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ABSTRACT 

The results of a primarily experimental study of the 

transition from turbulent flow to laminar flow as a conse

quence of high heating rates are presented. Results are 

reported for hydrodynamically fully developed, low Mach 

number flows of air and helium through a vertical, electri

cally heated, circular tube at entering Reynolds numbers 

from 1700 to 40000 and wall-to-bulk temperature ratios to 

The experimental results for flow situations 

involving mild heating exhibit good agreement- in comparison 

to generally accepted heat transfer and friction correlation 

relationships for both turbulent and laminar flow. At high 

heating rates, the departure from the turbulent correlations 

for initially turbulent flows is pronounced; in extreme 

cases the laminar correlations provide an accurate represen

tation of the heat transfer and friction parameters in the 

downstream region of the tube. The laminar characteristics 

of the flow in the downstream region of the tube for high 

heating rates are graphically demonstrated by superposition 

of the experimental data points on the analytical thermal 

entry length solution for laminar flow in a circular tube 

with constant wall heat flux; experimental runs are classi

fied as laminar, turbulent, or transitional on the basis of 

xi 
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these graphs. Reasonable agreement is demonstrated between 

the classification of experimental runs in the present work 

and the classification schemes suggested by McEligot, 

Ormand, and Perkins and by Bankston, Sibbitt, and Skoglund. 

As a means of predicting the occurrence of a tran

sition from turbulent flow to laminar flow, the experimental 

results are compared to the acceleration parameter suggested 

by Moretti and Kays and to a modified form of the parameter 

that is appropriate to a circular tube. It is suggested 

that the turbulent flow correlations do not provide accept

able predictions of the Nusselt number and the friction 

factor if the value 4 y q" ~ i 5 x 10~^ 

G2 D T c 
P 

based on bulk properties, is exceeded for an initially 

turbulent flow situation. 

It is further suggested that Nusselt numbers and 

friction factors at locations downstream from the point 

\ R r i 9 T — 
I • ~ n 1, i n/t1 1 it>=> I -

ricritical = ^ * 10 (Tinlet) | êb,inlet] 
w 

Tb max 

for bulk temperatures in degrees Rankine, may be obtained 

from the laminar correlation equations even though the flow 

is initially turbulent. 



CHAPTER I 

INTRODUCTION 

The problem of reverse transition, defined in this 

study as a transition from a turbulent flow to a laminar 

flow, is of interest both for practical reasons, ie., in 

the design of nuclear rocket engines, and for fundamental 

reasons, ie. as a possible contribution to the nature of 

the transition process. This study is concerned with a 

primarily experimental investigation of the reverse transi

tion process in a circular tube. The reverse transition 

is caused by the action of large heating rates which in 

turn cause significant transport property variations, 

especially in the viscosity. The viscosity increases 

such that the Reynolds number based on tube diameter 

decreases sufficiently for the flow to undergo a transi

tion from turbulent to laminar. 

It is well known that flow situations can be 

classified in different regimes according to the motion of 

the fluid particles in the system. The laminar and turbu

lent regimes, and the transition region between them, have 

been the object of considerable investigation since the 

time of Osborne Reynolds. The area of laminar flow has 

received the most thorough investigation since the 

1 
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governing equations can be solved either exactly or 

numerically for almost every situation. The turbulent 

regime has been attacked by many schemes, and some models, 

such as the use of the eddy diffusivity, have produced 

good results. The usual transition region is more elusive; 

it is usually described as a situation during which a lami

nar flow becomes unstable and undergoes a change into a 

turbulent flow. Rotta, according to Schlichting (1960), 

has depicted the situation in the transition region as an 

alternating flow with each cycle having a portion that is 

almost entirely laminar and a portion that is almost 

entirely turbulent. As reported by Schlichting (1960), 

criteria have been developed that will predict the onset 

of turbulence in a laminar external flow; thus, all of the 

usual flow situations can be analyzed with some degree of 

accuracy for some situations. 

Although the occurrence of transition can be pre

dicted for simple flow situations, there are numerous 

conditions that can be imposed on the flow that will alter 

the attitude of the system with respect to transition. 

For example, it has been found that the onset of turbulence 

in a circular tube will occur at a Reynolds number of about 

2300 for a simple flow situation, but a roughened surface 

or a trip wire will initiate turbulent flow at a somewhat 

lower Reynolds number while a quiescent fluid and an 
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extremely smooth channel can be used to sustain laminar 

flow at much higher Reynolds numbers. In addition, as 

will be discussed in the next chapter, there are various 

other effects, such as rotation, channel configuration 

(pressure gradient), and heat transfer that can affect the 

occurrence of laminar or turbulent flow. Of particular 

interest in this investigation is the use of a large heat 

flux to vary the properties of the fluid; it is expected 

that a turbulent-to-laminar transition for tube flow can 

be effected in this manner. 

The phenomenon of transition from a turbulent flow 

to a laminar flow due to a variation in gas properties has 

achieved interest by virtue of the proposed use of gas 

cooled nuclear reactors as space propulsion systems. The 

operating requirements of such devices are such that 

accurate design information is frequently not available, 

and the use of accepted correlations for heat transfer and 

friction parameters that were obtained for less strenuous 

situations can lead to erroneous results. For example, an 

acceptable gas cooled nuclear propulsion system must be 

capable of repeated on-off cycles; if the coolant supply is 

limited, then the required cooling portion of the cycle 

should be as economical as possible. A precise knowledge 

of the capability of energy transfer to the gas will allow 

the coolant flow to be minimized while still maintaining 
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safe operating temperatures in the core and nozzle. 

However, an unexpected transition from turbulent to lami-

nar flow in the cooling tubes would cause a sharp decrease 

in the energy transfer to the gas and a subsequent rise in 

the wall temperature causing possible failure of the tubes. 

As is the case in numerous other areas, the demands of 

current technology require a deeper investigation of a 

physical phenomenon; the object of this work is to fulfill 

that need. 

It 1s the goal of the present study to investigate 

the form of turbulent-to-laminar transition described above 

for gas flow at low Mach number through a tube; the phenom-

enon can be described in terms of the usual transition 

parameter, the Reynolds number, if that quantity is written 

in the following form: 

Re = pDu = 
l.l 

In this expression, since the mass flow rate and the diam-

eter are constant, the Reynolds number is a function only 

of the viscosity. For a gas, the viscosity increases as 

the temperature increases; the temperature extremes~ in 

this experiment correspond to an increase in the viscosity 

along the tube of about 500 percent. The nature of the 

experiment is such that a flow of gas with a low bulk 

temperature is suddenly subjected to a hot tube wall, so 
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that the viscosity near the wall can be on the order of 

four times the viscosity at the centerline. It is hypoth

esized that the result of this viscosity gradient, as 

described in later sections, is to reduce the turbulence 

generated near the wall. The flow then begins to exhibit 

laminar characteristics, and after the existing turbulence 

dies out, it can no longer be distinguished from a truly 

laminar flow. In this study the presence of laminar flow 

is detected primarily by temperature and pressure measure

ments; local values of heat transfer parameters and 

friction parameters are presented as evidence that the 

transition does in fact occur. In addition,.a criterion 

for the onset of laminar flow is described; it is thought 

to be of value in design situations involving flow 

configurations of this nature. 

It should be noted that the effect of heat trans

fer in this case is opposite to the accepted result for 

external flow. Schlichting (1960), for example, in a • 

discussion of external boundary layers, quite bluntly 

states that heat transfer from the wall to a gas is a 

de-stabilizing influence if other factors are unchanged; 

it should increase the tendency of the flow toward turbu

lence. However, the relatively large changes in viscosity 

that are encountered in the present study are beyond the 

scope of the stability discussion as presented by 



Schlichting. It should also be noted that, for external 

flow, the Reynolds number is based on the variable that 

represents distance from the leading edge of the body 

while for tube flow the Reynolds number is based on the 

diameter which remains constant. Furthermore, it is of 

particular significance that heat transfer from the wall 

to a gas is designated as a de-stabilizing influence with

out consideration of the effect of acceleration on the 

boundary layer. Both Moretti and Kays (1964) and Back and 

Seban (1967) have discussed the heat transfer character

istics of accelerated external flow situations, and it has 

been observed that the heat transfer coefficients in 

regions of strong acceleration are much lower than the 

values that would be typical of turbulent flow. The 

measured -velocity profiles presented by Back and Seban 

reveal "laminar-like" behavior near the wall while 

corresponding temperature profiles indicate a reduction 

of the eddy transport near the wall. The implication of 

these experimental results is that, in the presence of 

free stream acceleration, heat transfer from the wall to 

the gas can exert a stabilizing influence on the flow. 

The acceleration effect resulting from the 

presence of a heat flux from the wall to the gas is more 

pronounced for internal flow than for external flow. As 

the temperature of the gas increases, the density 
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decreases; and since the mass flow rate must remain 

constant, the result is an increase in velocity. In 

addition, the presence of friction in the tube creates a 

favorable pressure gradient. On the basis of these 

arguments, it would appear that a stabilizing influence 

is provided by a heat flux from the wall to a gas for 

internal flow situations; Bankston (1965) reported that 

this was indeed the case. In addition, the results to be 

presented later in this work show that the external flow 

parameters, such as those suggested by Moretti and Kays 

(1964), provide a good indication of the transition from 

turbulent to laminar flow for internal flow situations. 



CHAPTER II 

PREVIOUS INVESTIGATIONS 

Several previous investigations have been conducted 

into the general situation of turbulent to laminar transi

tion. Although the mechanism for creating transition in 

several cases has been different from that employed in the 

present work, reference is made to them in the interest of 

completeness. 

The completely adiabatic work of Sibulkin (19 62) 

involved the transition from turbulent flow to laminar 

flow by virtue of a change in the diameter of the sur

rounding tube. Gas flowing with a low turbulent Reynolds 

number through a small tube was allowed to expand into a 

larger tube; the Reynolds number was thus decreased by 

the ratio of the diameters. Hot wire anemometer measure

ments were used to confirm the presence of laminar flow in 

the larger tube. An outgrowth of the anemometer measure

ments was the discovery that the rate of decay of 

turbulence level was most rapid near the centerline-. and 

near the wall; the higher turbulence intensity in the 

middle region was attributed either to lower rates of 

diffusion minus production or to diffusion of turbulence 

energy from the other regions. 

8 



Several authors have investigated laminar boundary 

layers that have appeared under somewhat surprising con

ditions in various flow situations. Sergienko and Gretsov 

(19 59) have described the occurrence of a laminar boundary 

layer in a supersonic nozzle that was supplied with a fully 

developed turbulent flow and was exhausting at a Mach 

number of 2.6. Measurements were made only at the inlet 

and outlet of the nozzle; in the opinion of the authors, 

the transition occurred in the converging section. 

Sternberg (19 5 4-) has investigated the case of a cone with 

a following attached cylinder in supersonic•flow; it was 

discovered that a laminar boundary layer could exist on 

the cylinder while a turbulent boundary layer was main

tained on the cone. In addition, the work of Wisniewski 

and Jack (1961) and of Richards and Stollery (1966) has 

shown that the laminar to turbulent transition point for 

a cooled body in hypersonic flow is sensitive to the 

wall-to-adiabatic wall temperature ratio; there is a range 

of temperature ratios for which the transition is with

held, and laminar flow persists for a much longer 

duration. 

During the investigation of the boundary layer in 

a turbine nozzle cascade, Senoo (1958a, 1958b) found that 

a laminar boundary layer was present on the end-wall at 

the nozzle throat even though the upstream boundary layer 



was turbulent. A three dimensional laminar boundary layer 

analysis was employed to predict the behavior of the flow, 

and since it was found that the upstream turbulent bound

ary layer had little effect on the end-wall boundary layer 

in the nozzle, the analysis provided good agreement with 

measurements obtained from a model of the cascade. In the 

discussion of the work of Senoo, Kline (1967) expressed an 

interest in the apparent transition from turbulent flow to 

laminar flow and suggested that the effect might be caused 

by the large favorable pressure gradient present in the 

turbine nozzle. 

There is evidence to support the fact that both 

laminar and turbulent flow can exist simultaneously in the 

cross section of a closed channel. In a brief note sub

mitted to report on the initial examination of the 

phenomenon, Eckert and Irvine (1956) stated that investi

gations with a triangular tube having a small apex angle 

indicated that the flow near the apex could be laminar 

while the flow near the base was turbulent. The-flow 

pattern was maintained throughout the tube length for a 

wide range of Reynolds numbers. In a later paper (1960) 

the same authors report heat transfer measurements lower 

than those that- would be expected from circular tube 

information, and Cremers and Eckert (1962) confirmed a 
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lower value of turbulent transport in the direction of 

the duct height. 

The work of Cannon (1965) also serves as an example 

of simultaneous turbulent and laminar flow across a channel. 

In that case, the rotation of a cylindrical tube caused an 

initially turbulent flow of water to break down into a non-

rotating, turbulent inner core, characterized by a struc

ture of decaying turbulence, and a rotating outer ring of 

fluid with a laminar structure. The heat transfer experi

ments, conducted with air for both heating and cooling, 

showed that the heat transfer to the fluid flowing in the 

rotating tube was depressed considerably below the values 

that would be expected for non-rotating turbulent flow. 

Since the author conducted exhaustive visual and photo

graphic studies of the flow mechanism, a statistical 

description of the transition phenomenon was possible. 

The reason for the existence of the combined laminar and 

turbulent flow mentioned above was speculative; the author 

reasoned that turbulent bursts were retarded by a combina

tion of forces that arose because of the rotation and 

these affected the radial pressure flow field. 

The investigation due to Launder C19 64) provides 

one of the first reasonably thorough examinations of the 

appearance of an adiabatic laminar-type flow due to a 

strong favorable pressure gradient. Experiments were 
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conducted with the boundary layer on a flat plate; a 

deliberate attempt was made to insure initial turbulence 

through the use of screens at the leading edge of the 

plate. The author employed a shape factor defined as the 

ratio of displacement thickness to momentum thickness, and 

it was found that measurements which indicated laminariza-

tion corresponded to rapid increases in this quantity. In 

this same region, a thickening of the sublayer was also 

noticed, along with a departure from the law of the wall. 

In an attempt to describe the mechanism of the process, 

the author employs a one-parameter correlation for natural 

transition, due to Persh (1956), which allows recognition 

of some of the trends. An even more emphatic indication 

of departure from turbulent flow was obtained by plotting 
2 

the data on coordinates composed of Re0.C^ and — ̂  As 

a further refinement, the data points were also displayed 

on Re„.Cj- versus — ̂ .Re^^ coordinates in order to pro-0 r u dx 0 

vide a unique path for laminarization process. When the 

critical stability curve proposed by Schlichting and 

Ulrich (1942) was placed on these coordinates along with 

the data points which represented the observed occurrence 

of laminarization, a smooth curve was obtained which was 

considered to be an incipient laminarization boundary. 

The graph depicted three distinct regions that represented 

(a) turbulent boundary layers that stay turbulent, 



(b) turbulent boundary layers that become laminar, 

(c) turbulent boundary layers that begin laminarization 

and then revert to a turbulent condition. 

The general topic of heat transfer in rocket 

nozzles has provided another source of information con

cerning the appearance of laminar regions in otherwise 

turbulent streams. Back, Massier, and Gier (1964), in 

referring to the work done by Back for his Ph.D. Thesis, 

noted that heat transfer measurements indicated a depar

ture from fully turbulent flow through a converging-

diverging nozzle operated at low stagnation pressures. 

In their work the same trends were reported, and it was 

suggested that these results were due to the presence of 

a large favorable pressure gradient. The boundary layer 

turbulence energy equation was manipulated to arrive at 

the following parameter used to describe the flow: 

22v (du /dx) Y = e e 

<TvAe> 

wh.ere the subscript "e" refers to conditions at the edge 

of the boundary layer. The quantity x can evaluated 

for various stagnation pressures; increasing values of x 

correspond to reduction of the net production of turbulent 

kinetic energy, presumably due to acceleration. The 
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variation of x through the nozzle was reported to follow 

the same trend as did the depressed heat transfer. 

The investigation of the heat transfer to a 

turbulent boundary layer on a flat plate by Moretti and 

Kays (1965) provided another source of information con

cerning the transition from turbulent to laminar flow. 

The authors coined appropriate terms for use in the 

description of the transition process; it is convenient 

to reproduce them here in the interest of completeness. 

The word "laminarescent" describes a boundary layer that 

has previously been turbulent and may contain residual 

turbulence, but which is no longer generating new turbu

lence, and the word "relaminar" describes a boundary 

layer which has completed the process of transition and 

which no longer exhibits the effects of former turbulence. 

The term "laminar", then, simply describes a flow that is 

not generating turbulence. 

In their experimental work the authors found that 

the heat transfer in cases with strong acceleration had a 

tendency to approach laminar values following a delay, of 

length about 200 times the momentum thickness, which was 

attributed to the time required for decay of turbulence. 

The physical situation was essentially flow over a flat 

plate to which a variety of pressure gradients and heating 

or cooling rates could be applied. The above mentioned 



decay period was also noticed by Schraub and Kline (1965) 

in visual studies using water; the effect of acceleration 

was a decrease in, and the ultimate termination of, the 

formation of eddies. 

The quantity chosen by Moretti and Kays (19 65) for 

prediction of reverse transition was the "acceleration 

parameter" 

du 
1/ : Ji ™ 
K 2 dx u QO 

which is similar to the parameters employed by Back, 

Massier, and Gier (1964) and by Launder (1964). The 

authors argue that the relevance of the Reynolds number 

(based on momentum thickness) to the acceleration para

meter is probably small, and the stated critical value 

of K for the occurrence of reverse transition is 

— 6 Kq - 3x 10" . This value was obtained from analysis of 

the experimental data, but it can be justified by exam

ination of the momentum integral equation as explained by 

Kays (1966). Laminar analysis is suggested for situations 

where Kc is exceeded for large distances. It is interest

ing to note that the critical value of K was confirmed by 

Schraub and Kline (1965) in connection with the water 

table studies mentioned above. 
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Velocity profiles in situations involving 

accelerated flow have been reported by Moretti and Kays 

C196M-) and by Boldman, Schmidt and Ehlers (1967). Moretti 

and Kays expressed considerable doubt about the applica

bility of the law of the wall to flow situations involving 

a pressure gradient, and it was stated that the "layer 

techniques" Cie. sublayer, buffer layer, etc.) that have 

resulted from this assumption are probably good only for 

flow with a constant value of K. The heat transfer 

results that were presented were couched in terms of an 

Ambrok (1957) solution that was modified to fit the 

experimental data. Significant among the modifications 

was the use of the skin friction coefficient to introduce 

a delay in the effect of the acceleration parameter; it 

was also found that the quantity K/St provided an 

acceptable correlation for the heat transfer results. 

The analytical work of Hatton (19 65) involved 

the use of the law of the wall for prediction of the 

heat transfer to turbulent boundary layers with moderate 

pressure gradients. The author encountered difficulty 

in the solution for large Reynolds numbers and negative 

pressure gradients; it was suggested that this occurrence 

h.ad some relation to the reverse transition described 

by Moretti and Kays (1964). 
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In further experiments Back, Massier, and Cuffel 

(1966) reiterated the statement that the heat transfer in 

a rocket nozzle can be decreased by acceleration; the 

results indicated that a large angle of convergence 

enhanced the process of reverse transition. The criterion 

used for estimating the degree of turbulence reduction due 

to acceleration was the K parameter of Moretti and Kays 

(1965). The values of K were obtained for various axial 

positions along the nozzle, and it was again found that 

large values of K corresponded to regions of maximum 

departure of the heat transfer from the turbulent predic-

tion. The results showed that the maximum reduction in 

heat transfer occurred downstream from the point of 

maximum K, but it was pointed out that the intervening 

distance could be a region of viscous dissipation of 

residual turbulence. 

In a review of earlier results presented recently, 

Back and Seban (1967) confirmed the findings of Moretti 

and Kays with respect to reduction of the heat transfer 

coefficient in accelerated flow. The authors found that, 

-6 for acceleration parameters in excess of 2xl0 , the heat 

transfer coefficients could be reduced by as much as 

40 percent compared to typical values for fully turbulent 

flow. It was further stated, in agreement with Moretti 

and Kays, that although the velocity profiles became 



laminar-like near the wall, the temperature profiles still 

exhibited some effects of eddy transport. It was reported 

that an earlier turbulent boundary layer prediction by the 

same authors, based on a Karman sublayer model, could be 

modified to yield good heat transfer results by forcing it 

to agree with experimental momentum thickness, Reynolds 

numbers and friction coefficients. 

McEligot (1963), during an investigation that was 

primarily devoted to turbulent flow in tubes, obtained 

some data in the transition region and presented a corre

lation equation for the transition results. The first 

published investigation mentioning turbulent-to-laminar 

transition for tube flow was that due to Perkins and 

Worsoe-Schmidt (1965). The authors examined the local 

heat transfer and friction factors for gas flow in a tube 

with wall-to-bulk temperature ratios as high as seven; it 

was noticed that the effects of variable properties were 

in some, cases sufficient to cause an apparent transition 

to laminar flow. This tendency was observed even though 

the bulk Reynolds number did not come near the critical 

value; it was suggested that the conditions at the wall 

might be appropriate for correlation purposes. The 

experimental data points for which transition occurred 

were not correlated by the expressions that were pre

sented, but some of them were displayed on the curves to 
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indicate the departure from predicted values. It was found 

that the friction factors, based on bulk properties, could 

be advantageously normalized by an isothermal friction 

factor correlation evaluated at the same wall Reynolds 

number; the wall Reynolds number, designated as the 

"modified wall Reynolds number", was defined as 

... / Ti. 
Re - ̂  W irDy T w i w 

The heat transfer data were well correlated on both bulk 

and wall properties, but an attempt at correlation with 

film properties met with little success. Both the fric

tion and heat transfer correlations were provided with 

an entry correction; it was found that the data required 

a large correction at small x/D and large T^/T^. The 

authors suggested that the transition to laminar-like 

flow was evidenced by the departure of the friction and 

heat transfer results from the turbulent correlations. 

A technique for categorizing the experimental results as 

laminar, transitional, or turbulent according to the 

departure from turbulent correlations was presented by 

McEligot, Ormand, and Perkins (1966), and the results thus 

classified were displayed on a plot of the wall to bulk 

temperature ratio versus the wall Reynolds number. 

During the study of the parallel channel sta

bility problem associated with gas cooled nuclear reactor 



cores, Bankston, Sibbitt, and Skoglund (1966) and Bankston 

(1965) encountered th.e phenomenon of transition from 

turbulent flow to laminar flow. An experiment was con

ducted using a tube with almost simultaneous hydrodynamic 

and thermal entry lengths; therefore, the effect of heat

ing on the usual laminar-to-turbulent transition could be 

investigated. It was found that the transition point was 

quite sensitive to heating rate and axial location; the 

general effect of "Keating was to' increase the bulk 

Reynolds number at which transition occurred. The maximum 

wall-to-bulk temperature ratio reported was 2.25, and it 

was found that the resulting variable properties effects 

caused a slight decrease in the friction factor for fully 

developed turbulent flow. The sensitivity of Nusselt 

numbers to radial property variations was found to be 

small in the laminar regime. 

The authors employed hot wire anemometer probes 

to obtain evidence of turbulent to laminar transition. 

The probes were calibrated on the basis of isothermal 

flow runs, and it was found that the turbulent intensities 

were greatly reduced from their turbulent flow values 

during certain test runs with heating. The classification 

scheme presented by McEligot, Ormand, and Perkins (1966), 

using the modified wall Reynolds number, was used to. 

obtain boundaries for the laminar, transition, and 
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turbulent regimes; it was found that the divisions could 

also be represented by the parameter 

2 
Tk 

Y = Re, V 
T w 

The quantity Y was then used to obtain correlations for 

the transition region, and existing correlations were 

employed in the fully laminar and fully turbulent regions. 

It appears that one of the most significant con

tributions at the present time would be an improved 

definition of the boundaries between the flow regimes. 

Bankston (1965), Moretti and Kays (1965), and Bankston, 

Sibbitt, and Skoglund (1966) all suggest that values of 

the friction factor and the heat transfer coefficient for 

the transition region can be obtained by some sort of 

interpolation between the- laminar and turbulent regions., 

but this technique requires that the boundaries be clear 

and precise. 



CHAPTER III 

EXPERIMENTAL APPARATUS 

The experimental apparatus constructed for this 

study was basically a tube in which the flow conditions 

typical of gas cooled nuclear rocket engines could be 

approximated. The test assembly was composed of a test 

section that was resistively heated in order to provide 

an approximate constant wall heat flux boundary condition, 

a vacuum system that was used to minimize both the heat 

loss from the test section and the oxidation of the test 

section at high temperature, and a liquid nitrogen 

system that was used to precool the gas prior to heating 

in order that high wall-to-bulk temperature ratios 

could be achieved with conventional test section materials. 

Auxiliary systems allowed the control and measurement of 

the test section heating power, the control and measure

ment of the mass flow rate of gas, the measurement of 

appropriate temperatures, and the measurement of axial 

pressure drops in the test section. The following 

sections describe the components of the test assembly 

in detail. 

22 
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Test' Section 

The test s.ection was constructed from drawn, 

seamless Inconel' 60 0 tubing with a nominal outside 

diameter of Q.25Q inches- and a nominal wall thickness of 

0.010 inches. A detailed description of the composition 

and the dimensions of the test section is provided in 

Table I. The composition values were provided by the 

Superior Tube Company for the particular heat from which-

the tubing was fabricated. The values presented in 

Table X for the test section diameters represent the 

quantities selected from the results of several different 

measuring techniques. An assortment of micrometers, 

diameter gauges, and a metallurgical microscope were 

used to measure the test section diameters. 

The selection of Inconel 600 as the test section 

material was based on the need for a metal with a high 

melting point that was amenable to electrical heating. 

Certain other metals, such as platinum, will withstand 

higher temperatures and have superior radiation emittance 

characteristics, but these features are overshadowed by 

the low electrical resistivity and high thermal conduc

tivity that are characteristic of such materials. Inconel 

has the further advantages of relative low cost and ease 

of fabrication; the construction difficulty alone makes 

materials such as tungsten undesirable. 
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Table I Test Section Data 

Description of Test Section Composition; 

Nickel 
Chromium 
Iron 
Titanium 
Carbon 

76.24 percent 
15.81 
7.29 
0.25 
0.04 

Manganese 
Sulfur 
Silicon 
Copper 
Aluminum 

0.26 percent 
0.007 
0.25 
0 . 0 8  
0.06 

Dimensions: 

Heated Length 
Thermocouple 

Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

Unheated 
x 
D 

0.445 
1.232 
057 
455 

4 
7 

11.768 
18.290 
23.451 
35.621 
47.877 
61.469 
74.358 
87.616 
100.488 
107.960 

Pressure 
Tap Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Unheated Length 
Thermocouple 

Number 

1 
2 
3 

Unheated 
x 
D 

2.046 
15.329 
28.107 
41.433 
54.237 
67.580 
80.478 
93 .744 
106.727 

x 
D 

-48 
-16 

- 1 

Overall Heated Length = 2 5.04 7 inches 
Outside Diameter = 0.2 50 inches 
Inside Diameter = 0.2 30 inches 
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Nine pressure taps, made of 0.0 6 25 inch outside 

diameter by 0.052 inch inside diameter Inconel tubing, 

were attached to the test section at the locations 

indicated in Table I with Nioro, a nickel-gold eutectic 

brazing alloy manufactured by the Western Gold and 

Platinum Company. An attempt was made to minimize the 

size of the braze fillet in order to prevent excessive 

temperature depression at the tap location due to 

increased area for current flow. A special jig was 

constructed to hold the pressure tap tube perpendicular 

to the test section during the brazing operation. The 

static pressure tap holes in the test section wall were 

drilled, subsequent to the brazing operation, by means 

of the electrical discharge process described in 

Appendix D. 

Twenty-three Chrome1-Alumel thermocouples made of 

0.005 inch diameter premium grade wire were attached to 

the test section at the locations shown in Table I. Each 

of the two wire ends for every thermocouple was separately 

spot welded directly to the test section, as shown in 

Figure lj in order to provide an assurance that the 

temperature measuring junction was not separated from the 

wall by the thickness of a wire. A junction between the 

thermocouple wires at a point removed from the test 

section wall would cause erroneous readings due to the 
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f~gure 1. Detail of Thermocouple and Pressure Tap Attach
ment. 
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temperature drop between the wall and the junction; these 

errors in temperature measurement were discussed by Hess 

(1965). The axial locations of both the thermocouples and 

the pressure taps were obtained by means of a Gaertner 

precision cathetometer after the test section installation 

was completed; the zero point for the measurements was the 

upper surface of the lower electrode. The measuring 

operation also provided an opportunity for the evaluation 

of the misalignment of the individually welded thermocouple 

wires; the misalignment was generally no greater than one 

thermocouple wire radius. The thermocouple junctions were 

considered to be located midway between the centerlines 

of the two thermocouple wires, and the pressure taps were 

considered to be located at the centerlines of the pressure 

tap tubes. 

The overall length of the test section was about 

50 inches; the above mentioned thermocouples and all of 

the pressure taps were concentrated in half of this 

length. The tube was brazed into a 0.12 5 inch thick 

stainless steel disk at its midpoint; this disk, two inches 

in diameter, had previously been furnace brazed into the 

central portion of an eight inch outside diameter by 0.500 

inch thick stainless steel vacuum system flange. The disk 

served as one electrode for the test section heating 

current, and the portion of the tube that had no pressure 



taps served as a 100 diameter entry length for the gas 

flow. The beginning of the entry length was sealed into a 

double-reversing mixer that was provided with two sheathed, 

ungrounded, Chrome1-Alumel thermocouple probes. The tip 

of one probe was exposed to the flow stream; the tip of 

the other probe was within a tubular shield that was open 

to the flow stream at one end. 

The upper end of the heated section was attached to 

a mixer which also served as the high potential electrode 

for the heating current, Figure 2. The upper mixer con

tained a perforated copper slug through which the heated 

gas was forced; the slug was isolated from its surroundings 

in a radial direction by a 0.015 inch gap. The portion 

of the mixer that contained the copper slug was provided 

with a gold plated radiation shield in order to minimize 

the heat loss from the mixer to the surroundings. 

Thermocouples were imbedded in the copper slug; in 

operation the copper was heated to the gas exit bulk 

temperature, and this temperature.was measured by the 

thermocouples. Subsequent comparison of the measured 

exit bulk temperature with the value calculated by the 

data reduction program indicated agreement to within 

five percent for runs during which the heat loss calcula

tions could be considered reliable. 
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That part of the exit mixer located above the 

copper slug was held in a vertical position by lubricated, 

spring loaded positioning feet that allowed the test 

section to elongate when heated. The exhaust line from 

the mixer was provided with a flexible section for the 

same purpose. 

The possible buckling of the test section at high 

temperature was prevented through the use of a spring 

which supplied a constant tensile force in the axial 

direction along the test section. The spring was oriented 

in a manner such that the spring force decreased as the 

length of the test section increased, and the initial 

spring tension was set, prior to the final brazing of the 

test section to the lower electrode, so that the spring 

force balanced the weight of the test section, the mixer, 

and the exhaust line in the unheated condition. 

The test section was polished after the brazing 

process, and it was cleaned with trichloroethylene and 

ethyl alcohol during the assembly of the vacuum system. 

-5 
It was hoped that pressure levels of the order of 10 

torr would be sufficient to prevent oxidation of the test 

section and a possible corresponding change in emittance, 

but after a brief period of operation at approximately 

10Q0°F it was noticed that some discoloration had occurred. 

When the change of color began the test section became 



quite dark; but, as the time at high temperature increased, 

it lightened to an almost golden hue. The change of 

emittance, which was somewhat less than ten percent, had 

severe implications insofar as the validity of the heat 

loss calibration runs was concerned, and a procedure was 

developed that would partially compensate for the 

emittance change. It would be possible to reduce the 

problem of emittance change either through the use of 

more exotic materials, such as platinum, or through the 

use of a low emittance plating, such as gold, that would 

prevent oxidation of the Inconel at high temperatures. 

Preliminary experiments were conducted to determine the 

feasibility of gold plating future test sections with an 

immersion gold solution. It was found that the high 

chromium content of Inconel made this process impossible 

unless the test section was first covered with a thin 

coating of nickel. The test section used in the present' 

work was not gold plated, but a discussion of the plating 

techniques developed for Inconel has been presented by 

Cooper (1967). 

Vacuum System 

The primary reason for operating the test section 

in an evacuated environment was to control the energy loss 

from the tube so that the energy transfer to the gas could 



he obtained with a high degree of accuracy. At sufficiently 

low pressures, the energy transfer by molecular conduction 

can be ignored, and energy loss from the test section to 

the surr<?undings occurs only by radiation. Hottel and 

Sarofim (1967) have specified that the effect of molecular 

conduction is negligible if the mean free path in the 

surrounding medium is large compared to a characteristic 

dimension of the system. The mean free path at the usual 

operating pressure was of the order of ten meters; 

therefore, it was assumed that radiation was the only 

significant mode of energy transfer between the test 

section and the surroundings. The energy loss from the 

test section could also be reduced through the use of 

solid insulation, but a much longer time would be required 

for the attainment of thermal equilibrium prior to each 

experimental run. The high response time offered by the 

vacuum system made the use of helium as a test gas 

relatively economical. A disadvantage of the vacuum 

environment was the requirement placed on the surface 

finish of the tube; oxidation at high temperatures could 

change the emittance of the surface and consequently 

change the heat loss calibration. 

The base of the vacuum system was a 26 inch square 

by 1-1/4 inch thick plate supported by a steel frame; 

connections between the vacuum system and the atmosphere 



were accomplished by means of fittings sealed to this 

plate. The plate was fabricated from aluminum alloy 2024 

and was hard anodized after machining. The remainder of 

the enclosure consisted of a 16 inch length of 24 inch 

outside diameter by Q.5Q0 inch wall carbon steel pipe and 

an 18 inch diameter by 30 inch Pyrex bell jar; these items 

were separated by a 0.5 inch thick aluminum plate provided 

with a hole to allow for the difference in diameters, as 

shown in Figure 3. The inside of the carbon steel pipe 

was coated with machine oil during periods of exposure 

to the atmosphere; the oil was removed with ethyl alcohol 

during the final assembly of the vacuum system. Because 

the bell jar and the pipe were not concentric, the atmo

spheric load caused severe deflections of the separating 

plate, and supporting columns were provided to prevent 

deflections large enough to break the vacuum seal. 

The vacuum pumping system was composed basically 

of a 3 inch oil diffusion pump backed by an 80 CFM 

mechanical pump. Supporting equipment included a 3 inch 

chilled-water type baffle, a 4 inch chevron type baffle 

that was supplied with refrigerant-12 by a small compressor 

unit, and a 4 inch gate valve located between the diffusion 

pump and th.e vacuum vessel. This combination of pumping 

— 6 equipment achieved an ultimate system pressure of 5 x 10 

torr and was capable of maintaining a pressure 1 x 10"^ 
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torr during th.e process of data acquisition. System 

pressure levels were measured with Pirani gauges in the 

_ 3 range from 2 torr to 1 x 10 torr and with a cold-

-3 cathode discharge gauge in the region below 1 x 10 torr. 

The various seals used on the vacuum system took 

several forms. A standard neoprene bell jar gasket was 

used on the bell jar, and the 24 inch diameter pipe was 

sealed at both ends with neoprene Parker Gask-O-Seals. 

The pumping system was assembled with either groove type 

0-rings or 0-rings with retaining rings as required. 

Most of the feedthroughs were provided with 0-rings by 

the manufacturer; those that were equipped with pipe 

threads were sealed with Teflon tape. The rubber 0-ring 

in the exit gas feedthrough was replaced with one made of 

copper because of the extreme temperatures at that, location, 

and the flange that separated the hydrodynamic entry length 

from the heated portion of the test section was equipped 

with a Parker V-seal made of Teflon coated Inconel 

because that region was subjected to both high and low 

extremes of temperature. 

Some difficulty was encountered in the initial 

evacuation of the vacuum system due to leakage through 

the 48 wire thermocouple feedthroughs supplied by Aremco 

Products, Inc. Each of these devices that was tested was 

found to leak either through the silicone rubber vacuum 
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seal or through the space between the teflon insulation and 

the copper wires. Leakage was also found at the ceramic 

insulator in the power feedthrough devices manufactured by 

Nanmac Corporation; the exit gas feedthrough, obtained 

from the same source, required repair with epoxy cement 

after operation at a temperature below zero degrees 

Fahrenheit. The vacuum system was not entirely troublefree 

during operation of the test section at high temperatures; 

the positioning feet on the upper mixer were lubricated 

with a solution of molybdenum disulfide in mineral oil, 

and the mineral oil evaporated at a temperature of about 

600 degrees Fahrenheit causing a temporary excursion of 

the system pressure. This situation could be alleviated 

by having the appropriate parts commercially coated with 

molybdenum disulfide; it should be mentioned that graphite 

is not a suitable lubricant when used in vacuum applica

tions. The lubricating properties of graphite are due to 

the presence of adsorbed water; this water is lost during 

exposure to low pressures. 

Power System 

The heating power for the test section was pro

vided by a 3 KVA transformer that was driven by a 

Sorensen Model 2 501 line voltage stabilizer and a 

variable auto transformer (see Figure 4). Because a 
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minute misalignment of the thermocouple wires welded to 

the test section would cause large errors in the tempera

ture signal with direct current heating (Davenport, Magee, 

and Leppert, 1962), only alternating current was used for 

the test section power. 

The schematic diagram for the power system is 

shown in Figure 5. Connection of the power supply to the 

test assembly was accomplished by means of welding cable\ 

one side of the power supply was connected to the vacuum 

system baseplate and to an earth ground. The ungrounded 

side of the power supply was passed through the baseplate 

by means of three 2 00 ampere vacuum feedthroughs. A bus 

bar of 3/8 x 1 inch copper bar was constructed inside the 

vacuum chamber and each of the bolted joints in the bus 

bar was coated with a colloidal suspension of graphite in 

water in order to insure good electrical contact. The 

final connection between the bus bar and the mixer-

electrode assembly was made with strands of 2/0 gauge 

cable from which the insulation had been removed. 

A wire strand was attached to the upper mixer-

electrode assembly for use as a voltage tap; the 

connection to the outside of the vacuum system was 

identical to that employed for the test section thermo

couples . Another wire attached to the lower flange on 

the outside of the vacuum system was provided for overall 
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voltage drop measurements, and the thermocouple wiring 

scheme was such that the test section thermocouple wires 

could be used for local voltage drop measurements. The 

possibility of a short to ground through the gas exhaust 

line was removed by the installation of a glass section 

in the exhaust line; the double glass-to-metal seal 

assembly was manufactured by the Vacumen Corporation and 

was rated at 100 psi and 80 0 degrees Fahrenheit. 

Temperature Measuring System 

Temperature measurements on the test section wall 

were made by means of 0.005 inch diameter Chrome1-Alumel 

wires spot welded to the tube; the axial locations are 

shown in Table I. Thermocouples were also attached to the 

test section at each pressure tap location to provide an 

indication of the wall temperature depression due to the 

presence of the pressure tap. 

In order to provide a degree of flexibility in the 

choice of future types of thermocouple wire, the feed-

through devices that passed the thermocouple wires across 

the border of the vacuum system were wired with copper. 

This scheme required a reference cold junction located 

inside the vacuum system; some technique was also neces

sary in order to' provide an ice reference for the thermo

couples. A copper box was installed inside the vacuum 
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system to serve as an isothermal region for thermocouple 

wire connections. The small test section thermocouple 

wires were attached to 0.0 32 inch diameter Chromel and 

Alumel wires that could be shaped and directed more easily; 

the larger wires were in turn conducted through Teflon 

sleeving into the copper box. The connection to the copper-

wired vacuum feedthrough was achieved inside the copper box 

by means of miniature, gold plated plugs and sockets. The 

connecting cables and instrument wires were also of copper. 

In order to compensate for the fact that the 

reference junction in the circuit described above was not 

at ice temperature, a Chromel-Alumel junction was formed 

and immersed in an ice bath. The Chromel and Alumel wires 

from this junction were conducted through the baseplate 

into the vacuum system and connected to copper wires inside 

the copper isothermal box. These copper wires were then 

returned to the outside of the vacuum system and the 

circuit to the measuring instrument was completed. Because 

the Chromel and Alumel wires from the test assembly thermo

couples and the Chromel and Alumel wires from the ice 

reference junction underwent a transition to copper wire 

at the same temperature, there was no net effect on the 

measuring circuit due to the presence of the copper wires. 

An identical scheme was used for thermocouples that were 

located outside the vacuum system; the isothermal box 
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fop this circuit was constructed of wood and lined with 

copper.. 

A schematic diagram of the entire thermocouple 

circuit is shown in Figure 6. The thermocouples associated 

with the experiment were divided into three groups, the 

thermocouples on the test section wall, the thermocouples 

inside the vacuum system but not on the test section wall, 

and the thermocouples outside the vacuum system. Each of 

these groups was controlled by a multipoint switch, and 

each group was connected with an independent ice junction. 

The three switch banks were mechanically linked so that 

only one temperature at a time could be measured; except 

for this fact the three circuits were independent. The 

test section wall thermocouple wires were provided with 

taps to a bank of sockets to facilitate voltage measure

ments at various points on the test section. The thermo

couples that were located inside the vacuum system but 

not on the test section wall were used to measure both 

hardware temperatures and gas temperatures at various 

points. For example, the upper and lower test section 

electrodes were provided with thermocouples at different 

radial positions to allow the evaluation of the conduc

tion heat transfer, and the exit mixer was provided with 

thermocouples to allow the determination of the exit 

bulk temperature. Also, since some of the materials used 
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in th.e fabrication of th.e test assembly h.ad definite 

temperature limitations, thermocouples were provided in 

appropriate locations to provide an indication of possible 

overheating. 

During some of the heat loss calibration runs, a 

Chromel-Alumel thermocouple probe was inserted into the 

test section and placed opposite a wall thermocouple by 

equalizing the above ground potentials exhibited by the 

wall thermocouple wire and a wire attached to the probe. 

The thermocouple circuit was arranged to allow a choice 

of measurements; it was possible to measure the probe 

temperature referenced to ice, the wall temperature 

referenced to ice, or the probe temperature referenced to 

the wall temperature. The probe wires were connected to 

copper wires inside the vacuum'system isothermal box, and 

the probe circuit was equipped with an individual ice 

junction. Subsequent to the location of the probe opposite 

a particular test section wall thermocouple, probe temper

ature measurements in the vicinity of the thermocouple were 

obtained by moving the exposed end of the probe through 

distances which could be measured with a machinist's scale. 

The instrument used to measure the output of the 

thermocouples was a Honeywell "Electronik 18",millivolt 

indicating potentiometer equipped with an adjustable 

range unit. A switching circuit provided a means of 



4 5  

checking the calibration of the instrument with a Leeds 

and Northrup Model 86 86 millivolt potentiometer; it was 

possible either to measure the thermocouple signal with the 

Leeds and Northrup potentiometer or to supply a calibration 

signal from the Leeds and Northrup potentiometer to the 

Honeywell instrument. 

Flow System 

The test gas was supplied to the test section by a 

series of devices that were used to set the flow conditions 

and to measure the mass flow rate of gas passing through 

the apparatus. A compressor and pressure tank assembly with 

a capacity sufficient for all of the air runs reported in 

this work was available, but the air supplied by this 

equipment was too moist for any situation that involved 

liquid nitrogen precooling. A high pressure manifold was 

constructed to allow the simultaneous use of four standard 

gas cylinders; both the air and the helium used in pre-

cooled runs were supplied in this manner. The cylinder 

pressure was lowered to about 20 psi by a series of three 

regulators; the final control of the operating pressure 

was achieved by means of a Honeywell Model 80 2H1 precision 

manual- loading regulator. 

The flow rate of the gas through the system was 

measured upstream from the test section by one of two 
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Brooks Rotameters that had been individually calibrated by 

the factory to an accuracy of one percent with air flow. 

When possible, the flow rate was measured downstream from 

the test section by a wet test meter. A heat exchanger 

supplied with chilled water was installed between the 

test section and the wet test meter to cool the gas to 

ambient conditions prior to its passage through the meter. 

The main flow control valve was also located in this part 

of the system to allow the operation of the test section 

at a variety of pressures while the wet test meter operated 

at essentially atmospheric conditions. A precooling coil 

of copper tubing was located on the upstream side of the 

entry mixer; this coil was immersed in a 50 liter Dewar 

flask which could be supplied with liquid nitrogen. 

A manifold connected to a Heise Bourdon tube gauge 

and a mercury manometer permitted the measurement of the 

pressure at a point adjacent to each flow meter as well as 

the gauge pressure at the first pressure tap on the test 

section. The temperature at each meter and at the inlet 

mixer was obtained by means of thermocouple probes mounted 

in the flow stream. A diagram of the flow system is shown 

in Figure 7; although the system was also designed to 

accomodate a Foxboro differential pressure cell and a 

Meriam laminar flow element, only those instruments 

actually used are shown in the diagram. 
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Pressure Drop Measuring System 

The pressure drops between the test section 

pressure taps were measured by a selection of manometers 

having different ranges and sensitivities. Because the 

technique used to calculate the friction factors employed 

two adjacent pressure drops, i.e., three pressure taps, 

an attempt was made to pair the manometers and measure 

adjacent pressure drops simultaneously. The manometers, 

all manufactured by the Meriam Instrument Company, con

sisted of a pair of 60 inch vertical water manometers and 

a pair of 60 inch inclined water manometers with ten 

inch range. In addition, a Meriam Model 34FB2 micromanom-

eter was available for the measurement of very small 

pressure drops, and a Heise Bourdon tube gauge was pro

vided for pressure level measurements. 

The connection of a particular set of pressure 

taps to a particular manometer was accomplished by means 

of a manifold designed to accomodate ten pressure taps 

and five pairs of instruments as shown in Figure 8. The 

manifold employed Whitey 0KS2 valves, and the connections 

to the pressure taps were made with 0.125 inch outside 

diameter tubing except for the 0.0 6 25 inch outside 

diameter tubing used in the vacuum feedthroughs. 
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Precooling System 

The precooling of the test gas with liquid 

nitrogen was achieved by passing the gas through a copper 

coil that was inside a cylindrical Dewar flask; the gas 

passed directly from the coil into the entry mixer and then 

into the hydrodynamic entry length of the test section. 

The liquid nitrogen was obtained in two 5 0 liter transport 

Dewar flasks which could be pressurized by a five psi air 

supply. Both of the transport flasks were used simulta

neously; one provided flow directly into the precooling 

flask through a solenoid valve, while the other provided 

a slower but continuous flow through a shielding coil 

surrounding the hydrodynamic entry length. The shielding 

coil was constructed from a length of 1-1/2 inch copper 

pipe that had been wrapped with 0.25 inch diameter copper 

tubing; the pitch of the coil was approximately one inch, 

and the coil was soldered to the pipe. The length of the 

coil was approximately equal to the length of the hydro-

dynamic entry portion of the test section, and the device 

was supported by means of an adapter bolted to the test 

section vacuum flange. 

The shielding coil was employed to decrease the 

energy transfer to the gas in the hydrodynamic entry 

length; assurance was thereby provided that the measured 

entry mixer temperature was approximately equal to the 
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temperature of the gas at the start of heating. During 

the heated flow runs with precooling, the thermocouples 

attached to the hydrodynamic entry length revealed that the 

temperature in the entry length did not vary appreciably 

from the inlet mixer temperature except in the vicinity of 

the test section flange. The energy transfer by conduction 

through the test section flange was accounted for in the 

data reduction technique. 



CHAPTER IV 

EXPERIMENTAL PROCEDURES 

Instruments 

The acquisition of data from the test assembly 

required the use of a wide variety of measuring instruments. 

A concerted effort was made to obtain the best equipment 

that was available and to assure that the various instru

ments were performing at their optimum level during the 

duration of the experiment. 

Measurements of the power dissipated by the test 

section during heated flow runs were obtained from the AC 

voltage drop across the test section and the circuit 

current. The voltage was measured with a Fluke Model 

883 AB differential voltmeter having an AC accuracy of 

- CO.l percent of reading + 25 microvolts); the current 

was measured with a Weston Model 370 ammeter having an 

accuracy of - 0.25 percent of full scale and which had 

been factory calibrated with the Model 327 current trans

former that was used. All of the test section voltages 

were measured with respect to ground potential due to the 

fact that some difficulty was encountered in the use of 

the Fluke meter for the measurement of the difference 

between two voltages both of which were above ground 
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potential. During early heat loss calibration runs a 

Weston Model 310 wattmeter with a matching Model 3 2 7 

current transformer was used; the wattmeter had a rated 

accuracy of 0.2 5 percent of full scale. 

The volumetric flow rate of the test gas was 

determined from a pair of Brooks Rotameters and, when 

possible, from a Precision wet test meter. The 

Rotameters were individually calibrated at the factory to 

+ 
an accuracy of - 1 percent of full scale; the maximums 

of the ranges available during the course of the experi

ment were approximately 0.15, 0.5, and 2.5 standard cubic 

feet per minute of air at the usual operating pressure. 

The wet test meter had a rated accuracy of - 1/2 percent 

and was calibrated to a maximum flow rate of one standard 

cubic foot per minute of air. 

It was necessary to obtain measurements of both 

pressure levels and small pressure differences during the 

experiments, and a variety of instruments was available 

for this purpose. Pressure level measurements were made 

with 0 - 150 psi Heise gauges having a rated accuracy of 

0.1 percent of full scale (0.15 psi). When the pressure 

was below 30 psig, a 60 inch Meriam well-type mercury 

manometer that had a scale divided in tenths of an inch 

was used. Identical manometers, filled with water and--

with mercury, were attached to the pressure tap manifold 
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for pressure drop measurements, but the mercury manometers 

were not required for pressure drop measurements during 

the course of this experiment. In addition, water filled, 

60 inch Meriam inclined manometers were available for 

pressure drop measurements; these instruments had a range 

of ten inches and a smallest scale division of 0.01 inches. 

Extremely small pressure drops were measured on a Meriam 

Model 34FB2 micromanometer that had an accuracy of 0.001 

inch, of water. 

The temperature measurements were obtained by 

using premium grade Chromel and Alumel wire supplied by 

the Hoskins Manufacturing Company and having a stated 

' ' + 
accuracy of - 2 degrees Fahrenheit below 5 30°F. The 

Honeywell "Electronik 18" indicator used to measure the 

thermocouple output had an accuracy of 0.3 percent of 

span; the Honeywell adjustable range unit had an accuracy 

of 0.3 percent of span plus 0.1 percent of the maximum 

suppression. The Honeywell units were calibrated against 

a Leeds and Northrup Model 86 86 millivolt potentiometer, 

a portable secondary standard with an accuracy of 0.03 

percent of reading plus 3 microvolts. The accuracy 

figures quoted above implied an uncertainty of approxi

mately 40 microvolts for the Honeywell system, but the 

results of the calibration procedure revealed that the 

Honeywell instruments did not deviate from the Leeds and 



Northrup potentiometer by more than 15 microvolts over 

th.e millivolt range applicable to the experiment. 

Adiabatic Runs 

After the installation of the test section and 

prior to the beginning of the heated flow runs, a series 

of adiabatic flow runs was conducted to serve as a 

calibration of the pressure taps attached to the test 

section. Although the entire flow system had been 

checked for leaks with helium at 50 psi during the con

struction process, a leak check at the operating pressure 

of approximately 20 psi was established as the first step 

in a daily series of runs. The system was pressurized 

and a gauge was observed for a period of one hour or more; 

further leak checking with a soap solution was performed 

if there was a noticeable deviation of the gauge. During 

the interval required for the leak check, the ice reference 

junction was filled and the thermocouples were checked to 

ascertain that the reading was that of the ambient 

temperature in the room. After satisfactory completion 

of the leak check, the flow system was opened to the 

atmosphere and all manometers and pressure gauges that 

were to be used were zeroed. The system was again 

pressurized, the manometer zero points were checked, and 

flow was initiated. The zero points of the manometers 



were checked at convenient intervals by isolating the 

manifold from the test section and opening the bypass 

valves. In the case of the adiabatic. runs, the quantities 

of interest were the tap-to-tap pressure drops, the 

overall pressure drop, the inlet mixer temperature, the 

gauge pressure at pressure tap number one, the barometric 

pressure, and the appropriate information from the flow

meters in use. The response time for the pressure drop 

measuring system was of the order of 2-5 minutes, and it 

was dependent upon the magnitude of the pressure drop; 

the manometers were observed until the operator was con

vinced that a condition of equilibrium had been reached. 

Because pairs of identical instruments were used in the 

pressure drop measuring system, simultaneous indications 

of two adjacent pressure drops, involving three pressure 

taps, could be obtained. The usual technique allowed the 

measurement of all pressure drops for a given run with 

four manifold settings; for example, the pressure drops 

associated with taps numbered one, two, and three were 

measured first, followed by the pressure drops associated 

with taps numbered three, four, and five, and so on. 

At the end of each series of runs the zero point of the 

differential pressure manometers was again checked with 

the system at operating pressure and at atmospheric pres

sure to ascertain that no drift in the zero had occurred. 
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Before the beginning of the runs that employed 

helium as the test gas, the flow system was purged with 

a small mechanical vacuum pump in order to insure the 

presence of only one gas in the apparatus. This process 

consisted of lowering the pressure to approximately the 

boiling point of the water in the manometers and then 

refilling the lines with helium. This routine was 

repeated several times. 

Adiabatic friction results are reported in 

Chapter 6. 

Heat Loss Calibration Runs 

The energy balance from which the energy transfer 

from the heated wall to the flow stream is determined 

requires the specification of the energy loss by radiation 

from the test section at each thermocouple location. In 

order to determine the radiation heat loss, several 

series of calibration runs were performed during which the 

test section was heated without gas flow. The technique 

involved the measurement of the temperature of the test 

section wall, the temperature of the surroundings, and the 

energy generation rate. Because it was not possible to 

ignore the heat transfer by conduction at points near 

the ends of the test section, appropriate temperatures on 

the electrodes were also measured. 
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Although, the test section provided an almost 

entirely resistive load for the heating circuit, an 

attempt was made during the first series of heat loss 

runs to evaluate any deviation from unity power factor. 

A Weston Model 310 wattmeter with a matching current 

transformer was connected to the power circuit, and 

simultaneous measurements were recorded of the voltage, 

current, and wattage. Because the nature of the instru

ment scales did not permit the same degree of accuracy 

in the wattage as in the EI product, no specific value 

of the power factor was decided upon, but all of the 

measurements showed it to be quite close to unity. 

The heat loss calibration runs also provided an 

opportunity for the measurement of the depression of 

the test section wall temperature due to the presence of 

the thermocouples and pressure taps. Each of these 

objects had the effect of a radiating fin that contributed 

to the trahsfer of energy from the test section to the 

surroundings (Hess, 1965), but the magnitude of the energy 

loss was much greater in the case of the pressure taps 

because of the larger size. The measurement of the. 

temperature depression was accomplished by means of a 

probe constructed from 0.125 inch outside diameter by 

2 inch long ceramic beads containing four longitudinal 

holes. All of the holes contained 0.010 inch diameter 



Chromel and Alumel thermocouple wire; but two of them 

were fitted at the top with relatively stiff alignment 

bars made of 2 0 gauge Chromel and Alumel wire that 

served to position the probe within the test section and 

to insure electrical contact with the wall, see Figure 9. 

The 0.010 inch diameter wires protruding from the end of 

the probe were spot welded together to form a thermocouple 

junction at a location opposite to that of the point of 

contact between the alignment bars and the test section 

wall; the thermocouple wires and the alignment bars were 

electrically isolated. Thus, if one of the alignment 

bars was positioned at the same axial location on the 

test section as one of the wall thermocouples, then the 

probe thermocouple would measure the temperature near 

the center of the test section at this same axial location. 

The probe was inserted in the test section from the bottom 

and oriented opposite a wall thermocouple by equalizing 

the above ground potentials of one of the wall thermo

couple wires and one of the alignment bars. Sufficient 

time was allowed for an equilibrium condition to be 

achieved, and the probe temperature, the wall temperature 

at the location of the probe, and the measured difference 

between'the two-were recorded. It was noticed that more 

careful attention to the use of thermocouple wire would 

be necessary in the future; several different sizes of 
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Chromel and Alumel wire were used in the circuit, and the 

minute deviations of the various sizes from the standard 

calibration became important during the measurement of 

the small temperature differences between the probe and 

the wall. It is significant to note that the results of 

the probe technique were of little value near the ends 

of the test section where a steep temperature gradient 

existed; the energy transfer by conduction down the 

ceramic probe caused inaccurate probe temperature measure

ments. A graph of the wall temperature profile and the 

probe temperature profile is shown in Figure 10. On the 

basis of graphs such as this it was concluded that, 

although the pressure taps did cause a considerable 

depression of the wall temperature, the wall thermocouples 

at locations removed from pressure taps did give an 

accurate representation of the wall temperature; the 

probe temperature and the wall temperature were within 

0.5 percent of one another in the range where readings 

were valid. The difference between the probe temperature 

and the wall temperature was possibly somewhat greater 

•than the difference indicated by Figure 10 because of 

energy conduction along the probe. This possibility was 

suggested by the fact that the probe temperature was 

found to be lower than the wall temperature even for the 

moderate temperature gradient in the vicinity of x/D =20. 
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The temperature measurements made in close proximity to 

pressure taps were not used in the data reduction process. 

During the course of the heat loss calibration 

runs, it was convenient to check the linearity of the 

test section voltage drop with the Fluke Model 8 83 AB 

voltmeter. The data reduction process for the flow runs 

employed the use of an energy generation rate per unit 

length, of test section obtained by calculating the ratio 

of the total energy generation to the total expanded 

length of the test section; if the voltage drop was not 

linear, then this technique could lead to erroneous results 

for the wall heat flux. The linearity of the test section 

voltage is depicted in Figure 11 for one set of heat loss 

runs; it was concluded that reasonable accuracy could be 

expected from the data reduction technique described 

above. The dependence of ~th7e test section resistance on 

temperature was also examined during the calibration runs; 

the resistance was found to vary by no more than two 

percent over the entire range of the heat loss runs. 

The sequence of the heat loss runs was adjusted 

to provide the best possible representation of the con

ditions during a set of flow runs. Because the test 

section oxidized and discolored when it was operated at 

temperatures above 1000°F, an attempt was made to pro

vide some correspondence between the emittance of the 
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surface which occurred during the heat loss run and the 

emittance during the flow runs. For this reason, the 

heat loss runs that were conducted prior to a set of flow 

runs were taken at decreasing power levels, and heat loss 

runs that were conducted subsequent to a set of flow runs 

were taken at increasing power levels. 

Heated Flow Runs 

The procedure used at the beginning of each series 

of heated flow runs was identical to that employed for the 

adiabatic flow runs; the system was checked for leaks, the 

thermocouple circuits were checked, and the manometer zero 

points were checked. Flow was then established at a pre

determined rate and an adiabatic flow run was usually 

conducted. The procedure then differed according to 

whether or not a heated, unprecooled run was desired. In 

the case of an unprecooled run, power was supplied to the 

test section and the necessary temperature, pressure drop, 

power, and flow rate information was recorded after a 

condition of equilibrium had been attained. This routine 

could then be repeated at higher power levels until some 

limiting point was approached. 

A flow run that involved precooling was begun in • 

precisely the manner described above for an unprecooled 

run. During the runs involving air, the flow was allowed 

to continue during the precooling process; helium flow 



was stopped because of the high cost of helium. The 

transport flasks were slightly pressurized, and the 

liquid nitrogen was admitted to the precooling Dewar 

flask. The liquid nitrogen could flow into the flask 

either through a regulating valve and then through the 

entry length shielding coil, or through a solenoid valve 

directly. It was customary to use the solenoid valve 

method for an initial filling to the approximate desired 

operating level and then to attempt to match the rate of 

filling through the regulating valve (and the entry 

length shielding coil) with the continuous boil off from 

the precooling dewar. In this manner an attempt was 

made to maintain a continuous flow of liquid nitrogen 

through the shielding coil in order to keep the environ

ment of the unheated hydrodynamic starting length at a 

constant temperature for the duration of a run. After 

the initial filling process, gas was again allowed to 

pass through the test section. The inlet mixer was 

monitored until a condition of equilibrium was reached, 

at which time the power was supplied to the test section. 

Following another period for the attainment of equilib

rium, the flow run proceeded in a manner identical to 

that described for the unprecooled case. When the data 

had been accumulated, the power level was increased and 

the above process was repeated. After the run at the 
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highest intended power level, the power supply was turned 

off, the flow rate was decreased, and another series of 

runs began. The time required for an individual run at 

a particular flow rate and power setting was approximately 

ten to fifteen minutes; the acquisition of the pressure 

drop data was the controlling factor. 

An attempt was made to conduct adiabatic flow 

runs using precooled air, but successful results could 

not be achieved. While operating the apparatus according 

to the procedure described for adiabatic runs and with 

liquid nitrogen in the precooling Dewar flask, extreme 

variations could be observed in the measurements of the 

test section wall temperature and the pressure drop; 

these variations were of the order of 20 percent and 

100 percent respectively. The cause of the variations 

was attributed to condensation of the test gas in the 

precooling coil; the boiling point of liquid nitrogen at 

atmospheric pressure is below both the condensation point 

of oxygen and the boiling point of nitrogen at the test 

section internal pressure. The inlet mixer temperature 

was monitored with a strip chart recorder in an effort to 

maintain a steady value of about 20 0 degrees Rankine, but 

not enough precision was available in the liquid nitrogen 

level control system to maintain a constant mixer temper

ature above the boiling point of the liquid nitrogen. 



The precooled air runs for which results are reported 

were conducted under circumstances which suggested the 

presence of condensation in the inlet mixer. The strip 

chart recorder indicated that the mixer temperature was 

stable at the boiling point of nitrogen; mixer tempera

ture variations during the course of a run were no 

greater than three degrees Rankine. The oscillations in 

the wall temperature and the pressure drop were present 

to some degree during precooled and heated flow runs with 

air, but the effect diminished as the heating rate 

increased. 

The fact that the variations in wall temperature 

and pressure drop did not manifest themselves during the 

runs with helium was taken as a confirmation that con

densation was indeed the problem. During each of the 

helium runs, the inlet mixer temperature was approximately 

equal to the boiling point of nitrogen, and the maximum 

fluctuation during the process of data accumulation for 

a single run was about three degrees Rankine. 

Data Reduction 

The reduction of the experimental data was • 

performed by means of a group of computer programs that 

is described in Appendix B. The data reduction process 

was, for the most part, composed of routine calculations, 



69 

but it was known from the outset that certain features 

might prove to be troublesome, and considerable attention 

was devoted to increased precision at these points. The 

following is a list of items that received particular 

emphasis. 

1. The fin effect of the thermocouple wires was 

investigated during the heat loss calibration 

runs and the related thermocouple error was 

found to be less than five degrees Fahrenheit 

at wall temperatures of about 10 0 0 degrees 

Fahrenheit. 

2. The radial.temperature difference between the 

outside and the inside of the test section wall 

was calculated for extreme cases and was found 

to be less than 0.3 degrees Fahrenheit. 

3. Since heating of the gas causes an increase in 

the momentum of the flow, this acceleration was 

taken into account in the calculation of the 

friction factor. 

4. Local gas properties were employed in the compu

tation of local Nusselt numbers and local 

friction factors. 

5. Thermal expansion of the test section in both the 

radial direction and the axial direction was 



considered; expanded lengths and diameters were 

used in the appropriate calculations. 

6. The conduction heat transfer through the test 

section wall ln the axial direction was computed 

and included ln the calculation of the energy 

transfer to the gas. 

7. Due to the presence of the hydrodynamic entry 

length, it was not possible to measure the gas 

bulk temperature at the point where heating 

began; a copper shield cooled by liquid nitrogen 

was employed to minimize the temperature change 

in the entry length during precooled runs. A 

discussion of the wall temperature measurements 

for the hydrodynamic entry length is presented 

in Chapter III. 

8. The energy transfer between the gas and the 

electrodes was taken into consideration by 

providing corrections in the heat loss program 

and in the enthalpy integration in the data 

reduction program. 
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CHAPTER V 

ANALYSIS 

The problem of transition from turbulent flow to -

laminar flow in a tube was examined from an analytical 

viewpoint in an attempt to predict the occurrence of the 

phenomenon. The situation was assumed to be that of 

steady, subsonic flow of a non-reacting gas in a smooth, 

circular tube of constant heat flux with a magnitude 

sufficient to cause significant property variations both 

radially and axially in the flow. No attempt was made 

to perform a thermal entry length solution in the 

classical sense; the primary goal was the determination 

of the effect of high heating rates on various parameters 

over the interval between a defined starting point and 

some axial location downstream from the starting point. 

The inlet condition, or starting point, was assumed to 

be that of flow with a uniform temperature profile and 

a fully developed adiabatic velocity profile, and the 

condition at an axial position was assumed to be that of 

a Velocity profile which was based on the local condi

tions resulting.from an assumed temperature profile. 

The general approach to the analysis of the 

problem was that of an approximate, or integral, 
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technique rather than an assault on the governing 

differential equations, since the present state of 

turbulent analysis relies heavily on such artificial 

concepts as the eddy diffusivity and mixing length. The 

integral techniques have been used with good results in 

several situations; Kays (1966) has shown that the 

critical Reynolds number for transition from laminar 

flow to turbulent flow in a tube can be expressed in 

terms of a momentum thickness Reynolds number with the 

same numerical value as that obtained for transition of 

a boundary layer on a flat plate. The scheme discussed 

in the following paragraphs represents an attempt to 

apply the concept of a momentum thickness Reynolds numbe 

Re , to tube flow and to obtain a criterion for the 
6 

transition from turbulent flow to laminar flow in terms 

of Re . The utility of such a criterion is that it 

might permit prediction of turbulent to laminar transi

tion in terms of local parameters; thus, for various 

geometries, velocity profiles, etc., a criterion for 

reverse transition would be available. 

_ Definitions and Background 

The concept of a momentum thickness was origi

nally developed for flow over a flat plate, and its 

defi.ni.ti.on i.s based on a momentum balance for the flow 



situation depicted in Figure 12. The definition of the 

momentum thickness is obtained by stating the equality 

where the term on the right hand side represents the 

change in momentum between the leading edge and the 

downstream point of interest; an extensive development 

of the definition is presented by Kays (1966). The 

salient features of the above definition are that the 

momentum thickness can be regarded as an area with unit 

depth and height 0 oriented perpendicular to the flow 

direction and that the momentum thickness is related to 

the decrease in momentum brought about by the change in 

the velocity profile and the mass flow from the boundary 

layer into the free stream. The momentum thickness can 

be calculated from the definition if the velocity profile 

is known, and it can be related to the critical Reynolds 

number for transition from laminar flow to turbulent flow 

on a flat plate. The value for the critical Reynolds 

number 

is considered to be between 200,000 and 500,000. If a 

value of 300,000 is selected, and if the momentum thick

ness predicted by the Blasius solution is substituted 
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ftgure ·12. Control Volume for a Flat Plate . . 



for the length parameter x, then the result is a critical 

Reynolds number in terms of the momentum thickness, 

PUoo 6  

Re ... , = = 360 
0, critical y 

The momentum thickness is associated with the 

boundary layer integral equations, which were most help

ful to Moretti and Kays (19 65) in their prediction of 

turbulent to laminar transition for external flow, and 

it would be convenient if the momentum thickness concept 

could be applied to a circular tube. Kays (1966) suggests 

that, for laminar flow in a circular tube, a Reynolds 

number based on centerline velocity and momentum thickness 

has a value of 360 if the corresponding Reynolds number 

based on mean velocity and tube diameter has a value of 

2000. The flat plate definition of momentum thickness, 

- J  
pu u (1- $ )dy p u u 

OO OO 

can be applied directly to a tube by using the tube 

radius as the upper limit of integration, the centerline 

velocity as the free stream velocity, and the laminar 

velocity profile 

u = u 
cl 
!z )Li. 
R ~ R2 

Th.e definition of the momentum thickness becomes 



6 = f £_(!-£_) dy 
°J cl ucl 

for constant properties, and the resulting momentum 

thickness is 

e - 2R 0 - 15 

which, when substituted into the accepted definition of 

critical Reynolds number yields 

Re. ... -i = 260 
0,critical 

This figure is substantially different from the value of 

360 suggested by Kays, and the result indicates some 

inconsistency in the direct application of the flat plate 

definition of momentum thickness to a circular tube. 

It is instructive to return to the definition of 

momentum thickness which was obtained from a momentum 

balance on a control volume surrounding a flat plate. 

The same technique can be applied to a tube through the 

use of the control volume shown in Figure 13; this 

situation represents the development of the parabolic 

laminar profile from a uniform profile at the entrance 

to the tube. The momentum flux across sections AB and 

CD can be written as follows: 

2 2 momentum flux across AB = nR pu 

»-R 2 
momentum flux across CD = / p(r)[u(r)] 2irrdr 
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Figure 13. Control Volume for a Tube 
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The integral form of the momentum flux across CD may be 

evaluated by assuming the presence of the laminar velocity 

profile 

u = 2u[l-(|)2]; 

and, with the further assumption that the density is 

constant, the result is 

4 2 — 2 momentum flux across CD = j irR pu 

= -k- (momentum flux across 
d AB) 

Thus, the momentum flux at the location of the fully 

developed profile is 1/3 greater than the momentum flux 

at the entrance to the tube; this result is in contrast 

to the momentum defect that results from a similar treat

ment o'f the boundary layer on a flat plate. It is 

possible to define a momentum thickness on the basis of 

this momentum difference by assuming that the added 

momentum lies in a ring of thickness 0 adjacent to the 

wall and that the fluid in the ring travels at the mean 

velocity of the flow. The analogy to the flat plate 

momentum thickness definition then becomes 

— 2 rri2 n.2n 1 „2 — 2 pu tt[R — (R—0) J = g- ttR pu 

which, for constant density, reduces to the quadratic 

equation 

2 12 6 -2R0+ IR = 0 



after solving this equation and ignoring the choice of 

roots th.at would make the' momentum thickness greater 

th.an th.e tube radius the result is 

0 = 0.183 5R - 0 .092D 

The two pertinent Reynolds numbers can now be examined; 

the usual critical Reynolds number is 

Ren = — = = 2000 
D v 2v 

and the momentum thickness Reynolds number is . 

u , 6 u , D 
Re ' = -2=— = -£=— k = C4000K0.Q92) =368 

e v v D 

This result agrees much more favorably with the sugges

tion made by Kays than does the result of the application 

of th.e flat plate definition of momentum thickness, and 

it provides a starting point for the consideration of 

th.e turbulent flow problem that is the subject of this 

s.tudy. 

It is possible to apply the above technique to a 

turbulent velocity profile; the simple power profiles 

suggested by Nikuradse serve as an example. For a 

Reynolds, number of 4000 the recommended radial velocity 

distribution is 

1/6 
u 
Ucl 

; -— = 0.791 
u n cl 

The integral for the momentum flux across section CD in 

Figure 13 can be written in terms of the wall distance 



parameter y as follows: D 

momentum flux across CD = 2np/ [u(r)]^ rdr ! IT PJ 

o o 

= 2irpJ [u(y)]2 (R-y)(-dy) 

R 

Substitution of the velocity distribution and reversal of 

the limits of integration yields R 

2 T 1/3 momentum flux across CD = 2irpucl /(^) (R-y)dy 
O 

9 2 2 
= 14 *R >VL 

which, expressed in terms of the bulk velocity, becomes 

2  - 2  
momentum flux across CD = 1.02747tR pu 

= 1.0 2 74 (momentum flux 
across AB) 

The corresponding result for the customary profile 

u 
U T cl 

becomes 

1/7 ; -— = 0.817 
Ucl 

2  - 2  momentum flux across CD = 1.0196nR pu 

= 1.019 6 (momentum flux 
across AB) 

The outstanding feature of these results is the fact 

that, although the development of the turbulent profile 

requires an increase in momentum, the increase is 

smaller than the increase associated with the correspond

ing laminar profile. 
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Present Analysis 

In the previous section it was demonstrated that 

the momentum thickness can be related to transition, in 

certain flow situations, through the use of an appropriate 

Reynolds number. An attempt was made to extend the vari

ous techniques to the transition from turbulent flow to 

laminar flow in a tube; momentum thickness Reynolds numbers 

were calculated by means of a computer program which per

formed operations based on a simplified model of the flow 

situation. The flow was examined at a single axial 

location; when changes in quantities such as momentum 

and temperature were required, it was assumed that the 

flow had originally posessed a uniform temperature profile 

and a fully-developed adiabatic velocity profile. 

The first step in the procedure was the specifica

tion of the mass flow rate and the initial bulk tempera

ture; a corresponding fully-developed velocity profile 

for constant fluid properties was then obtained. The 

local velocities for fully-developed turbulent flow were 

calculated for various values of the wall distance, y, 

between the tube wall and the centerline according to the 

universal velocity profile (law of the wall) suggested 

by Martinelli (Kays, 1966) 

+ + / +  r \ u = y (y <5) 

u+ = -3.05 + 5.00 In y+ (5 <y+<30) 

u+ = 5.5 + 2.5 In y+ (y+>30) 
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In the above expressions, 

+ . ,*-0.5 
u = ®cTw 

and 

+ f , x 0 . 5 , y = / v  

The value of the wall shear stress, which was required for 

• *|- *}• 
the calculation of u and y , was obtained from the bulk 

entry Reynolds number and the Blasius friction factor 

relationship, 

-0 9 R f = 0.079 Re U,ZD 

Subsequent to the calculation of the constant 

properties, law of the wall profile, an attempt was made 

to account for the effect of heating on the flow by means 

of the superposition of a temperature profile on the 

velocity profile. The temperature profile was assumed 

to be linear and to extend from some point in the stream, 

usually about y+ = 30, to the wall; the temperature in 

the core of the flow was assumed to be equal to the bulk 

entry temperature. This technique allowed various wall-

to-bulk temperature ratios to be specified, and a 

velocity profile for each temperature ratio was calcu

lated using local fluid properties and the law of the 

wall relationship. A new value of the bulk temperature 

was calculated after each change in the wall-to-bulk 

temperature ratio according to the relationship 

T = -— f  
b Aub JA uTdA 
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where the local velocities were obtained from the profile 

computed for the preceeding value of the wall-to-bulk 

temperature ratio. The above expression is a convenient 

definition of the bulk temperature for use in the present 

investigation; a more appropriate definition would involve 

more explicit consideration of the dependence of the den-
i 

sity on area. The wall shear stress for~each of the 

variable properties velocity profiles was obtained from 

the Blasius relationship, but the overall results were 

quite sensitive to the choice of the Reynolds number; the 

bulk Reynolds number, the wall Reynolds number, and a 

Reynolds number based exclusively on wall properties were 

used during the course of the investigation. Different 

thicknesses, both constant and variable, were used for the 

specification of the temperature profile. As a check on 

the results, the mass flow rate was calculated by an 

integration routine from each computed velocity profile 

and the local values of the density. 

Several different definitions were employed for 

the momentum thickness and the momentum thickness Reynolds 

number. The momentum thickness was calculated by using 

the flat plate definition, the circular tube definition 

based on a ring element, and simply the distance from the 

wall to the point where y was equal to 30 or equal to M-2. 

The momentum thickness Reynolds numbers were always 
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calculated using the bulk density, the centerline 

velocity, and the selected thickness, but the viscosity 

was adjusted to provide bulk Reynolds numbers or wall 

Reynolds numbers. 

It was considered to be desirable that the 

thickness used in the calculation of the momentum thick

ness Reynolds number increase with an increase in the 

wall-to-bulk temperature ratio; this result would 

correspond to the thickening of a low velocity layer 

adjacent to the wall. Although the momentum thickness 

based on the momentum integral for tube flow was the 

most satisfying choice from a philosophical standpoint, 

the calculations revealed that it either failed to grow 

or decreased depending upon the choice of the Reynolds 

number used in the computation of the variable properties 

wall shear stress. The momentum change associated with 

the development of the profile is small, and it is 

apparently quite sensitive to the specification of the 

friction factor. The choice of definitions for momentum 

thickness and momentum thickness Reynolds numbers appeared 

to be subordinate to the choice of the Reynolds number 

used for the wall shear stress calculation. 

Despite the simplicity of the model of the flow 

situation, some results were obtained which appear to 

reflect, at least qualitatively, the reaction of the flow 
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stream to high heating rates. The family of curves shown 

in Figure 14 is an example; in this case the momentum 

thickness Reynolds number 

pbucl° 
6 = ^ w 

is displayed versus the wall-to-bulk temperature ratio. 

The wall Reynolds number was used to obtain the wall 

shear stress, and the definition of momentum thickness 

for a flat plate was used in the calculation of the 

momentum thickness Reynolds number. Each of the curves 

in Figure 14 represents a particular mass flow rate, and 

therefore a particular bulk-entry Reynolds number. Since 

the calculations were based on turbulent flow velocity 

profiles, mass flow rates corresponding to laminar flow 

in the adiabatic case were not considered. For each 

curve, the momentum thickness Reynolds number was com

puted first for the case of a wall-to-bulk temperature 

ratio of unity; subsequent calculations for larger values 

of the wall-to-bulk temperature ratio resulted in lower 

values of the momentum thickness Reynolds number. Fur

thermore, the curves appear to have the proper relation

ship to one another, since, for a specified momentum-, 

thickness Reynolds number, a higher value of T^/T^ is 

required for a large bulk entry Reynolds number (mass 

flow rate) than for a small bulk entry Reynolds number. 
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Throughout the calculations on which Figure 14 

was based, a tube inside diameter of 0.230 inches was 

assumed, and the properties of air were used. The 

experimental results were used to attach further signifi

cance to Figure 14; additional discussion is provided in 

Chapter VI. 

As a gas passes through a heated tube, the 

viscosity in the immediate vicinity of the wall increases 

and the local velocity is depressed below the value that 

would be predicted by a constant properties relationship 

such as the law of the wall. In order to satisfy the 

continuity equation under these circumstances, it is 

necessary for the velocity near the center of the tube 

to increase. The change in velocity near the tube wall, 

as predicted from the analysis described above, is 

depicted in Figure 15; examination of the velocity pro

files indicates that the proper trends are present. 

The intent of the analytical scheme described in 

th.e preceeding paragraphs was to provide an indication of 

the effect of high heating rates on a turbulent flow 

situation through the use of integral techniques. Since 

the basic technique was simply the application of 

successively higher wall-to-bulk temperature ratios to a 

turbulent profile at a particular location, no conclusions 

concerning the flow in an "entry length" may be drawn. 
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The primary virtue of the scheme is that it does 

demonstrate the applicability of the integral techniques 

which, are common tools in the analysis of external flows 

to internal flow situations. In essence, the present 

analysis provides a starting point for future investiga

tions employing more complex models of the flow. 



CHAPTER VI 

RESULTS AND DISCUSSION 

The experimental results provided by the test 

facility encompassed a range of conditions broader than 

that which was specifically applicable to the study of the 

phenomenon of turbulent-to-laminar transition. Of 

particular interest to the work at hand were those runs 

that actually involved the transition effect, but, as 

mentioned previously, some data was obtained in domains 

reported by other investigators in order to establish a 

level of confidence for the test section and the data 

reduction techniques. The following discussion will con

centrate first on the relatively well-established topics 

such as adiabatic flow and mildly heated flow without 

precooling; the results will then be used as a basis for 

the consideration of the situations involving reverse 

transition. Table II provides a summary of the informa

tion pertinent to the experimental runs involving heat 

transfer and friction data. These are explored in the 

following discussion. Runs not shown were heat loss or 

adiabatic friction factor runs. Subsequent to run number 

57, accidental overheating of the test section caused the 

structural failure of pressure tap 8 and pressure tap 9; 

90 



Table II Summary of Heated Flow Runs 

T wall Bulk 
Run Max Tw/Tb Inlet 

Number Gas Symbol Conditions OR Max Reynolds 

20 Air 0 Heating, No Precooling 999 1.35 17728 
26 Air ~ Heating and Precooling 1034 2.28 14249 
28 Air 0 Heating and Precooling 970. 2.46 16130 
31 Air 0 Heating and Precooling 1018/9.63 2.68 20685 
32 Air D Heating and Precooling 1269 3.08 19436 
33 Air 0 Heating and Precooling 1565 3.62 15712 
35 Air \} Heating and Precooling 10.31 2.09 10930 
36 Air ~ Heating and Precooling 1371 2.97 12016 
37 Air 

~ 
Heating and Precooling 1699 4.43 16944 

41 Helium Heating and Precooling 674/778 1.91/1.99 7885/8511 
42 Helium . ~ Heating and Precooling 874 2.12 8720 
43 Helium [1 

""' 
Heating and Precooling 1124 2.68 8795 

44 Helium ~) Heating and Precooling 1392 3.30 9052 
46 Helium 0 Heating and Precooling 1084 2.21 4327 
47 Helium e Heating and Precooling 1489 2.59 4195 
49 Helium ~) Heating and Precooling 1240 2.22 2580 
52 Helium ~ . Heating, No Precooling 1072 1.34 7445 
54 Helium ~ Heating, No Precooling 1086 1.32 4064 
56 Helium ~ ..., Heating and Precooling 1057 2.04 1711 
57 Helium ~ Heating and Precooling 1506 2.39 1724 
64 Air Q Heating, No Precooling 1053 1 . 44 37543 · 
66 Air 0 Heating; No Precooling 1025 1.41 32389 

Note: Maximum Mach Number = 0.15 

<.D 
1---l 



no data are reported from these locations for runs with 

numbers larger than 57. 

Both the raw data accumulated during the experi

mental runs and the reduced data obtained from the com

puter programs are recorded in the files of the Energy, 

Mass, and Momentum Transfer Laboratory of the University 

of Arizona. 

The results of the analysis of the experimental 

uncertainties presented in Appendix C indicate that the 

Nusselt numbers and friction factors for the heated runs 

can be expected to be accurate to within 10 percent and 

13 percent, respectively. The pressure drop measurements 

for the adiabatic runs were more stable than were those 

for the heated runs; the adiabatic friction factors can 

be expected to be accurate to within 10 percent. These 

limits apply to the figures and to the comments that 

follow, and they should be .helpful in the evaluation of 

the experimental results. 

Adiabatic Frictiffn Factor Results 

Adiabatic flow runs were conducted at convenient 

intervals during the course of the data acquisition-as 

a means of checking the performance of the pressure taps 

and the associated pressure drop measuring system. The 

pressure gradients were calculated with Procedure FIT, 



this technique employs two adjacent pressure drop 

measurements for the calculation of the pressure gradient 

at a particular location. Each computed friction factor, 

therefore, involves information obtained at pressure taps 

upstream and downstream from the stated location, and 

values are not produced for the first and last pressure 

taps. 

The calculated friction factors were compared 

to the Blasius friction factor that would prevail at the 

bulk entry Reynolds number for each run; the results of 

this comparison are shown in Figure 16. From the data 

displayed in this manner, it was observed that pressure 

tap number five characteristically produced values more 

than five percent lower than those obtained from the 

other taps; the friction factors at pressure tap number 

five were considered suspect in the examination of 

subsequent data. The erroneous results at tap number 

five could have been caused by either a small burr on the 

inside of the tube as a result of the electrostatic 

drilling operation or a change in the cross sectional 

area of the tube caused by the brazing process. 

In addition to the strictly adiabatic friction 

factors, Figure 16 also depicts the results of run 21, 

during which the air was precooled with liquid nitrogen 

prior to passing through the unheated test section. 
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Although this condition was technically that of a heated 

flow run because of the energy transfer to the gas from 

the surroundings, the increase in the gas' bulk temperature 

was observed to be less than 50 degrees Fahrenheit, so 

that the adiabatic flow computation technique at least 

provides an approximation to the precooled but unheated 

condition. Examination of Figure 16 shows that the 

results of run 21 exhibit the same trends and approxi

mately the same degree of agreement with the Blasius 

prediction as do the results of the adiabatic runs. 

Heated Flow Without Precooling 

Several experimental runs involving heated flow 

without precooling were conducted in order to provide 

a correspondence with the findings of other investigators. 

Both air and helium were employed, and the range of 

Reynolds numbers was large enough to include the region 

of primary interest. 

The conventional heat transfer parameters appli

cable to the downstream region of the tube (x/D>40) are 

displayed in Figure 17 along with the following correla

tion equation chosen to represent the data points: , 

»  T n n o o t )  0 . 8  D  0 . 4  Nu, = 0 .0 22 Re, Pr, 
b b b 

T w 
Tb 

-0.5 

The variation of the fluid properties is accounted for 

by means of the wall-to-bulk temperature ratio raised to 
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some power and by means of the coefficient which depends 

upon the location of the bulk of the data; it is 

significant to note that there is no generally accepted 

value for either the exponent or the coefficient. Accord

ing to Kays (1966), the analytical treatment of Deissler 

and Eian suggests a value of -0.34 for the exponent, but 

Perkins and Worsoe-Schmidt (1965) found that a value of 

-0.7 was more suitable. Barnes (1960) suggested different 

values of the exponent for different gases, specifically 

-0.4 for air and -0.185 for helium in the range of 

Reynolds numbers from 10000 to 20000. The basis of the 

selection of -0.5 as the value of the exponent in 

Figure 17 was the fact that it appeared to provide a 

better fit to both the air and the helium data points 

than did the other values that- were considered. There is 

considerable support for the value chosen; Humble, 

Lowdermilk, and Desmon (19 51) and McCarthy and Wolf (19 60) 

each recommend values of -0.55 for the exponent, while 

McEligot (1963) suggests a value of -0.5 for the exponent 

and a value of 0.021 for the coefficient. It should be 

noted that the value of the constant in the correlation 

expression must also be considered. Perkins and Worsoe-

Schmidt (1965), for example, found that the constant had 

a value of 0.0 24 when the exponent -0.7 was used, while 

McEligot (1963) reported that a constant of 0.021 was 
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necessary to correlate his data when the exponent -0.5 was 

employed. It would appear that the relationship chosen 

for the present data most closely resembles the form 

suggested by McEligot. 

Examination of Figure 17 indicates that the 

correlation equation suggested above agrees with the 

experimental data to within five percent except for the 

low Reynolds number range in which the flow is bordering 

on the transition region. This result suggests a possible 

dependence of the exponent of the wall-to-bulk temperature 

ratio on Reynolds number, a result also indicated by 

Barnes, but it is more probable that the correlation 

equation does not represent the data accurately in the 

low Reynolds number range. The maximum wall-to-bulk 

temperature ratio for the experimental runs represented 

in Figure 17 was less than 1.5; both McEligot (1963) and 

Reynolds (196 8) have discussed heat transfer correlation 

for low Reynolds number flow at low heating rates. In 

comparison to the Dittus-Boelter correlation 

Nu = 0.021 Re0,8 Pr0,4 

for Reynolds numbers in the neighborhood of 3000, 

McEligot observed approximately the same trends as those 

shown by Figure 17 while Reynolds observed good agreement 

between the Dittus-Boelter relation and experimental data 

that had been corrected for the effect of variable 
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properties. It may also be observed that the agreement 

near a Reynolds number of 3000 in Figure 17 would be 

greatly improved by the use of 0.021 as the correlation 

coefficient. 

The friction factor information provided by the 

runs for which the gas was heated but not precooled was 

also examined with respect to accepted empirical relation

ships; Figure 18 illustrates the comparison between the 

measured friction factors and the Blasius correlation 

for these runs. The maximum deviation from the Blasius 

line is about ten percent, but it should be pointed out 

that the results from pressure tap number five, previously 

found to be consistently erroneous, have not been included 

in the figure. 

Heated Flow With Precooling 

Friction factors in the laminar regime were 

obtained during two runs with bulk entry Reynolds numbers 

less than 2100, relatively high heating rates, and 

precooling. The results are shown in Figure 19 which 

employs the correlation relationship 

1.4 

to account for the variable properties effects; the 

maximum deviation from the laminar line is about ten 

percent. Although the analytical solution of 



lH 

Blasius 

0.005 

<mcno--._ . 
. ---a.cQcH:sco---___ 

0- Run 20 
0 - Run 52 
9- Run 54 

0 - Run 64 
0- Run 66 . 

5xl0 3 1x10
4 

0.00~~------------~------~--~------------~----------~---L--~ 
2x10

3 2x10 4 5xlo 4 

Rebulk 

Figute 18. Turbul~nt Fri~tion . Factors ·with Low Hea~ing Rates (Tw/Tb<l.44): · 
ComparlsOn of Data to Accepted Correlatlon. 

f-.1 
0 
a · 



.:t . 
r-t 

I -,Q 
E-i 
......... 
~ . 

E-i 
'-' 

4-l 

0.09 

0.08 

0.07 

0.06 

0.05 

0.04 

0.03 

I 16 
Reb 

o.o+ 
_ Run 56 -

• _ Run 57 

0.01~----------~------~-----L---L--~~L_~~~----------~ 
1 2 3 4 5 6 

-2 
Re0u1k x 10 

7 8 9 10. 

Figure 19. Lamina: Friction Factors with Modera.te ~eating Rates ( Tw/Tb< 2. 49): 
Compar~son of Data to. Accepted Correlat~on. 

1--1 
0 
1--1 



102 

Worsoe-Schmidt and'Leppert (1965) suggested that the 

value of the exponent of the wall-to-bulk temperature 

ratio should be unity, the experimental results of other 

investigations suggest a value of about 1.4. For 

example, Bankston, Sibbitt, and Skoglund (1966) used 

a value of 1.41, and Davenport and Leppert (1965) 

recommended a value of 1.35. 

The heat transfer results for the laminar flow 

runs with relatively high heating rates and precooling 

are shown in Figure 20; the coordinates are the bulk 

Nusselt number and the Graetz solution length parameter 

(x/D)/Re Pr. The solid line represents the analytical 

thermal entry length solution for laminar flow with 

constant fluid properties and constant wall heat flux 

in a circular tube (Kays 1966). Examination of Figure 20 

reveals good agreement between the analytical prediction 

and the experimental results; except for data points 

which were obtained near the ends of the test section, 

the deviation of the experimental results from the 

prediction is no greater than ten percent. 

The discussion to this point has been devoted to 

quantities which have been treated in detail by other 

investigators. The material presented in Figures 16, 17, 

18, 19, and.2 0 does, however, provide an indication that 

the apparatus, the procedure and the data reduction 
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process combine to yield results that compare favorably 

with generally accepted criteria. In general, the 

deviations from accepted correlation parameters lie within 

the predicted uncertainty intervals for the experiment. 

Since the comparisons have been made over a relatively 

wide range of Reynolds numbers which contains the region 

of primary interest, it is reasonable to assume that 

reliable information can be obtained for the transition 

region by employing the same techniques. 

Transition Results 

Several techniques were employed for the graphical 

demonstration of the phenomenon of turbulent-to-laminar 

transition. After demonstrating the reliability of the 

various experimental and numerical procedures, graphs of 

the bulk Nusselt number versus the Graetz solution 

x / D • length parameter ̂ pr were constructed as shown in Figures 

21 through 25. The solid line on these figures represents 

the analytical constant properties thermal entry length 

solution for laminar flow in a circular tube; a turbulent 

flow situation should yield a downstream value which is 

dependent on Reynolds number and which is considerably ' 

higher than the laminar downstream value. 

Figures -21 and 2 3 show that this is indeed the 

case for runs 20 and 51 through 54 during which no pre-

cooling was used and during which the wall-to-bulk 
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temperature ratio never exceeded 1.35. The results for 

these runs are typical of turbulent flow, and they 

provide a dramatic contrast to the runs conducted at 

higher heating rates. For wall-to-bulk temperature 

ratios in excess of two, a marked depression of the Nusselt 

number below the characteristic turbulent value occurs; in 

several cases values of the Nusselt number that would be 

expected for laminar flow are attained in the downstream 

region of the tube. A careful examination of the figures 

indicates that the degree of depression of the Nusselt 

number is dependent on both the wall-to-bulk temperature 

ratio and the bulk entry Reynolds number. For example, 

Figure 22 shows that a wall-to-bulk temperature ratio of 

2.28 caused a substantially reduced, but nevertheless 

turbulent, downstream Nusselt number for a flow situation 

with a bulk entry Reynolds number of 14249 (run 26), 

while a wall-to-bulk temperature ratio of 3.6 2 was 

sufficient to cause very nearly laminar values for a 

bulk entry Reynolds number of 15712 (run 33). From these 

indications, it would appear that both the peak wall-to-

bulk temperature ratio and the bulk entry Reynolds number 

are potentially valuable as parameters that could be' 

used to predict the occurrence of turbulent to laminar 

transition. The peak temperature ratio and the bulk 

entry Reynolds number should be more appropriate than the 



local values of temperature ratio and Reynolds number 

for the development of a prediction that will be appli

cable to the design of future equipment. 

apparent double valued character of run 41. This result 

occurred by virtue of a change in the wall temperatures 

during the run; the power and flow rate control settings 

were the same for both sets of points. Because the situa

tion occurred on the first run of the series in which 

helium was used, the apparent instability could be attrib

uted to inadequate equilibrium time for the apparatus. 

However, after a delay in the data acquisition process 

necessary for the repair of a sudden malfunction of the 

pressure drop measuring system (the author's adviser 

blew an inclined manometer), oscillations of the wall 

temperature were again observed for the same power setting 

and flow rate used in run 41. This result suggests that 

the conditions of run 41 represent a possible borderline 

value that can be employed in the prediction of the 

turbulent to laminar transition phenomenon. 

to laminar transition was obtained from an examination 

of the variable fluid properties heat transfer correla

tion equation 

Of particular interest in Figure 24 is the 

Further evidence of the occurrence of turbulent 

Nu, = 0 . 0£2 Re 
D t — * 

0 . 8  



for the downstream region of the tube. Figures 26 and 

2 7 are graphical representations of this relationship for 

values of x/d greater than 4 0. This equation should 

represent turbulent flow data reasonably well for Reynolds 

numbers in excess of 3000, and the results depicted in 

Figure 17 show that this is indeed the case for moderate 

heating rates. For some of the runs, however, the results 

show values of the heat transfer parameter more than 50 

percent lower than those predicted by the correlation 

equation, and it is significant to note that the percent

age deviation increases as the value of x/d increases, i.e. 

the deviation increases as the bulk Reynolds number 

decreases. The same runs cited previously again serve as 

good examples; at the moderate heating rates of run 2 6 

the data points agree with the correlation, but a 

pronounced and continuously increasing difference between 

the data and the correlation can be observed for run 33. 

It is possible that a higher numerical value of 

the exponent of the wall-to-bulk temperature ratio in the 

-0 7 correlation equation, say (T /T^) ' , would provide 

better agreement for the runs represented in Figure 2 6 

by points that lie parallel to, but below, the correla

tion line. However, these runs possessed bulk inlet 

Reynolds numbers of 4000 or less, so that a high degree 

of-accuracy cannot be expected from the turbulent 
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correlations, and the larger exponent might cause a 

deviation from the correlation for the high Reynolds 

number, low heating rate runs. 

Another source of information concerning the 

transition from turbulent flow to laminar flow was 

provided by the friction factor data. The results of 

experimental runs involving laminar flow with moderate 

heating and turbulent flow with mild heating were pre

sented in Figures 18 and 19; it was demonstrated that the 

friction factors for these conditions conformed quite well 

to accepted correlation equations. The friction factors 

obtained in circumstances for which turbulent to laminar 

transition was probable are displayed in Figures 2 8 and 

29 with the more conventional results described above as 

reference values, but the distinction between the coor

dinates must be carefully noted. Each of the figures 

displays data for one run with mildly heated turbulent 

flow, one run with moderately heated laminar flow, and 

four runs for which turbulent to laminar transition was 

suspected. It should be_emphasized, however, that 

Figure 2 8 employs a correlation of the type used by . 

Perkins and Worsoe-Schmidt (1965) for turbulent flow, 

.079 f = 
Re 
w 

/ T  \ — 0 . 6 
w 

Tb 
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while Figure 29 depicts the correlation suggested by the 

discussion of Figure 19 for laminar flow, 

16 f = 
Reb 

T w 
T b 

Examination of Figure 2 8 reveals that the turbulent flow 

correlation provides acceptable agreement with the experi

mental data for the case of turbulent flow with mild heat

ing, but the comparison for the laminar and transition runs 

is poor. Figure 29, on the other hand, shows excellent 

agreement between the laminar flow data and the laminar 

flow correlation; in this case the turbulent results are 

.displaced. It is interesting to note that the data points 

representative of runs for which turbulent to laminar 

transition was suspected exhibit a tendency to approach 

the laminar line in Figure 2 9 as the value of x/D 

increases. This result indicates that the laminar 

correlation would predict acceptable friction factors 

for tubes that were long enough to allow a complete tur

bulent to laminar transition. 

It has been mentioned, in connection with the 

laminar friction factor results of Figure 19, that some 

disagreement exists with respect to the appropriate' 

numerical value of the exponent of the wall-to-bulk 

temperature ratio in the laminar flow friction factor 

correlation. Davenport and Leppert (1964) and Bankston, 
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Sibbitt, and Skoglund (1966) recommend values of the 

exponent of about 1.4 on the basis of experimental 

results, while the analytical investigation of 

Worsoe-Schmidt and Leppert (1965) suggests a value of 

unity for the exponent. It should be noted, with 

respect to Figures 19 and 29, that the use of 1.4 as 

the exponent provided better agreement with the present 

experimental results than did the use of unity as the 

exponent. 

For purposes of comparison and discussion, each 

of the heated flow runs was classified according to the 

type of flow that was found to be present. The primary 

basis of the classification scheme was the series of 

graphs using the Graetz solution length parameter, 

Figures 21 through 25; it was decided that these graphs 

provided the best representation of the turbulent to 

laminar transition phenomenon. The results of the 

classification of the runs were compared to the graphs 

of the heat transfer parameter and the friction factor 

to insure consistency. Table III presents pertinent 

information for the flow runs in addition to the 

designation of the existing flow condition; it should 

be noted that the phrase "turbulent to transition" 

designates an initially turbulent flow situation that 

exhibits a marked deviation from the turbulent prediction 



Table III Classification of Flow Regimes for Runs, Based on Friction 
and Heat Transfer Data 

Bulk Bulk 
Run Inlet Exit 

Number Gas Symbol Reynolds Reynolds Classification 

20 Air 0 17728 12940 Fully Turbulent 
26 Air ~ 14249 5569 Turbulent to Transition 
28 Air 0 16130 6208 Turbulent to Transition 
31 Air 0 20685 6630 Turbulent to Transition 
32 Air D 19436 4958 Turbulent to Transition 
33 Air 0 15712 4231 Turbulent to Transition 
35 Air \] 10930 4558 Turbulent to Transition 
36 Air 'J 12016 4193 Turbulent to Laminar 
37 Air 0 16944 3458 Turbulent to Laminar 
41 Helium !fA . 7885/8511 4049/4170 Turbulent to Transition 
42 Helium 0 8720 4160 Turbulent to Laminar 
43 Helium ~:~j 8795 3527 Turbulent to Laminar 
44 Helium ~ 9052 2968 Turbulent to Laminar 
46 Helium ~ 4327 1768 Turbulent to Laminar 
47 Helium ~ 4195 1403 Turbulent to Laminar 
49 Helium ~ 2580 1014 Fully Laminar 
52 Helium ~ 7445 5411 Fully Turbulent 
54 Helium ~ 4064 2918 Fully Turbulent 
56 Helium ~ 1711 612 Fully Laminar ' 

57 Helium ~ 1724 459 Fully Laminar 
64 Air Q 37543 26903 Fully Turbulent 
66 Air 0 32389 23348 Fully Turbulent 

I-' 
rv 
0 
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over the length of the tube, while the phrase "turbulent 

to laminar" represents runs for which laminar Nusselt 

numbers and friction factors actually occur in the 

downstream region of the tube. 

It is important to note that several of the runs 

(36, 37, 42, 43, 44) exhibit a transition to laminar flow 

even though the Reynolds number, based on bulk properties, 

did not reach a value of 2 200. For example, run 37 had an 

inlet bulk Reynolds number of 16 944 and an exit bulk 

Reynolds number of 3458. However, the T^/T^ reached in 

this run was 4.4 3 and this was sufficient to cause 

laminar like heat transfer and friction results in the 

downstream region. 

Several investigators have suggested techniques 

through which conditions leading to a turbulent to 

laminar transition might be recognized, and a comparison 

between those schemes and the present work will be 

performed in the following discussion. McEligot, Ormand, 

and Perkins (1966), subsequent to classifying the 

experimental runs as laminar, transitional, or turbulent, 

displayed the results on a graph of the wall-to-bulk 

temperature ratio versus the modified wall Reynolds number 

and placed approximate borderlines between the regimes. 

Figure 30 shows downstream data points for typical runs 

from the present investigation compared to these 
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borderlines; it can be observed that the data previously 

shown on various figures describing completely laminar or 

completely turbulent runs lie well within the appropriate 

regime, while the runs for which turbulent to laminar 

transition can be inferred on the basis of Figures 21 

through 25 are described by points in the laminar or 

transition regions. The double-valued run is again of 

singular interest; Figure 24 suggests that a downstream 

Nusselt number should be equal to the laminar prediction 

for one branch and should be between the laminar predic

tion and the constant properties turbulent prediction for 

the other branch. This suggestion is substantiated by the 

location of the data points with respect to the regime 

boundaries in Figure 30; note that the wall-to-bulk 

temperature ratio decreases as x/D increases in the 

downstream region of the tube. 

A similar scheme was employed by Bankston, Sibbitt, 

and Skoglund (196 6) to classify the flow regimes. Instead 

of the modified wall Reynolds number, however, the 

parameter 
2 

' T 

was used; the experimental downstream data points for the 

present investigation are shown with respect to this 

quantity in Figure 31. Since the wall Reynolds number 
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Re. 
PbDub T, 

w ^w I w 

and since the viscosity for a gas can be approximately 

represented by the relationship 

Hw 

^b 

w 
0.7 

it follows that 

"bDub 
Re. w yb 

1.7 

w 
= Re, 

1.7 

w 

Thus the parameter employed by the authors of the work 

cited above and the parameter employed by McEligot, 

Ormandj and Perkins differ only slightly. 

Bankston, Sibbitt, and Skoglund (1966) selected 

different sets of regime boundaries for values of x/D 

less than 100 and greater than 100 and for Nusselt 

numbers and friction factors; the various boundary lines 

are shown in Figure 31. Although the data points 

representing the present work conform reasonably well to 

the boundaries shown, it appears that the values 

Y = 1500, for a lower limit, and 

Y = 3000, for an upper limit, 

provide the regime boundaries most consistent with the 

previous classification of the runs shown in Figure 30. 

Another parameter used in the description of the 

turbulent to laminar transition process was the quantity 



defined by Moretti and Kays (1965) for external boundary 

layer flows subjected to strong accelerations, 

du \) CO 
K - 2 dx 

u 
00 

In the work cited, it was found that the onset of transi

tion was marked by large increases in the value of K, and 

it was suggested that laminar results would be obtained 

— 6 if the value of K exceeded 3.0 x 10 . For the experi

mental runs associated with the present work, local values 

of the parameter K were obtained by using the bulk velocity 

and the bulk kinematic viscosity and by using Procedure 

FIT (described in Appendix B) to calculate the derivative. 

The results are shown for several typical runs in 

Figure 32; a more thorough treatment of a larger group 

of runs and a discussion of the axial distance required 

for complete transition will follow. It can be observed 

from Figure 32 that the value of K exhibits little change 

with axial distance along the tube; no sudden increase 

is apparent. The disparity between Figure 3 2 and the 

results of Moretti and Kays can be explained in terms of 

the velocity required by the definition of K; the bulk 

velocity for tube flow is not subject to arbitrary change, 

but the free stream velocity in the external flow 

experiment cited above was deliberately increased by a 

variation of the duct geometry. It should be noted with. 
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respect to Figure 32, however, that the completely 

laminar run exhibits a larger value than the critical 

value of K suggested by Moretti and Kays while the 

completely turbulent runs have significantly lower 

values. It is of particular interest to note that the 

data points from run number 37, which has previously 

been classified as a run in which laminar results were 

observed within the 100 diameter tube length, exhibit 

a value quite close to the critical value predicted by 

Moretti and Kays. In particular, the value of K for 

— 6 run number 3 7 ranges from 4.1 x 10" near the beginning 

— 6 of the heated length to 1.8 x 10 near the end; the 

critical value of K suggested by Moretti and Kays 

0 (3 x 10 ) lies within this range- In connection with 

the determination of the appropriate critical value, it 

is significant to note that Back and Seban (196 7) found 

— 6 that a value of K equal to 2 x 10 for the external 

flow form of the parameter was in better agreement with 

their data than was the value obtained by Moretti and 

Kays; this result is in good agreement with the evalua

tion of K for the downstream region of the tube in the 

present investigation. The above results indicate that 

the external flow acceleration parameter described by 

Moretti and .Kays 
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v du 
K =  - T  5^ 

u aa 

can be adapted to tube flow through the substitution of 

the bulk velocity for the free stream velocity, and the 

resulting parameter 

v du. 
K, = 

<j> 2 dx 
b 

should be useful in the prediction of turbulent to 

laminar transition for tube flow. Also, the Critical 

value of the parameter that describes the onset of laminar 

flow in a tube is approximately equal to the numerical 

values suggested by Moretti and Kays and by Back and 

Seban for external flow. 

An effort was made to translate the external flow 

acceleration parameter into terms pertinent to tube flow. 

Using the bulk velocity, the quantity becomes 

v du^ 
K d> 2 dx 

Ub 

and from the continuity equation for a constant area duct, 

= _ "dp 
dx ~ p dx 

From the perfect gas equation of state, 
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but, for a typical run for which transition is expected, 

the second term on the right hand side can be neglected, 

so that 

K . _v_ _p_ dT 

• " ub2 p RT2 dx 

Now, the relationship, provided by an energy balance, 

ii • dT , q"iTDdx = mc 3— dx 
^ p dx. 

can be used to provide an expression for dT/dx so that 

K y q "TTD 
<j)  ̂ pu, T y b mc 

P 
or, in terms of the mass flux G, 

Kd, = ~b — * G D T c 
P 

The quantity K is shown in Figure 3 3 in the 

same representation employed for the external flow 

parameter. The general features and the trends of the • 

graph are the same as those described for the external 

flow parameter, but is composed of quantities that are 

more readily available from the specification of a design 

problem for a tube flow situation than are the quantities 

that comprise K, Re , or T /T, . Thus, a classification r w w b 

of experimental runs on the basis of should prove 

more helpful to the designer of a device, such as a 
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reactor coolant channel tube, than would a classification 

based on any of the previously mentioned parameters. The 

fact that K is approximately constant along the tube can 

be explained by examining the terms appearing in K^. For 

2 the present experiment, q", G , and D were constant along 

0 7 the tube. Since y increases approximately as (T) ' and 

Cp is almost constant with temperature the y/T term does 

not exhibit much change along the tube and therefore K 

is essentially constant with x. 

Figure 34 is a representation of the various 

values of for a wide range of experimental runs; 

because exhibits only slight variations with axial 

distance along the tube, single values typical of the 

downstream region of the tube were selected for each run. 

It can be observed that the runs involving turbulent flow 

with mild heating exhibit values of in the neighbor-
n 

hood of 10 , while the completely laminar runs have 

values in the vicinity of 10~5. It is also interesting 

to note that a number of points are grouped together 

near the value 

K = 1.5 x 10~6 

and that these are precisely the runs for which a 

significant departure from the turbulent prediction can 

be observed in the graphs involving the Graetz solution 

length parameter, Figures 21 through 25. Whether or not 
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fully laminar flow actually prevails at x/D = 100 for 

— 6 runs in which K = 1.5 x 10 is difficult to ascertain 
<P 

from Figure 34, but it can be concluded that the con

ventional turbulent flow correlation equations, whether 

for constant properties or variable properties, will not 

yield acceptable results when applied to situations for 

which a turbulent inlet Reynolds number occurs but K 
9 

— 6 exceeds 1.5 x 10 . Under these circumstances the flow 

exhibits the effects of transition, but the transition 

process is not necessarily complete at the values of 

x/D available in the present study. 

— 6 The value of 1.5 x 10~ is smaller than the 

value of 3.0 x 10 ^ suggested by Moretti and Kays (1965) 

for external flow but compares favorably with the recent 

results of Back and Seban (1967) in which a value of 

— 6 2 x 10 is suggested. 

The axial distance required for a complete 

transition from turbulent flow to laminar flow was also 

examined on the basis of the experimental data presented 

in the preceding material. It was regarded as a fore

gone conclusion that, for a sufficiently long tube and 

continuous heating, the flow would eventually become 

laminar because of the increase in viscosity; the effect 

of high, heating rates is to reduce the distance required 
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for the transition process to occur. It was assumed that 

a relationship that would predict the onset of laminar 

flow would have the form 

D critical b, inlet 
max 

where the constants a, b, and c could be evaluated from 

the experimental data. The values for Re^ inlet an<^ 

(T /T, ) were readily available from the calculations, w b max J ' 

and the value of x/D required for agreement with the 

laminar heat transfer correlation was obtained by extra

polation of the appropriate experimental curves on the 

graphs involving the Graetz solution length parameter, 

Figures 21 through 25. The value of the exponent b was 

obtained from a log-log graph of (x/D)cvi;j_-tical ver>sus 

Re, • , for a fixed value of (T /T, ) ; the value b, inlet w b max' 

of the exponent c was obtained from log-log graph of 

Cx/D) ... , versus (T /T, ) for a fixed value of critical w b max 

Re, • -, , » and the value of the coefficient a was then b, inlet' 

determined' by solving the proposed relationship for a, 

using the data of several experimental runs and averaging 

the results. It was found that the resulting expression 

provided reasonably good agreement with the experimental 

results for precooled gas runs, but the agreement was 

poor for situations in which the gas was at ambient 
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temperature at the start of heating. Since the rate of 

change of the viscosity with temperature for air and for 

helium at temperatures below 200°R is greater than the 

rate of change at higher temperatures, a correction for 

the entering temperature was introduced and the solution 

for the coefficient a was repeated. The resulting 

expression. 

was found to yield reasonable estimates of the axial 

location at which the experimentally measured Nusselt 

numbers attained the values predicted by the constant 

properties laminar flow solution for runs both with and 

without precooling. For several runs, the length of the 

test section was not sufficient for the complete attain

ment of the laminar flow solution, and in these cases 

the predicted critical value of x/D was greater than the 

maximum value of x/D for the test section. It should be 

noted that, in the above expression, the inlet temperature 

is expressed in degrees Rankine. 

ship for predicting the axial location of the existence 

of laminar flow was obtained from the experimentally 

determined heat transfer parameters, and the possibility 

exists that the friction factors have a greater degree of 

x 
D critical b max 

It should be mentioned that the above relation-
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sensitivity to heating rate than do the Nusselt numbers. 

In other words, the friction factors for a situation 

involving turbulent to laminar transition might be 

predictable by a laminar correlation for values of x/D 

lower than the critical value suggested by the relation

ship above. The data of Perkins and Worsoe-Schmidt (1965) 

and of Figure 29 suggest that this is indeed the case; 

the friction factors appear to agree with the laminar 

correlation equations for values of x/D smaller than those 

predicted as required for the heat transfer to be in 

agreement with a laminar correlation. 

Comparison of Experiment and Analysis 

Among the results of the analytical work described 

in Chapter V was a set of curves (Figure 14) that depicts 

the change in a defined momentum thickness Reynolds number 

for various values of the' wall-to-bulk temperature ratio 

and bulk entry Reynolds number. Although they have the 

proper shape and the proper relationship to one another, 

these curves do not allow a specific judgement to be made 

concerning the location of the turbulent to laminar 

transition. It was possible, however, to add to the 

significance of the analytical curves withr the assistance 

of the results of the experimental runs summarized in 

Table III. Figure 35 is a display of the results of the 
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classification scheme for the experimental runs set on 

convenient coordinates; the diagonal line represents a 

borderline between flow conditions. For the purposes of 

this discussion, it is assumed that points located above 

the line represent flow runs which did not completely 

attain values of the Nusselt number and friction factor 

characteristic of laminar flow within the 100 diameter 

tube length; the points below the line depict flow runs 

for which the Nusselt number and friction factor could 

be predicted reasonably well by laminar correlations in 

the downstream region. The diagonal line, therefore, 

represents a means for determining the value of the 

wall-to-bulk temperature ratio for which complete 

turbulent to laminar transition can be expected within 

100 diameters for a given bulk entry Reynolds number. 

Figure 36 is basically a duplicate of Figure 14; 

the values of the bulk inlet Reynolds numbers correspond 

to specified mass flow rates. In Figure 36, however, 

positions are marked on each curve that indicate the 

point, located from the diagonal line in Figure 35, 

subsequent to which the laminar correlations can be 

expected to hold. The average location of the transition 

points could be represented by a value of the momentum 

thickness Reynolds number of 375. This is in general 

agreement with the numerical value suggested by Kays 
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for tube flow and constant properties, although it is 

important to note that the definition of the Reynolds 

number differs from that used by Kays in that the wall 

viscosity was used instead of the bulk viscosity and the 

flat plate momentum thickness was used instead of the 

circular tube momentum thickness. 



CHAPTER VII 

CONCLUSIONS AND RECOMMENDATIONS 

The following conclusions, pertinent to the flow 

of a gas through a circular tube with a constant heat flux 

boundary condition, may be drawn from the results of this 

investigation: 

1. Any initially turbulent flow will ultimately exhibit 

all of the properties of laminar flow provided that 

the tube is sufficiently long; the effect of high 

heating rates on an initially turbulent flow is a 

reduction of the tube length required for the initia

tion of the turbulent to laminar transition. Further, 

high heating rates may cause laminar values of heat 

transfer coefficients and friction factors even though 

the bulk Reynolds number lies well above 2200. 

2. If the value of 

K = V- I = 1,5 x l0~6' G D p 

based on bulk properties, is exceeded for an initially 

turbulent flow situation, then the turbulent flow 

correlations no longer provide acceptable predictions 

of the Nusselt number and the friction factor. 
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3. The Nusselt numbers and friction factors at locations 

downstream from the point 

for bulk inlet temperatures in degrees Rankine, may be 

obtained from the laminar correlation equations even 

though the flow is initially turbulent. 

4. The borderlines between the various flow regimes 

previously suggested by McEligot, Ormand, and Perkins 

(1966) and Bankston, Sibbitt, and Skoglund (1966) are 

in reasonable agreement with the present data. 

considered in this investigation fall into two categories; 

both the effectiveness of the analysis and the precision 

of the experimental work could be improved. Ignoring the 

obvious benefits that would result from an exact solution 

to the problem of heated flow in the turbulent and transi

tion regions, it is possible that the several attempts at 

approximate solutions presented in this work could be 

extended, or combined, to provide an accurate prediction 

of the turbulent to laminar transition phenomenon. The 

momentum thickness concept described in the present 

analysis has several attractive features, but it is 

possible that the whole approach suffers from the over

simplification of the velocity and temperature profiles. 

— I 
D critical 

b max 

The recommendations for future work on the problem 
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A logical further step would be the use of a velocity 

profile more suited to the specific problem than the law 

of the wall profile; a more sophisticated temperature 

profile, perhaps involving two or three regions, would 

also be appropriate. The treatment is at present exces

sively dependent upon the specification of a friction 

factor, and it would be necessary to overcome this weak

ness in conjunction with the selection of the new veloc

ity and temperature profiles. It is possible.that 

another definition of momentum thickness, such as that 

suggested by Preston (1958), would provide better 

analytical results. Still another contribution would be 

the addition of another dimension to account for the axial 

changes in the various quantities. 

The experimental portion of this study, despite 

the expenditure of considerable effort in behalf of 

accuracy, nevertheless provides another source of future 

work. The results presented here would benefit from the 

acquisition of more experimental data over a wider range 

of variables, but a more fruitful approach would be the 

quest of an increase in the precision of the results. In 

some cases improvements in technology might be required; 

the friction factor results could be vastly improved by 

a better technique for pressure tap construction (see 

Appendix D). However, more careful attention to 
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procedural detail would also improve the results; an 

example would be an even more elaborate scheme for the 

calibration of the thermocouples and the determination of 

the radiant energy loss from the tube. An immediate step 

in this direction might be the development of a technique 

for calculating the energy transfer from the surroundings 

to the gas during experimental runs with low heating rates 

in which the wall temperatures are less than the ambient 

temperature. There is also room for improvement in the 

data reduction process; the computer routines could be 

adapted to provide such benefits as better calculation of 

derivatives and better determination of electrode, 

pressure tap, and thermocouple wire heat losses. 

The presentation of the experimental results 

provides another area in which further efforts would be 

desirable. It is possible that more practical results 

could be obtained through various manipulations of the 

data; it would, for example, be helpful if a better tech

nique could be devised for the classification of laminar, 

transitional, and turbulent flow runs. A further exami

nation of the possibility of a gas-dependent or Reynolds 

number-dependent exponent for the wall to bulk tempera

ture ratio in the heat transfer parameter would be 

interesting, as would a deeper study of the exponents 

involved in the friction factor correlations. Further 
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efforts also might provide a more desirable parameter for 

the prediction of the departure from the turbulent corre

lations, and other attempts to relate the internal flow 

and external flow parameters might prove fruitful. The 

most immediate need, however, is further examination of 

the critical value of x/D for the beginning of laminar 

flow. The determination of the quantity might be improved 

through the use of more extensive data, and it might be 

possible to discover whether or not the Nusselt numbers 

and friction factors do in fact exhibit different 

sensitivities to high heating rates. 



APPENDIX A 

GAS PROPERTIES USED IN DATA REDUCTION 

The gas properties employed in the data reduction 

process were stored in the computer memory in tabular 

form. Because the effect of pressure on the property 

values is slight, and because only absolute pressures 

between 2 5 and 3 5 pounds per square inch were encountered 

in the present work, the tables were constructed using 

temperature as the only interpolation parameter. The 

primary source of air properties was NBS circular 5 64 

(Hilsenrath, et. al., 1960). Table IV provides further 

information regarding the air properties. Although most 

of the air properties are virtually independent of 

pressure, the specific heat varies strongly with pressure 

at low temperatures. The difference in the specific heat 

is about 15 percent between pressures of one atmosphere 

and four atmospheres at 13 5 degrees Rankine; the value 

of the specific heat at 135 degrees Rankine selected for 

the present work was 0.2 88 Btu per pound mass per degree 

Rankine. 

Several sources were consulted for appropriate 

helium properties; the values finally selected are 

reproduced in Table V. In most cases it was necessary 
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to obtain property values at low temperatures by a process 

of extrapolation combined with use of the values presented 

in a standard textbook (Eckert and Drake, 1959). 
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Table IV Information Regarding Air Properties 

Property- Source Pressure 

Prandtl number NBS 564 1 atmosphere 

Enthalpy NBS 564 4 atmospheres 

Speed of sound NBS 564 4 atmospheres 

Viscosity NBS 564 1 atmosphere 

Thermal Conductivity NBS 564 1 atmosphere 

Specific Heat NBS 564 4 atmospheres 

Gas Constant NBS 564 



Table V Helium Properties 

Property Enthalpy Viscosity Thermal Specific Acoustic Prandtl 
Conductivity Heat Velocity Number 

Symbol H y K c 
P c Pr 

Units BTU/lbm ' lbm/'ft hr BTU/hr ft°R BTU/lbm°R ft/sec _ 

Defini
Source Note 1 Note 2 Note 2 Note 1 Note 3 tion 

Pressure 20 psi 1 atm 25 psi 

100°R• 126.57 0.01573 0.0320 1.242 1730 0.6106 
200°R 253.14 0.02478 0.04784 1.242 2120 0.6434 
300°R 379.. 71 0.03336 0.0621 1.242 . 2525 0.6672 
400°R 506.28 0.04048 0.0753 1.242 2880 0.6676 
500°R 631.85 0.04681 0.0871 1.242 3217 0.6675 
600°R 755 . 96 0.05270 0.0980 1.242 3525 0.6679 
700°R 880.07 0.05829 0.1084 1.242 3808 0.6678 
800°R 1004.18 0.06350 0.1181 1.242 4071 0.6678 
900°R 1128.29 0.06861 0.1276 1. 242 4318 0.6678 
1000°R 1252.40 0.07337 0.1365 1.242 4551 0 .6676 
1100°R 1376.51 0.07806 0.1453 1.242 4773 0.6672 
12Q0°R 1500.62 0.08254 0.1535 1.242 4985 0.6678 



Table V—Continued 

1300°R 
1400°R 
1500°R 
16 00°R 
170 0°R 
180 0°R 
190Q°R 
2000°R 
210 0°R 
2200°R 
2300°R 
2400°R 

1624.73 
1748.84 
1872.95 
1997.06 
2121.19 
2245.30 
2369.41 
249.3 .52 
2617.63 
2741.74 
2865.85 
2989.96 

0.08693 
0.09120 
0.09535 
0.09942 
0.10337 
0.10728 
0.11106 
0.11481 
0.11847 
0.12208 
0.12565 
0.12914 

0 .1617 
0 .1696 
0 .1773 
0 .1849 
0 .1923 
0 .1996 
0 .2065 
Q .2136 
0 .2204 
0 .2271 
0 . 2337 
0 .2402 

Note 1. 
Note 2. 
Note 3. 

Wilson, 1960 
Svehla, 1962 
Franklin Institute, 1961 

1.242 5189 0.6676 
1.242 5384 0.6678 
1.242 5573 0.6679 
1.242 5756 0.6678 
1.242 5932 0.6676 
1.242 6106 0 .6676 
1.242 6272 0.6679 
1.242 6435 0.6676 
1.242 6555 0.6676 
1.242 6749 0.6676 
1.242 6901 0.6678 
1.242 7050 0.6676 

H 
cn 



APPENDIX B 

DATA REDUCTION 

The reduction of the experimental data was 

performed on the IBM 70 72 computing facility at the 

University of Arizona. Programs were written for use 

with strictly adiabatic flow data, for calculation of 

the radiation heat loss from the tube during the runs 

without gas flow, and for reduction of the data obtained 

during heated flow runs. 

A special routine was employed for the calcula

tion of the derivatives that occur in the computation 

of the conduction heat transfer and the friction factor. 

The technique, referred to hereafter as Procedure FIT, 

was developed, tested, and explained in detail by 

McEligot (1963); it was found to be superior to several 

other machine techniques including the use of least mean 

squares methods with second and third order polynomials 

and the use of a parabola applied to three data points. 

In essence', Procedure FIT places a parabola through three 

adjacent data points and determines the first and second 

derivatives at the center point, but the process also 

involves a transformation to a more suitable coordinate 

system and a change in the scale of the variables. 
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During the evaluation of Procedure FIT by McEligot, it 

was found that good results were obtained for first 

derivatives of curves with small curvature and second 

.derivatives of curves with large curvature; the converse 

of either of these conditions led to poor predictions 

of the derivatives. 

Adiabatic Friction Factor 

Adiabatic pressure drop data were accumulated 

from the completed test assembly as a means of qualifying 

the construction of the pressure taps and the associated 

measuring system. Because the results could be compared 

to well established correlations, any defects, such as 

small burrs, in the fabrication of the pressure taps and 

some oversights in the experimental technique would be 

revealed. The computer program used with the adiabatic 

data employed the Blasius correlation 

- 0  ?  R  f = 0.079 Re 

for comparison purposes, and two different schemes were 

used for the calculation of the pressure gradient. The 

first method simply formed the ratio of the pressure drop 

between two taps to the distance between those taps'; the 

second method employed procedure FIT and took into 

consideration the pressure drops and distances associated 

with three adjacent taps. The three tap technique has 
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the advantages of providing some smoothing for small 

deviations in the pressure drop measurements and of 

yielding results at the location of a particular tap 

instead of results at a point between two taps. 

of the radiation heat loss from the test section. The 

measured energy generation rate and the wall thermocouple 

temperatures were supplied to the machine, and it was 

assumed that all of the energy which was generated was 

lost by radiation except at the first two test section 

thermocouples which were located near the lower flange. 

The position of each thermocouple after expansion 

due to heating was calculated by using the relationship 

where e is the unit thermal expansion, a is an expansion 

coefficient, and t' is the temperature rise above a 

reference temperature of 70 degrees Fahrenheit. If the 

expansion coefficient is a function of temperature, then 

the above expression can be written in the form 

Heat Loss Program 

A computer program was written for the evaluation 

1 
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The assumptions that the expansion coefficient is a 

linear function of temperature 

a - a + bt' 

and that the temperature is a linear function of distance 

t' = mx + tĵ  

allow the above integration to be performed with the 

following result: t' 

41 = i 
m 

a ( t '  ) 2  
+  b C t 1 ) 3  

2 

This quantity was evaluated successively for each thermo

couple, and the expansion was added to the thermocouple 

spacings that had been measured on the unheated test 

section. The expansion coefficient was expressed in 

terms of two linear functions of temperature for use 

above and below 5 30 degrees Ra'nkine; these functions 

a = (7.26 x 10~6) + (0.0012 x 10~6)(T-530) 

for T>530 

and 

a = (7.26 x 10~6) + (0.0035 x 10~6)(T-530) 

for T<530 

were obtained from tabulated data supplied by the 

International Nickel Company. Measurements of the over

all expanded length of the test section were obtained 

with a precision cathetometer during one set of heat 

loss runs, and the elongations calculated according to 
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the above routine were found to agree with, the measured 

quantities to within ten percent. The locations of the 

pressure taps in the expanded condition were obtained by 

linear interpolation from the thermocouple locations. 

An energy balance was conducted for a portion of 

the test section as shown in Figure 37. The quantities 

shown are representative of a heat loss calibration 

situation in which there is no flow; the result of the 

energy balance for steady state conditions was 

^cond , , q = —^ dx + q , Mgen ^ x ^-rad 

The conduction term was expressed in terms of a rate 

equation 

c)T 
^cond " -^cond ^x 

Assuming a constant thermal conductivity at the point of 

interest, the energy balance was expressed as 

? 
d T 

^•gen ~ ~^cond ' 2 dx + ^rad 

or 

isa = _kA a!r + qrad 
cond dx2 
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The local energy generation rate was obtained by 

evaluating the ratio of the product of the overall test 

section voltage drop and the heating circuit current to 

the overall expanded length of the test section. Since 

the local energy generation rate was used as the basis of 

the energy transfer to the gas at each thermocouple 

during the data reduction process, an examination of the 

linearity of the voltage drops along the test section 

was conducted in order to establish confidence in this 

technique. The energy transfer by conduction along the 

test section wall in an axial direction was obtained from 

the cross sectional area of the test section wall, the 

second derivative of temperature with respect to axial 

distance as calculated by Procedure FIT, and the thermal 

conductivity of Inconel obtained from tabulated data 

supplied by the International Nickel Company and expressed 

as a linear function of temperature (degrees Rankine) 

k = 8.35 + (0.0055)(T-540) 

The local radiation heat loss was then obtained from the 

energy balance as the difference between the generation 

and conduction terms. 

A preliminary examination of the heat loss • 

calculations indicated that the technique was not accu

rate in the region of the lower electrode. In that 

vicinity there was a considerable amount of conduction 
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heat transfer through the relatively massive test section 

flange, and in addition, the very nature of Procedure 

FIT caused it to yield inaccurate results at the end 

points of any sequence of values. The test section 

flange was equipped with several thermocouples spaced 

radially outward from the test section, and hand calcula

tions showed that the radial energy conduction away from 

the test section was approximately equal to the energy 

generated by one inch of test section. In order to 

compensate for the conduction through the flange, the 

second derivatives at the first two thermocouples were 

set equal to zero, and the energy balance conduction 

terms for the first and second thermocouples were assigned 

values of 75 percent and 25 percent, respectively, of the 

energy generated by one inch of test section. 

An additional step in the heat loss calculation 

was performed in order to make the values of the radia

tion heat loss more amenable to use in a situatipn 

involving gas flow. A set of three heat loss runs 

obtained at different power settings was considered, and 

a curve of the form 

I'rad * V + Vt,)2 + C3(t')3 

where t' = T - 530°R, 

was fitted to the three values of the radiation heat loss 

available for each test section thermocouple. The set of 
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constants C^, C23 and Cg was used by the data reduction 

program to evaluate the radiation heat loss at each 

thermocouple for the temperature attained in a flow 

situation. The values of the radiation constants for the 

first three thermocouples were different from the values 

characteristic of the other thermocouples on the test 

section; since the initial portion of the test section 

never attained a high temperature, no change in the 

radiation characteristics due to oxidation would be 

expected in that region. Furthermore, the values of the 

radiation constants are dependent on the energy transfer 

by conduction; the somewhat arbitrary assignment of 

values for the conduction at the first two thermocouples 

has been discussed previously. 

Data Reduction Program 

Another computer program was written for the 

purpose of obtaining conventional heat transfer and 

friction parameters from the experimentally measured 

quantities. In addition to Procedure FIT, the program 

contained a procedure for linear interpolation that 

could be used as required; the primary use of the inter

polation routine was in locating specific values of the 

gas properties which were placed in the machine memory 

in tabular form. In addition to the array of gas 

properties, the program was supplied with the necessary 
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physical details of the test section and with the 

experimental data for each run. The output of each 

thermocouple in millivolts was converted to degrees 

Fahrenheit by means of NBS Bulletin 5 61, and the computer 

program performed a conversion of the input temperatures 

to the Rankine basis used throughout the calculations. 

The data reduction program obtained the thermo

couple and pressure tap locations for the heated condi

tion, the local energy generation rate, and the axial 

heat transfer by conduction through the use of techniques 

identical to those used in the heat loss program. The 

radiation heat loss at each thermocouple was calculated 

from the previously described cubic equation using the 

constants supplied by the heat loss program. The energy 

transfer to the gas at each thermocouple was obtained 

from the local energy generation rate and the conduction 

and radiation losses by including the extra term in the 

energy balance for an element of the test section; 

^ gas ~ ^ gen ^ cond ^ rad 

The relative magnitudes of the radiation heat loss and 

the energy transfer to the gas varied during the series 

of' experimental runs; the comparative values of these 

quantities depended on the type of flow that existed in 

the tube. During runs that were characterized by a high 

flow rate and a low heating rate (run 20, run 64) the 
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heat loss did not exceed three percent of the heat 

transfer to the gas. Even with high heating rates, the 

heat loss remained smaller than ten percent of the heat 

transfer to the gas so long as the flow remained turbulent 

However, for the case of laminar flow throughout the tube 

(run 57), the heat loss attained a value of 30 percent of 

the heat transfer to the gas. It is interesting to note 

that, for the transition from turbulent to laminar flow 

(run 37), the radiation heat loss was about three percent 

of the heat transfer to the gas near the beginning of 

the heated length, while in the downstream region the 

quantities were very nearly equal. The flow area at each 

thermocouple and pressure tap location was calculated by 

taking into consideration the radial expansion of the 

heated test section; this step, was of particular impor

tance in the friction factor determination which involved 

the fifth power of the test section diameter. 

The bulk stagnation temperature at each thermo

couple location was obtained from a trapezoidal integra

tion of the stagnation enthalpy along the test section. 

The enthalpy at the temperature of the lower mixer was 

determined from the stored tables and corrected for the 

heat transfer by conduction through the test section 

flange. Thermocouples were provided on the flange so 

that the radial conduction heat transfer could be 
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calculated; for calculation purposes it was assumed that 

the flange was insulated on both faces, and the conduction 

equation in cylindrical coordinates was used. The heat 

transfer through the flange was normalized on the mass 

flow rate and added to the enthalpy of the gas at the 

inlet mixer temperature to obtain the enthalpy of the gas 

at the start of the heated length. For the flow runs 

with precooling, the energy transfer by conduction 

through the flange was approximately equal to the energy 

generated by 1/4 of an inch of the test section, or 

about one percent of the total energy generation. The 

relationship 

was applied for each thermocouple and the gas bulk 

stagnation temperature at each thermocouple was then 

obtained by linear interpolation from the enthalpy table. 

The bulk static temperature of the gas flow was calculated 

at each thermocouple location from the equation 

The result of the implied substitution is a quadratic 

equation for T, . 

n=l 

(x -x n) n n-1 

2 
u. 

Cpo CTbo Tb) = 2gc 

where u^ = GRTb 
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The results of the energy balance and trapezoidal 

integration described above were checked by a comparison 

of the predicted bulk stagnation temperature at the end 

of the test section with the temperature measured at 

the exit mixer; the agreement between the two values was 

on the order of five percent for runs during which the 

heat loss calculations could be considered reliable. 

There was, however, some doubt about the accuracy of 

the measured exit temperature since the two thermocouples 

located in the exit mixer did not produce identical read

ings. A higher level of confidence in the exit mixer 

temperature could be established by an examination of 

the mixer thermocouples; it is possible that the technique 

used for imbedding the thermocouples in the mixer did not 

allow a true representation of the temperature of the 

copper slug. 

On the basis of a solution of the governing dif

ferential equation and the evidence obtained during the 

heat loss runs, it was assumed that the temperature on 

the inside of the test section wall was equal to the 

temperature measured on the outside of the wall. The 

heat transfer calculations required the density of the 

gas at each thermocouple, and this property was obtained 

from the perfect gas relationship 

p = pRT 
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The local pressure needed in the above calculation was 

computed by linear interpolation from the overall test 

section pressure drop and the absolute pressure at the 

first pressure tap. The results of the calculations 

described above provided sufficient information for the 

computation of the various heat transfer parameters from 

the appropriate definitions. 

That portion of the data reduction program that 

was devoted to friction factor calculations relied on 

previously obtained properties and conditions at the 

pressure tap locations, but the primary quantities con

sidered were the measured pressure drops. The procedure 

employed pairs of pressure drops that involved three 

pressure taps, and the change in velocity of the gas was 

taken into account. The wall shear stress was defined as 

D d <f> 
Tw ~ ~ 4 dx 

where <}> was the impulse function defined by 

= p + ^ ub 

gc 

In the definition of the impulse function, the latter term 

accounts, on a one dimensional basis, for the increase of 

momentum due to the acceleration caused by heating of the 

gas. Sets of pressure drops were considered individually; 

the impulse function was calculated, and the derivative 

was obtained from Procedure FIT. The Fanning friction 
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factor, which was defined in terms of the wall shear 

stress as 

f = — ' 

"Ub/2SC 

was then formed. The remainder of the friction factor 

portion of the program was devoted to the calculation of 

other quantities, such as Reynolds numbers, at the 

pressure tap locations. 

The following is a list of the specific steps 

executed by the computer during the data reduction process; 

further details are included in the work of Spitler (1967). 

1- Read gas properties. 

2. Read tube data. 

3. Read run data. 

4. Convert temperatures to degrees Rankine. 

5. Locate thermocouples in expanded position. 

6. Locate pressure taps in expanded position. 

7. Calculate the local energy generation. 

8. Calculate the heat conduction at each thermocouple. 

9. Calculate the heat loss by radiation at each 

thermocouple. 

10. Calculate the heat transfer to the gas at each 

thermocouple. 

11. Calculate pressure at each pressure tap and at 

each thermocouple. 

12. Calculate stagnation enthalpy and gas bulk 
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stagnation temperature at each thermocouple. 

13. Calculate flow area in expanded condition at each 

thermocouple. 

14. Calculate wall temperature and expanded flow area 

at each pressure tap. 

15. Calculate bulk static temperature at each thermo

couple . 

16. Calculate local heat transfer coefficient at each 

thermocouple. 

17. Calculate bulk entry Reynolds number and bulk 

Reynolds number at each thermocouple. 

18. Calculate bulk Nusselt number and Stanton number 

at each thermocouple. 

19. Calculate bulk velocity and Mach number at each 

thermocouple. 

20. Calculate heat flux to gas at each thermocouple. 

21. Calculate wall Nusselt number and wall•Reynolds 

number at each thermocouple. 

22. Calculate wall-to-bulk temperature ratio and 

length/diameter ratio at each thermocouple. 

23. Calculate bulk and wall heat transfer parameters 

at each thermocouple. 

24. Calculate Graetz number and acceleration param

eters at each thermocouple. 

25. Calculate bulk velocity and Mach number at each 

pressure tap. 
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26. Calculate impulse function at each pressure tap. 

27. Calculate wall shear at appropriate pressure taps. 

28. Calculate friction factor at appropriate pressure 

taps. 

29. Calculate bulk Reynolds number and Prandtl number 

at appropriate pressure taps. 

30. Calculate wall-to-bulk temperature ratio and wall 

Reynolds number at appropriate pressure taps. 

31. Print the output. 

The following pages contain a reproduction of the 

output of the data reduction program for run number 32, 

which was chosen as a typical run. 
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DATABCJCK NUMBER= 11 RUN NUMBER= 32 
_RA.<LE_. 1 J IQiJ 

AIR FLOW, C.CGON APPARATUS,TEST SECT NO.l 
TEST SECTION 0.250 IN.DP. 0.010 IN.HAll. 

TEST SECTION VC LT AG E= 4.969 AMPERA6E= 36.COO 
LOCAL ENERGY GENERATION RATE (BTU/HR IN) = 24._2.80 
INLET MIXER TEMPERATURE (DEGR)= 149.3 
MEASURED OUTLET MIXER TEMP (DEGR)= 664.7 
CALCULATED OUTLET MIXER TEMP (DEGR)= 710.5 

BAROMETRIC PRESSURE (PS I)= 13.350 
MASS FLOW RATE ( LBM/HR ) = 3.964 ___ 
BULK ENTRY REYNOLDS NUMBER= 19436.0 

THERMOCOUPLE INFORMATION 

TC LOC COLD LGC HOT X/D 
(IN) (IN) 

1 0. 102 0. 102 0.443 
2 0.283 0.233 1.229 
3 0.933 0.932 4. 053 
4 1. 715 1.714 7.454 
5 2. 707 2.707 11.770 
6 4.207 4.210 18.304 
7 5. 394 5.400 23.478 
8 8.193 8.208 35.689 
9 11.012 11 .039 47.997 
10 14.133 14.180 61.652 
11 17. 102 17. 159 74.603 
12 20.152 20.225 87.936 
13 23.112 23.203 100.881 
14 24.831 24.930 108.392 

1C 2ND DERIV Q COND Q RAD Q GAS 
(DEG/INSC) (BTU/HRIN) (BTU/HRIN) (BTU/HRIN) 

1 26. 048 0.000 0.685668 23.595 
137.4C0 -0.648 -0.240248 25.169 

3 -43.559 0.221 0.008487 24.051 
4 -23.713 0. 129 0.187290 23.964 
5 -17.157 0.099 0.635275 23.545 • 
6 -14.380 0. 090 1.092899 23.097 
7 -13.488 0.088 1.480573 22.712 
8 -6.5C3 0.045 2.285572 21.950 
9 -2.537 0.018 2 .964871 21 .297 
10 -1.080 0. 008 3.313254 20.959 
11 2.223 -0.017 3.808297 20.488 
12 -2.277 0. 017 .4.635306 19.627 
13 -71.149 0. 553 5.148373 18.579 
14 -1316.369 9. 073 1.874432 13.333 



TC WALL BULK STAG BULK STATIC ADIABATIC 
TEMP -T-EMP TEMP WALL TEMP 

(DEG R) ( CEG R) (DEG R) (DEG R) 
1 370.700 171.598 171.592 171.598 
2 386.700 176.06 3 176.056 176.062 
3 490:700 19 2.2 54 192.246 192.253 
4 591.700 210.717 210.707 210.716 
5 699.200 2 34.024 234.012 234.023 
6 830.200 269.217 269.2C1 269.216 
7 910.700 296.903 296.883 296.9C1 
8 1026.700 361.261 361.231 361.258 
-9 L0.9JL.-7m_ 424.598 424.557 424.594 
10 1140.030 493.472 493.416 493.466 
11 1176.030 557.628 557.557 557.620 
12 1233.700 6 21.519 6 21.432 621.509 
13 1269.200 680.489 680.385 680.477 
14 1016.367 709.016 708.902 709.003 

. J..C W_A L.LZ BJJ.LK J J±J11BA*±.3- JiQD._WAL.L WALL 
TEMP RATIO REYNOLDS NUSSELT 

1 2. 160 1.470 3724. 170 42.131 
? 2- 1 96 1 .48 2 3 5 3 5 . 2 9 7  40.833 
3 2.552 1.598 2502.958 22.102 
4 2.808 1 .676 1968.684 14.612 
5 _ P - 9 8 8  1 . 7 2 9  1634.8 25 10.188 
6 3.084 1.756 14 01.0 52 7. 187 
7 3. 068 1. 751 1321.491 5. 997 
8 2 . 8 4 2  1 . 6 8 h 1314.71? 4. 86 5 
9 2.571 1 .604 1394.833 4.490 
10 2.310 1.520 1508.330 4.411 
11 2. 109 1.452 1618.952 4.4C3 
12 1.985 1.409 1666.997 4. Ill 
13 1.865 1.366 1741.939 3.962 
14 1 .434 1 . 1 9  7  2624. 192 6.44 8 

TC HEAT FLUX HEAT TRANS BULK BULK 
TO GAS COEFF NUSSELT REYNOLDS 

(BTU/HRSF) (BTU/HRSFDEG) NUMBER NUMBER 
1 4707.176 23 .641971 88.703 16727.829 
2 5020.692 23.835659 87.242 16270.182 
3 4794.382 16.064444 54.027 14796.165 
4 4773.671 12 .529850 38.561 13472.131 
5 4686.452 _ 10.074564 28.013 12164.202 
6 4592.576 8.186639 19.818 10655.567 
7 4512.927 7.352454 16.121 9733.496 
8 4357.321 6.548013 12.014 8180.029 
9 4225.478 6.334039 9.999 7144.715 
10 4156.657 6.428838 8.846 6328.176 
1 1 4062.052 6.568541 8.107 5753.516 
12 3889.375 6.353210 7.137 5300.905 
13 3680.490 6.251647 6.500 4958.288 
14 2646.935 8.611716 8.630 4823.713 
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1C WALL B.U.LK .BULK ELU.L K WALL 
PRANDTL STANTON PR**0.4 RE**0.8 NU/PR**0.4 

1 • 0.745 0.006296 0.934 2391.947 47.385 
2 : CL«_7A1 0...0DA3.9.0 0^932 2339.450 _46_._C2_3_ 
3 0.719 0.004410 0.927 2168.299 25.225 
4 0.703 0.003525 0.920 2011.634 16.822 
5 0_._6_9.2 a,.Q0.2ii.9J 0.._9J3 La51_.JLL7 ll..8.Q.6„ 
6 0.684 0.002396 0.904 1667.482 8.368 
7 0.681 0.002175 0.897 1551.012 6.992 
8 0..680 0 ..001964 0...&9.QL 13.49^.59.6 5.._6_7A 
-v 0.681 0.001911 0.883 1211. 122 5.236 
10 0.682 0.001947 0.876 1099.064 5.141' 
1 1 0.682 0.001991 0.871 1018.466 JL-JL3JL 
lc 0.684 0.001925 0.867 953.850 4.786 
12 0.685 0.001891 0.864 904.201 4.611 
l/« 0...6A0 JX.,Q02.5.8.9 Q.,.8.43 &8.4.3_L5„ : 2..5.2JL 
TC" VELOCITY MACH NO PRANDTL 

(FT/SEC) NUMBER 
' 1 - 9.101 0.015 0.842 
2 9.336 0.015 0.839 
3 10. 180 0.016 0.828 
4 11.140 0.016 0.812 
5 12.352 0.017 0.796 
6 14. 178 0.018 0.776 
7 15.615, 0.019' 0.761 
8 18.959 0.020 0.748 
9 22.254 0_,_022 a. 732j 
10 25.836 0.024 0.718-
11 29.170 0.025 0.708 
12 32.472 0.027 0.700 
13 35.522 0.028 0.693 
14 37.170 0.028 0.691 

• PRESSURE TAP INFORMATION 

TAP NUMBERS BULK MOD WALL BUI K TW/TB 
REYNOLDS REYNOLDS PRANDTL RATIO 

2 3 4 9063.9 2143.1 0.754 2.970 
3 4 5 764 9.0 2038.0 0. 740 2. 703 
4 . 5  6  6 7 3 1 . 2  1 9 9 5 . 7  0 . 7 2 5  2 . 4 3 9  
5 6 7 60 39.5 19 50.9 0.713 2.2 09 
6_ _ _7_ 8 5533.4 19 7.4. 1 0. 704 2.048 

TAP NUMBERS F_RLCT ION _ _i__BULK MOO WALL BULK 
" FACTOR: F/F BLASIUS F/F BLASIUS 16/REYNOLDS 

2 3 4 0.009504 1.17378 0.81850 5.38373 
3 4 5 0.009436 1.11697 0_._8024_9 4JL5_107_7 
H 5 b 0.010875 1.24685 0.92006 4.57502 
5  6 . 7  0 . 0 1 2 3 9 6  1 . 3 8 3 2 2  1 . 0 4 2 8 0  4 . 6 7 8 9 5  
6 7 8 0.011261 1.22939 0.95013 3.89442 
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PARAMETER 1= 1+({TW/TB**.5)/(X/D**.7)) 
PARAKETER ?= 1+ ( 1 / ( X /n* * . 7 H  
PARAMETER 3= NU*(TW/TB**.5)/{ PAR 1*(PR**.4)) 
PARAMETER 4 = NU*(TW/TB**.5)/(PAR 2*(PR**.4)) 
PARAMFTFR 5 = GRAFT 7 NUMBFR 
PARAMETER 6= ( MJ/UR**2)(CU/DX)—KAYS 
PARAKETER 7= (4/0 G**2 ) (MU/T) (QPP/CP) 
_PAJ?.AN1£1£K_8_=_(AZ.U._G_J:JJ.MJJZI.)lQE.E 
TC PARAM 1 PARAM 2 PARAM 3 PARAM 4 
1 3.598 2.768 38.808' 50.453 

—2 2.*._2fi3_ L«_8_6 . 6 _  6D.J7JI6 74.344 

3 1.600' 1.375 58.185 67.677 
4 1.411 1.245 A 9.786 56.409 

' 5 L,_3il3 1.17 8 40. 565 45.031 
6 1.229 1.131 31.326 34.064 
7 1.192 I. 110 26.4C9 28. 372 
8 1_,_L3_3 lj._0.8_2 19.991 21.029 
9 1.107 1.067 16.409 17.027 
10 1.085 1.056 14.150 14.539 
_11 1.071 1 .049 12.622 12. 888 
12 1.061 1.044 10.930 11.116 
13 1.054 1.040 9.752 9.887 
_14 1.045 1.038 11.464 11. 546 

TC PARAN 5 PARAM 6 PARAM 7 PARAM 8 
1' 0.315E-04 0.189E-07 0.174E-05 0.277E-03 
2 __H,_9_0.£IE -D_4 0.JL6AE-Q.6 0.187F-05 0.294F-03 

3 0.331 F.- 03 0. 161E-06 0.185E-05 0.420E-03 
• 4• 0.681E-03 0.156E-06 0.189E-05 0.537E-03 
5 0. 122E-02 0._.156 E_-0 6 0.189E-05 0.654E-Q3 
6 0.221E-02 0.154E-06 0.188E-05 0.782E-03 
7 0.317E-02 0.152E-06 0.185E-05 0.850E-03 
d 0.583E-02 0. 146E-06 0.177E-05 0.901E-03 
9 0.917E-02 0.140E-06 0.168E-05 0.880E-03 
10 0. 136E-01 0.i 3 3 E-0 6 0.161E-05 0.828E-03 

• 11 0.183E-01 0.126E-06 0.153E-05 0.771E-03 
12 0.237E-01 0.118E-06 0.143E-05 0.743E-03 
13 0.293E-01 0.107E-06 0.132E-05 0.698E-03 
14 0.325E-01 0.378 E—08 0.931 F-06 0.360E-03 



APPENDIX C 

UNCERTAINTY ANALYSIS 

An analysis was performed for the purpose of 

predicting the uncertainty in the heat transfer coeffi

cient and the friction factor due to the uncertainty in 

the experimentally measured quantities. The analysis was 

conducted according to the technique suggested by Kline 

and McClintock (1953); uncertainties were attached to 

the primary measurements based on intuition and instru

ment specifications, and the propagation of these 

uncertainties to the calculated quantities was obtained. 

Table VI contains a list of the uncertainties that were 

assigned to the experimentally measured quantities and 

of the uncertainties that were calculated for the results 

obtained from the measured quantities; the values in 

Table VI correspond to the downstream region of the tube 

for run number 44. A comparison of the predicted 

uncertainties in the heat transfer coefficient and the 

friction factor with the results displayed graphically 

in Chapter V indicates that the computed quantities are, 

in general, within the tolerances specified in Table VI. 

Some general comments should be made concerning 

the prediction of the experimental uncertainties. In the 
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Table VI Experimental Uncertainties 

Measured Quantity Uncertainty 

Voltage 
+ 

0 .01% 

Current 
+ 
0.25% 

Length (Overall) 
+ 
0 .04% 

Bulk Entry Temperature 
+ 5 . °R 

Mass Flow Rate 
+ 
2.% 

Tube Diameter 
+ 
1.% 

Wall Temperature 
+ 5 . °R 

Pressure 
+ 
0.3% 

Impulse Function 
+ 
10.% 

Calculated Quantity Uncertainty 

Radiation Heat Loss 
+ 
5.% 

Heat Flux to Gas 
+ 
5.% 

Bulk Stagnation Temperature 
+ &
 

O CM CO 

Bulk Density 
+ 
5.% 

Heat Transfer Coefficient 
+ 
10 .% 

Friction Factor 
+ 
13.% 



interest of convenience, no uncertainties for the gas 

properties were considered; the properties that were 

obtained as described in Appendix A were assumed to be 

precise. Since the perfect gas equation of state was 

used to compute the density, an uncertainty was calculated 

for that property and applied to the determination of the 

uncertainty in the friction factor. The range of the 

experimental runs was such that the uncertainty in the 

mass flow rate varied from 1 percent to about -4 percent 

depending on the position of the float with respect to 

the flow meter scale for a particular run. It should be 

noted that the assumption of a 4 percent uncertainty in 

the mass flow rate produces an uncertainty of 15 percent 

in the friction factor. Because of the relative pre

cision of the calculation of the local energy generation 

rate, it was observed that the uncertainty in the heat 

transfer to the gas was dominated by the uncertainty in 

the heat losses from the test section. Because the heat 

transfer to the gas is used in both the calculation of 

the bulk temperature and the calculation of the heat 

transfer coefficient, a concerted effort to reduce the 

uncertainty in the heat loss would manifest itself as 

a considerable reduction of the uncertainty calculated 

for the heat transfer coefficient. As experience in 

the operation of the apparatus and in the accumulation 
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of experimental data was obtained, a feeling arose among 

the participating individuals that the data for helium 

could be expected to have somewhat higher quality than 

the data for air. This impression was based on the 

behavior of the various measuring instruments; for 

example, the condensation problems encountered in the 

precooled air runs caused, for some runs, severe oscilla-

^ tions of the pressure drop manometers. The performance 

of the apparatus with helium, however, was in general 

much more stable. 

The dominant factor in the uncertainty of the 

Nusselt number was the bulk stagnation temperature; the 

dominant factor in the uncertainty of the friction factor 

was the impulse function (pressure drop). 



APPENDIX D 

ELECTRICAL DISCHARGE MACHINING PROCESS 

In an attempt to assure good results from the 

pressure drop measurements, considerable effort was 

devoted to the drilling of the static pressure tap holes 

in the wall of the test section. The most common defect 

in pressure taps is the presence of a burr at the edge 

of the hole that results from the drilling operation; the 

burr causes a distortion of the flow stream and erroneous 

pressure measurements. The hole size is also a factor; 

the diameter of the pressure tap hole should, in general, 

be less than ten percent of the tube diameter. 

The pressure tap holes associated with the 

present work were drilled with an Elox Electrical Discharge 

machine. The configuration of the pressure taps was dis

cussed in Chapter III, and it was stated that the holes 

were drilled after the pressure tap tubes had been brazed 

to the test section (see Figure 1). Prior to the 

machining of the test section, several models were con

structed using the same materials, and various drilling 

techniques were-used to obtain sample holes. The sides 

of the models were cut away, and the holes were examined 

from the inside with a metallurgical microscope. The 
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electrical discharge process was found to yield 

consistently better results than the other techniques 

that were tested. 

The conventional electrical discharge process 

made use of an electrode of brass tubing through which a 

continuous flow of dielectric oil was maintained for 

cooling and chip removal. Since the available electrode 

tubing was larger than the desired hole size, an elec

trode made from 0.005 inch diameter tungsten wire was 

used; oil flow was maintained over the surface of the 

wire. In operation, the spindle of the machine moved 

the electrode downward until a spark jumped from the 

electrode to the test section wall; the spindle then 

withdrew and the cycle was repeated. A sleeve of Teflon 

tubing was provided for the inside of the pressure tap 

tube in order to prevent wandering of the electrode tip 

and the possibility of the occurrence of a spark between 

the electrode and the pressure tap tubing. Considerable 

practice on the part of the operator was obtained before 

the drilling of the actual test section was attempted; 

specific details of the technique, such as capacitor 

settings, spindle settings, and insulation configurations, 

were recorded in the files of the Energy, Mass, and 

Momentum Transfer Laboratory. 
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The development of the drilling technique 

suggested several improvements that could be made in 

the general area of pressure tap construction. It was 

noticed that the localized heating required for the 

brazing operation caused temporary distortions of the 

test section tubing, and permanent changes in the flow 

area at the tap location were possible. A furnace 

brazing process might alleviate this problem, but a jig 

of the test section material would be required in order 

to maintain the proper relationship between the test 

section and the pressure tap tubes. A means of inspect

ing the inside of the test section would be most 

desirable; recent developments in the area of fiber 

optics suggest that internal inspection might be possible. 

Another contribution to the construction of pressure taps 

would be the development of honing, polishing, and 

measuring techniques applicable to the completed test 

section. 



NOMENCLATURE 

English. Symbols 

A area 

c speed of sound 

0^ specific heat at constant pressure 

D tube diameter 

g dimensional constant 9 
C 32.174 (lbm) Cft) / (lbf) (sec ) 

h heat transfer coefficient 

H enthalpy 

k thermal conductivity 

K acceleration parameter, 
v dum 
2 u dx 

K, transition parameter, 
* * y q" 

G2D T Cp 

1 length 

m mass flow rate 

p pressure 

q hea,t transfer rate 

q' lineal heat transfer rate 

q" h.eat flux 

r coordinate in radial direction 

R tube radius 
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T temperature 

t' temperature difference 

u velocity in axial or x direction 

u mean velocity 

x coordinate 

y coordinate 

Y parameter of Bankston, et. al. (1966) 

Greek Symbols 

a expansion coefficient 

E unit thermal expansion 

6 momentum thickness, defined in Chapter 

y absolute viscosity 

v kinematic viscosity 

p density 

T shear stress 

X parameter of Back, et. al. (.19 64) 

Dimensionless Groups 

skin friction coefficient, 

T /[pu^/2g ] 
w 00 &c 

f friction factor, 

Nu Nusselt number, hD/k 

Pr Prandtl number, yc /k 
P 

Re Reynolds number, puD/y or Hm/iryD 
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Re Reynolds number based on momentum thickness, 
pu0/p  

Subscripts 

b evaluated at bulk temperature 

cp constant properties 

c "critical" condition 

cl centerline 

e edge of boundary layer 

o stagnation conditions 

w wall 

00 free stream condition 
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