;ACTP

8;42. 65447. 042. .\

90
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RIJN 151-4, DATS Z4/02/76. GAS AIR , "CLECUL.% . -a
T I% 72 F TO JT v 46v4. F. ;p1ASS FL.i ;At i 3t I LI'W p j 122.7 AMPS, C* 7.2c VfLTS
~PIN *.720p GAJR2SJ .5f9E-3 "IS CI4(Z) a.224o PIAC.4(i) - .324# TPSL2e i 3 .r A

.TC x 0 TW TW/TS 1UL, HL/IG&S ql :GA S Q+

( F) EIYNOLDS NI . -LT 3TtI, FTZ
1.2 1q79 121 i9836. IGO0 4a : . 39d.6 *cal5ui

3 1.2 3JO.3 1.:43 926 4 . .1,41 Z33.EO 11761.5 :CC.40

43 2." 372 1.: 1.5446 ?47ol. 4213ic3 5ol e
Sa. 1 46q.2 1.65 44937. .125 166.c3 ;1976.3 .colb4s

7 a. 523.7 1,6i 11413. .02 14
4
.,6c 42374.3 .Colt5z

16 14 5 0 .659 J91 . °0Z2 L31a.! 12;4" .006

q 32.4 595.6 1.639 '5332. .26 133.24. 12701.3 .cct,!I!
10 4C.d 630.5 1.619 42654. ) 127.31 92*e4. .0CO16;e
1i -.. 658.6 1.595 CO314. .013 123.!C ? ll. .C1oibo

P ESS.IPSIA) (F) DBFECT ,'-.

1 5.9 777 154 710.3 9. 1.4 03 16 7.~ 2015

-.. 9.4 1.1. 73.3 -,01

1. 3 754 1 5 3 7 10,. .035 11 .q 3e1, ,1c 1 c-!

" AVERAGE PA9AI TERS BETVEEN PRESSuRE TAPS '
b AVERAGE BULK REYNOLDS AVERAGE WALL REYNOLDS AVERAGE FRICT!D; ;ACTCR "-

8 4755. 5947. .;0462

RUN 1524, DATE 04102/76, GAS AIR * 6LE4ULA0!1 T T 28.97

TIN * 77.7 F. TOUT * 527.6 F. M
A FLOW RATE * 35.o2 L8/H9, 143.2 AMPS, E * 8.635 V0LI'

17 719. Ga/RESO * .O9E*03. 'ACH(Z) *.923. ACl(1) 1 .3f96 T.SURP * 87.0 1343

(F) REYNOLOS NUSSELT (TU/I RFT2

3 .2 13.8 1.614 97433. .141 233.27 112076.7 .o00o20,11

5 .1 359.5 1.843 954.2. .J33 1!1e,.'. .02Z'e 0
* 8.1 628.4 1.902 92990. .029 159.Se 126173.' .0022 4

7 6. 79. 191 834.5 9.9 1.11 73.3. .0C2276

-" 2.6 76.5 1.885 54330. .032 129.1o 127081.4 .C02281%,
9 32.5 811.7 1.848 80933. .033 122.25 127274,2 .co2284

*10 40.9 856.1 1.807 77b83. .36 115.67 127275.5 .cc22e4
*11 ,.9 895.9 1.770 74936. .038 110.80 1273e!.2 .C02286

S12 7.0 932.7 1.732 72383. .041 107.38 127344.0 .00Z2e513 .G 961.0 1.69 70137. .043 10.41 17369. .C1Q4 0-1
14 73.4 9941 1.052 67995. ,04 102.79 1272'0,3 ,O022-4

1 5 L.6 1015.1 1.60? 66031. .350 102.80 126968.7 .C0227."TI Q7,4 1009.6 m .535 o.?0 , ,377 I05.95 4 23773M 8 .00L2"2
17 96.4 790.8 1.266 62993. .35 MAC.4 a . 34 S. .C01F77

T. x /T KIO STATIC BTUL TB ESU S
SPRESPSU IS) DE/FT

2 .1 274 1 32-Sl. O a 46. 44 11, 51-4 . - Czoo

2 9041 :147 1.53 497.7 .3 .02E01

A VERAGE BULK REYNOLOS AVERAGE WALL REYNJLDS AV =AE ; cTi;N FACTC="
8124. 48107. °CC52 3

It ,-_ ....991

7 10.31 1

2( 6. .8 43 .02 1q1 20l4C22

9 32 5 al . .4°.33 - 2 .5IZ2 2C 28

40. a .6 $7 717"55C2e

10 1763. 336 15.6
t'._."P. 89 . 1 ' " ' ", ,i : " 77,"- ' '493' . .018 :' 110 ', . 80 1rt ,i,; ¢ 427 " "'! " "CO2 "25"'6''' '

"



7:-

T1P * 7.7p 154-4t* OATE C4/0!/76p GAS AIR v MGLiCULAR OIT. 823.q7
TIN 77.? ;e TOUT a 171.2 F, 4ASS ;LJW RATE - 29.3 L/HR. I a 7q.l AMPSo E * 3.ZeC VOLTS ,
PRO.IN a .71c'. GaRBS2 a .234E-3o MACh(Z) a .17C* 11ACH(lb) - laho. reSL42 a 32.0 F

TC /03 T- T/T 3 3LLK HL/IGAS $UL< CC.S 0+
( F) 2 5Y4I0DS MUSSELT 3IL,/Q9TZ k

2 .1 109.1 1.063 il.64. .083 441.1Z 20123.3 .CC0437
3 1.2 141. 1.123 i1031. .loS 233.32 L37b3.6 .,O04C
4 Z~ I47 IJ1 3.39Ze .3H 141 !3 11 CC-2' .1Ccol-54

4 66i 1~: 1 30646 . :017124 2 !4'15.7 .0495
o 8.1 177.6 1.174 4OZ7. .011 158.4o !1 23.5 .CCrO4t!
a 24.5 20L.1 1.112 73407. .017 143t 112.2 C(44i
9 32.. 2113.9 1.183 77.)!. .017 14t.7- 'LIE4.6 .Cc9

IQ 4.3.7 Zia.? 1.180 75750. .019 137.,'. 11509.2 .CC044%
11 4,3.7 227.3 1.179 7,963. .019 135.,8 !1576.9 .C00459
12 j6.8 235.8 1.177 75181. .020 133.22 21565.i .CO04t
13 *4.7 243.0 1.174 74425. .021 132.6c ?15t5.2 .COC46Q
14 73.C 251.b 1.172 73c55. .1Z2 130.72 211-5.3 .CC146e
15 31.2 251.8 1.168 7118. .026 133.10 21492.7 .CCC'6 7
16 99.9 254.3 1.153 72152. .042 137.ql !11'.6.7 .Ct
17 97.9 Z20.1 1.377 71!26. .109 26L.'. 19611.5 .(,00431

PT KID STATIC rh/TB TB ODES!
PRESS.(PSIA) (F) Di3ESCT

t -.5 99.9 1.05 75.0 -.472F-029;01 95.7 1.15 lt3,8 .115:*01

AVERAGE PARAMETERS BETWEEN PRESSUPE TAPS
AVERAGE BULK qSYNOLDS AVEFAGE WALL PSYNOLDS ;I PCTIN FACTUR

7btb6. 65365. .00469

RUN 1554. DATE 04/%02/75, GAS AIR M(IfLECUL&R WT. Zil
TIN F8.6 F. TCUT • .5 Fm MASS ;L'3W PAT:: Z9F.oL31 C - 9C.6 A1P SF.; .5.2 0 VOLTS
PR#IN ! .71I GR/QESO .544E-03. AH2 11AC(6 lb .21, T.uR 3 .0 F6 , i #i-.:

TC AID TW TW/T3 BULK HI/QGAS eOK GAS Z
(F) 88'VNOLOS NUSSELT BTU/HQFT2

2 1 151. 1.139 41065. .399 432.64 45674.3 *CC0990
3 1.2 22. 4 1.?49 53761. .156 204.C7 43aa.3 .CC.394
4. 2.1 262.4 1.336 90519. .051 182.4t '6171.4 .CC1044
5 4.1 293.0 1.31 7q470 . ,029 161.;2 49300. .cco,L.

e .1 321. 1.409 71q34. .024 146.9Z 4.9t43.6 .C01076
7 16.4 354.A 1.420 76941. .323 134.54 4..Oo.0 COIC79

S 24.5 373.0 1.41!1 75103. .023 12i..15 44878.1 .001ce1
9 32.4 3q7 7. 1.405 73397. .0H 124.2r, 49941.7 Z3310e2

10 4C.8 411.3 1.396 716o. .0 5 120.56 49;16.5 .CCIC22
.1 '..7 437.7 1.3d6 7159. .oib 117.5c 49Cq.a .CClCi3
12 56.e v57.1 1.376 61606. 9.0e 114.5 49726. I. L 12
13 !4.8 4710 1.360 b7393. .i 114.33 44q72.1 Cooli
14. 73.2 461.4 1.349 636059. .031 11.949C3. 7 .CC1-.6e1
15 ii.3 '03.2 1.334 54c'I. .34 111.60 .9613.1 c:0107q

Ic 90.1 1.06.0 1.302 630,. .0 '14.r,3 48e8.9 .O30155
17 18. 40j.0 1.140 o2b55. .169 il6.t64 43CO5.3 .Cooq32

PT xID STATIC Tw/T! TB os
PqESS.CPSIA) C) EPOT &

1 -. 5 99.14 1.11 76.'. -.47Z'-02
2 C0.1 93.7 1 .3 ZE2.0 .151:+01

AVERAGE PARAMSETERS SSTWE4 0PESSU;E TAPS
AVERAGE 3UL( IEY4CLOS AVERAGE WALL PEYNOLOS AVi;AGE F21CTI 4 ;ACTC"

72340. 54080. .C475

92



b.4'

RUtN '56-49 IATE C4/02/769 CGAS AIRP MI3LECULAR 7 34
TIN . 79.0 Ft TOUT a 4?3.3 Fv MASS FL3 RAT' ; 29.3 L3/i4R, 1 LZ.8 AMPS, - 6 4.b VOLTS
PRlt. .N 719., G,11,11SQ _ .;4,11-3, WACI(2i * .11C. IAC4(L.,i a 231,r T.rj 2 1 35,i F

TC XIO Twd Tw./T4 410 L/IGAS iULA Q0.
(F) 4EYNOLDS NUSSiLT iTUIHRFTZ

2 .1 195.) 1213 13718. .Ic8 413.5' 70436.1 .c01!29
3 1.2 31Z.7 1.'29 3)297. .161 2130.63 673. CC1471
4 2.1 3d.3 1.522 74c2?. .350 133.7 75293f7 .C01633
5 4.1 4173 1.5o1 74074. .033 653a.l 7e617.J ccibt

6 d.1 764. 1.534 77!2e. .029 :1.0 7740 .*CO1679
e 24.! 5i4.1 1.32 71b32. .79 1LO3. 77,376 .(C016p-

4 32.4 93.1 1.08S 6z534. .330 114.1. .75+,1692
SC .8A b22.6 1.565 67231. .333 13q.49 77960.

11 4a.8 65J.o 1.561 S2313. .33 130.14 7pot61 :c t
1 5 56. r 67q.1 1.535 o3438. .336 102.50 77q 8 A.4  .c19

13 64.9 701.7 1.50q 61710. 0337 101.4,j 79046.Z .COltq3
14 73.3 725.9 1.484 63134. :340 ;9.62 77945.7 .00 6q i
15 61. 743 4 11.456 53t67. .;344 lc;.44 771764.6 .cclte37

16 90.2 745.9 1.404 57233. .373 102.3e 7564.i .C164'
17 '8.2 '83.3 1.11 56201. .296 1.3.1 a.5

PT X/O STATIC 7Wd/TB T3 PPS
PRESS.(PSIA) (F) C T

1 -. 97 1.17 77.3 -. (t7ZF-CZ
2 90.3 92.1 1.41 9. .6E0

AVERAGE PAPAMETEAS BETWEEN PESSURZ TAPS
AVEQAG3 BULK REY40LOS AVERAGE WALL REYNOLDS AV2rA32 FRICTTIN FACTC;

I6%3Z. 4()7j4. .00471

RIJ. 157 4 DATE 04/02/76. GAS AIR P MCLECULA4 wT. , 2 .47
TIN * 79.5 Fe TOUT a 555.5 F, !ASS FL3W RATE a 28.Q LBI/R, I A 122 APS. p * 7.;eC VaLTS

PROIN a .714, GR/PESQ .116E-020 4ACH(Z) • L70* MACN(16) * .2:, TSUOR * 55.7 F

TC X/D TW TWIT8 3ULK HL/QGAS U GAS 04
(F) REYNOLDS NUSSELT ITU/HQF'l

3 1.2 401.4 1.5o8.4 7 6161 200. :A .CGo0 .-'.

b 32.l 59.4 1.302 79001. .037 107.22 13,3092.9 .(023k
;

10 !.1 t:5.5 1.83 75953. .133 136.27 :07025.2 .C0232"
1?. 45.9 €73.8 1.70 7030. .343 1.L7733. .C3 0-

192. 3. 42.1 1.792 b64. .037 157 .z1319.7q 5 ,COZ37

11 9u.o 7 3.9 1.479 5108. .088 ;3.47 134243.4 .C02267

1 7 f. 766.1 1.207 50863. .45 15.425 77331.6 .CCc"

PT x/o STATIC .W/TB TS
PRESS.tPSIA) {_B oEcE T

1 -.1 9Q.6 1.24 78.3 -. 472E-0Z
2 90.4 90.6 1.4d Q5Z3.! .223E.01

AVERAGE PARAMETERS BET6EEN PRESSURE TAPS

AVERAGE BULA 4SY'40LOS AVERAGE WALL REYNOLDS AV6.-5GE :aICT!CN ;ACTO;
66150. 41168. .3047•

I%
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RUN~ 154o OA1T: 04/05/7t, GAS AIR v POLLCUL4i T7. * 69
TIN a. 73.7 F. T'JT a 17.5 F. MASS FLOW 2ATj 20.1 L p -* 52.2 "ISo E a 2.a3C VOLTS

*PR.Ik .72C. GR/RES-1 - .Z1'ci-33. ' AC1ia2) - .157. PACH(lo) *.174# TpStD ?t 7.0 F

TC iC T74 T.1IT 1 3tL A. iL/.GAS BUL'. A
[€) R!Y'IOL:S NLSZiLT BTU/-FT2

*2 .1 i03.6 1 .16 3"..2 . .i04 34.'1.49 l5v33.3 .C-;0475
3 . 135.9 'liq 56454.. .209 ,4;.c2 t3764.7 .'COO'35

3.1 177.5 i .Ia 5!041. .02! lo.12 i6
5
6.2 .COO 14

f Z4.5 203.2 1.189 5444$. .025 104 -5 16325.7 CC05b
9 32.4 212.a 1.15a 53430. .%325 l0.2 1Z5.1 CC05.6

iC 40.7 222.2 1.186 53184. .3Z? 16d.' 16314.1 .CCO51511 46 . 7 232.1 1.185 52593. O~ .0221 it309.1 C0 ..112 56.8 240.2 1.181 52002. .329 ;7.37 lt3u3.0 *&OC51 ,

13 b4.7 244.d 1.179 5143!. .030 4o.2 -IQ 16291.2 .C0015
14 73.1 Z57.3 1.175 50353. .03 2 ;.2 l°Z73.4 .C00514
s15 1.2 Z65.9 1.172 5)2QQ. .037 44.c 16207.? .CO05Z .-2

16 iq.q 266.8 1.157 4729. .363 ;8.64 l5C.Z . C049-
17 77.9 215.0 1.060 4294. .1?9 247.11 1;695.1 CC04 4

PT W/o STAT! Tw/T8 TB P1c5s
PRESS.(PSIA) (r) 00"ET1 -5 74. 1.0 71.5 -. ?-OZ 2

AVERAGE OARAMETFRS 9ETWEE4 PA;SUC TIPS"
A aEqAGE BULK QEY40LOS AVERAGE .ALL QSYNOLOI. A cA.E =RICT11ON FACTCP

5314h. 45344.

RUN 160H. OATS 04108/176P GAS AIR , POLECULAR 4T. *Z.7.
TIN s74.5 F, TOUJT - 31-S.2 F9 fpASS Z:O' P ATc 2. L~iI a/ M * 7;.Z 14P S S; 4.49! VOLTS
F R .1* .720p GR/PESQ .491E- 3* IACH (2) : 2.1i7 . ?AC ( f6 b .1989 r.U~ 7e8.0

(F) REYN LOS /USScLT erU/A0cT.

2 .1 144.6 1.134 56288. .119 340.41 342tg.3 .C010e3
3 1.2 219.3 1.263 560o3. ZQI5 154o!e 3i95.b .001011

2.1 z53.1 1.336 55892. .071 13!.02 361C3.6 .C01141
5 4.1 292.2 1.3eb 554b4. .040 121.46 372!'.7 .C01177
6 8.1 322.8 1.416 54673. .033 139.86 37620.2 .01189
7 15.4 353.9 1.428 53151. .032 lo.05 37752.q .C01193

*-8 24.5 384.5 1.422 51758. .032 5.8379C0.4 .C0I194
9 32.4 404.q 1.16Q9 50471. .033 94.3r, 37044.7 .Collqt

10 40.8 426.1 1.395 4115. .035 3.be 37604.3 *CO1194
11 48.7 446.3 1.354 43060. .036 37.3d 37?35.J .cc 196.3
12 . 4665. 1.372 469Q3. .03Q 36.44 37776.1 .0011 4

* 13 :w. 48 2.:8 1 3 56 46018. .040 14.00 3750C.a CrC04~4 73.2 i03. 3 1.345 4503 P. .3'I4 5'. 74 37702.4 Co 19 1
5 81.3 51 .6 1.327 44126. .048 8a.66 37548.7 ,011.-

i 4C.1 521.6 1.294 432!. .084 84.31 3b3'8.3 .C114P
17 98.c 400.0 1. 1c8 24597 .53 1;7.EO 312 :. .098q

a
"

PT X/O STATIC TW/Tl T3 PODS s
P-- .(PSI1.) (F) -

1 -. 5 74.5 1.11 7 2 .z . 70.2 1.29 24.o .1-5.+tI01

AVERAGE PARAMETERS SETPEEN RESSURE TAPS
AVERAGE BULK YNOLOS AVERAGE 6ALL REYN.3LOS AV1840 ;zICTIllN FACTE9

4Q783. 37493. .00513

94
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RUJN 1511P DATE 04/08/76, GAS AIRP M CLcCULAP &T*. - 2i.;7
TIN a 75.4 Fo TOUT a 44j.3 F, WASS FL2W RA72 a 2C.O L3/m, I ?.6 APS, 9 5.72! 'JOLTS
PR&IN a .720, GRIRES0 a .753E-03. AACH12) - .156. MACA4() 2.4p T&SL • 3C.1 F

TC xiO T4 TW/TR IUL< WL/IGAS BULK GGAS Q+ .
(F) 4CYNOLDS '46SELT ITU/HRFT2IW2 .1 1ai, 1.213 75840. .138 31 1,26 51343.0 ,C0lcZ7

3 12 29;O 1.410 151c. ,ZC 152.23 4d244.2 .0015'P
4 2.1 357.6 1.510 95275, .071 1315,2 55245.7 .c01751
5 4.1 411.4 1.586 54645. .046 1L3.70 50 7a.* ,CC17Cr-
6 8.1 460.1 1.)3-j i348., .039 136.1c j7367.! ,CC1e1
7 la.4 213.4 1.,40 i1240. .038 ;4.,2 57t1O. .CClaZ's
8 24.5 559.0 L. 22 4;!06. .040 l.34 z769a.3 .L312a
9 32.4 591.3 1.596 475954. .01-1 J4.82 1 7774.. .cc183lq10 4U.E 624.7 1.569 45964. .045 11.3. 57bdS.5 .CO1629

11 43.8 657.4 1.545 44531. C166 78.44 57731. .01-;3G
12 S.q '.d5.0 1.520 431.8. ,051 75.85 57610.,; cOin2
13 54.9 7C!.2 1.48d 42COZ. .052 75.40 57651.4 ,C01aZ7
1' 73.3 733.q 1.463 ;oQZp. .057 73.99 57468.4 .COIZZ

15, P1.4 7a53.8 1.433 3979e. .062 73.76 5727i;.7 *CCLcl5
16 90.2 753.5 1.380 3,778. .103 75.7; 55121.4 .c01747
17 9.2 567.0 1.134 38070. .3#2 i55.80 43121.0 C01367

PT Xlo STATIC TW/Ts Ta : TQ S"

PRESS.(PSIA) (F) fEF;CT
1 -. 5 74.7 1.17 74.3 -. 51'E-cz
2 0.3 69.5 1.38 419.8 .203E.1--C

AVERAGE PARAMETERS BETWEE4 PRESSUP TAPS
AVERAGE BULK RY4CLDS AVERAGE WALL REYNOLDS a.UGE FOICT!lN FACTC -

47355. 32532. .00525

R'JN 1624t DATE C4/06176# GAS AIR , 'LSCULAR *T. - 26.;7 I
TIN * 76.8 F, TOUT a 536.5 F, IASS FLOW RATE aO.0 L3/HR, 11.8 A PS, E * 6.8QC VOLTS
PR.IN a .719. GRIRESQ .103E-Z. iACH (2) : Z157. PAC4(Ao) .Z34 T.SUR * j16. F

TC Xlo TW Tw/T8 BULK HLIGAS SU L O0a6 0I
(F) REYNOLDS NUSSELT sru/P T7 1

2 .i 236.8 1.298 5377. .13e 3J9.30 71310.5 ,C_2251
1.2 3.1.5 1.566 55319. .2C8 L51.CO C7.^.9 , 021%3

4 2.1 40.7 1.704 54940. .072 135.'o 76485.t .CCZ(30
5 4.1 549.7 1.813 $4073. . 2 115.eG 7e5t3.2 .00244q

8.1 624.9 187 6 52!41. .04 101.2 7q743.6 ,C02517
7 16.4 710.4 1.37Q 40627. .047 88.18 30145.1 .CC2531
6 24.6 770. 1.i45 47167. .OV 8.14 8.u2103 .¢02532
9 32.5 !15.8 1.799 45112. .0!3 76.6.. iC2bi. ,CO2534

10 40.9 660.6 1.751 43155. .058 7,.71 30112.'? 
C
O2520 " 7

ii 4a.; 8qg.1 1.7u5 41502. .061 70.30 8211 .C12529
12 57.0 935.8 1.661 4009. .061b 58.12 7;Q45.1 CC2524.3 05.0 9t3.2 I .,h13 39674. .069 67.21 7-ed5,4 .C121.22. ."
14 73.4 994.9 1.570 37316. .%)73 56.24 79717.1 .CC2517".',.=
b 1 , C;.).a 1.527 36270. .01 55.t 792:.7 .C^25c311 90.4 1016.5 1.457 35182. .126 57.60 760c6.3 .002401
17 751.4 1.159 3.5Z9. .622 131.51 5137.! .C01O37

PT XID STATIC Tw/TB TS PcSS-
PRESS.CPSIA) (F) OEFECT

1 -. 5 74.6 1.24 75.z -.514E-O2
2 00.4 61.3 1.46 553.9 .2445*01

AERAGE PARAMETERS 85TiEEN P9ESSUFE TAPS
AVERAGE BULK qEYCLDS AVERAGE .4ALL REYNOLDS AVERAG4 € CTION FACT:R

45,15. 20654. .CO530
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U .

76.8 163'4p OATF 04/03/76,e GAS AIR - MCLECULAR T. a 28.Q7
TIN s.76.e Fe TCUT - 345.4 F, "ASS FL 3 iAT • 11.8 L3/HF. 1 64.4 -.IPS, 3.63 VOLTS

F.aIN a .7199 GAIRES-2 .572E-03. 'IACH(21 s .11c C PACC H6 ( I .14- v T.SU,(; ! 3.0 F

TC xI/D T*4 TW/T9 IULK I..? 3645 3ULK 'GAS +. ~ .
I (F)= EYSOL:S '4UScLT 3TU/,"QPT7

2 .1 152.0 1. 1.lu 3PZ. .201 10 4.33 zi211.1 .C01133
3 1.2 2 .8 .255 32706 .2o3 9 . c .3010e 7 %.C

6 d .1 3Zo.6 1.410 31 .i .050 70.;6 24466.2 CC1I31?
7 16.4 3et5 .0 1.419 3u t5. 09o.' 4~. 01.

13 24.! 392.0 1.410 2q(;!9. .350 61.3C ?16j,9.l .001320
9 32.4 415.0 1.397 29141. .051 5;.22 !4O02.4 .C013i -

10 43.8 435.8 1.303 23349. *J56 57.27 24533.4 .C01317
11 44.7 461.3 1.37a 27650. .31a 53 .52 24-52A.5 .CO131712 56.9 4(32.5 1.356 26998e. .36 j4.46 24Z5*.l .G01313
13 o4.8 '99.9 1.338 253dz. .363 14. 5 Z4463.0 .C01313
14 73.2 523.5 1.321 25713. .371 52.10 14321.5 .0013C!
15 31.3 531.1 1.309 2: 47. .075 52.21 Z'19d.7 coizal

*16 90j 544.j 1.27? 24714. .143 52.17 122E17.7 .Cc122.17 1.05 Z'.334. .3e5 151.c9 ld639.4 .0cI ,

PT X/D STATIC T'wTB Te P S!

S1 -. A.2 1.12 7 .3 -.533E-02 - r
2 qO.l 57.1 1.28 32o.* .3 E+0 1

AV6RA5E !!RAM 8TERS 49T6ZE P~eSSURE TAO'S
AVEiAGE BL REYNOLDS AVtFAGE wALL RYNHLOS A ;RICtT'4 FACTC"

2875o. 21742. .c,6Z..

PUN 1644, OATE 04/08/76, GAS AIR , PCLECULAP wT. 2 J * 7
TIN *77.2 F. TCUT *473.1 ;, "ASS ;L1l RAT- - 119 L3IMR# I - 79.c A'lPS, E *4.565 VJOLTSPP. IN - .719v G~iR 3O - .o44E-03* ' CrI i .179 MAC4IC1) *.15qp TeSt.U 2 4.G F

TC x/0 T'4 TW/.TB 4UL HL/OGAS BULK IGCA 3
(F) EYNOLOS 4USSELT UTlHRCTZ

2 .1 170.q 1.19C 3ZQ77. .176 219.43 32530.? .C01734
3 1.2 2J.5 1.367 32771. .291 102.21 29:50.5 .C0150Z "'4 2.1 331.2 1.465 32602. .106 43.49 3':q2.6 .6019t;5 ..1 395.6 1.547 32203. .369 0.22 363'3.3 .00193A
0 8.1 4.3 1.594 31475. .,)7 70.66 36,6.2 .Cs'e7
7 16.4 509.8 1.6c3 30079. .057 2.eco 370,2.3 .CC1976
a 24.5 5!3.9 1.582 23842. .35q 58.65 37081.2 .C01977
9 32.' 585.0 1.554 27770. .062 56.22 370i3.! .COl9-M
IQ '0.9 613.4 1,523 2o772, .38 54. 3 3669.4 .C019 1

* 1 48.d 649.6 1.497 25.886. .-370 52.17 36;,o6o6 .01;7i12 ,6.G 679.7 1.470 250C3. .077 5C.65 Colqt33 C0 313 o049 703.5 1.439 24345. .379 50.4t 3679,3 .CC1O2
14 73.3 731.2 i.412 23654. .JE7 44.51 36o11.C .Col9t2
15 11.4 754.6 1.3d5 23024. .396 '9.05 30347.7 .0lq3a-
16 4).Z 753.1 1.336 Z!'LO. .le 44.3! 34115.2 .002.""
17 98. 536.9 1.63 22OZ6. .564 196.02 250!0.3 -C133

PT XlO STATIC T./TS Ti
PRESS.(P-IA) (F) CEr50T

-. 5 5q.1 1.16 77.2 -. 53E-Cz
2 90.3 56.6 1.33 451.1 .122s-'l

AVERAGE PARAMETERS 5:TW86N DSSURE TA 1 N

AVE4AG3 27 Y6 4t0L S AVEFAGE @A L RYN.LO AVERAGE T N ACTCO
ZWO(6. lq .

96

"A....



RJN 165-4, DATE- 34/0d/7'. GAS AIR o "IlLECULAP T1. Zj2.;7
TIN * 77.7 F. TOUT - 523.1 F; MASS ;LOW i&T a 11.1 Ll/HR, I - ;3.,Z S. , 5.535 VOLTS

*PQ. IN - .7114 GaIRES2 - .IlbE-O3Zp M1hCF(2T - .117. 'AC-4(.c) I ?:# TSL;- * s F

TC x0 T4 T /T3 3LLK HL/^G:S ;L< GS C

3 1.Z 361.7 1.510 3?541. .3CC 103.c7 ,1322.5 CC2267
4 2.1 443.9 1.647 32307. .61 9 P i672.7 .L02500
5 4..1 5 3J8 1.762 31764. : CEC 71.17 5 C Z 2: E
0 8.1 bZ.7 1. 3 307Q2. .070 60.52 5iZZ.5 .CQ2731
7 I0.' 7C 4.5 1.i4i 29C53. .C72 57.21 B3 Z.o .;C2743
8 24.6 753.0 1.798 p7443. .077 5Z.88 j1316.7 .:02741
. 3Z.5 309.5 1.746 251,3. .o8i 50.0. 51273.8 .CTZ73

miC, 40.9 851: 1.*91 ?4977. .3!9 47.7Z j1C04.q :00275'

it i0.4 101-4.0 1.402 ZoZ'o. .204 43.fc 46tzO.7 .C024q3
17 98.4 707.4 1.073 14871. .967 144.55 ?798._ .0014;5

PT Xi0 STATIC T.iTl T; pSt
PqEgS.(PSIA) (F) 0-ECT

15 5q.1 1.2 7 .2 -. 5-3-C2

- AVERAGE PAR MET:PS 3=T'.EEN 04S P T5PS
AVERAGE BUL( REYNOLOS iVEAAGE WILL RtYNOLOS vA GE cRICTZI; FACTC;

2654C. 1714eZ. .00o!3

RUN 1579, DATE 04/30/76, GAS AIR 9 MPLECULAR WT. - .47
TIN 75.4 F. TCJT - 177.1 F• ASS FL• ATE - ll.i L3/HR# I - 3q.2 S. E 2.3 C VCLTS
PRIIN • .720 G;R/RES^ - .218E-03, MAC4(2) - .117p rAC4(16) l .127, TPSURR 3E0 F

TC x/0 Tw T',j/T9 3ULK HLI/OGAS SUL. aGAS Q+
(F) R; CAOLCS NUSSELT BTU/mRFTZ

2 .1 94.9 1.347 3312'. .1cs 247.Zt 9711.1 .CCC4to
3 1.2 126.0 1.09' 33070. .273 135.14 7597.3 .000407
4 2.1 140.6 1.120 330Z5. O3ql 96.19 1;73.1 .:C047,
5 4.1 154.6 1.141 32922. .351 43.70 gilo.3 .C3043
6 8.1 165.5 1.154 32722. .037 75.53 1353.6 .CC5O1
7 15.4 180.1 1.151 32313. .035 71.4 0375.0 .C005Q?
6 24.5 190.1 1.161 31927. Q36 q.•t 1276.0 .%CGo002
q 32.3 193.a 1.159 31572. .037 65.33 ;371.3 .:005c

q 19 40.7 207.5 1.156 312C4. .039 67.4o 9357.1 •CCli.
"11 487 216.4 1.154 330t2. .041 66.33 9353.4 .CCSO1

12 56.d 225.8 1.154 3C522. .4 54.72 ;32Q.Q CjC49Q
13 34.7 233.0 1.149 30197. .J45 64• i 325.1 Q

*14 73.1; 242.5 I.t4@ 24863. .049 b3.35 9295.5 .CO04;8
1" 15 i•.2 25J.i 1.145 2q545. .3156 62. ;23;.a .C'-5
i6 i9.9 252.9 1.133 zzzl. .103 54.c7 =C.. .CC0474
7 97.9 194.3 1.027 2972. .174 317.7b i274.1 CSC443

PT x/3 STATI: Th/TP 73 p s
PRESS.(PSIA) (F) DEFtCT

1 -. 5 59.0 1.01 74.4 -.. 32;-02
2 90.0 57.5 1.13 159q. 13=.201

AVERAGE PARAMETERS 35T-EN ESSlU;E TAPS
AVERAGE iUL< IFY4OLOS AVERAGE ALL 2!YN3L:S I'v:;AG; ZRIC t N :ACTSz

" 31175. 27252. .CC5al
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APPENDIX E.
Thermocouple Conduction Error

D. M. McEligot,D.C.Tribolet and B. Bingham
Aerospace and Mechanical Engineering

University of Arizonai A thermocouple attached to the outside surface of a

heated tube acts as a fin or extended surface which low-

ers the temperature at the point of attachment. Since this

point also serves as the thermocouple junction, it measures

a wall temperature lower than the value which would occur

without its presence. The difference is known as "thermo-

couple conduction error." Consequently, in an experiment

S""such as the present study, the deduced Nusselt number is

systematically increased unless corrected for this effect.

Analyses

.*.. Based on extended surface analyses, the normalized

thermocouple conduction error e has been shown by Schneider

[48) to be approximately

e - = i [1 + 8 Xr K1 (Ar1(El)
tw-t+ hTCAs K0 (.r)(

where tw is the temperature of the undisturbed tube, hTCAs

is the thermocouple conductance and r. is the effective ra-

S-dius of the thermocouple attachment. K o and K1 are modi-

fied Bessel functions of the second kind of order zero and

one, respectively [49,50). The quantity X is defined as

A - h + h4
k 6tube tube

and the thermocouple conductance is defined by the equation

98
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qTC hTCAs(tTc-t.). Thus, in this approximation B is a

function of the non-dimensional parameters Xr0 and -

M - ktube tube, /(hTCA s ). 

Using approximations to the Bessel functions, valid

-V at small values of the argument, one may reduce equation

(El) further so that it takes the form

e - Zn(Xr,)/2rM (E2)

when 2wM >>l. This form is useful for estimates of the

magin-itude of e when desiring to determine whether it is

significant in a given case. It is presented as Figure

El.

In calibration for thermocouple conduction error data

are normally obtained without flow so a probe can be used

to measure the tube wall temperature in the vicinity of

the thermocouple. In this case, hi - 0. Examining Figure L

El, one can see that the effect of flow (i.e., non zero

value of hi) is to increase Xr o and reduce e for the same

thermocouple attachment and environment.

Hess [29) extended and improved Schneider's analysis -

for application to electrically heated tubes with internal

flow such as the present experiment. His representation

takes the form

.___l1-h_/NT_) (E3)O - ~hi + ho  + 2kWS rK-l .

hTC h r2  K .4.

TC 0 0 r
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~~Evaluation of thermocouple conductance, hTcA a  -

For fine wire thermocouples in an environment at at-

mospheric pressure, free convection dominates as the me-

chanism for heat loss from the thermocouple compared to ra-

diation. As an approximation, one may consider the total

heat transfer coefficient and properties to be constant for -

the thermocouple wire and derive">."+:.'

qTC /th qC)I'VTCXCS (tTC-t-) tanh mt E )' -.

as by Schneider [48]. For long wires, i.e., mt -/Z hP/iA >5,. ...

tanh ml approaches unity; then hTCA S becomes '(hr + hNC)PkTCAcs
.  .

The wire can be considered a small body in large sur- . ,

roundings so ,

L- S.'

The heat transfer coefficient for natural convection can be .:

determined from a correlation of the form Nuf onfn(GrfPr).

of our thermocouples. For the range up <GrPr<10 - the ra

curve recommended by Kreth [51, Fig.7-3 can be represent-

ed as

hu c d 0.315 + 0.8 eGrfPrf0 (E6)

In an unpublished note, Hess, Deardorff and McEligot

[52r included herein as Appendix F examined available cal- - >

ibration data for radiating thermocouples attached in the -

parallel junction form of Moen [281. From comparisons be- s

101
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tween predictions and measurements, they concluded that the

effective radius of the thermocouple attachment, ro, was ap-

proximately equal to the actual radius of the thermocouple

wire. Consequently, As - irr2 - AC - rd 2/4. The calibra-

tion data of Campbell [531 for an atmospheric environment

are also in approximate agreement with the choice of d/2 as

" -. Application to present experiment

The heat transfer coefficient from the outside of the

tube, h0, may be deduced from the heat loss calibration

F.. equation (B5), to be

h. [CI + C2(tw-t-) + C3 (tw-t)2]/nD (E7)

For hi either a correlation such as equation (19) or tab-

ular data from the initial data reduction can be employed.

In this experiment hi is typically of the order of 200 Btu/hrft 2 0F

*or more.

As an example of the magnitude of thermocouple conduc-

tion error to be expected Figure E2 has been plotted for

thermocouple 10. The value of hi was taken as 200 Btu/hrft 2oF

and the environmental temperature was assumed to be about

70°F for this presentation. The reduction in e with flow

is clear and it is also seen that in the heat loss runs (no

. .;* flow) e decreases slightly as the wall temperature increases.

-.. -

For the tabular results of Appendix D the thermocouple

conduction error was calculated from equations (E3) through

(E7) and correlations (19) and (B5). Material and fluid

102 ,.,
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properties used in evaluating the thermocouple conductance

were based on the temperature at the junction and its re-

sulting film temperature, tf (tTC + t.)/2, as appropriate.

While a numerical solution could be applied to improve the

analysis predicting the thermocouple conductance, such so-

phistication does not appear warranted due to the uncer- -.

tain knowledge of several quantities and the small magni-

-. |

.°tud o- 6..
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APPENDIX F.
Radiating Thermocouple Conduction Error

12W. G. Hess A. F. Deardorff2 and D. M. McEligot
re- Energy, Mass and Momentum Transfer Laboratory

Aerospace and Mechanical Engineering Dep rtment
Iq The University of Arizona

Tucson, Arizona

- In space environments and space simulation chambers,

temperatures are often measured with thermocouples attached

to exposed surfaces. The primary means of energy exchange

then are conduction through the solid material and thermal

radiation. In our Laboratory, we 'so often use a vacuum

environment to minimize and/or localize the heat loss from

thin-walled tubes in which we perform internal convective

heat transfer measurements [38]. In these situations the

thermocouple attachment usually acts as a radiating fin

which reduces the local surface temperature near the point

of measurement. This systematic effect may be called the

radiating thermocouple conduction error.

Schneider £48] presents an analysis to predict the

- thermocouple conduction error in a convective environment

by idealizing the thermocouple as a cylinder mounted per-

pendicular to the surface at a single point.

t 1. Now with Pratt and Whitney Aircraft Company, West

Palm Beach, Florida.

2. Now with Gulf General Atomics, La Jolla, California.
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Including energy generation in the wall by electrical ' 1

resistive heating and energy transfer from the surface

opposite the idealized thermocouple, one may extend

Schneider's result to

TTC w, (h - hTc)r Ko(Ar)

Tw u -T (h. hTc r Ko(Xr ) + 2LkwSK (r )  (Fl)

where the heat transfer coefficients may represent con-

vective or radiative processes as appropriate. In the

case of infinite radiating thermocouple leads, the effec-

tive heat transfer coefficient over the contact area of -

the thermocouple may be shown to be p

h TC[ 5 ~

T -TTC (f2) ,

if its emissivity and thermal conductivity are constant.

Thus, provided that the material properties are known,

prediction of the radiating thermocouple conduction error,"

redures to the problem of determining the effective ther-

mocouple radius, r.

For many applications the parallel type thermocouple

junction, shown in the insert of Figure Fl, is more accur- .

ate than the more common cross type junction because the

location of the measuring plane is effectively on the tube U

surface rather than being spread perpendicular to it [28]. .,
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Rather than satisfying the idealization of a single

cylindrical interface between the thermocouple and the

surface, the attachment region for the parallel junction
consists of two roughly elliptical areas slightly separ-

ated from each other. Accordingly, the objectives of the

present work were taken to be (1) to determine r for a

parallel junction configuration and (2) to investigate the

reproducibility of the conduction error when such thermo- I
couples are produced by using normal laboratory standards

for equipment construction.

Measurements were conducted on three circular test

Premium grade bare Chromel and Alumel thermocouple wires
r sections of 0.010 inch thick Inconel 600, two feet long.

of 0.005 inch diameter were spot welded to the test sec-

tion by the electrical discharge technique. Circumferen-

.. tial distance between the two wires was approximately 1/8

inch and the attached area of each covered approximately

one to two wire diameters. Tests included about fourteen

such thermocouples with all wires taken from the same

spools.

These resistively heated test sections were mounted

in glass vacuum chambers. With no intermal flow, hi e-

quals zero and h can be determined from the tube emissiv-

ity which one also deduces from the tests. "Undisturbed"

107
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tube wall temperatures, T , were determined with a

traveling internal thermocouple probe, also of premium_ *:-

grade Chromel-Alumel, which measured the wall tempera-

ture profile axially betwenn the thermocouples. Calcu-

lations show the maximum temperature drop through the

wall to be less than 0.01 F so the thin wall idealiza-

tion is valid. Readings were accepted without correc-

tion for deviation from standard N.B.S. emf tables since

Hoskins Manufacturing Company certified the deviation as

less than 1 F.

Results are demonstrated on Figure Fl. The dashed

curves are predictions based on equations (Fl) and (F2)

in conjunction with manufacturers' information for emis-

sivities and thermal conductivities of the thermocouple

wires and the tube. The solid curve represents predic-

tions based on the measured emissibity of the Inconel

tube used by Hess and on an effective thermoucouple ra-

dius equal to the actual wire diameter; otherwise the

bases are the same. -

Hess' data points are averages of the thermocouple

readings for the central protion of the tube and they

show the effective radius to be approximately equal to

the wire diameter or slightly less. The measurements

4 of Swearingen and of Reynolds and Deardorff are from

test sections with different thermal histories, hence

108
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emissivities, but of the same materials and dimensions.

Their calibrations suggest that r is about one-half the

wire diameter. Different welding jigs were used for U?

q each and, consequently, the region of attachment varied

from test section to test section but would be approx-

imately uniform for different thermocouples on the same

test section. Accordingly, one would expect the level

of the thermocouple conduction error to vary from test

section to test section as it does in Figure Fl.

We conclude that the effective radius of the ther-

mocouple attachment is approximately one-half to one

wire diameter when constructed in the manner described.

One may use this observation with manufacturers' infor-

mation and equations (Fl) and (F2) to determine whether

the systematic error will be significant in his specific -

Uapplication. (For the results shown, in an internal con-

vective heating experiment with T w  1000*F and T b900F,

the resulting error in Nusselt number would be 5 to 10

per cent.) If such predictions indicate that the errors

-a would be important, we recommend individual calibration "

since the values of a number of the pertinent input var-

iables are not readily available.

1'.

1.09
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NOMENCALTURE

h Heat transfer coefficient; h i t inner surface: :L: ."'.

(thermocouple) surface.

k thermal conductivity

K ,K1  Bessel functions -.

r effective thermocouple attachment radius ;.

T TC temperature measured by thermocouple Palv

."; T "fundisturbed" wall temperature [[
wSu

8 ~thermocouple heat transfer constant, 2aE/(k cr) '

~~~wall thickness "-'

'" £ ~ emis sivi ty ;-':

wall heat transfer constant, [h° +h)( )

0 141

aS tefan-Boltzman constant
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