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ABSTRACT
This thesis reports the results of an experimental invest-
igation of the effect of buoyancy forces cn turbulent upflow of
air in a vertical pipe under conditions of constant wall heat flux
at Revnolds numbers of 5000 to 14000. Preliminary velocity and
axial turbulence intensity measurements in isothermal flows for

Reynolds numbers of 5000 to 32000 are also raported.

Valocity and temperature dictributions were measurad over
a range of heat fluxes at Revnolds numbers of approximately 5000
and 8000 and at a single heat flux at a Reynolds number of 14000.
In addition, axial turbulence intensities, temperature intensities
and ;;¥'values were obtained for four heat fluxes at a Reynolds

number of 5000 and for = single heat flux at a Reynolds number of

14000. Marked changes in all the experimentally measured quantities

were observed as the influence of free convection in the flow

increased.

Forms of the continuity, momentum and onergy equations
applicable te the above flow situaticn were developad. These
equations were solved, using measured velocity and temperature
distributions, to give eddy diffusivities of heat and momentum
and also valuzs of ;;¥'and ;;;;l The changes in thaese calculated
values, together with the changes in measured velocities,
temperatures and turbuizsnce intensities, indicate that the overall
result of incrcasing free convection effects is to reduce the
level of turbulence in the flow. This is assoziated, over the
central 70% of the pipe, with a probable tendency towards

isctrepic flow conditions.
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1.1

CHAPTER 1

COMBINED FREE AND FORCED CONVECTION

INTRODUCTION

In heat transfer to a moving fluid two types of con-
vection can occur. These are forced convection, where the fluid
motion is caused by some external agency, and natural, or free
convection, where motion arises as a result of density differences
in the fluid. It is clear from these definitions that free con-
vection or buoyancy cffects will therefore occur, superimposed on
the forced convection effects, in all practical forced flow
situations. Usually these buoyancy forces are very small in
comparison with externally applied forces and in most industrial
convective heat transfer problems they can safely be ignored.
Recently, however, instances where free and forced convection
effects of equal orders of magnitude occur have been investigated;
examples of these include certain heat exchanger applications,
problems relating to the use of liquid metals as coolants in
nuclear reactors, and also several problems involving the cooling
of parts of rotating equipment. In such situations the flow type
is generally described as combined free and forced convection, or,

more simply, as mixed convection.

The development of the literature on mixed convection was
greatly stimulated by the realisation that flows where mixed
convection was important did occur in practice, and in recent years
the number of publications on the subject has increased steadily.
(A review of those considered relevant to the present work is given
in section 1.2.) A number of flow situations have been studied,
among them being that dealt with in the present investigation, viz.
upward flow of a fluid in a vertical pipe under uniform heat flux

conditions.

Early publications on this particular problem were con-
cerned primarily with rates of heat transfer under mixed con-
vection conditions and attempts were made to correlate the
observed variations in Nusselt numbers against free convection
parameters. These met with limited success and it became
obvious that a more fundamental approach to the problem was

needed if expressions other than semi-empirical correlations were



to be developed. Such an approach was soon forthcoming and
theoretical analyses for both laminar flow and turbulent flow
were proposed. These analyses predicted that the result of
increasing free convection effects is the development of velocity
and temperature profiles distorted markedly from their accepted
forced flow shapes. For a long time it was not possible to test
these predictions against measured values, since no experimental
measurements were available, but then recently, experimentally
measured velocity and temperature profiles were reported for
laminar flows. For turbulent flows, however, the lack of
experimental measurements remained and it was in an attempt

to obtain such measurements that the programme of research into
turbulent mixed convection flows, of which the present work is a

part, was undertaken.

For the particular flow situation studied in the present
investigation, fully developed velocity and temperature profiles
were measured; in addition, to obtain a better understanding of
the flow structure under mixed convection conditions, measurements
of axial velocity fluctuations, temperature fluctuations and the
correlation ;;¥ were also taken. Eddy diffusivities of heat and
momentum and values of the correlations ;;? and ;;;; were then

calculated using the forms of the energy and momentum equations

reported in section 1.3.

The measurements were made using single hot-wire probes,
held normal to the mean flow, and connected to a Transmetrics
constant current anemometer. Air was chosen as the experimental
fluid because it was the only fluid in which accurate turbulence

measurements could be made with the equipment available.

The flow geometry was selected partly because of its
practical relevance but also because flow in a vertical pipe
possesses the advantages of having axial symmetry and of having
the buoyancy forces acting in the mean flow direction. These
considerations, together with the use of the boundary condition
of uniform wall heat flux, greatly simplified the mathematical

description of the system.



PREVIOUS WORK

Preliminary Considerations

Of the many published papers treating aspects of mixed
convection a few deal specifically with the flow situation studied

in the present work and these are reviewed later.

However a number of the remaining mixed convection papers
also contain material relevant in some way to the present
investigation, and these, too, have been included in the review,

subject to the following considerations:

i) Only papers treating the flow of Newtonian fluids in
vertical pipes under conditions of either
a) upflow with heating, or
b) downflow with cooling
were considered. This was because these two flow
situations are the only ones providing a relative
orientation of buoyancy forces and mean flow direction
similar to that considered in the present work.

ii) Because certain flow properties, e.g. Nusselt numbers,
are similar under both sets of boundary conditions, papers
dealing with both uniform heat flux and uniform wall
temperature conditions were included in the review.

iii)  Although the present work deals with fully developed flow,
certain studies of developing flows are included in the
review as they yield information on the fully developed
flow condition.

iv) For profile measurements and predictions so little inform-
ation was available that measurements in any Newtonian fluid
were considered relevant. Because Nusselt numbers in liquid
metals are very different from those in other fluids,
however, papers dealing with the former were disregarded.

v) Laminar as well as turbulent flows have been considered
because of the similarity in shape of the distorted profiles

in both types of flow.

It must be noted that the isothermal laminar-to-turbulent
transition criterion no longer holds in heated flows and for

this reason the review proper is prefaced by a review of the



2.2

literature on the variation of the heated flow transition point.

Information on published papers dealing with flow situations
such as downward flows, flows in horizontal pipes or ducts, etc.
which are not covered here, can be found in reviews by

Bhattacharyya [1], Metais {2} and Brown and Gauvin [3,4].

Laminar to turbulent transition.

Until the early ninctesn~-fifties it appears to have been
generally accepted that at Reynolds numbers below 2100, all pipe
flows. whether heated or unheatcd, would remain laminar. Within
a very few years however, a considerable amount of evidence
disproving this assumption became available [5,6,7,8,9]) and a
detailed experimental investigation of the problem by Hanratty
et 2l [10] showed that, under strong influence of free convection,
fluctuating flows could be obtained at Reynolds numbers as low as
50 for the case of opposing flow. Transition Reynolds numbers for
aiding flow were higher, typically 200-300. Early attempts to
define transition criteria were published by Brown { 9] and Hallman
[8] and further information has since been reported by Scheele and

his co-workers [11,12,13] and others [3,14].

In the sections which follow, this variation in transition
criteria has been allowed for and the terms laminar and turbulent
refer, irrespective of Reynolds number, to flows where irregular

fluctuations are respectively absent and present.

Velocity and temperature profiles - Laminar flow.

Theoretical work: The first theoretical analysis of mixed con-
vection laminar flow was by Ostroumov [15} in 1950 (his work only
became available in an English translation much later) for the
case of fully developed flow under conditions of constant wall
heat flux. Introducing a linear variation of density with
temperaturc into the equations of momentum and energy, he obtained
a solution, in terms of Bessel functions, for the fully developed
temperature and velocity profiles. This solution predicted that
the effect of heating or cooling is to distort these profiles, the
magnitude of the distortion being proportional to the rate of heat

transfer and inversely proportional to the mean flow velocity.
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Similar analyses were later published by Hallman {167, Brown [ 3]
and Hanratty et al [lO], all of whom made the same assumptions
as Ostroumov and produced predictions which, though originally
expressed in terms of different free convection paramaeters, arve
identical when converted to the same basis [3]. Several of the

predicted profiies for upflow with heating are shown in Fig. 1.1.

A more accurate analysis for the case of constant wall heat
flux has recently been published by Lawrence and Chato [1u4].
They solved the equations of continuity, motion and energy using
a finite-difference method, and allowing both viscosity and density
to vary in a non-linear fashion with temperature. For given values
of the Grashof and Reynolds numbers, velocity profiles at different
distances from the pipe entrance were predicted and the predicted
centre-line velocities agreed well with values cestimated from

multiple-exposure photographs of a dyed portion of the flow.

Experimental work: The experimental verification of the above
analyses proved difficult because of the problems involved in
making direct measurements of velocity profiles in laminar flows.
A certain amount of indirect evidence supporting the predictions
for fully developed flows was, however, obtained. Thus., Hallman
[8] measured Nusselt numbers and Brown [ 9] temperature profiles,
both of which confirmed the predictions of their respective
analyses. These analyses wers also supported by the qualitative
agreement between the shanes of predicted velocity profiles and
those observed by Hanratty ot al [10] in the course of their

experiments using dye as a tracer.

Recently, however, directly measured velocity profiles have
been reported by Grecne [17,187] for the flow of water in a vertical
tube under conditions of constant wall heat flux. Measured fully
developed profiles showed good agreement with theoretical (constant

viscosity) profiles at low values of the free convection parameter,
Gr

Re® but at higher %E-values the agreement is poorer, although the

general shapes are still similar. Part of the disagreement may be
due to the assumption of constant viscosity since Lawrence and
Chato [[14] were able to obtain much closer agrecement between their

theoretical (varying viscosity) and measured centre-line velocities.
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Even more recently a set of developing velocity and
temperature profiles was reported by Steiner [19]] for air flows
under constant heat flux conditions. On the basis of auto-
correlation measurements and Nusselt number trends Steiner refers
to these as laminar flow profiles, despite the fact that they
were measured at Reynolds numbers of between 5000 and 9000. Since
the profiles measured over a similar Reynolds number range (but
at considerably lower Grashof numbers than those occurring in
Steiner's work) in thc present investigation showed similar
Nusselt number variations and velocity profile distortions, yet
were undoubtedly turbulent, it is unfortunate that no comparison
of his profiles with those predicted by laminar flow theory is

given by Steiner.

Velocity and temperature profiles ~ Turbulent flow.

Theoretical work: Very few attempts to predict velocity and
temperature profiles in turbulent mixed convection flows have been
reported and, apart from the early, little-known work of Ber [20],
the only important papers on the subject appear to be those of
0jalvo and Grosh [21] and Horsten et al [22]. For the same con-
ditions of fully devecloped flow with constant wall heat flux
Ojalvo and Grosh and Ber both predicted vclocity and temperature
distributions by substituting eddy diffusivity expressions into
the equations of motion and energy and solving the resulting
equations. (0jalvo and Grosh allowed for a viscous sublayer
whereas Ber did not.) The predicted distorted velocity and
temperature profiles, of which examples are shown in Fig. 1.2,

followed trends similar to those for laminar flow.

The major assumption made by Ojalvo and Grosh was that the
flow structure, as represented by the isothermal =ddy diffusivity
relations, remained unchanged in heated flows. This, however, was
proved to be incorrect by Horsten [22] who showed, using measured
profiles taken from the present work, that predicted and measured
profiles were considerably different. Horsten also investigated
the differences in predicted velocity and temperature dis-
tributions which resulted when the eddy diffusivity relations

were varied. He reached the conclusion that before an accurate
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into account. Surprisingly, however, no attempt was made by
Martinelli =t al to include in their equation a factor allowing
for variable viscosity effects and it was not until thirteen
years later that their znalysis was extended by Pigford [27]

to take account of these effects. The agreement between
experimental results and Pigford's predicted Nusselt number
values was still not satisfactory but no better prediction has

yet been proposed.

Uniform heat flux:

In general, predictions for the constant heat flux case have
been more successful than those for the uniform wall temperature
condition discussed above. Thus Hallman [8,16] and Brown [ 9]
were both able to show good agreement between their experimental
measurements and the Nusselt numbers obtained from their
analyses for fully developed flow (see section 1.2.3). Recently
these analyses have been investigated in more detail by other
workers, two of the more interesting studies being those of
Igbal et al [28] and Mitsuishi et al [297]. 1Igbal et al
investigated the assumption made by Brown and Hallman that
viscous dissipation terms could be neglected and showed that
this was a valid approximation except, possibly, under con-
ditions of high heat input when errors of up to 6% in predicted
Nusselt numbers could result. Mitsuishi et al questioned
another of Brown's and Hallman's assumptions, that of constant
viscosity, and modified the analysis to allow viscosity to vary.

Their final equation took the form

Nu = 1.411 F (Gzy) 'S (1.1)

-

where T is a function eof Gz, and y a complicated function
of Gz, Gr/Re and ¢, a heat flux paramecter. This prediction
was tested against experimental data measured in water,
where free convection effects had the greater influence on
Nusselt number values, and also against data taken in sugar
solutions, where viscosity effects were more important. The
good agreement between measured and predicted values in both
these cases suggests that Mitsuishi's analysis is the most
accurate so far proposed for the uniform heat flux case, and

should be used in preference to those of Brown and Hallman.
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Experimental work: A number of experimental measurements have
already been referred to above, either directly where they were
part of a combined theoretical and experimental investigation, or
indirectly where they were used to produce an empirical correlation.
Besides these there are a few other experimental measurements of

interest and these arc discussed below.

Kemeny and Somers [7] measured local Nusselt numbers in
water and oil under constant heat flux conditions. No direct
comparison with predicted values was attempted but the observed
increase of Nusselt number values with increasing Rayleigh numbers
is in agreement with the theoretically predicted trend.

Measurements in air for the constant wall temperature case
have been made by Jackson et al [30] and Brown and Gauvin [3];
Little can be concluded from their reported values, however, as the
results of Jacksen et al are compared only with the Martinelli
equation, from which they differ markedly, while Brown and Gauvin's

measurements were made in a developing flow.

The only other relevant paper dealing with Nusselt numbers
in laminar flows is that by Petukhov et at [31] which presents an
extensive sericecs of experimental local Nusselt number measurements.
These were obtained under constant heat flux conditions in upward
flows of water in a long (L/D = 399) tube and readings were taken
over a wide range of Ravleigh numbers at a number of points up the
tube. Nusselt numbers were observad to vary along the tube and
although no theory existed with which these developing values
could be compared, the final limiting values agree well with those
predicted by Hallman [8] for fully developed conditions. The
results were correlated within # 8% by the expression

-g—:j—v = (l + %9—>0.27 (1.2)

where Nuv is the value of Nu as Ra »+ O

B = 1.35/X + 78X0'25 (X < 0.07)
B = 80 (X > 0.07)
and X = (1/Pe)(L/D)

which implies that the ratio Nu/Nuv will increase steadily with
increasing Rayleigh number, a trend in agreement with theoretical

predictions.
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One further point of importance emerges from this paper, and
that is that the point of transition from laminar to turbulent flow
depended on whether or not the test-section was preceded by a
calming length. It is therefore clear that future analyses of
developing laminar flows will have to allow in some way for varying

entrance conditions.

Nusselt numbers - Turbulent flow.

Theoretical work: Thecretical and empirical Nusselt number
predictions for turbulent flows are limited to those of Ojalvo

and Grosh [21] and of Sherwin [327. 0jalvo and Grosh obtained
Nusselt numbers from their prediction, reviewed in section 1.2.4,
for fully developed flow under constant heat flux conditions. The
value of their results, however, is doubtful, since they suggest
that the importance of free convection effects increases with
increasing Reynolds number, a trend opposite to that occurring in
practice. Sherwin also analysed the constant heat flux case but
his main assumption, that buoyancy forces are concentrated in the
laminar layver and tend to decrease its thickness, is not borne out
by experiment. In additicn, his equation predicts a steady increase
of Nusselt number with increasing free convection effects, which is

also not observed in practice.

It appears, therefore, that no accurate method of predicting
turbulent flow Nusselt numbers is at present available and so the
experimental work reported in the next section assumes additional

importance.

Experimental work: Experimental measurements of Nusselt numbers in
turbulent flows are also limited and apart from the entrance region
uniform wall temperature measurements of Brown and Gauvin [3] and
Eckert et al [6,33,34], which have little bearing on the present
investigation, there remain only the measurements of Petukhov and
his co-workers [35,36]. Petukhov and Nolde [35] are reported by
Sherwin [32] to have suggested the equation

Nu = 0.35 Re"> arO°"8 <%)0'”8 (1.3)
as fitting their measured data, but this equation fails to follow

the trend of later measurements by Petukhov and Strigin [36]].
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The latter authors carried out an investigation very similar to
that by Petukhov et al [31] (discussed in section 1.2.5) except
that it was performed in turbulent and not laminar flow. Distilled
water was used as the test fluid, a boundary condition of constant
heat flux was applied and Nusselt number measurements wWere made at
a number of points along the tube. The results were found to be
correlated within #10% by the plot of Nu/NuT against Ra/Re,2 shown
in Fig. 1.3. This plot was well described by the equation

’s -l -
gE. = <1 + B 532> <§§.2 < 3x10 u> (1.4)
Urp Re Re

where B takes the value of 1.15 x lOu when a calming section is

3 e s .
present and 1.5 x 10 when it is absent and NuT is the value of the

Nusselt number at the limiting condition of no heat input. For
values of Ra/Re2 greater than 3 x 10--'4 the single equation
Nu

NuT

1
= 10(Ra/Re?) /3 (1.5)

correlates the data in both cases.

From these results two important conclusions can be drawn.
The first is that the result of increasing free convection effects
is initially to decrease turbulent flow Nusselt numbers to as little
as 50% of their '"'isothermal" values, before any increase similar to
that predicted by theory is cbserved. The second conclusion is that
wherecas Nusselt numbers on the decreasing portion of the curve are
strongly dependent on inlet conditions, those on the rising portion

of the curve are not.

Conclusion: It is apparent from the papers reviewed in i) and ii)
above that much remains to be learnt about turbulent flow Nusselt
numbers and that many more measurements, under carefully controlled
entrance conditions, may be necessary before satisfactory pre-

dictions can be developed.

Definition of boundaries of mixed convection.

In order to apply the results of the investigations discussed
previously it is important to know when mixed convection conditions
can be expected to occur. Clearly, insufficient information is
presently available for the exact boundaries between free, mixed and

forced convection regions to be drawn, but the attempts which have
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been made to define these boundaries are nevertheless valuable.
Of these attempts, the most important is that by Metais [2,37],
who suggested that the limits of the mixed convection region should
be given by the conditions under which a 10% variation from the
pure forced or pure frce convection Nusselt number occurred.
These limits are shown on the plot of Reynolds number against the
parameter GrPr-% given in Fig. 1.4. Although inaccurate in a
number »f respects - for example, it fails to allow for the
Nusselt number behaviour observed by Petukhov et al [36] - this
plot will probably remain in use until sufficient information is
available to prepare a similar figurce based on a more fundamental

criterion such as velocity profile shape.

THEQRY.

Introduction

Flows subject to both free and forced convective forces can
be described by appropriate forms of the equations of continuity.
motion and energy. For laminar flows the Navier-Stokes equations,
derived in terms of instantaneous values, apply directly and can

be used [16] to predict velocity and temperature profiles. For

turbulent flows, however, the applicable equations are more involved,

containing additional terms, such as ;;zvand VoV about which
further information is needed before the equations can be solved
tc give velocity and temperature distributions. Since the

statistical theory of turbulence has not yat been developed to the

peint where the values of these additional terms, vt and VRV,
can be accurately predicted, the terms have either to be
determined directly by experiment or else related to some other

experimentally determinable quantity. In practices the latter

method is used and vV, and vt are customarily represented in

terms of eddy diffusivities of momentum and heat, €y and €y

respectively, defined by

dVZ
VeV, T T fME (1.6)
ST o= -. 4T
vrt = €y In (1.7)

For fully developed non-distorted turbulent pipe flows,
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sufficient experimental values for €y and €, are available for
eddy diffusivity predictions of reasonable accuracy to be made.
Howaver, under mixed convection conditisns the lack of accurate
experimental velocity and temperature profiles has prevented the

development of any generalised eddy diffusivity predictions.

The present investigation represents part of an attempt to
obtain more information about velocity and temperature profiles,
and hence about eddy diffusivities, for the particular case of
turbulent upward flow of air under mixed convection conditions.
Under such conditions the complete forms of the continuity, motion
and energy equations are considerably more invoived than the
cnrrresponding equations for turbulent incompressible flows with
constant fluid properties [43]. The derivatinns of the applicable
forms of these equations are, in consequence, rather lengthy and
only the final equations are given here; the details of the
derivations together with the simplifying assumptions involved can

be found in Appendix A.

The continuity equation.

The following form of the continuity equation is derived in

Appendix A
123 — 3 - —
- = -ro. R - — - 0,,BV = 0 1.
T arl TPyFvpt) 55 [PV, ~pyBv,t] N (1.8)
I II 111

and this equation differs from the usual form of the continuity

equation for compressible flows,
3 -
py. (pVZ) = 0 (1.9)

by including terms I and III. The form of these terms results

from the use of the expression
= M1~ ~T 1 0
p Py L1-B(T-T)) ] (1.10)

as they are in fact equivalent to terms containing time-averaged

products of fluctuating velocity and fluctuating density components.
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1.3.3 The equation of motion

a) The equation for non-isothermal flow

The final form of the equation of motion obtained in Appendix
.

<-.,V 2_+3_V.5>
rz 2v an

I II
D i — BV;
T E'rﬁ/ <pMBvrt an 2I1> ndn
o
III
+ QHU/ <-—-——-— '\o r%v t - 2I2> ndn
IV
97
_ 2 9p z
Lmu <Z Ny 21 >ndn + 5 >
W
I
D2 nw
T T pMBF’[(T_TM) ndn (1.11)
VII

which was used to compute values of V.V, from measured data.
Eddy diffusivity of momentum values were determined in a similar

fashion by making use of the relationship

< M> v _ < o v >
—_— = - v —_— — 12
o v / an v’z v T an (1.12)

which follows from equation (1.8).

Because the origin and significance of some of the terms
in equation (1.11) may not be immediately apparent the terms I to
VII are discussed below:

I = the turbulent shear stress term, which is related to
the eddy diffusivity of momentum term in equation (1.12).

I1 = a term representing the viscous shear stress con-
tribution to the momentum balance.

III & IV = terms originating from the product of the fluctuating
density and fluctuating radial and axial velocity
components (See Appendix A).  These are often small
enough to be neglected except at the point of maximum

velocity in distorted flows (See Chapter 5).
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v = a term allowing for the effect of the flow
expansion caused by the axial temperature gradient.
The numerical contribution of this term is of the
same order of magnitude as that of terms III and IV.

VI = the pressure drop term, expressed in terms of the

wall shear stress

VII = a term describing the local effect of the busyancy
forces.,
b) The equation for isothermal flow .
A

For the special casc of isothermal flow all but one of the

terms on the right-hand side of equation (1.11) fall away, giving

5 aV; av_
<— vr‘vZ S + gﬁ-> n<-aT]~—>w (1.13)

or, in terms of €y

av v
<-+1> = n<_£> (1.14)
oan
W

c) The isothermal equation in terms of the friction factor

In order to obtain eddy diffusivities using equation (1.14),
however, it 1s customary to express the right-hand side of that
equation in terms of the friction factor f. which is given by

I

the relationship [131]

L= 40 log,,, (Re VE') - 0.4 (1.15)

/E

f is related to the wall shear stress,t _, by [43]
(%)
& 7 /£ /TW
us = \, —_— - —
av v 2 v op

and T _, in turn_is related to the slope of the velocity profile

at thp wall <j > by the definition

(1.18)

<8Vz
T = -p| — (1.17)
W ar W
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v nt D
z W
Hence n<5—> = - >
N/ u
= - Dno g2 £
- 2u Plav 2
= - 0.25 f Re V_ 7 (1.18)
av
and equation (1.14) becomes
EM EVZ _
<-—~ + 1) — = - 0.25 f ReV 1 (1.19)
v an av

which is the equation used to calculate values of g, from

!
measured isothermal velocity profiles.

d) The non-isothermal equation in terms of the friction factor

If the assumption is made that the relationship (1.16) is
valid also for non-isothermal flow, a relationship corresponding
to equation (1.18) can be written by which non-isothermal eddy
diffusivities can he related to a non-isothermal friction factor.

This relationship

Mo Vé -  Mav »
n o = - 0.28 f Re V —n (1.20)
u \9n w av. u

is used in Chapter 5 to calculate non-isothermal friction factors
from measured values of the slope of the velocity profile at the

pipe wall.

The energy equation

The final form of the energy equation derived in Appendix A

is:
7
- 2 —
D aT D aT
20 'r 8*}) 2nk Cp ~z‘/ (oV,) ndn
1 T ° 111
) 7
D = dp
T AT 4
2nk < z dz )ndn
0
A
n —
D —— 3T
2nk Mdcp <Vr n >ndn
0
Vv (1.21)
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which differs from the usual form of the turbulent energy

equation by terms IV and V. For the low flow rates used in this
investigation the term IV is several orders of magnitude smaller
than term IIT and can be neglected; term V, however can take
values of up to 5% of term III and cannot be disregarded. Despite
the presence of term V equation (1.21) can still be solved, using
an iterative method, and was employed in the present work to
calculate values of ;;ghfrom measured temperature distributions.
Values of the eddy diffusivity of heat were calculated in a
similar way by making use of the relationship

¢ — -
H \3T _ /3T _D—
<1 t )5 _<8n ET rt) (1.22)

which follows from equation (1.7).
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CHAPTER 2

HOT-WIRE ANEMOMETRY THEORY

INTRODUCTION.

The fundamental equation and King's Law.

The principle underlying all branches of hot-wire anemometry
is that the rate of loss of heat from a heated wire situated in a
flowing fluid depends on the velocity of the fluid past the wire.
Other factors will also affect the rate of heat loss but by
choosing suitable operating conditions it is possible, as explained

below, to eliminate these factors from the operating equation.

According to Bruun [46,47], under conditions where the loss
of heat occurs primarily by forced convection, as in the present
investigation, (natural convection is controlling only at very low
fluid velocities) the relationship between the heat loss from the

wire and other parameters can be expressed in its most gencral form

as
Nu = f(Re, Gr, Pr, Kn, M, £/d, Tw/T’ a)f (2.1)
where Kn = Knudsen number
M = Mach number
a = anglc between the velocity vector and the normal

to the wire
and other symbols have their usual meaning. All
properties are evaluated at the film temperature Tf.
For wires in isothermal air flows of moderate to low velocity
Bruun showed that equation (2.1) simplified to

Nu = f(Ref, 2/d, o) (2.2)

For a given wire of fixed 2/4, positioned normal to the
flow direction (as was the case for all wires employed in the
present investigation), equation (2.2) simplified further to

Nu = f(Re), (2.3)

which is customarily written in the form
Nu = A' + B'(Ref)n (2.4)

In order to transform this equation to provide a useful relation-

ship between variables of practical importance, the hot-wire
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must be operated at a constant value of the overheating ratio

T TR (where Rg and Rw are the wire resistances at the flow and
w g
operating temperatures respectively), It then follows that
a) The temperature difference between the wire and the flow
is constant, which means that for steady operation the heat
transfer coefficient, h, and hence the Nusselt number, Nu,
will be directly proportional to the power, IQRW, supplied
to the wire.
b) Since the flow is isothermal the only varying quantity in

the Reynolds number is the velocity, V.

Therefore equation (2.4) can be written

I2Rw
= A+ V" (2.5)

R, R
This c¢quation with n = 0.5 was first proposed by King [48], and,
as King's Law, has been the standard hot-wire equation for many
years. It was found that one or, if necessary, two or three curves
of the form of King's Law provided a completely satisfactory
representation of the results obtained in the present investigation
and this form of equaticn (2.5) was therefore used in the present

work.

A number of other hot-wire equations have also been proposed

and these are discussed in the section which follows.

Previous work.

Because of the importance of hot-wire anemometry in the
study of turbulent flows a number of investigations of the flow
around heated wires of small diamcter have been carried out. The
results of these investigations, which have generally been
reported as expressions in the form of equation (2.4), are

shown in Table 2.1.

It can be seen that the values proposed for A', B’ and n
vary considerably from cquation to equation and this is attributed
to the difficulties involved in making accurate measurements of
quantities such as the mean wire diameter and the wire surface
temperature. In practice the variations in A' and B' are of little

importance as differences between actual hot-wires and the ideal
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TABLE 2.1
DATE INVESTIGATOR | EQUATION RANGE
) X _ . 0.5
1914 4King [u48] Nu = 0.32 + 0.8Re Re, > 1.0
1933 jHilpert [u9]* \0- 2500 Re_ o n
Nu = ¢ Ref Ti - = n
; ‘ g 1-4 0.891 0.33
4-140 0.821 0.385
: 4O-4000 0.615 0.466
' N 0.2
1946  |Kramers [50] ' Nu = 0.42Pp
[~
+0.57pp0" 33pe 00 0.01 < Re. < 10"
£ £
1954  |McAdams [51]] Nu = 0.32 + 0.43 Rel:°2 Re,, = (p VD)/u
- Mé Mc f
h T 1T, - 0.5
1956 van der Hegge Hu = 0.35 + C.5Re
' £ 107 < Re. < 10°
Zijnen [52] + 0.001Re_ f
1959 Collis and T \C.1l7 {Re A B n
o Nu = (A+BRen)<'~£-> £ - T 7
Williams [53] A\ T .02-44 0.24 0.56 0.45
4u-140 O 0.u8 0.51
C ~hi
1956 |Tsubouchi and  j o . 4 3¢ 4 o.uaRe?'S 0.5 < Re_ < 10°
Masuda [54]% ‘
e
1370 |Hatton, James Nu<'-‘—£> 0.154
and Swire [55] Te 1072 < Re, < 40
0.u39 £
= 0.384 + 0.581Re "
1 <

T

Taken from Hatton et al [55].

wires used in the above investigations are large encugh to make it
necessary to determine A' and B' experimentally for each hot-wire.
Variations in n, on the other hand, are important as the accuracy of
the experimentally determined values of A’ and B' depends on the
correctness of the assumed value of n. HMost of the workers quoted in
Table 2.1 follow King [48] and use.a value of n = 0.5; however,
recently, Collis and Williams [53] have suggested that a value of 0.u45

is more accurate and equation (2.5) with n = 0.45 (Collis' Law) has
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been preferred to King's Law in a number of recent experimental
fluid flow investigations. Though Collis' value of n = 0.45 is
supported by the work of Hatton et al (n = 0.44), measurements by
van Thinh [56], Kjellstrom [57] and Bruun [46] show that no single
value for n is accurate since n is a function of fluid velocity
which changes at an increasing rate as the fluid velocity is reduced.
This was confirmed by the present work where a slight decrease of n

with decreasing velocity was noted.

Equations to predict the way in which calibration curves
deviate from a straight line as a result of this variation of n
have been proposed by, among others, Kielbasa and Rysz [58] and
Wasan et al [[59]. These equations. however, have considerable
disadvantages. The Kielbasa and Pysz expression is a relatively
simple but inexact empirical relation which provides an approximate
description of observed low velocity variations in terms of the
calibration parameters A and B. The Wasan equation, on the other
hand, is extremely complex, and though reported to be in good

agreement with experimental measurements, i1s most cumbersome to use.

The conclusion drawn from a det2iled study cf the papers
discussed above is that altheough ideally the variation of n with
velocity should he determined for each individual hot-wire, in
practice this makes the use of hot-wires cextremely complicated. It
also appears, however, that provided the range of velocities of
interest is small, as in the present work, no significant errors are
introduced by representing the power vs velocity curve (equation
(2.5)) by one. or possibly a series of two or three equations in

which n is kept constant.

To check on the effect of using different values of n in
these equations, turbulence intensities were evaluated from one set
of the present measurcments by using first, a calibration equation
involving VO'S and second, a calibration equation involving VO.H.
The difference in calculated results was not significant, a fact
attributed to the small range of velocities involved, and it was
decided that the advantages of using a fixed value of n = 9.5 - for
which derivations of most of the turbulence intensity and other

equations introduced later in this chapter were already available -

far outweighed any slight increases in accuracy which the use of
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another value for n might introduce. Accordingly the equation

12R

W

R -R
w g

was made the starting point for the development of the different

= A+ BVO.S (2.6)

relationships employed in the calculation of various turbulence
guantities under both isothermal and non-iscthermal conditions.

These relationships are presented in later sections of this chapter.

Practical considerations in hot-wire anecmometry.

Because a number of factors such as the finite length of
the hot-wire, the presence of wire supports and the failure of actual
hot-wires to meet the requirements for an ideal turbulence sensing
element affect the operation of hot-wire equipment, a detailed review
of these and other practical considerations is included in Appendix

C of the present work.

THE AXIAL TURBULENCE INTENSITY EQUATION FOR ISOTHERMAL FLOW.

.

Derivation of the equation.

When a hot-wire is inserted into a fluctuating air flow the
rate of loss of heat from the wire will vary as the air velocity, Y,
varies. If the constant-current mode of hot-wire operation is
employed this means that the wire temperaturs, and hence the wire
resistance, Rwﬁ will vary correspondingly. Provided, therefore,
that a relationship between velocity and wire resistance (or a
related quantity such as e, the veoltage drop across the wire) can
be developed, the fluctuating signal from the hot-wire can be used to
supply information on velocity fluctuations. Such a relationship
is derived below, following Hinze [407], for the particular case of
axial velocity fluctuations measured with a hot-wire normal to the

flow.

The instantanecus values of VZ, the axial velocity and of
Rw, the operating resistance, can be expressed in terms of mean and

fluctuating quantities by
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These expanded forms are substituted into equation (2.5) to give

12(§% + rw) - 1
— - = A+ B(VZ + V,,)2 (2.7)
(R 4r ) - R -
W OW g
which can be written
IQE' r r -1 X v 1
W W W _ =3 J-4
E—— <l + _—><l + > = A+ BVZ <l + — (2.8)
(Rw—Rg) R Rw—Rg \/Z

Expanding both sides in a Taylor expansion gives

] r 2

r
— l+:1>< s s >
R - - "
(ng) R, (RW Rg) (Rw Rg)

o

1 v v 2
= A+ B(V_)? <1 + 2 4 %<:7> + > (2.9)
2 v 7

4

Assuming low relative intensities of turbulence, i.e.

v
2o«
v
z
it follows that
r
N << 1
(R R )
r 2 -
(and hence W — <« 1)
Rw(Rw-Rg)

and the second-order and higher terms in equation (2.9) can be

neglected. Multiplying out the terms on the left hand side, equation
(2.9) then becomes

v
= A+ B(V )2 (1 + —z—> (2.10)
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2

The term :7—§f—-— is small and can be neglected (see above) and
R (R -R ) ’
WowW g

equation (2.10) then rearranges to

- o —
'R R RO AR o v_
——— (1“_ A > = A+ B(vzy3<1 + = (2.11)
(R -R -R R
(R, \g) R, g)Rw 2V,
which simplifies to
I2§; Rr 1 v,
— <1 - —_&—;-) = A+ B(V7)2<l o (2.12)
(R -R ) (R_-R IR - 2V
w g 2 Z

Subtracting from equation (2.12) the steady state equation

%R, .
— = A+ BT )2
(RW-Rg)
gives
I2R r’w _ 1 Vz
- __.:__%,___2_ = B(VZ)2 — (2.13)
(R_-R ) 2V
wog zZ
The change e in voltage across the hot-wire is therefore given by
(:ﬁw—Rg)z 1 VZ
- T - - v )2 .2
e=1Ir = s B(V,)% - (2.14)
g v,

Defining the sensitivity, s®%, of the hot-wire to velocity fluctuations

b:{ grawmnen} —_
e2 = s¥)/ vi (2.15)

(2.16)

o)
E3
|

gives

and e = ~s*vz (2.17)

and these equations provide the desired expression relating the
fluctuations in wire resistance (the value of the fluctuating
voltage is directly related toc the wire resistance for constant

current operation) to velocity fluctuations.

In practice, however, this relationship is affected by

various factors, of which the four most important are
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i) the finite thermal inertia of the wire

t
jog
(6]

ii) heat conduction to the supports
iii) the non-uniform velocity distribution along the wire
iv) the effect of large turbulent fluctuations.

These are discussed in the following sections.

Thermal inertia

It has baen shown [ 4C7) that for the case of a hot~-wire with
finite thermal inertia the sensitivity, s®, of the hct-wire, for a

velocity fluctuation of frequency, w, is reduced to

. 5 _ 1
1 R -R ) BV Z
s¥ = L E_ (2.18)
/ 1402 21R ¥
g z

where M is the "time constant’ of the wire. From equation (2.18)
it can be seen that the hot-wire will respond accurately to low
frequency fluctuations but as the frequency is increased the

frequency responsc of the wire decreases.

In practice this effect can be compensated for by first
measuring the time constant of the hot-wire, and then using this
information to adjust the gain of a compensation amplifier so as to
exactly offset the effect of the decremasing frequency response. Such

a methed was employed in the present investigation.

Heat conduction to the probe supperts.

This effect is most important for low values of the hot-
wire length to diamecter ratio, as discussed in Appendix C. The wires
used in the present work were relatively long (£/d = 500 to 600),
however, and according to Champagne et al [60] heat conduction effects
for wires as large as this are negligible.

Velocity distribution along the wire.

1

Hinze [40] states that to obtain a uniform velocity dis-
tribution along the wire, the length of the hot-wire should ba less
than the microscale of turbulence. This conflicts with the require-
ments of section 2.2.3 and the whole question of choosing the
optimum value for the &/d ratio is discussed in detail in

Appendix C.
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A

A correction for the cffect of wire length on hot-wire
measurements has becen proposed by Frenkiel 617 but before it can
be evaluated for the flows investigated herce, the length of the

microscale for thesc flows necds to be established.

The effect of largce turbulent fluctuations.

Because the heat loss from a hot-wire is proportional to
the square root of the velocity and not to the velocity itself, it
follows that the hot-wire response to a negative velocity
fluctuation differs from the response to a positive velocity
fluctuation of equal magnitude., This difference increases with
increasing relative intensity and an estimate by Schubauer and

Klebanoff [62] of the errors in measured v'/V; values introduced in

Pl

this way is given kelow

!
:E Percentage
Vz error
0.1 0.2
0.15 1.5
0.2 7
0.25 12.5
0.3 1¢

It can be scen that the error iz negligible for intensities
less than 0.1 and well within the limits of experimental crror (see
Chapter 4) for intensities leses than 0.2. Since the intensities are
less than 0.2 over the inner 90% of the pipe for isothermal flow (and
over an even greater percentage of the pipe cross-section for most
non-isothermal flows) this error is likely to be significant only in
the region near the wall where uncertainties in measured values are

in any case generally greatest.

MEAN VELOCITY CORRECTIONS AT HIGH TURBULENCE INTENSITIES.

Provided the intensity of turbulence is less than a certain
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+
value, usually taken as 0.1 [407], the effective cooling velocity

over the wire and the mean velocity VZ can be assumed equal without
introducing significant inaccuracies. Where intensities exceed 0.1,
however, the contributions of the radial and axial turbulent velocity

fluctuations to the effective velocity., V can no longer be

eff?
ignored. (It has been shown [60] that for wires normal to the

mean flow direction the contribution of velocity fluctuations

parallel to the wire axis, in this case v, to the effective

ea
cooling velocity is negligible.) Equation (2.6) must therefore

be rewritten as

IQRW 0.5
= = A+ BV (2.19)
w g
-— 2 2-0.5
=re = 2.
where Veff [(VZ + VZ) + Vrj (2.20)

Expanding this latter =zquation as shown in Appendix C, section

C.3.1, leads to the relationship

E
T 1 z 1
v e ¥ S S 0 | 2.21
meas z{l 4 =2 2-;—7 } ( )
z z
which was used in this work, as explained in Appendix G, to
correct the iscthermal velocity measurements reported in Chapter 4.

An alternative expression —
v

2

- - 3 Y,

Vmeas - \Z <l 16 vQ > (2.22)
z

H

was used by Laufer [63] but since this equation fails to take

2 2
variations of V;/V“ into account, equation (2.21) was preferred.

" The correction to the mean velocity applied when relative
intensities of turbulence exceed 0.1 should not be confused with
the correction in the same range of relative turbulence
intensities which is applied to turbulence intensity measure-

ments in section 2.2.5.



MEASUREMENTSE WITH A HOT-WIRE IN HEATED PLOWS.

Introduction.

In making measurements of mean velocity with a hot-wire
under nen-isothermal conditions the same basic equation ( equation
(2.6)) as was used in igothermal flows, still applies. In the non-
isothermal case, however, tha temperature dependency of the cali-
bration parameters A and B has to be allowed for, aand this introduces
2 number of problems, discussed in more detail in the section which

follows.

The measurement of turbulence quantities in heated flows
invclves procedures more complicated than those employed in iso-
thermal flow measurements and methods emplcoyed to separate the
individual contributions of velocity fluctuations and temperature
fluctuations to the measured hot-wire signal are considered in

section 2.5.

The temperature depcndence of the calibration parameters A and B.

Because the axact mechanism of heat transfer from a hot-wire
is not known the temperature dependence of the constants A 2nd B in
equaticn (2.6) was for a long time uncertain. This uncertainty was
not helped by the fact that equations, such as those of Betchov [ 64
and Hinze [#07], which attempted to predict the varietion of A and B
with temperature were contradicted by the only experimental evidence
available. Lawn [65] made this clezr, stating that whereas a rise
of 0.1% in A per °C increase in temperature is predicted by theory,
the experimental results of Cooper and Collis indicate 2 decrease

of 0.15% per OC in the value of A.

It is therefore cbvious that either the thecretical pre-~
dictions or the experimental measurements are in error and the
investigation described in Appendix E was carried out in an attempt
to determine where the errors lay. The results of this investigation
were not entirely satisfactory but they did show conclusively that
the theopretically predicted trend in the variation of A was correct
and that previous experimental results were in c¢rror. Furthermore,
they showed that the observed variations of A - approximately 0.05%

o e . . .
per C ~ could be represented within the limits of experimental

error by the equation of Hinze, derived in Appendix C and given
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below:

3
W 1 0.5
+ A 1+ (R -2 ) |+ BV (2.23)
R =R o [: 2(a+ang)BRO W g :} z

The value of B in this equation is taken to be independent of
temperature, an assumption which is confirmed by the obsecrvation,
made during the course of this investication, that calibration curves
measured at different overheating ratios had slopes which were

identical.

Since the variation of A (which in any case was relatively
small) was reasonably well represented by equation (2.23), this
equation was used to calculate the ncn-isothermal velocity profiles
given in Chapter 5. A detailed calculatien =howing how it was

applied can be found in Appendix I.

MEASUREMENT OF NON-ISOTHERMAL TURBULENCE QUANTITIES.

The fundamental equation.

In order to obtain values for the longitudinal velocity
intensities and for the temperature intensities it is necessary to
develop an equation relating the fluctuations of the voltage across
the wire to the fluctuations of temperature and velocity. The
derivation of such an equation can be found in Appendix C, section
C.3.3, and leads to the equation

ez = s?v2 + sZtL - 285 Vv t (2.24)
Z t t z
where s and Seo the sensitivities of the hot-wire to
velocity and temperature fluctuations respectively,
are given by
= = (2= 0.5
L ® - E 700
5 = = = (2.25)
(1+4PK) SIR ¥
gz
o = (1-P) BIRWRO (2.26)
t (l+PK) ‘R' )
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and P and K are given by the expressions

- <'2(a+é T )BP // <

5
9}

7. +BV"“

lav)
[

> (2.27)

(2.28)

!
S

g

If equations (2.25) and (2.26) are compared with the
corresponding equations given by Hinze [40], it will be seen that
tiie present equations differ from Hinze's equations by the facters in
P and K. The importance of these differences is considerable and
in Appendix C, section C.4, it is shown that the two sets of

cquations can give rise to sensitivities differing by up to 30%.

Equation (2.24) provides the desired relationship betwaen
cbhserved fluctuations of the voltage, e, across the hot-wire and
the values of t2 and vj and also of vzt. In theory by determining
e2ﬂ s and s, at three different overheating ratios, three equations
cAan be set up and solved for t2, vi and 3;%1 In practice this
technique is very sensitive to even slight experimental inaccuracics
[66] and the method ~utlined in section 2.5.2 gives very much more

daccurate results.

2 . .
Should only the value of t° he of interest, 1t can bec
determined by operating the hot-wire at a very low overheating ratio.
Under such conditions (R RL) becomes very small and the value of

§ tends tc zern. Hence cquation (2.24) becomes
~5 5

) - 2.2
[} - btt (2'29)

s 2 . - . R
from which t” can be easily and accurately obtained.

. . . 2 2 , T, .
Determination of + R vz znd Vzt in practice.

The method followed was that recommended by Arya and Plate
[67], based cn work by Morkovin {687 and Kovasznay [629]. This
method is described below.

If equation (2.24) is divided by si it becomes

2 — 2 —
6—2 i(i—-—) - 27 T —z—- + 2 (2.30)
s, t z t
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which, by defining

2
X = S and Y = .
st S2
t
can be rewritten in thc form
2.2 == . 32 ,
Y = VZ X5 - QVZt X + t (2.31)

Equaticn (2.31) is a parabola with abscisza ¥ and ordinate Y whose
shape can be determined by measuring as many X and Y values as
possible and fitting the best parabola through them. It was

shown [67], however, that experimental points become increasingly
ipaccurate as X + O (i.e. as the overheating ratio - 0) and since
t2 and ;;E-are defined principally by conditicns near X = 0, they

could still not be determined with sufficient accuracy.

To overcome this problem ar independent measurcment of t2
was made using the hot-wire as described in section 2.5.1 (Arya
and Plate [ 67] emnloyed a platinum resistance thermometer in their
measurements). Lquaticon (2.31) was then rearranged to

7z = v X% - 2v t X (2.32)
z z
-5

whare Z = Y -

+

Using this cquation Arya and Plate found that consistent values of

vi and ;;¥'could gg_obtainea from four to six (X, Z) points together
with 2 value for t°. Following their recommendaticn, the wvalue of t2
and values of 4 and X at five different overheating ratios were used
in the present work to determine vi and ;;;,the mzasured values

of which are presentad in Chapter 5.
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CHAPTER 3

EXPERIMENTAL EQUIPMENT

INTRODUCTION

Measurements were taken in two different test loops, the
second of which, Loop II, was an improved version of the earlier one.
Loop I. The isothermal runs I-1l to I-17 and the non-isothermal runs
N-1 to N-9 were obtainad in Loop I while the later isothermal runs,
IT-1 to IT-5, and the two sets of non-isothermal runs, N-10 to N-14,
and NT-1 to NT-5, were measured in Loop II. The description which
follows deals only with Loop II and its associated equipment since
a full description of Loop I has been previously given by Brown [91].
All important differences between the two systems are, however,

summarised later in this chapter.

Minor pieces of equipment, marked with an asterisk * in
the text, are not described in this chapter, but full details are

given in Appendix D.

TEST LOOP.

Preliminary considerations.

In selecting a suitable tube to use as a test-section two
conditions had to be satisfied:-

i) The diameter of the tube had to be large in order that
accurate measurements could be made in the flow regions
close to the wall.

ii) The distance from the tube entrance to the measuring station
had to be long enough for the flow to have attained a fully
developed condition before reaching the measuring station.
As is shown in Chapter 4, entrance length values of 40 to
60 diameters would be expected to apply in the present
situation - however, Sleicher [927] had noted slight changec
in his measured velocity profiles 8l diameters from the
inlet of his test section, and so, to be on the safe side,
a minimum value of 100 for thc pire length to diameter

ratio was designed for.



3.2.2

- 37 ~

Taking into account these requirements, as well as the
height of the laboratory (50 feet) and the different sizes of tube
available commercially, a 40 foot length of 4'" aluminium tubing

with a total-% = 120 was chosen for the test section.

To achieve a boundary condition of uniform heat flux the
test section was wrapped with a closely wound helix of electrical
heating ribbon which was covered with thermal insulation to minimise
heat losses to the surrounding air. Other forms of heating were
also considered but, despite having advantages from a constructional
point of view, these invariably failed to provide as uniform a heat

input at the wall as the selected method.

As can be seen from Fig. 3.1 a closed loop system was used
in the present experiment. The reasons for this werc:
i) It eliminated the effects of the sometimes considerable
pressure fluctuations in the laboratory.
ii) Since the air was being recirculated through several filters
the dust concentration in the air could be reduced to very

low levels, a great advantage when using hot-wire probes.

Since air was the experimental fluid it was not necessary
for the system to be completely sealed and this simplified problems
in construction of the equipment. Leaks were, however, kept to a

minimum.

General description.

The test loop is shown schematically in Fig. 3.1. Air was
circulated by a centrifugal hlower®, flow to the test section being
controlled by a butterfly valve at the blower exit. Air passed from
the valve to the test-section through a flexible polythene sleeve,
which minimised transmission of vibrations from the blower. At the
base of the test-section a flow-straightener® was inserted to cut
down circumferential components of the mean velocity. No turbulence
promoter was used, previous experilence in Loop I having shown that
the presence or absence of wire gauze or other turbulence promoters
at the inlet of the tube made no detectable difference to measured

profiles.

From the test section. described in detail in section

3.2.3, the air passed through the mixing ~up shown in Fig. 3.2 and
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from there through a 6 diameter sheet metal duct to an air/water
heat exchanger®. The cooled air was then returned through a length
of 160 mm nominal diameter PVC tubing to the inlet of the blower.
Filters® were installed immediately before and after the heat

exchanger and also at the blower inlet.

Since it was necessary to be able to look into the test-
section from above when inserting probes, the mixing-cup was designed
to be easily removable. To minimise disturbance of the flow at the
joint between the mixing cup and the test-section, the innermost
section of the mixing cup was made of a 161" length of tubing
similar to that used for the test-section. The end of this was
filed so as to be flush with the end of the test-section when the
mixing-cup was in place, thus effectively constituting a 4-5 diameter
extension of the test-section. It was held in place by a wooden
guide which fitted tightly over the top 1" of the test-section. A
12" wide strip of vinyl plastic, held to the ducting and the mixing-
cup by jubilee clips, was used to connect the mixing-cup to the
sheet metal duct. It also served to reduce transmission of

vibrations from the blower to the test~section via the return leg.

The flow rate through the test-section could be determined
from the velocity in the centre of the tube measured using a pitot-
static tube® mounted on the base of the mixing-cup. The tip of this
pitot tube extended 3% into the test-section and was therefore
5 diameters from the upper end of the aluminium section of the
mixing-cup. This satisfied the downstream length requirement laid
down in British Standards [93]. The pitot tube was held in a
specially constructed traversing mechanism which enabled it to be
positioned accurately along the axis of the test-section. The
pressure difference between the impact and static taps was measured
by a micromanometer® accurate to * 0.0002" butyl alcohol (specific

gravity = 0.82).

The test section.

The 40-foot test section was formed by joining two 20-foot
lengths of 4" outside diametaer thin-walled aluminium tubing with a
steel sleeve 7" long and 3" thick. This sleeve, designed to hold

the aluminium tubes tightly in a press fit, was machined in such a
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way as to ensure that there was no discontinuity at the joint
between the tubes. The exact dimensions of the test-section were
Length HO.O4 T
Wall tuickness C.058"

Mean inside diameter 3.8856"

Sixteen iron-constantan thermccouples® were embedded in
the wall of the tube at the following distances from the tube outlet:
6"y, 1', 2', 4' (4), 7', 10*', 13', 15', 19', 21', 25', 29', 33°,
The"bead of each thermocouple, prepared by welding in an inert
atmosphere, was placed in a hole oniy slightly larger than the bead
diameter, drilled into but not through the tube wall. The thermo-
couple bead was held in place by forcing the surrounding aluminium
into intimate contact with it. The insulated leads were held in a
shallow groove, one to two inches long, aligned perpendicular to the
tube axis to keep the lead temperature constant and minimise
conduction errors. Before being led along the tube wall to outlet
points at the top or middle of the test-section the leads were
wrapped a further two or three inches around the tube to further
reduce the chance of any significant conduction errors occurring.
From the outlets the thermocouple leads were taken to a thermocouple

selector switch%.

To electrically insulate the tube from the heating ribbon,
the tube and the thermocouples were covered by a 0.007" thick layer
of asbestos paper, over which was wrapped a helix of 2" wide, 0.015%
thick, woven fibre-glass tape. The asbestos paper was glued down
with sodium silicate which stood up well to the highest temperatures
developed but had the disadvantage of being hygroscopic. Because
of this, after a period of disuse the electrical resistance of the
insulation was low and to prevent excessive current leakage to
earth during operation the tube had first to be warmed up slowly

to dry it out.

The heating ribbon was wound from a point 4'3" from the
test section inlet to 2" from the outlet. Adjacent coils of ribbon
were separated by asbestos string, giving an even pattern over the
entire heated section - see Fig. 3.3. The coils of heating ribbon
were held in place by wraplock clamps, also shown in Fig. 3.3,
which were insulated from the heating ribbon by a double layer of

asbestos paper.
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This clamp was electrically insulated from the tube by thin strips
of tough plastic. Two wooden clamps, designed to fit around the

heating ribbon, were placed 18'6" and 36'7" from the test-section
inlet, and were used to align and hold the test-section accurately

in a vertical position.

Before being erectcd the test section was cleaned, de-
greased and polished on the inside with a mildly abrasive nylon

mat. Afterwards, before use, it was again cleaned thoroughly.

THE HEATING CIRCUIT.

The electrical circuit used to control the power supplied
to the heating ribbon is shown in Fig. 3.5. The power input was
regulated by a variac and could be measured by timing a known number
of revolutions of the rotating disc of the kilowatt-hour meter®.
This gave results which agreed closely with the power input obtained
by multiplying together the volt meter® and ammeter® readings, and so,
during runs, the power input was regulated according to the readings

of these two meters.

PROBES AND PROBE POSITIONING.

Probe construction.

The hot-wire probes used in the present experiments were

prepared as described below. A typical probe is shown in Fig. 3.6.

To make the hot-wire supports narrow grooves were cut into
the finz ends of size 12 Sharps beading necedles, Two of these
needles were then glued about 0.1" apart in a 3" long piece of 0.15"
diameter four-hole ceramic tubing, care being taken to make sure
that the grooves were aligned parallel to a line joining the two
needles. To ensure that the sensing element would be perpendicular
to the probe axis it was made certain that the fine ends of the two
needles protruded equal distances from the piece of ceramic tubing.
The probe body was then mounted in a holder made from %" diameter
stainless steel tubing (nominal inside diameter = 0.180"). Leads
were soldered to the eyes of the needles and led out through the

stainless steel tubing.

The sensing element employed was tungsten wire, 0.00015"
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in diameter, supplied by Sigmund Cohn Corp., Mt. Vernon, New York.
Lengths of this wire were copperplated at the ends, leaving a 0.08" -
0.09" unplated active section between, and then soldered to the

needle tips as described in section 3.4.3.

The results of early experiments in Loop I, supported by
the work of van Thinh [56,74], showed that the hot-wire supports
should be parallel to the mean flow direction in order to minimise
interference effects. To approach this condition as closely as
possible, while still being able to move the hot-wire itself right
up to the tube wall to take measurements in the viscous sublayer,
the stainless steel probe holder was bent through 80° and the

leading edge filed down as shown in Fig. 3.6.

Probe positioning.

Probes were inserted into the test-section at the measuring
station and measurements could be made in a horizontal plane 2.1"
below the point of entry of the probe holder. The horizontal range
of these hot-wire probes extended from a point located about 1/3

of the way across the pipe through to the opposite wall.

The traversing mechanism, carefully mounted horizontally
on the steel clamp described previously, permitted the probe to be
positioned to an accuracy of * 0.001" once the position of the
hot-wire relative to the tube wall had becen established. Positioning
the hot-wire in the plane perpendicular to the probe axis was done
by eye and, surprisingly, this proved to be as accurate as the
other method tried, namely, fastening a pointer to the outer end of
the probe holder and aligning it parallel to the hot-wire before

inserting the probe into the test-section.

To position the hot-wire relative to the tube wall the
following method was employed. A straight rod with a rounded tip
was inserted into the outer end of the probe holder through a small
brass fitting attached to the holder. The rod was then passed
along inside the proba holder and out through a small hole at the
front - see Fig. 3.6. To this rod was attached a brass collar,
one face of which could be brought up flush with the outer face
of the brass fitting on the probe holder. Both the brass fitting
and the collar could be clamped to the rod by grub screws. The
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probe, together with the additional pieces described above, was
set up on the jig shown in Fig. 3.7. On this jig the probe could
be moved horizontally towards a vertical polished brass plate with
two faces, the lower of which was 0.010" further from the probe
than the upper. The probe was moved slowly towards the polished
plate until the probe supports and their reflections in the plate
coincided, a method which gave the position of the needle edge
relative to the upper face to an accuracy of * 0.001". This was
checked by advancing the probe 0.001" at a time, controlling the
movement with the blades of a feeler gauge inserted between the rod
described above and the lower face of the jig. As soon as the
needles touched the polished upper face turning the probe about
its axis produced a faint but audible scratching noise as the
necedles moved across the plate. The position of the probe at this

point agreed with the position obtained using the visual method.

With the probe held firmly in this position the straight
rod was advanced to the lower face and clamped in position by the
fitting attached to the probe holder. The tip of the rod was now
0.010" in front of the needle (and hence 0.0135" in front of the
hot-wire axis, since the needle points were .007" in diameter).

The collar was then moved along the rod until its inner face was
flush against the outer face of the fitting and in this position,
was again secured to the rod. This arrangement permitted the rod to
be withdrawn as the probe was inserted into the test-section and
then, once inside, it could be returned to its previously set position
a known distance in front of the hot-wire. The location of the hot-
wire relative to the tube wall was then established by noting the
reading of the dial gauge on the traversing mechanism when the rod

touched the wall.

HOT-WIRE MANUFACTURE.

A number of different methods of preparing hot-wires have
been used and references to many of these can be found in Brown [91].
Generally they can be divided into two classes, those using a method
involving welding to attach the sensing wire to the probe supports
and those using a soldering method. In the present investigation

a method of the latter types was used but, because solder does not
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"wet' tungsten, it was first necessary to copperplate sections of
the tungsten wire before attaching it to the supports. Some hot-
wires used in early measurements were prepared by a method due to
Wichner [ 94] which used unplated wires and relied on the surface
tension of the solder forcing the wire into the groove in the needle
to form a strong mechanical joint. Acceptable results were obtained
with some hot-wires prepared in this way but the method described
below, based partly on the work of Schubauer and Klebanoff [62],

was found to be more reliable.

To copper plate the tungstsn wires the special plating
bath shown in Fig. 3.8 was employed. Acidified copper sulphate
solution was placed in chambers A and B (see Fig. 3.8) and by
screwing down the plungers inserted through the tops of A and B a
bubble of celectrolyte was established on top of cups C and D. A
short length of tungsten wire, weighted at its ends, was laid across
the cups and then across the copper rods E and F. Then, by
establishing a potential difference between rods E and F and the
electrolyte in A and B two electrolytic cells in which the tungsten
wire acted as cathode were formed. In this way the wire was plated
for a short distance on either side of an active unplated section,
the length of which could be varied by varying the distance between
cups C and D. By ensuring that the tungsten wire was clean and by

using a relatively low current a smooth uniform plating was obtained.

The plated wire was taped to a cork support and mounted on
the jig, shown in Fig. 3.9, which enabled the wire to be accurately
positioned in a horizontal plane. Also mounted on the jig was the
probe holder, which could be moved in a vertical direction. The
relative positions of the probe and the wire were adjusted until the
plated wire lay in the grooves of the wire supports with the unplated
section of the wire symmetrically between the supports. The wire was

then soldered to the supports and excess wire carefully removed.

Before use a hot-wire prepared in this way was heated for
several hours to a temperature higher than normal operating
temperatures. Measurement of its resistance before and after this
period established whether its characteristics would remain con-

stant during operation.
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metal contact. This contact was connected to the heating circuit
and positiocned so that if the temperature exceeded a preset maximum

value the two contacts touched and the heating circuit was carthed

through a resistor, tripping an earth leakage switch and thus cutting

the power to the heating ribbon.

The thermocouple wire used was guaranteed to give readings
accurate to within + 2°F. Checks against a standard thermometer
showed no significant difference between the observed calibration
line and the standard values given in British Standards [95] and

more precisely in [96].

Hot-wire measurements.

Temperature profiles were measured using the hot-wire
anemometer as a resistance thermometer. The practical problems
involved in applying this technique tc measurements in pipe flows
are well treated by Maye [82], whose work is discussed more fully
in Appendix C. Experiment showed that for hot-wire currents less
than 1 mA no detectable increase in wire resistance occurred and so
the 0.4 mA current used in the present investigation would not have
affected the measured resistances in any way. These resistances
could be measured with a precision better than * 0.005 ohms using

the Bridge circuit on the hot-wire anemometer.

DIFFERENCES BETWEEN TEST LOOPS I AND II.

The major differences in design and methods of operation

of the two loops, I and II, are summarised below:

i) Loop I had a 29' long test-section and Loop II a 40' test-
section. This gave heated and unheated L/D ratios of 70
and 83 and of 100 and 113 for Loops I and II respectively.

ii) No flow straightener was used in Loop I.

iii) For Loop I the pressure difference developed across the
taps of the pitot tube was measured on a Hook Gauge®
accurate to * 0.001" water. For Loop II a micromanometer®
accurate to * 0,0002" butyl alcohol was used.

iv) The test-section wall thermocouples for Loop I were made

from copper-constantan wire and were held against the tube
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surface by strips of asbestos paper glued to the tube wall
with sodium silicate; those for Loop II were of iron-
constantan wire and were attached to the test-section wall
as described previously. The method used in Loop I was not
effecitive at high temperatures and the erratic behaviour of
certain thermocouples in Loop I was one of the main reasons
for the construction of Loop II, where an improved method
of attaching thermocouples to the tube wall was used.

v) In Loop I hot-wire probes were positioned relative to the
wall by eye; in Loop II the much more accurate procedure
described in section 3.4 was used.

vi) For measurements taken in Loop I low velocity calibration
points were relatively inaccurate, being obtained from
pressure differences measured on the Hook Gauge (accuracy
+ 0.001" w.g.). For mcasurements taken in Loop II the
calibration device described in section 3.9 and used as
explained in 3.10, permitted far more accurate calibration

points to be established.

CALIBRATION EQUIPMENT - TEMPERATURE.

Hot~wires to be calibrated were placed in an air-stream
at the mouth of a horizontal plastic tube 1" in diameter. The
probe was held so that the probe supports were horizontal and
extended as far as the bent probe holder allowed into the mouth of
the tube. A standardised thermometer was clamped so that it was
aligned parallel to the axis of the plastic tube and then moved
until its bulb was close to the hot-wire. When held in this way
the stem of the thermometer remained in the air-stream throughout
its length, minimising emergent stem errors. The air supplied to
the tube passed over an electric heater whose output could be
varied, enabling steady air flows at several different temperatures
to be obtained. At each temperature a number of measurements of
hot-wire resistance and of temperature were made and the full set
of readings was used to prepare a calibration curve of temperature
against resistance. Except for occasional points at the highest
temperature these readings could be accurately represented by a

straight line. The slight deviation of the high temperature points
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was attributed to errors in the thermometer reading rather than to a
second order dependence of the wire resistancz on temperature. This
was because at the higher temperatures it was difficult to ensure
that the air-stream remained at a uniform temperature throughout.
Under such conditions, despite careful positioning of both hot-wire
and thermometer, slightly different sets of readings could be
obtained by altering their relative positions. Under the present

conditions, radiation losses were taken as negligible [92,98].

3.10 VELOCITY CALIBRATION EQUIPMENT - DESIGN AND USE.

3.10.1 Calibration against the pitot tube.

For measurements taken at Reynolds numbers above about
10 000 the hot-wire could be accurately calibrated against a pitot
tube over the whole range of velocities measured. To do this the
hot-wire was placed at the centre of the test-section and the total
flowrate varied to give centre velocities covering the entire range
of expected values. At each flow rate the reading of the hot-wire
and of the pitet tube mounted on the mixing-cup was noted and the full

set of readings was used to prepare a.calibration curve of

-

IRw 1 1
—— against Vi. Details of the equation used to obtain Vz from
kR _-R

W

the pitot tube reading are given in Appendix G.

To check that the hot-wire anemometer did not interfere with
the pitot tube reading 2 series of pitot tube readings was taken as
the hot-wire was moved across the tube. The first sign of an
interference effect came only at the 0.8 y/R position (measured
from the wall opposite the point of entry), confirming that there

was no interference effect during calibration.

3.10.2 Low velocity measurements.

It was shown in Chapter 2 that, to make accurate measure-
ments in non-isothermal low velocity flows, equipment enabling hot-

wires to be calibrated over a range of temperatures was needed.

Hot-wires used in moderate velocity air flows are

generally calibrated against pitot tubes as described above,
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provided neither the turbulence intensity of the flow nor the
velocity gradient is very large. At low flow rates, however, the
pressure difference across the pitot tube becomes too small to be
measured accurately and other methods of calibration must be
employed. Several methods of measuring low velocities have been
investigated, e.g. by Kung and Binder [99] who discuss the hot-
spot and drag anemometers and by Tanney [100] who developed a low
velocity anemometer based on fluid amplification. A new type of
anemometer anncunced by D.I.S.A. fio1] may also be useful for very
low velocities. Most workers lacking accessibility to accurate low
velocity wind tunnels have, however, calibrated hot-wires in fully
developed laminar air flows at known total flow rate [58,87].

None of these methods is entirely suitable for the measurement of
low velocities over a range of temperatures and so the apparatus

described in section 3.10.3 was developed for this purpose.

Low velocity calibration device - description.

The apparatus used for this purpose was originally
designed to provide an air stream of known temperature and velocity
into which the hot-wire probe could be inserted. As described in
Appendix E, subsequent experiments with this device involved
establishing a calibration method for low velocity isothermal
flows and this method was later employed for calibrating hot-wires

before they were used in the test-section described previously.

The apparatus is shown schematically in Fig. 3.10. Air
was forced by a centrifugal blower® through a flexible polythene
connection into a heater consisting of a 1 kilowatt electrical
heating bar mounted axially in a 2" I.D. asbestos pipe and con-
trolled by a variac. The air leaving the heater was passed
through a short 2% copper pipe. lagged with a layer of asbestos
rope and a layer of 1" preformed fibreglass insulation, into the
calibration "box' shown in Fig. 3.11. Since the cross-sectional
area of the box near the air inlet (10" x 10") was about 30 times
larger than that of the central 2" copper tube the air moved
relatively slowly to the expanded (18" x 18%) end of the box where
its velocity was decreased still further. The air was then drawn
into the central 2" copper pipe through a contracting cone designed

according to the recommendations of Smith and Wang [102] to give
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as flat a velocity profile as possible in the throat.

The air passed from the outlet of the copper tube through
a flexible rubber connection to a water-cooled double-pipe heat
exchanger. This exchanger was designed to handle efficiently widely
varying quantities of air and could operate, depending on total air
flow rate, with one, two, three or four double-pipe hairpin sections
in parallel. From the exchanger the air passed into a large capacity
wet-gas meter®*. The rate of flow through the system was controlled
by a valve situated immediately before the wet-gas meter. Air was
exhausted from the wet-gas meter into an enclosure around the blower
so that the air recycled, being more humid than the outside air
because of its passage through the wet-gas meter, would evaporate
less water from the wet-gas meter and increase the meter's accuracy
of operation. A filter made of the same material as the filters in

the test-section was fitted over the inlet to the blower.

Three copper-constantan thermocouples, shown in Fib. 3.11,
were used to establish when constant ®mperature conditions had been
achieved in the cone and copper tube. The box was heavily insulated
to cut down heat losses and minimise the effect of fluctuaticns in
ambient temperature. In all, the insulating layers consisted of the
0.1" thick hardboard of which the box was made, a layer of 0.5" thick
asbestos board and a layer of 2" thick polystyrene foam. The hot-
wire probe was inserted inte the throat of the cone as shown in
Fig. 3.12. It was held in a traversing mechanism, made from a pair
of vernier calipers, which permitted measurements to be taken in a
vertical plane across cne half of the throat. As before, the hot-
wire was connected to the constant current hot-wire anecmometer
described in section 3.6. Positionirng the hot-wire in the throat
was carried out in the same way as for the test-section - see
section 3.4. A transparent panel on the front of the calibration

box enabled the positioning of the probe to be checked visually.

Low velocity calibration device - isothermal calibration.

In the experiment described in Appendix E it was shown
that the velocity in the throat of the cone was constant over much

of the cross-section, decreasing only near the walls. Also a
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. ave . - .
curve in the form of a plot of against U was derived
P T g s

ave
- max .

whare Uave represented the mean vgioc1ty through the throat and
H&ax the maximum velocity. in the throat. Use of this curve made

probe calibration a relatively simple procedure.

The probe to be calibrated was inserted into the
calibration apparatus and positioned in the region of constant
velocity towards the centre of the throat. Readings on the wet-gas
meter and on the hot-wire anemometer were then taken at a number of
different flowrates, four or five usually being sufficient. The
wet-gas meter reading gave values of ﬁ;ve and from the curve
described above the corresponding value of Umax’ the velocity of
the air passing over the hot-wire, could be obtained. A cal-
ibration curve for the hot-wire was then prepared by plotting
IQRw _

TR against (Umax) . To check the accuracy of the calibration
w g

curve obtained in this way, readings taken at low flowrates were

-

compared with those obtained at higher flowrates using the pitot
tube in the test-section. The results, plotted on Fig. 3.13,

show that very good agreement was obtained in the region of overlap.

OPERATING PROCEDURES

The operating procedures followed in obtaining the
different sets of measurements reported in this work are outlined
below, details being given only where points of particular practical
importance are discussed. TFurther details of calibration procedures
and methods of operation can be found in section 3.10 and Appendix

D respectively.

Practical points relevant to all runs include

i) During both heated and unheated runs it was desirable
that changes in ambient temperature should be as small
as possible and for this reason most measurements were
taken at night between 9 p.m. and 4 a.m. when temperatures
varied least.

ii) It was noted that, during unheated runs, an alteration in

air flow rate caused the air temperature to change
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slightly for up to an hour afterwards. This change
resulted from an alteration in the rate of heat loss from
the blower which generated a small but significant amount
of heat. During calibration runs, where great accuracy was
essential it was therefore necessary to wait for up to an
hour after each flowrate change befere taking further

measurements.

3.11.1 Isothermal velocity and turbulence measurements.

The general procedure followed to cbtain the isothermal

mean velocity and turbulence intensity measurements reported for

runs IT-1 to IT-5 is given below:

a)

b)

c)

d)

)

The hot-wire was calibrated either in the calibration
system described in section 3.10.2 (Re = 5000) or against
the pitot tube in the test-section as explained in section
3.10.1 (Re = 14000).

The hot-wire was positioned in the pipe as described in
section 3.4.2.

The flow rate was adjusted to the desired value and the
cquipment left for up to an hour to attain equilibrium.
The time constant of the hot-wire was determined.

Velocity and turbulence intensity measurements were made
at a number of y/R positions, following the procedures
laid down in Appendix D. Changes during operation were
taken into account by checking the centre-line values every
four or five readings.

The hot-wire was recalibrated to determine whether
significant changes in calibration parameters had occurred

during the run.

The procedure for runs I-1 to I-17 differed from that

given above in that:

i)

ii)

iii)

No turbulence measurements were taken.

The calibration of the hot-wire was always carried out
using the pitot-tube.

The probe was initially positioned relative to the pipe

wall by a visual method. The accuracy of this setting
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was then checked by neasuring velocities at the 0.0u, 2.03,
0.025, 0.02, 0,015, 2.01 and 0.025 y/R positions and
extrapolating the resulting velocity profile to zero to
find the intercept on the y/R axis.

iv) The abbreviated method of measuring a mean velocity profile,

described in Appendix D. was followed.

3.11.2 Non-isothermal velocity, temperature and turbulence measurements.

The operating procedures for the three sets of runs, N-1
to N-9, N-10 to N-14 and NT-1 to NT-5 differed in a number of
respects. The most complicated procedure was that for the runs NT-1
to NT-5 and this is described below; the ways in which the procedures
for the other two sets of runs differed from that described are given

at the end of this section.

a) The variation with temperature of the "cold" resistance,
Rg’ of the hot-wire was determined.

b) Calibration curves of velocity against current were
determined, either in the calibration system (Re = 5000)
or against the pitot tube in the pipe (Re = 14000), for up
to 6 overheating ratios between 0.01 and 0.7.

c) The hot-wire was positioned in the pipe as described in
section 3.4.2.

d) The flowrate through the pipe and the power input to the
heating ribbon were set to the desired levels and the
equipment left for a minimum of 8 hours to reach a steady
condition.

e) The variations of the time constant of the hot-wire with
overheating ratio and with position in the tube were
determined.

f) Velocity and turbulence intensity readings were made, as
described in Appendix D, at a number of positions over the
pipe cross-section. At each position readings were taken
at up to six values of the overheating ratio, and, in
addition, measurements of the intensity of the temperature
fluctuations were made. Since the readings at a single
y/R position took as long as four or five hours to

complete, measurements were spread over four days, with
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h)
i)
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the result that the final velocity profiles were less
accurate than those for runs N-1 to N-14.

When the above readings were completed a temperature
profile was measured.

Thermocouple readings were noted.

The temperature and velocity calibration curves were

checked.

The procedure for runs N-10 to N-1l4 was similar to that

given above except as stated below:

i)

ii)

iii)

No turbulence measurements were obtained.

Measurements were taken at one overheating ratio (0.5)
only.

The run lasted only about 8 hours and temperatures were
determined from R _ measurements made during velocity
measurements. Re;dings were taken at a much larger number

of y/R positions.

The procedure for runs N-1 to N-9 differed from that for

runs N-10 to N-14 only in so far as positioning and calibration

procedures were concerned. Details of the procedures used are the

same as those given for runs I-1 to I-17 in section 3.11.1.
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CHAPTER 4

et = e

ISOTHERMAL RESULTS.

PRELIMINARY CONSIDERATIONS

Introduction

Although the main emphasis in the present investigation
was on measurements in heated flows a number of preliminary
measurements were made in isothermal flows. These measurements

served the following purposes:

i) They enabled familiarity with the method of operation of
the hot-wire to be obtained.
ii) They could be compared with existing results, thus providing
a check on the accuracy of the measuring techniques employed.
iii) They permitted a body of results to be established with
which later measurements in heated flows could be compared.
This was important as it ensured that both iscothermal and
non-isothermal measurements were obtained by similar methods
and using the same equipment and any differences between the

two sets of results could therefore not be attributed to

differences in experimental apparatus or technique.

Altogether 22 isothermal velocity profiles were obtained
and these are reported as runs I-1 to I-17 and IT-1 to IT-5. Four
isothermal axial intensity profiles, runs IT-1 and IT-3 to IT-5,
were also measurcd. A description of the apparatus, together with
an outline of the operating procedures, is given in Chapter 3, while
the experimental results are tabulated in Appendix F. Sample

calculation procedures can be found in Appendix G.

Entrance lengths.

In order to ensure that the velocity profile in the
vicinity of the measuring station is fully developed, the distance
from the pipe entrance to the point of measurement must exceed a
certain minimum number of pipe diameters known as the entrance
length. Opinions on what value this minimum should take differ
considerably and Brown [91]and Christiansen [103] show in reviews

of published information on entrance lengths that values ranging
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from 40 to 100 have been proposed. Most of the recommended values
lie between 40 and 60, howevcr, and higher values are in general
only required when the initial turbulence level in the pipe is low.
Since the turbulence levels in the entrances to the present test
sections were high it was therefore concluded that the lower
entrance length values of 50 to 60 would apply in the present work
and hence the actual L/D values used - 83 for Loop I and 113 for
Loop II - would be more than sufficient to ensure that fully
developed conditions were aestablished well upstream of the measur-
ing stations. This conclusicn is confirmed by the measured results
which indicate that no further profile change takes place after

83 diameters from the pipe entrance.

4,2 VELOCITY PROFILES.

4,2,1 Previous work-Theory.

The subject of isothermal velocity profiles has been
extensively investigated and because several detailed reviews of
published information are already available [105,106], only a brief

summary of previous work is given below.

It is possible to describe any steady isothermal turbulent
flow using the time-averaged momentum equation but a solution of
this equation can be obtained only if a complete knowledge of the
statistical functions describing the turbulent motion is available.
For the particular flow situation studied here this means that there
must be precise information on the correlation V;;;-before an exact
solution for the velocity distribution in the pipe can be obtained.
Since information of the desired accuracy is not yet available other
methods of predicting velocity profiles have therefore had te be

developed. These methods have all been based on semi-empirical or

empirical hypotheses, most of which have involved Ey> the eddy
viscosity or eddy diffusivity of momentum, which is related to V.V,
by : av

€y 5;:- = -V, (4.1)

The earliest theories of importance developed in con-
nection with velocity profile predictions were the mixing-length
hypotheses of Taylor [108], Prandtl [107] and von Karman [109].

Though each of these workers defined the mixing length in a different
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way, all these hypotheses gave rise to an equation of the form

ut o= }-]—é-lny+ + B (4.2)

the so~called log law, on which many subsequent velocity profile
predictions have been based. Equations »f the form of equation
(4.2), for which a variety of values of K and B have been proposed
{106], have been shown to provide a good fit to measurcd velocity
data, though significant differences between measured and predicted
values are observed both near the pipe centre and also near the pipe
wall where viscous c¢ffects predominate over turbulent effects. Of
these differenccs that near the wall is more important and the
"laminar" relation

ao= y+ (4.3)

which provides a good fit to experimental results, is generally

employed to describe velocity profiles in the wall region.

Probably the best known theoretical velocity distribution
based on the above equations is that due to von Karman, with the
constants evaluated from the experimental results of Nikuradse [115].

This distribution

u+ = y+ y+ < 5
u' = 5 1yt - 3.05 5 ¢y <30
+ .t +
u = 2.51ay + 5.5 y > 30 (4.4)

is known as the universal velocity profile.

In the same way that equation (4.3) was introduced to allow
for deviations from the log law near the pipe wall, equations have
also been developed to take account of deviations from the log law
in the centre of the pipe. These equations have taken two main
forms, the first of which involved a velocity defect law of the
form ‘

R f(y/R) (4.5)

¢
which has been employed by several workers with fair success. A
full review of proposed eguations taking the form of (4.5) can be

found in [106] and only the equations of von Karman [110],

uc+ - o= - 555 (ln[1-/1- /"] + /I - y/R") (4.6)
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(where h?(y/R} is a correction term introduced to make
the equation agree with the results of Laufer (112

are compared with presont measurements (see Fig, 4.5).

The secend mathod of accounting for deviations from the
log law in the pipe centee irvolved the introduction of a correction
function into the lecg law equation. Typical equations of this form
are those of ¥illikan [113],
u' - by (y/R) = 5.75 log y© + 5.0 (4.9)
and of Rogue and Metzner [11u4],

+ +
u - C(y/R,f) = 5.57 log y + 5.57 (4.10)

where

1
C(y/R,f) = 0.05(2/£)? exp

~(y/R - o.s)'“’j

0.15

These 1tw» equations are compared with present measurenencs

ir Iigs. #.6 and 4.7 respectively.

Several other hypetheses, such as that ¢f Reichardt F128],
have also been propesed in attempts to find a basis on which more
accurate velocity distributions <-n be predicted. Thess have not
been significantly more successful than the mixing length hypothesic

already considerced and in consequence are not discussed here.

Apart frcin predictions which have been developed from
theories such as the mixing-length hypothesis a number of empirical
attempts to ccrrelate mean velocity distributions have been
proposed. Of these the most important are the predicted distribut-
ions of Reynolds et a2l [129] and Travis et al [130] which not only
allow for deviations from the log law in the centre of the pipe and
near the pipe wall, but also take account of variations in velocity
profile shape with Reynolds number. Thesc predictions are compared

with measured results in the follewing sections.
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Provious work - Experimental measurements.

oclty measuremants in isothermal turbulent

}.J

Experimental v
flowis of air, water and other fluids have been made by a large
number of workers and important papers dealing with the low to

moder«e Reynolds number range (¢ 40 000) are listed in Table u.1.

#perimenial results.

Tabulated values of the isothermal velocity profiles

obtained in the present work are given in Table F.1. Measurements

-4

wire macde at six nominal Reynolds numbers - 5000, 7000, 11000,
160C0, 22000, 32000 - at least twe profiles being measured at each
Reynolds number to make sure results were reproducible., In general
very good agreement was obtalned, particularly between runs IT-1.
IT-2 and IT-3 (Fz = 5300) and between runs I7T-4 and IT-5 (Re =
16000). Certein proriles were also checked for symmetry by taking
measurcments at y/R values up to 1.3. Agreement between measuremer :s
at equal distances from the axis was very good (see, for example,

rua I-1) confirming that the profiles were symmetrical.

Discussiocn of rasults

The change of velocity profile shape with Reynolds number
is shown clearly in Tig. L.l wher:, for Reynolds numbers of 5000,
1€000 and 32000, welocities as V /VZ are plotted against radial

7
= 4
he greatsst changes occur =t the lower

=

¢

positicon.  As expectad,

Reynolds numbers.

In Fig. '+.2 five measvred nrofiles covering the Reyrolds
number range <f 5000 - 32000 ave coimpared on a u+ vs y+ plot with
the universal velocity distributisn defined by equation (4.4).
The agreement is =zcen to be good excent at high y/R values where
the experimental wvalues lie above the predicted line by amounts

which increase as the Revrclds number decreases, a trend similar to

- 3 vt -

T The term ncminal is Introduced here to indicate that measure-
ments were not obtained at Reynolds numbers of exactly
5000, 7000 etc. but at different Reynolds numbers close to

these values.
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TABLE 4.1
EXPERIMENTAL ISOTHERMAL VELOCITY PROFILE MEASUREMENTS.
REYNOLDS
INVESTIGATOR YEAR FLUID NUMBER ENTRANCE
. LENGTH
RANGE _ L/D
Re % 10
Nikuradse [115] 1932 Water 3.0-3240 200 and 125
Deissler [116] 1950 Air at 40 8.0-220 100
p.s.i.
Senecal [117] 1951 Aipr 3.0-4.1 360 and 240
Laufer [112]] 1954 Air 40.3-403 49
Sandborn [38] 1955 Air 40.2-241 55
Sleicher [92] 1956 Air 11.3-60.0 81
Abbrecht and
Churchill [104] 1960 Air 15.0-65.0 < 4y
Brookshire [13u4] 1961 Air 4.8-201 96
Johnk [132] 1961 Air 18.0-71.0 121
Beckwith and
Fahien [118] 1963 Water 10.7-18.9 84
Bogue and Sugar
Metzner [114] 1963 solution 0.8-26.0 150
Christiansen [103] | 1965 Air 8.9-56.0 41
Lindgren [119] 1965 Water 6.1-49.0 186
Bakewell [120] 1966 Glycerine 8.7 = 25
Rein [106] 1967 Air 10.1-39.7 97
. Coantic [89] 1967 Adp 40,0-360 49
Koo [135]] 1967 Aip 7.3-58.3 52
Genin et al [121] 1967 Mercury 20.0-42.5 88
Sherwood
et al [136] 1968 Water 8.6-59.2 = 81
Reynolds et
al [129] 1968 Air 3.0-15.0 255
Gardner [122] 1969 Mercury 16.0-157 53
Kudva [123] 1970 Ethylene
glycol 5.9-6.90 132
Horsten [24] 1971 Mercury 18.3-84.4 95
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that observed by other workers, e.g. Senecal [117], Reynolds et al
[129] and Corcoran et al [137]. A tendency for the results to be
slightly greater than predicted values in the buffer layer region is

alsc apparent.

Fig. 4.3 shows representative profiles at Re = 5000 and
Re = 7000 in compariscn with those of other workers. Particularly
good agreement between the profiles from the present work and those
of Senecal [117] and Reynolds [1297] is observed. Patel and Head's
[138] measurements fall only slightly below these but Lindgren's
[119] results fall much further below, lower even than results at
much higher Reynolds numbers, and their accuracy must in con-

sequence be suspect.

A representative profile at Re = 32000 is shown in com-
parison with other measured results in Fig. 4.4; all the profiles
are observed to be very similar and no particular trends are
observed, confirming (as does Fig. 4.3, also) that the measuring
techniques evolved in the present investigation give accurate

results.

In section 4.2.1 details were given of three velocity
defect equations (4.6 to 4.8) and these are shown in Fig. 4.5 in
comparison with experimental results at Reynolds numbers of 5000,
1600C and 32000. It is apparent that, in general, the measured
data lie below the predicted values and none of the proposed
expressions agrees well with the experimental measurements over

the whole y/R range.

Section 4.2.1 also deals with the equations of Millikan
(4.9) and of Bogue (4.10) which contain correction functions
introduced to take account of differences between theoretical and
measured velocities in the pipe centre. The values proposed for
these correction functions are compared in Figs. 4.6 and 4.7 with
those evaluated from measured velocity profiles at Reynolds
numbers of 5000, 16000 and 32000, and it is clear that considerable
differences between proposed and measured values exist. In
particular it can be seen that Millikan's equation fails to allow
for any variation with Reynolds number while Bogue's egquation

predicts a dependence of correction function on Reynolds number
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which is opposite tc that observed in practice.

A comparison was also made between the present data and
the predictions of other workers, particular attention being paid
to the low Reynolds number region where errors in pradictions are
usually mnst aprarent. Excellent agreement with the predictions
of Travis et al [130] was observed at all Reynolds numbers, Travis'
profile at Re = 5000, for example, being practically identical to
that shown in Fig. 4.1, and it is concluded that Travis' prediction

is the best presently available.

In Fig., 4.8 values of Vzm/ vzc, the ratic of mean to centre
velocity, for the present results are compared with curves proposed
by Robertson [139] and Ross [97]. Although the results show a
certain amount of scatter it is clear that at the lowest Reynolds
numbers (Re = 5000, 7000) agreement with Rcbertson's proposed curve
is good, whereas at higher Reynolds numbers (Re > 16000) Ross' curve

is closer to the data.

EDDY DIFFUSIVITIES.

Introduction.

As explained in Chapter 1, it is customary to represent
variations of the Reynolds stress component vV, in terms of

variations of the eddy diffusivity of momentum, € This latter

M®
quantity is related to the velocity distribution and the friction
factor by equation (1.19) which was used in the present work to

calculate eddy diffusivities from measured velocity data.

Previous work.

Because of the importance of being able to predict
isothermal velocity profiles, a large number of papers on eddy
diffusivities in isothermal pipe flows have been published. Most
of these papers have dealt with semi-empirical and empirical
correlations for predicting eddy diffusivity values, and an
extensive and up-to-date review of these correlations has been
presented by Horsten [24]. In a number of these papers, however,
measured eddy diffusivity values have also been reported, and a
selection of these measurements, plotted as eM/Ru*, is shown in

Fig. 4.9, in which two early eddy diffusivity predictions, those of
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von Karman {109] and Nikuradse [115] are included for comparison.

The more recent correlations of Reynolds et al (1297 and Travis et

al [135], which allow for variations of eddy diffusivity with
Reynolds number, are shown in Figs. 4.12 and 4.13 in comparison with
experimental data at Reynolds numbers of 500C and 32000 respectively.
In general these and other theoretical predictions agree fairly well
with one ancther in the intermediate y/R range but differ widely

in the regions near the pipe wall and near the pipe centre. Hear the
pipe wall the extent of the differences is shown by Fig. 4.10 where
the eM/v values predicted at low y+ values for a Reynolds number

of 11500 are shown, together with experimental values from the
present work. Nearer the pipe centre equally large variations in
predicted and measured eddy diffusivities occur, these differences
being due to the difficulties involved firstly, in obtaining velocity
data accurate enough to define clearly the exact shape of the velocity
profile in the central region, and secondly in establishing a
differentiation procedure which will yield correct values for the

very small velocity profile slopes occurring in this region.

Experimental results.

tddy diffusivity values obtained from the velocity profiles
reported in section 4.2 are tabulated in Table F.2, Appendix F, to-
gether with the smoothed velocity values from which they were com-

puted as explained in Appendix C.

The mean of the calculated eddy diffusivity values at each
of the 6 nominal Reynolds numbers -~ 50800, 7000, 11000, 16000, 22000

and 32000 - are shown as g,,/Ru® values in Fig. 4.11; individual

values for the runs at Re S 5000 and Re = 32000 are shown in Figs.
4,12 and 4,13 where they are compared with several predicted eM/Ru*
distributions. A compariscn of results in the wall region with a
selection of theoretical eddy diffusivity predictions is given in

Fig. 4.10.

Discussion of results.

The comparison of present eddy diffusivity results with
previous measurements given in Fig. 4.9 shows that the present
results lie close to values reported by other workers. For y/R > 0.3

Fig. 4.11 shows that the present results are closely grouped about
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an EM/Ru* value of 0.N7 and follow no particular trend with
Reynolds number. For y/R < 0.3, however, a definite trend with
Reynolds number is apparent, corresponding to the increase in
thickness of the viscous sublayer as the Reynolds number decreases.
It is clear from this observation that eddy diffusivity predictions,
such as those of von Karman [109] and of Nikuradse [115], which
make no allowance for such a dependence on Reynolds number, are
therefore of little use at the low Reynolds numbers of interest in

the present work.

More recent eddy diffusivity correlations, such as those
of Reynolds et al [129] and Travis et al [l30] do take the Reynolds
number variation into account and eddy diffusivity curves predicted
by these two sets of authors are shown in comparison with measured

values at Re = 5000 and Re = 32000 in Figs. 4.12 and 4.13 respect-

ively. In the important range of y/R < 0.6 there appears to be little

to choose between the curves in Fig. 4.13 but Fig. 4.12 suggests that
the Travis correlation is better at low Reynolds numbers. At very
low y/R values on the other hand, the situation is reversed and
according to Fig. 4.10 the prediction of Reynolds et al lies closer
to the measured data. 1In the y/R > 0.6 region, although the trend
of the present results suggests that Reynolds' prediction is more
nearly correct than that of Travis, the uncertainty in the measured
results is too large for firm conclusions »n this point to be

reached.

It is apparent from the ahove discussion that the pre-
dictions of Reynolds and Travis agree equally well with the present
results. However, because it has been shown [24] that Travis'
prediction agrees better with results in mercury, the Travis
correlation is recommended in preference to that of Reynolds et

al.

AXIAL TURBULENCE INTENSITIES.

Introduction.

Axial turbulence intensities are usually the turbulence
quantities most easily measured in a given flow situation and

besides giving an excellent indication of the flow structure they
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are useful in calculating corrections to be applied to measured
velocities. (Details of these corrections are given in Chapter 2.)
For the particular situation studied in this work measurements

were taken using a single hot-wire probe held normal to the mean
flow direction, and intcnsities were calculated using the relation-

ships developed in Chapter 2.

Values for the axial intensity vé = //;ET have been
measured in pipe flows by a number of workers and results for the
-low Reynolds number (< 20 000) range are listed in Table 4.2.
These values, with the exception of the present results, are
nlotted as Vé/“* in Fig. 4.14. From Fig. 4.14 it can be seen that

although the shapes of these turbulence intensity profiles

TABLE 4.2
INVESTIGATOR YEAR REYNOLDS L/D a
NUMBER :
Hall [140] 1938 5100 80
11700
Brookshire [134] 1961 4800 96
373¢C
20000
Gessner [141] 1965 } 18000 130 :
Koo [135] 1967 7300 52 |
Brown [91] 19862 206200 23 i
Present work 1971 5000 113 |
16200 '
i

are similar, values at any given radial position differ by as much
as 40% in the worst cases. Several possible reasons for these

differences have been advanced:

i) Coantic [89] has shown that the failure of many workers
to allow for very low frequency fluctuations when measuring
turbulence intensities can introduct significant errors.
For the case investigated by Coantic thesc errors increased
from 3% at Re = 150 000 to 8% at Re = 41 000 and, since
the percentage of the total turbulence energy contained in
the low frequency fluctuations increases with decreasing

Reynolds number, even larger errors will occur in the
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Reynolds number range considered here. The importance of
the lcw frequencies is emphasised by some approximate
energy spectra obtained in the present study. These
showed that at Re = 5000 the turbulence energy is con-
centrated in the frequencies below 100 Hz, with a
relatively high percentage of the energy being contained
in the very low frequencies (below 5 Hz) where the
frequency response of many amplifiers begins to decrease
rapidly.

ii) Operation of hot-wires by the different methods of constant
current and constant temperature operation also affects
measurements, particularly at higher relative intensities
[uo].

iii) The non-linear dependence of wire voltage on velocity also
introduces errors in turbulence intensity readings,
particularly at high relative intensities - see Chapter 2.
These errors can be reduced, though not completely

eliminated, by using a linearised hot-wire system.

Experimental results.

During runs IT-1 and IT-3 to IT-5 axial turbulence
intensity profiles at Reynolds numbers of 5000 and 16000 were
measured. The experimental results are reported in Appendix F,

Table F.3 and sample calculation procedures are given in Appendix G.

These results are plotted as v;/u* in Fig. 4.15 with the
measurements of Gessner [1417] at Re = 16000 and of Brookshire [134]
at Re = 9800 for comparison. Unlike the results plotted in Fig. 4.14
the present measurements arc seen to increase slightly with
decreasing Reynolds number, a difference attributable to the very
low cut off frequency in the present amplifier which enabled a far
greater proportion of the energy contained in the low frequency
fluctuations to be taken into account. A secondary trend noted in
the present results is that of the movement of the peak intensity
nearer the wall as the Reynolds number increases. It has been
pointed out by Rein [[106], however, that this trend disappears when

results are plotted against y+ instead of y/R.

Fig. 4.15 also shows that the present results at each

individual Reynolds number agree well, confirming that the measured
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profiles are reproducible. Since these profiles also lie close
to the bulk of other experimentally measured values it was
concluded that the turbulence measuring section of the hot-wire
anemometer was rerforming well and could be used with confidence

for later measurements in heated flows.
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CHAPTER 5

NON-ISOTHERMAL RESULTS

INTRODUCTION

Preliminary considerations

The aim of the present experiments was to measure fully-
developed velccity and temporature distributions in low Reynolds
number heated flows and hence to determine the values of the eddy
diffusivities of heat and momentum under mixed convection conditions.
At the same time measurements of axial turbulent velocity intensities
and temperature intenzities were also to be made, in order to gain a
greater understanding of the effect of buoyancy forces on the flow

structure.

It was expected that these buoyancy forces would be significant
only at relatively high heat inputs and low Reynolds numbers and this wa
confirmed by later measurements. An initial run (N-1) at Re = 25000
and a relatively high heat input showed that no significant changes
in the velocity profile occurred at this Reynolds number and sub-
sequent measurements showed that considerably distorted velocity
profiles could only b2 obtained in the present equipment at Reynolds
nurbers below about 10000 In order to measure as wide a range of
distorted profiles as possible most of the experimental readings were
therefore taken at Reynolds numbers of 8000 and 5000, though a few
measurements of relatively undistorted profiles at a Reynolds number
of 14000 were made for comparative purposes. The detailed conditions
for these runs are given in Table 5.1 below. (In this table N is used t«
describe runs where the emphasis was on velocity and temperature
profile measurements while NT refers to runs where the emphasis

was on turbulence measurements and temperature profile measurements.)



_97_

T4BLE 5.1
[ﬁHeat flu ! Gr ] Gr/Re
Run No. Re iBtu/hr £t i Ra « 10-6 < 10-2 Y
i b

N-2 8031 ; 64,9 i 1463 414 5.15 15.3
N-3 8016 | 57.3 | 1268 4,25 5.30 15.7
N-4 8638 % 31.9 | 9usg 3.49 4.0u 11.3
N-5 8474 . 28.3 873 3.22 3.80 10.8
N-6 8507 | 28.1 . 776 - 3.2u 3.81 10.8
N-7 8783 11.6 406 1.13 1.28 3.5
N-8 8659 19.5 660 2.76 3.19 8.9
M-8 6794 41.6 1203 4.907 5.98 20.0
N-10 5354 | 8.4 490 0.92 1.71 8.0
N-11 5258 13.3 725 1.99 3.78 17.3
N-12 5278 20.7 360 2.47 4.67 18.2
N-13 5032 26.9 1110 2.66 5.29 19.5
N-14 13978 89.4 1264 2.38 1.71 3.4
NT-1 5405 5.0 345 0.58 1.06 4.2
NT-2 5525 10.7 700 1.27 2.29 8.9
NT-3 5419 13.4 774 2.20 4.05 16.0
NT-4 5154 21.1 1055 2.80 5.41 22.2
NT-5 14701 | 103.9 1346 2.64 1.80 3.4

5.1.2

The experimental results arc tabulated in Appendix H and

presented in sections 5.2 to 5.5; section 5.5 and later sections

are concerned with 2ddy diffusivities and other calculated parameters,

which were evaluated by substituting measurcd velocity and temper-
ature distributions into the continuity, motion and energy =2quations
derived in Appendix A. Since the derivation of these equations
involved the assumptions that profiles were fully developed and that
uniform heat flux conditions existed at the pipe wall,the accuracy
of the above substitution depended on the extent to which these
conditions were realised in practice, and this is discussed in

sections 5.1.2 and 5.1.3 below.

The fully develoned flow condition.

The question of fully developed flow is discussed in

Appendix A where it is pointed out that in flows where there exists
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an axial temperaturc gradient the resulting variation of viscosity

in the axial direction will prevent the formation of a fully

developed normalised velocity profile. It is also pointed out, however,
that far from the pipe entrance a condition is reached where the

rate of change of normalised profiles is very slight and the profiles
can for all practical purposes be assumed to have reached a fully

developed condition.

Several ohservations from the present rcsults indicate that
such 3 condition had been attained by most, if not all, of tha flows
investigated in the present study and this conclusion is supported by
the experimental velocity profiles shown in Fig. 5.1. These profiles
were obtained under comparablef, if not exactly similar, conditions
of Reynolds number and hecat flux; one profile, howcver, was obtained
in Loop I (heated L/D = 70) and the other in Loop II (heated L/D = 100).
As can be seen from FPig. 5.1, despite this L/D difference the shapes
of the profiles are similar (the slight difference in degree of
distortion in the region of y/R = 0.3 is to be expected, since the
Reynolds numbers of the two profiles are not quite the same) and
differ by a maximum of just over 1%. As this figure lies within the
limits of experimental crror it was concluded that after an L/D of
70 further changes in velocity profile shape are small and an

effzctively fully developed condition exists.

Additional evidence in support of this conclasion is
PP

provided by the measurements in mercury of Louw [ 151}, who showed

b2

that velocity profiles obtained under mixed convection conditions

were fully developed after 8C diameters.

Uniform heat flux

Becauss the heat transfer coafficicent from a heated surface

to a gas is relatively low a significant percentage, typically 15%, of

It was very difficult to reproduce the conditions of one test-
section in another test-section as Reynolds numbers and wall

heat fluxes could only Lbe evaluated with accuracy once a velocity
profile had been measured and various temperature measurements

obtained.
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the heat generated in a heating coil is lost to the surroundings,
despite the presence of insulation. It is consequently less easy to
obtain a uniform wall heat flux condition with air than it is with
other liquids. However, a typical plot of wall temperatures along
the present pipe, such as that shown in Fig. 5.2, shows that a
uniform wall temperature gradient exists and it can therefore be

inferred that a uniform heat flux condition was achieved.

VELOCITY MEASUREMENTS

Introduction

A summary of the present velocity measurements (with the
exception of run N-1) made under non-isothermal conditions is
provided in Table 5.1 on page 97. Of these runs, N-1 to N-9 werae
measured in Loop I (L/D = 70) while the remainder were obtained in
Loop II (L/D = 100). The operating procedures followed in taking
these measurements are summarised in Chapter 2 and the oxperimental
results tabulated in Appendix H, Table H.1l. Sample calculation

procedures ars given in Appendix I.

Previous work

As discussed in Chapter 1, Ojalvo and Grosh [21] attempted
to predict velocity profiles under mixed convection conditions but theis
assumption that isothermal values of the cddy diffusivities could be

used und:r such conditions rendered their predictions invalid.

Measured vcelocity profiles under mixed convection conditions
have recently (1971) h:en reported by Horsten [ 2u4] for mercury flows
and by Steiner [197] for air flows. As mentioned in Chapter 1,

Steiner considercd that hi

0

profiles had re-laminarised but because
they were measured at Reynolds numbers similar to those investigated

in the present work, they are included in this discussion.

Experimental results

A selection of velocity profiles measured during the present
work is reported in Figs 5.3, 5.4 and 5.5, which show measured
values at nominal Reynolds numbers of 5000, 8000 and 14000
respectively. Isothermal results at the same Reynolds numbers are
included for comparison. Several profiles at Re = 8000 are

omitted from Fig. 5.4 as only one representative profile from each
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of the two groups N-2 and N-3, and N-4, N-5 and ¥-£, is shown. (The
runs in each of thesc groups were measured under similar conditions
and in cach case a series of very similar velocity profiles was

obtained.)

The figures mentioned above show that even at a relatively
high Rayleigh number the velocity profile at Re = 14000 is only very
slightly distorted. At lower Reynolds numbers, howaever, considerable
distortion occurs and at thc higher Rayleigh numbers velocity profiles
with the point of maximum velocity displaced from the pipe centre
are obtained. The variation of profile shape with increasing Rayleigh
number is observed to follow a similar pattern at each Reynolds

number:

As the Rayleigh number increases the centre velocity is
observed to decrcase steadily while the velocity nearer the
wall increases due to buoyancy effects. The profile thus assumes
2 relatively flat shape over much of the pipe. With a small
further increase in Rayleigh number a pronounced change in profile
shape (and, as will be seen later, in flow structure) takes place
and the point of maximum velocity moves from the pipe centre to
a position much closer to the wall. The rapidity with which this
transition occurs was very noticcable during certain runs when
small changes in heat input were observed to cause large
variations in profiie shape. Further increases in Rayleigh
number result in the centre velocity continuing to decrease and
the maximum velocity moving higher and nearer the wall, though a
point is arrived at where a "saturation'' condition, such as that
shown by profiles N-12 and N-13 in Fig. 5.3, is reached. In the
present results for both Re = 5000 and Re = 8000 this point of
saturation occurs when V;/Vém at the pipe centre attains a value

of 1.07.

The above observations indicate that the central zone of
reverse flow predicted for turbulent flow by Ojalvo and Grosh [21]
does not in fact occur. Instead it appears from the work of Bankston
[152] that the tendency of the flow is to become progressively more
laminar in character until, at heat inputs an order of magnitude

greater than those employed in the present experiments, complete
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relaminarisation takes place. Support for this conclusien is
provided by the results of Steiner [19], which were obtained in
the same Reynolds number range but at higher heat fluxes than the
present work, and which showed trends in Nussolt number and auto-

correlation measurements similar to those expected in laminar flows.

In Fig. 5.6 measured velocity profiles are shown on a ub vs
y+ basis and it is clear that such a plot is unsuitable for
correlating velocity profiles in ''distorted” flows. An attempt
was therefore made to correlate the results against various free
and mixed convection parameters. It was found that, of the para-
meters tested, only Gr/Re, introduced by Scheele et al [12] and
others to characterise the degree of distortion of laminar mixed
convection profiles, and the Yantovskii [153] number, Gr/Re*Q, could
be used as correlating factors for the present data. The free con-
vection criterion Z, introduced by Buhr [23] and employed by Horsten
[24] to correlate his velocity profile measurements in mixed con-
vection mercury flows, proved unsuccessful as a correlating factor

for the present results.

The particular corrclation urepared using Gr/Re as a
parameter is shown in Fig. 5.7, where, for four different radial

positions, values of (V;/V% )/(V;/VZ ) are plotted against
P4 <
m .
™ isothermal
Gr/Re. Originally a plet showing the variation of V;/Vv at a
“m
particular radial position against Gr/Re was preparcd but at very

low Grashof numbers separate curves for each Reynolds number were

obtained. To make this plet universal, at =ach radial position the

-

V;/V; values for the different heated flows at a given Reynolds
m
number were divided by the value of V;/V; at that same Reynolds
<~
m
number under isothermal conditiomns.

It can be scen from Fig. 5.7 that this plot correlates the
present results for 5000 ¢ Re ¢ 14000 with a maximum error of * 5%.
In addition, the results show a clear break between Gr/Re values
of 2.3 x 102 and 3.2 x lO2 and this corresponds to the sudden increase
of Tw——TC and hence of Grashof number, which occurs as the flow

velocity maximum moves from the pipe centre to a position pearer
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the nipe wall. It is also apparent from Fig. 5.7 that at high
Gr/Re values the plots at each radial position show a tendency to
flatten out, thus providing a very good illustration of the

"saturation” effect mentioned earlier in this section.

Besides the Gr/Re parameter, the only other useful

. . . . 2
correlating parameter is the Yantovskii number Gr/Re®”. Though
less successful than Gr/Re as a correlating factor for the present

results (plots of Vé/@; vs Gr/Re*2 are in generz=l not independent
m
of Reynolds number)}, the Yantovskii number remains the only other

parameter for which the transition from flows with a velocity

maximum at the pipe centre to flows with a displaced velocity

maximum occurs at a constant value independent of Reynolds number.
Furthermore this value of 8-10 is found to apply not only to the .
present results but also to the mercury data obtained by Horsten [2u].
indicating that the parameter Gr*/R-eé'-”2 may provide a basis on which

future measurements in different fluids can be compared.

TEMPERATURE MEASUREMENTS

Introduction

Temperatures were obtained from values c¢f the hot-wire cold
resistance R_ as explained in Appendix D. Generally the Rg values
from which thperatures were determined were those obtained during
velocity measurements but for runs NT-1 to NT-5 a separate series
of R values was measured at the end of each run. Particular care
g

was taken during these latter readings to obtain enough measure-
ments to define the profile very clearly, especially in the region
close to the pipe wall. These measurements are therefore regarded
as providing the most accurate temperature profiles obtained

during this study.

The measured temperature profiles were assumed to be fully
developed. The reasons for this assumption are:

i) Johnk [132]], in the only important study to date of
developing temperature profiles in air under uniform heat
flux conditions, concluded that after 24 diameters from
the pipe entrance temperature profiles remained

essentially unchanged: since the hydrodynamic entrance
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length under similar conditions is o»f the order of 40, this
indicates that, in general, temperaturc profiles become
established earlier than velocity profiles. Since it was
concluded in section 5.1.2 that present veloccity profiles
were effectively fully devaloped, it follows that the
temperature profiles were also fully developed.

ii) Under conditions of constant wall flux heating it is
necessary, if velocity profiles are to be effectively
fully developed, for tcmperature profiles to have already

reached a fully developed condition.

Experimental temperature measurements are presented in

Appendix H.

Previous work

As discussed in Chapter 1 temperature profile measurements
in mixed convection air flows are scarce, being limited to a single
obsepvation by Brown [91] and several profiles reported by Steiner
[19] for conditions outside the range of the present results.
Extensive measurements in mixed convection mercury flows have,
however, been made by Buhr [23], Horsten [24] and Louw [lSl]. These
measurements in mercury, though not directly comparable with the
present results because of the dependence of temperature profile
shape on Prandtl number, do show trends with which the variations in

the present results can be compared.

Apart from the work of Oialvo and Grosh {217 there are no
important temperature profile predictions for turbulent mixed

convection flows.

Temperature profiles in relatively undistorted flows, such
as occur in runs N-1l4 and NT-5, have, on the other hand, received
much attention and a number of predictions of undistorted or pure
forced convection temperature profiles have been proposed. Several
sets of experimental measurements of undistorted temperature profiles
in air at low Reynolds numbers (< 20 000) have also been reported -

details of these are given in Table 5.2 below:
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TABLE 5.2

YEAR i INVESTIGATOR . pex 1070 ; Boundary ’
: ¢ condition
T

1952 Deissler and Zian [1897] 8.1 - 77 ' UHF
1355 Sleicher [92] 14.5 - 80.3 | UWT
1961 Nunner [154] 10 - 60 | UWT

. 1961 Johnk [132] L 17.6 - 71 | UHF

| 1963 Brown [91] 1009 - w2 | ur

© 1971 Present work i 5 - 14 ! UHF
UHF = Uniform heat flux
UWT = Uniform wall temperature

Experimental results

Measured temperature distributions are shown, as

in Figs. 5.8 and 5.9.

Fig. 5.8 presents results at Re = 5000 in comparison with a
relatively undistortad profile at Re = 14C00 while Fig. 5.9 shows

several profiles at Re = 3000.

By comparing the results from both figures it is clear that,
as in the case of the velocity profiles, a consistent trend of profile
distortion is obscrved as the Rayleigh number increascs. For y/R
< .25 to .3 walues are observed to decrease with increasing Rayleigh
number until a certain point is reached after which there is again
an increase. For y/R > .25 to .3 a steady increase in temperature
values with Kayleigh number is evident, though at high Rayleigh
numbers a '"saturation' effect similar to that nbserved for the
velocity profiles is noted. These trends are similar to those

observed by Horsten [24] for profiles mezasured in mercury.

In Fig. 5.10 the mrofile at Re = 14000 is shown in com-
parison with experimental measurements of Johnk [1327] and Sleigher
[92] and also with the nrofile predicted by Boelter et al [133]
for a Reynolds number of 14000. Althcugh the shapes of the
profiles are in general similar, the agreement between the different

profiles is not, however, very good and more temperature measurements
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need to be taken at low Reynolds numbers under relatively
undistorted conditions before the reasons for these differences

can be found.

T -T
s W .
Fig. 5.11 shows =2 plot of T values at sevaral radial
wic
positions against the parameter Gr/Re. The peints arce relatively

widely scattered, especially at y/R = 0.12, and a definite trend
with Reynolds number is apparent. This observation is in agreement
ith the conclusion reached by other workers, for example Brown (a1,

that, particularly at low Reynolds numbers, temperature ohrofiles
T -T

plotted on a T basis show a definite Reynolds number
W oc

dependence.

An alternative method proposed for representing temperature
profiles on a universal basis is to plot values of e against y+, a
representation analogous to the ot Vs y+ plot successfully used for
correlating isothermal velocity distributions. Such a plot for runs
N-10 to N-14 is given in Fig. 5.12 which also includes the results
of Johnk [132] and Deissler and Eian [149]. It is apparent that
the temperature distributions corresponding to relatively undistorted
velocity profiles agree reasonably well with the measurements of
other workers. However, the data for runs N-11 to N-13, for which
the velocity profile has undergone a basic change of shape, all lie
very close together at positions well above those for data obtained
in less distorted flows. This trend with heat flux ig opposite in
direction from that predicted by Deissler and Bian [149] for e
values in undistorted flows with increasing wall to bulk temperature

ratios.

Discussion of results

The observed initial decrease and subsequent increase of the
slope of the temperature profile as the heat flux is increased is
related to the behaviour of the eddy diffusivity of momentum (see
section 5.7). Initially as the velocity profile flattens out the
eddy diffusivity of momentum drops, until as the velocity profile
passes through a state of being practically uniform over the
inner 70% of the pipe, e, valuecs near the wall decrease almost

g
to zero. Under these conditions heat transfer near the wall occurs
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predominantly by molecular effects, the rate of heat transfer
decreases and the slope of the temperature profile decreases.
Further increasos in heat flux produce a more distorted velocity
profile, eddy diffusivity values increase and the temperature

profile slope increases again.

TURBULENCE MEASUREMENTS

Introduction

Axial turbulence intensities, temperature intensities and
values of ;;¥'were measured at Re = 5000 at four different heat
inputs (Runs NT-1 to NT-4) and at Re = 14000 at one heat input
(Run NT-5). The theory underlying thc method of measurement
employed is given in Chapter 2 and the operating procedure is
summarised in Chapter 3. Sample calculation procedures are
reported in Appendix I while the actual experimental values are

tabulated in Appendix H.

Axial turbulence intensities

The results obtained in the present experiments are shown as
v;/u* in ¥ig. 5.13. It is seen that although the axial turbulence
intensity profiles for the relatively undistorted flcws of runs
NT-1 and NT-5 are of a similar shape to isothermal axial intensity
profiles, increasing free convection effects cause the axial
intensities to change considerably. At Re = 5000 the effect of
increasing Rayleigh number is to reduce the intensitics to as
little as one-third of their isothermal values. Near ths wall the
values are observed to fall steadily until a “saturation' condition
is observed; nearer the pipe centre, however, values fall initially
but then rise again, giving, for the two highest Rayleigh numbers,
an intensity profile which is practically uniform over 90% of the

radius.

No published rasults exist with which the intensities
measured in strongly distorted flows can be compared. Howeaver a
few axial intensity measurements in undistorted heated flows have
been reported by, for oxamplc, Bremhorst and Bullock [1u2] at
Pe = 34 700 and Ibragimov et al [143]at Re = 32 500, and these are

shown, in comparison with the results from runs NT-1 and NT-5,
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in Fig. 5.14%. The mean of the isothermal axial intensities

measured at Re = 5000 and Re = 16000 and discussed in the previous
chapter are also shown in this Figure. All the curves are seen to

be extremely similar for y/R > 0.5; however for y/R < 0.5 the

curves differ considerably. Considering the results from the present
axperiments, it is apparent that in heated flows the intensities

at lower y/R values are up to 20% greater than the isothermal values
while the position of peak intensity has moved further from the pipe
wall. It is also apparent that in the low y/R region differences
exist between the results of the present work and those of other
workers. These differences arise, in the case of Ibragimov's
results, from differences in Reynolds number, while in the case of
Bremhorst and Bullock®s results the main differences arise from what
Bremhorst and Bullock refer to as a wire length effect. In so far

as comparison is possible, however, the agrecment between the present

results and those of other workers is very good.

Temperature intensities

The present results are shown on a t'/T% basis in Fig. 5.15.
For the results at Re = 5000 it is clear that although the change
with increasing heat input is slight for y/R > 0.5, at lesser y/R
values a considerable change occurs with increasing Rayleigh number.
It is observed that in this region of low y/R the intensity at first
drops and then increases as the heat flux incrsases. At the same
time the peak in the intensity moves from y/R = 0.12 to y/R = 0.25.

These changes can be explainec¢ as follows:

The temperature intensity t' = /fiinis determined principally
by the values of the velocity intensity v' and the temper-
ature gradientvg%; With the initial increase in heat flux
%%—increases, but this increase is offsect by the large
simultaneous decrease in v' which causes t' to decrcase
slightly. At higher heat fluxes, however, v' reaches a

more or less constant value and hence increases in heat flux
result in corresponding increases in t'. The change in the
position of the peak intensity is linked to the decrease

in importance of eddy diffusion near the wall which occurs

at higher heat fluxes (see section 5.7).
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As was the case also for the turbulent velocity intensities,
no measurcnents of temperature intensities in distorted flows are
available. A number of measurcments in undistorted flows have,
however, bcen reported and a selection of thesc is shown in Fig. 5.16
in comparison with the results from runs NT-1 and NT-5. It is
apparent from this figure that the intensities for run NT-5, the
least distorted of the present results, are in close agreement with
the data for air reported by other workers, and also, over the
range y/R > 0.3, with the results for mercury reported by
Hochreiter [145]. Nearer the wall considerable differences between
the air and mercury data are evident: these are duz, as has been
shown by Hochreiter, to the large difference in Prandtl number
between the two fluids. Variations between the air data of
different workers are the result either of differences in Reynolds
number, or in the case of Bremhorst and Bullock's results, of the

probe effect mentioned in the previous section.

Several workers have compared axial velocity intensity
data with temperature intensity data and two different comparisons

have been made. Bremhorst and Bullock [ 1427} compared
v! .
E% values with %E’ values while Tanimoto and Hanratty [144] and

1

v 1]
Ibragimov et al [1u43] compared E%— values with TE%;-values. Since
very close to the wall [144]
(T -T° v
—_— = 2
T#Py U

. . t!
‘the latter comparison sccems the more logical; however hoth =x

T
1
and TEP“ values have been included in Figures 5.17 and 5.18, which show
!
z ot t! .
-y == and —x values for Re = 5000 and Re = 14000
us Tn T :-P

respectively. At Re = 14000 (run NT-5) very good agreement between

v!

-

u b3 -

by Ibragimov et al [143] and Tanimoto and Hanratty [lus]. At
v

1

and values is noted - similar agreement was observed also

T#Pp

Re = 5000 (run NT-1) the Gé' results do not agree well with either
V'
1 t

. ] z
T® ©OF the THPr results, though the former are closer to the =
values over most of the tube. This difference between the

Re = 5000 case and the Re = 14000 case is attributed to the fact
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that while the latter flow was practically undistorted, frze con-

vection effects were already significant in the former flow.

The correlation vzt

The results of the present experiments are shown in Fig.
th pC vzt
5.19 as - TErw e 2 form which is equivalent to - ~—§ , the
W

) . . to the wall heat flux. ) .
ratio of the axial heat flux/ Despite the problems involved in

obtaining vvf'values by the present method (Verollet [66] showed
that of the values v;a t! and _;%} the latter were most affected
by experimental inaccuracies) clear trends with increasing

Rayleigh number are apparent.

For y/R > 0.3 the axial heat flux is observed to change from
a positive value at low Rayleigh numbers to a negative value at high
Rayleigh numbers, a changce which occurs first at the pipe centre and
then at lower y/R values as the Rayleigh number increases. It has
been postulated that this change is linked to the change in slope
of the velocity profile from negative to positive - however the
axial heat flux for run NT-2 has already changed sign in comparison
with that for run NT-1, whereas the slopes of the velocity profiles
for both runs have the same sign. Also, it has been shown [145]]
that for mercury large negative values of the axial heat flux occur

while the velocity profile is relatively undistorted.

In the region y/R < 0.3 the behaviour of the axial heat flux
is less explicable since in some cases it is observed to change
rapidly from a positive to a negative value and then, very close
to the wall, to again take a positive value. The only conclusion
that can be drawn from the results in this region is that very close
to the wall the axial heat flux is always positive. A partial
explanation for this observation can be obtained by considering the
structure of the fluid layers close to the wall. According to recent
workers such as Corino and Brodkey [155] the main radial movements
in the viscous sub-layer occur as sections of the sub-layer break
away into the main flow. Under these conditions negative axial
velocity fluctuations and positive temperature fluctuations would
be associated, producing a negative V;? value and hence a positive

axial heat flux.
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Measured axial heat flux values have been reported by
several workers, though no measurements in mixad convection flows
have been published. Among the reported values are those of
Kudva [123] in ethylene glycol (these values lie considerably
above the present results) and those of Ibragimov et al [143] and
of Bremhorst and Bullock [1427] in air, and those of Hochreiter (1457
in mercury. The vesults for air and mercury ars shown in com-

parison with the present results in Fig, 5.19.

Over the y/R > 0.3 range extremely good agrecement is
observed between the air measurements of Bremhorst and Bullock [[1427],
Ibragimov et al [143] and the present run NT-5 which was measured
in a flow where free convection effects were only of slight
importance. &t lower y/R values agreement is not as good but this
is expected because of tho differences in Reynolds number. In con-
trast to the rcsults of Bremhorst and Bullock [1427] and Ibragimov
et al [1437] thosc of Hochreiter [145] fall considerably below all
of the other results and this difference led Hochreiter to question
the accuracy of his measurcements. However, it is clcar that his
results are similar in form to those for run NT-4, the differences
being attributable to the very much lower value of the Prandtl number
in mercury (0.92) than in air (0.7). (Thc existence of this Prandtl
number aoffect is clecarly demonstrated by a comparison of results in

ethylene glycol, water, air and mercury presented by Hochreiter.)

t is apparent from the present and othcr vvf'measurements
discussed above that the changes in axial heat flux under combined
free and forced convection conditions are complex and before the

variation of v_t values can be predicted further measurements of

e

vt over a range of Reynolds numbers in fluids of different Prandtl

number are needed.

NUSSELT NUMBERS

Previous work

It was shown in Chapter 1, section 1.2.6, that no acceptable
generalised Nusselt number predictions exist at present for tur-
bulent mixed convection flows. It was also shown that the only
useful set of measurements in such flows was that of Petukhov and

Strigin [36] who showed that their measurements in water could be



~ 130 -

correlated on a plot of Nu/Nu, vs Ra/Re2 (where NuT is the Nusselt
number at the limiting condition of zero heat flux, i.e. the pure

forced convection Nusselt number).

For flows where the cffects of free convection can be
neglected, however, a number of Nusselt numbcr correlations have
been proposed and sevcral sets of Husselt number measurements have
been rcported. Of these correlations and measurcments those
relevant for the range of Reynolds numbers investigated in the

present work are reviewed below.

i) Measurements

Relevant measurements of Nusselt numbers in air under
uniform heat flux conditions are summariscd in Table 5.3. Nussclt
number values at Re = 5200, 8200 and 14000 were obtained from the
results of each of these investigations by interpolating between

measured data points and these values are alsc shown in Table 5.3.

Of the sets of measurements reported in Table 5.3 the most

important is that of McEligot et al [159] which reports a large

TABLE 5.3

Nu Nu Nu

-3
; /TST Rexl
DATE |INVESTIGATOR | Rexl1O (Re=5200) | (Re=8200) ! (Re=14000)

1452 Deissler and g.1 - 500 - (20) 35
Eian [149]

1960 !Barmes L1567 | 4.2 ~ 130 17 26 41
1962 | Depew [157] lil.u - ul.y - - 38
1962 IMills [158] 210 - 110 | - - 37.6
| 1966 | McEligot Z | |
E | et al [153] 5 1.45 - 15 1 18 24 38

number of measurements covering the whole Reynolds number range of
interest. Since these results wers purposely obtained at very low
heat fluxes they should be the closest of all the results to the

pure forced convection NuT values.

ii) Corre=lations

Apart from the usually recommended correlations such as

the Dittus-Boelter and the Friend and Metzner [160] equations, others
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have been suggested by Mills [158] and Sparrow et al [1617]. (This
latter equation was originally derived for Reynolds numbers greater
than 50000 but Depew [1577] showed that it applied well down to
Reynolds numbers of 10000.) In addition Hakberstroh and Baldwin [(162]
have developed a methed for predicting Nusselt numbers which yields
values comparable with those reported in section i) above. However all
these equaticas, though providing a good fit tec results for Re >
10000 genncrally predict results which are too high at lower Reynolds
numbers and so the correlation (a modified Dittus-Boelter equation)
found by McEligot et al [159] to give the best fit to their data is
adopted here. This equation is

¥u = 0.021 Re”'® POt (5.1)

and from it were calculated the NuT values given in section 5.5.2.

Experimental results

The measured Nusselt number results obtained for runs N-2
to N-14 and NT-1 to NT-5 are shown in Table 5.4 below. The results
for Re = 5000 and Re = 8000 are also shown in Fig. 5.20, plotted
against Gr/Re; 1in each case a single curve correlates all the data
fairly well. The points on the Nu axis were calculated from

egquation (5.1). The results at Re = 14000 are not plotted but

TABLE 5.4
| , ,. T Gr/Rg | Ra/Rg’
Run Re Nu huT Nu/l\uT < 10 < 10
N-2 8031 .4 24,3 0.59 5.15 22.7
N-3 8016 12.3 214,25 0.51 5.30 19.7
N-4 8638 12.5 26.1 0.48 4., 0y 12.7
N-5 81474 12.2 25.3 O.48 3.80 12.2
N-6 8507 11.2 25.5 0.4l 3.81 10.7
N-7 8783 15.2 26.3 0.62 1.28 5.3
N-8 8659 11.3 26.0 0.43 3.19 8.8
N-9 6794 10.5 21.2 0.49 5.98 26.0
N-10 5354 14,3 17.6 0.84 1.71 17.1
N-11 5258 9.6 17.4 0.55 |  3.78 26.2
N-12 5278 10.5 17.4 0.81 4.67 | Sb.u
N-13 5032 10.7 17.2 0.62 5.29 43.8
N-14 13978 36.4 38.5 o.9u ! 1.71 6.5
NT-1 5405 16.1 17.7 0.91 ' 1.06 11.8
NT-2 5525 14.8 18.1 0.82 |  2.29 22.9
NT-3 5419 9.8 17.7 0.55 ©  4.05 |  26.3
NT-4 5154 10.1 17.1 0.5 | 5.41 |  39.7
NT-5 14701 38.2 P 39.4 0.97 |  1.80 6.2
i . : i
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can be seen to agree well with the values from other investigations

reported in Table 5.3.

It can be secen from Fig. 5.20 that as the value of the Gr/Re
parametar increases Nusselt numder values decrcase rapidly, reaching
a minimum at a Gr/Re value corresponding to that at which the point
of maximum valocity moves from the pipe centre to a position nearer
thie wall. Thereafter, with increasing Gr/Re values a slow linear
increase in Nussclt number values is okserved. It is noteworthy
that even at very low Grashof numbers significant departures from
the pure forced convection Nusselt number occur, making it very
difficult to measure pur:s forced convection Nusselt numbers at low

to moderate Reynolds numbers.

The experimental results were also plotted (see Fig. 5.21)
as Nu/NuT Vs Ra/Re2 in order to compare the trends of the present
air measurements with those observed for water by Petukhov and
Strigin [36] (see Fig. 1.3). It can be seen that in the same way as
Petukhov and Strigin's results initially follow one of two different
curves, depending on whether the pipe was preceded by a calming
length or not, sc the present results for measurements in the two
different test loops also fall initially along twe different curves.
Thereafter, for both sets of results a stage is reached where the
Nu/NuT values become independent of inlet conditions. TFor the
present results the start of this latter stage occurs as the point
of maximum velocity in the flow moves from the pipe centre nearer to
the pipe wall: once such a flow has been attained Nu/NuT values all
fall along a single linc which rises gradually with increasing Gr/Re.
The conclusion suggested by these observations is that although the
profiles with the point of maximum velocity displaced from the pipe
centre are stable and independent of inlet conditions the profiles
with the velocity maximum 2t the pipe centre are not, as concluded
before, fully developed, but will continue to change until a stable
profile shape is reachcd. However, the present evidence is too
slight for definite conclusions on the stability of the different
types of profiles to be drawn and further investigations of this

aspect of mixed convection flows would be profitable.
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Discussion of results

The behaviour of the Nusszlt number with increasing Gr/Re
values is linked to the changes in the slope of the temperature
profile (see section 5.3) which are in turn associated with the
changes in eddy diffusivity (see scction 5.7). It is shown that
the minimum values of the eddy diffusivities in the region y/R < 0.2
occur as the velocity profile changes from a profile with a maximum
at the pipe centre to ons with a maximum nearcr the pipe wall.

Under these conditions, therefore, the rate of heat transfer and

hence the Nusselt number will pass through a minimum value.

THE CALCULATION OF DIFFUSIVITIES AND CORRELATIONS FROM THE ENERGY
AND MOMENTUM EQUATIONS

In order to calculate values of the eddy diffusivities, and

of vrt and VY. measured temperature and velocity distributions
have to be substituted into the forms of the equations of motion
and energy given in Chapter 1. It is clear that enough measured

inforination exists to solve equations (1.21)and (1.22) for Vrt
and EH/a but before equations (1.11) and (1.12) can be solvead to
give szg'and EM/V values further information either about the
slope of the velocity profile at the wall, or about some related
quantity, such as the friction factor, is needed. Except in the
case of runs N-10 to N-14 this introduces considerable difficulties,
as explained later. _

av_

. . . . A
Neon~-isothermal friction factors and<:5:7>
) 1

Since in general it is not possible to measure the slope
of the velocity profiise at thewall with any accuracy it is custom-
ary, for non-isothermal as well as isothermal flows., to represent
this slope in terms of a friction factor. For isothermal flows the
friction factor is a function only of Reynolds number but in heated
flows friction factors are affected both by Reynolds number and the
wall to bulk temperature ratio Tw/Tb’ and a number of different
expressions relating friction factors to these two parameters have
been proposzd. (Reviews of the different types of relationships

proposed have been given by Lafay [163] and Costa [164].)
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For the present work it was originally decided to use a recent

correlation due to Taylor 1487

T 0.5
C.0625 b
= 0007 + ——=—i=- || = .2
<o.uoo . 0.32><T > (5.2)
Rew W

Although this expression was employed successfully by Horsten [24]

i th

in mixed convection mercury flows it soon became apparznt that for
the present air data it yieided most improbable results, except in
the case of the practically undistorted flows of runs N-14 and
NT-5, measured at Re = 14000. Because directly mezasured pressure
drop data were not available from the present experiments (the
accurate measurement of local %% values in heated flows is
extremely difficult) the only remaining sources of information on
the slope of the velocity profiles at the wall were the measured
velocity distributions. For runs ¥-2 to N-9 and NT-1 te NT-5
either the velocity profile data near the wall were not extensive
enough (NT-1 to NT-5) or the velocities near the wall were too
great (N-2 to H-9) for the siope at the wall to be determined
accurately; however for runs N~10 to N-13 accurate velocity data
were available and because of the low Reynolds number the magnitude
of the slope was small enough to be determined with reasonable
precision. For these four runs and run N-14 the equation of
motion could therefore be solved - the values, at a number of
radial positions, of the individual terms in the equation of motion
(1.11) are given for thesc five runs in Appendix H, Table H.u4, and

are discussed in more detail in section 5.6.2.

The values of the friction factor obtained from the
measured slopes at the wall for runs N-10 to N-13 arc shown in
Fig. 5.23 in comparison with the variation of fricticn factor
predicted by Taylor's [ 1437 correlation (equation 5.2). The
isothermal friction factor values were obtained from the slopes
at the wall of profiles IT-3 and IT-5, It is evident from
Fig. 5.23 that Taylor's prediction does not hold in flows where

the effect of free convection is significant.

Since runs NT-1 to NT-4 were measured at Reynolds numbers
similar to those for runs W-10 to N-13, friction factors for the

former set of runs could be obtained with reasonable accuracy
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from Fig. 5.23. Values obtained in this way were used in the

calculation of u#* (Vé //g') and T*, employed as normalising
m

parameters when reporting the turbulence measurements discussed

in section 5.4.

At a given Reynolds number u® and T# vary considerably with
heat flux, making their use less satisfactory in non-isothermal than
in isothermal flows. However no more suitable method of comparing
isothermal and non-isothermal turbulence results has been proposed
and u® and T% are therefore retained as normalising parameters for

the turbulence measurcments in the prasent work.

5.£.2 The resultant of the principal terms of the equation of motion.

For the strongly distorted profiles N-11 to N-13 a check on
the accuracy of the measured data is available, since it would be
expected, at the point of maximum velocity where dV% is zero, that

an

the value of ;;;;' and hence aiso the resultant of terms III to VII
in eguation (1.11) would be zero. It can be seen from the values for
the individual terms in equation (1.11), tabulated for runs N¥-10 to N-14
in Appendix H, Table H.4, that for the very distorted runs N-11 to N-13
the slope of the velocity profile and the resultant of the terms III
to VII in equation (1.11) do in fact pass through zero at radial
pogitions that are relatively close. Fig. 5.22, which shows the
results for run N-13, makes this clecar. (In Fig. 5.22 only the
buoyancy and pressure drop terms together with the total resultant of
all terms III to VII are shown - the terms III to V lie very close to
the zero line on the figurc and, for clarity, are omitted. Despite
their small values thesc terms make a significant contribution to the
value of the resultant in the region where the resultant passcs

through zero, and are retained in the equation for that reason.)

For runs N-11 to N-13 the closeness of the agreement betweesn
the radial positions at which dV% and the resultant pass through zero
dn
confirms the correctness of the value of f shown in Fig. 5.23; use
of the values of f predicted by, for example, Taylor's [148]

correlation, gives values of the resultant which pass through zero
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at radial positions very different from that at which the
velocity profile maximum occurs. (In certain runs where the
velocity maximum occurs away from the pipe centres, usc of

values of f calculated from Taylor's equation gave values of the

resultant which did not pass through zero at all.)

The determination of the slope of the velocity profile at
the wall and hence of £ and of the position where the “resultant?
passes through zero are all dependent on the iccuracy of the
velocity profile measurements near the wall in runs N-11 to N-13.
The uncertainty in these measurements is difficult to assess
but is probabtly within #+ 2-3%. Variations of this order of
magnitude in f would then allow the zero positions of the
velocity profile slope and the resultant to be taken as
identical within the limits of experimental error and this
assumption was made in calculating € and Q;;; values for runs
N-11 to N-13. e and 5;?;. values were also calculated for runs
N-10 and N-14 and the results are discussed in scctious

5.7 and §.8.

It has been shown by Hinze [165] and Eskinazi and Erian
[1¢6] that for jets and other flows where velocity maxima occur
avay from the flow axis, the shear stress and velocity profile
slope pass through zero at slightly different radial positions.
No information on non-isothermal flows is presented, however,
and since the differcnces in the prosent results appear to
show an effect opposite to that indicated by Hinze it was
concluded that the particular effact described by Hinze and

Eskinazi and Erian is not applicable here.
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EDDY DIFFUSIVITIES

Introduction

As indicated in section 5.6 accurate ru/a values could be

obtained for all heated runs except run N-1 but accurate EM/v

values could be determined directly only for runs N-10 to N-14.
Values of ey/v could be obtained for the remaining runs but their
accuracy is less certain than those from runs for which the slope

of the velocity profile at the wall could bhe measured directly.

Eddy diffusivity of momentum €y

Eddy diffusivity of momentum valuess for runs N-10 to

N-14 are tabulated in Appendix H, Table H.5 and are plotted, as

E\
M . . - . .
woE> in Figs. 5.24 and 5.25. Fig. 5.2¢ shows the results for
Re = 5000 in comparison with the mean isothermal eddy diffusivity

curve at Re = 5000 (reported in Chapter 4). It is apparent from
this figure that the general trend with increasing free convection
effect, as evidenced by the Ravleigh number, is for eddy
diffusivity valucs to decraasc, suggesti

in the turbulence level of the flow. This decreasc is particularly
marked in the region near the wall (y/R < 0.2) where the eddy
diffusivity values drop practically to zerc at a Rayleigh number
corresponding to that at which the maximum velocity moves from

the pipe centre to a position nearer the wall. At higher Rayleigh
numbers the eddy diffusivity values increase again, though they

still remain relatively small.

ig. 5.25 shows the results for run N-14 in comparison with
the average isothermal eddy diffusivity curve for Re = 16000

(given in Chapter 4). As would be expected, since the velocity
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profile for run N-14 is barely distorted there is a close

similarity between the two addy diffusivity curves.

Eddy diffusivity of momentum values for mixed convection
flows have been reported previously only by Horsten [24] (for
mercury). The trends in his results are fairly similar to those
described above but, as with the present values, no general

correlation is apparent.

Eddy diffusivity of heat

Eddy diffusivity of heat values, as EH/G are reported in
Appendix H. Values for runs N-10 to N-14 are given in Table H.5

and values for the remaining runs in Table H.G.

Apart from the results reported for mercury flows by
Horsten [24] there is no other published information on mixed
convection EH/O values with which the present results can be
compared. For the results obtained in the relatively undistorted
flows at Re =~ 14000 (runs N-14 and NT-5), however, a number of

comparable measurements are avatiliable [92, 132].

To illustrate the trend of the present results under mixed
convection conditions the calculated EH/u values for runs N-10 to
N-13 are shown in Fig. 5.26. It is apparent from this figure that
as the Rayleigh number increases there is a tendency for EH/O
values in the region y/R < 0.5 to decrease, though the change is
not as large as that observed for the correxponding eM/Ru* values
(see Fig. 5.24). This decrcase in EH/a values supports the
conclusion drawn from Fig. 5.24 that with increasing Rayleigh number

the turbulence level in the flow near the wall decrcases.

Nearer the pipe centre there is a tendency for the peak in
the eddy diffusivity curve to increase and move closer to the
wall as the Rayleigh number increases, although a comparison of
results at Re = 5000 and Re = 8000 shows that no general correlation

for this region can be determined.

The results for Re = 14000 are shown in Fig. 5.27 in
comparison with the profiles obtained by Johnk [[132] and Sleicher
[92] at similar Reynolds numbers. It can be seen that the

general shape of all four profiles is fairly similar and that the
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values for run NT-5, believed to be more accurate than those for
run F-1li, are in falr agreement with the results of the other

workers.

The eddy diffusivity ratio

Since accuratc values of €y Were availabls only for runs
N=10 to N-1i4 cq/eM values were calculated only for thase runs.
¥ Es

These calculated values are given in Appendix {1, Table H.7.

The results are plotted in Fig., 5.28 and it can he scen

that at low Rayleigh numbers, i.e. under conditions where velocity

profiles arc relatively undistorted, the calculated EF/EM values
lice for the most part between 1.2 and 1.8, fairly close to, if
slightly higher than, the values given by, for cxamplz, Sleicher

[927] and

g

age et al [1467]. At higher Rayleigh numbers, however,
there is a tendency for the EH/EH values to increase, though again
IV

no particular correlation is apparent.

Discussion of results

It is clear from the experimental results that the measured
addy diffusivities at a given Reynolds number diverge rapidly from
the pure forced convection values as the Raylzigh number increases.
This shows that at low Reynolds numbers the effect of frae convection

on the flow structure is portant even at low heat fluxes. The

change in flow structure which iz sug

L1

gasted by the present results
is that the turbulence levzl in the flow is reduced. However the
fact that eddy diffusivity values pass through a minimum and
thereafter increase steadily indicates that the changes in structure
are not simpls and more measurements, particularlv at high heat

fluxes, will be nccessary before the changes can be fully explained.

THE CORRELATIONS v_v_AND v_t
r Z r

Introduction

As well as giving eddy diffusivities the sclution of the

equations of motion and cnergy (equations (1.11) and (1.22)

respectively) alsoc gives values of the correlations VY, and Vrt’
which are often discussed in the forms pbrvz, the turbulent
shear stress and -pC vrt, the radial turbulent heat flux, respect~

ively. Because of the problems encountered during the solution
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of the non-isothermal equation of motion (see section 5.6) accurate

Vrvz values could b= obtained only for runs N-10 to N-1l4; however,

accurate ;;¥'values could be oktained for all heated runs except

in Appendix H, Tables H.5 and H.6, and are discussed in detail in
sections 5.8.2 and 5.8.3 below. Sample calculation procedures are

given in Appendix I.

The correlation vrvZ

Values of v_v_ for runs N-10 to N-13 (Re = 5000) and ¥-14
(Re = 14000) are shown in Fig. 5.29 in comparison with the
theoretical isothermal total shear stress curve. Also included
in this figure are 5;;;'values for isothermal runs I-3 (Re = 5000)

and I-4 (Re = 16000) which were calculated, using equation (1.13),

from the measured velocity profiles reported in Chapter 4.

It is apparent that the effect of increasing heat flux at

a given Reynolds number is to decrease the ;;V; values and even the
barely distorted flow (N-14) at Re = 14000 gives results lying
significantly below the isothermal values. For Re = 5000 there is
seen to be an initially rapid drop in G;Vg‘values with increasing
heat flux until, as the maximum in the velocity profile moves from
the pipe centre to a positipn nearer the wall, ;;;; values become
negative in the region y/R > 0.3. Thereafter, with increasing heat
flux the values remain small and fairly constant, although a slight

increase is observed in the neighbourhced of y/R = 0.2.

The correclation ;;f

Typical G;%'valuos at Re = 1400C (run NT-5) and Re = 5000
(runs NT-1 to NT-4) are shown in Fig. 5.30, plotted as —pvapt/qw,
i.e. the ratio of the radial turbulent heat flux to the wall heat
flux. Also shown on this figure are values of the total heat. flux,
as q/qw, which were calculated from the relationship [167]:
dT .r =
—-—= {)(pcpvz)r dr

(=4

(5.3)

daT
dz

3

Na
!

R R B
3

R —_—
r
L (pCpVZ)r dr
It is apparent that with increasing heat flux the

turbulent contribution to the total heat flux decreases,
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particularly in the region y/R < 0.6, though as the velocity and
temperature profiles tend towards a condition of saturation so also

does the Vrt curve.

Variations are also observed to occur in the q/qw curveas
and with increasing Rayleigh number the curves are observed to
increase initially and then to decrease by up to 10% of their value
at the lowest heat flux. Variations with Reynolds number are also
noted, the peak in the total heat flux curve being o.served to move

closer to the wall with increasing Reynolds number,

The ratio of the radial heat flux q, (-pCp;;?) to the
axial heat flux qz (-pvaZt) is shown for runs NT-1 to NT-5
in Fig. 5.31. The curve obtained by Ibragimov et al [143] at
low heat flux conditions at Re = 32500 is included for comparison.
It is apparent that run NT-5, for which the flow is barely
distorted, sives a result similar *to that observed by Ibragimov
et al [143] but at Re = 5000 even run NT-1 shows considerable
differences from the undistorted value. At higher heat fluxes

even larger variations occur, as can be secn from Fig. 5.31.

Discussion of results

At low to moderate heat inputs ;;Q;'”profiles” have
approximately the same shape as the isothermal "profile', though
the actual ;;V;'values are lower. As the velocity maximum moves
from the pipe centre a pronounced change in flow structure occurs
and ;;;;'values become small over the whole pipe cross-section. At
the same time v; and V% values also become practically constant
over most of the pipe, suggesting that a condition approaching

isotropy may exist in the central regions of the pipe.

Although transport of momentum by eddy diffusion is slight
Fig. 5.30 shows that the transport of heat by eddy diffusion is
still important over most of the pipe. Near the pipe wall, however,
a considerable reduction in the importance of eddy transport is
apparent and this is reflected in corresponding decreases in t'/T#*
in the wall region and in the movement of the peak in the temperature

intensity profile further from the wall.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

The work carried out in this investigation falls into three

sections, the first two of which are relatively minor:

i) Experiments to determine the temperature dependence of the
hot-wire calibration parameter A
ii) Measurements in isothermal flows

iii) Measurements in heated flows
These are discussed separately below:

CALTBRATION EXPERIMENTS

Conclusions

i} The variation of the calibration parameter A in the King's
. ‘s o

Law equation is positive and of the order of 0.02 to 0.03% per C
increase in temperature. This value is opposite in sign to and

smaller in magnitude than values reported by other workers.

ii) The observed variations in A are represented within the
limits of experimental error by Hinze's [40] prediction, equation

(2.23).

Recommendations for future work

Further experiments should be carried out to deterwine more
precisely the nature of the temperature dependence of A. A very low
speced wind tunnel in which accurate velocity and temparature
measurcments can be made would probably be the most suitable piece

of equipment in which to carry out such a determination.

ISOTHERMAL MEASUREMENTS

A total of 22 isothermal velocity profiles at Reynolds
numbers of 5000 to 32000 were measured and from these profiles
eddy diffusivity of momentum values were calculated. Axial tur-
bulence intensities werc measured at Reynolds numbers of 5000 and
16000.



6.3

Conclusions

i) The measured velocity rrofiles could be adequately reprosented,
zxcept at the lowest Reynolds numbers (Re = 5000 - 7000), by the
relatively simple equations of the "funiversal velocity distribution
(equation {(4.4)). The more complex predictions of Travis ot al [130]
and Reynolds et al [129], however, provide a much better fit to the
measured data and also tc the eddy diffusivity of momentum values
calculated from this data.

ii) Measured axial turbulence intensities are in fair agreement
with the results for low Reynolds numbers of other workers, although
the present results show 2 tendency to increase slightly with
decreasing Reynolds number whereas the results of others tend to
decrease. This difference is attributed to the very low cut-off
frequency of the amplifier used in the present work, which enabled
the present measurements to take more of the energy in the very low

frequencies into account.

Recommendations for future work

A comprehensive investigation of axial turbulence intensities
at low to moderate Reynolds numbers should be made. This investigation
should include a determination of the effects on axial intensities of
varying such paramcters as hot-wire 2/d, pipe L/D, mode of hot-wire

operation, type of probe, ctc.

At the same time accurate energy spectra for the turbulent
fluctuations at low Reynolds numbers should be determined, possibly
by analysis on a digital computer of recordsd hot-wire output
voltage signals. Such a determination would enabkle the importance
of the contributions of the low frequency signals to the turbulence

intensity to be estimated.

NON-ISOTHERMAL MEASUREMENTS

Altogether, nineteen velocity and temperature profiles were
measured in flows at Re = 5000, 8000 and 14000. Measurements of vé,
t' and ?;;'{ at Re = 5000 (& heat fluxes) and Re = 14000 (1 heat flux)
were also obtained. From the measured results Husselt numbers,
eddy diffusivities of momentum and heat and the correlations ;;;;

and Vrt were determined.



Uncder combined free and forced convection conditions con-
siderable changes in flow structure occur as the importance of the
free convection effects increases. These changes are illustrated

2

in Fig. 6.1 which shows the variations in V /V vi/ut, v v /u®
z' 'z 7 2 > rz
m

TW-T ~pCﬁth
, t'/T% snd —+%-=—  which occur 23 the heat flux is increased.

z
0
Z’D

For velocity measurements (V_, V; and er") it appears that
£y i
with a considerable effect of free convection a limiting condition of
practically uniform valocity, turbulent velocity intensity and vV,

occurs across most of the tube and in this region (y/R > .3) the
flow tends towards a condition of isotropy. HNear the wall the most
noticeable change with increasing free convection effects is that the

importance of eddy transport decreases considerably.
The corresponding variations in temperature

T -T -pC vrf
=, t'/T%* and —Dbr measuremcnts appear to be closely

linked to the changes in velocity measurements: the decrease in the

slope of the temperature profile ncar the wall and the decrease near
-pC v t

the wall of the M‘ P values are clearly due to the decreased

q
W

rate of turbulent hecat transfer from the wall associated with the
fall in eddy diffusivity vaiues. Also, the initial decrease and
subsequent increase in t'/T® values as the heat flux is increased

can be related to the behaviour of v;/u*.

Apart from the above, the following more specific

conclusions are drawn

i) The fundamental change in flow structure which occurs as
the velocity maximum moves from the pipe centre to a
position nearer the wall takes place at a characteristic
value - 8 to 10 ~ of the Yantovskii number (Gr/Re*z). This
applies for both air ind water, indicating that the
criterion Gr/Re*2 may provide a suitable basis for com-

paring results obtained in different fluids.
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At high heat fluxes a "saturation" condition is attained
where, with additional increases in heat flux, very little

change in the shape of the normalised fully developed

T -T v -pC_v_*
" e T W Tz r .
profiles for V /V s and -——S— iz
Z zZ -T y e 2 q
m W oc u® W

observed. In air the attainment of this saturation
condition occurs as V /V_ at the pipe centre reaches a
& <

value of 1.07. m

Observations from the plot of Nu/NuT ve Ra/Re2 shown in
Fig. 5.21 indicate that whereas flow conditions are
independent of L/D for flows where the point of maximum
velocity has been displaced from the pipe centre, flows
with the maximum velocity at the pipe centre are affected
by inlet conditions a2t least as far as 100 diameters from

the peint where heating starts.

With increasing heat flux there 1s a considerables decrease
in the importance of turbulent heat and momentum transfer
near the wall. This is particularly noticeable as the
velocity profile becomes very flat just before the point of
maximum velocity moves from the pipe centre; under these
conditions the «ddy diffusivities decrease practically to

zero in the region y/R < 0,2,

Nusselt numbers are observed to be very sensitive to changes
induced by buoyancy forces, particularly at low heat fluxes.
At Reynolds numbers of 5000 and 3000 the same Nusselt number
variations are observed, namely a rapid initial decrease
with increasing heat flux followed by a gradual increase
once the velocity maximum in the flow has moved from the
pipe centre. The minimum Nusselt number value, as little

as 0.4 to 0.5 of the pure forced convection Nusselt number,
is found at the point where the velocity profile is very
flat over much of the pipe and eddy diffusivities near

the wall are lowest.

In the calculaticn of hot-wire sensitivities it is shown
that use of an assumption proposed by Hinze [40] yields
errors of up to 30% in sensitivity values. A simple method

for obviating these errors is proposed.
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Recommendations for future work

For a better understanding of the mechanism of the changes

.

occurring in flows with significant free convection effects, more
measurcments ars neaded of velocities, temperatures and turbulence
quantities. These mecasurements should ba concentrated in the Reynolds
number range of the present work and also at lower Reynolds numbers,
though here considerable difficulties may be experienced in developing
accurate measuring technigues. At a given Reynolds number measure-
ments should be concentrated
i) at higher heat fluxes than the highest used in the present
work, in order to provide information on the permanence of the
Tsaturation” condition observed in this work:

ii) at very low heat fluxes, in order to map out more clearly the
initial changes which in many cases are significant even at
very low heat fluxes. This will necessitate the development
of very sensitive measuring techniques, especially for

temperature measurement.

To clarify the importance of Prandtl number on these changes
maasuremants similar to those taken in the present work should be
made in other fluids.

Fnergy spectra and corrclation coefficients should be
obtained for both velocity and temperature fluctuations, in order to
obtain details of eddy size and turbulent energy distribution. These
results would be expected to make much clearer the changes in flow

structure which occur under mixed convection conditions.

Direct measurements of the correlations @;?Aand ;;V; would
confirm the results obtained by calculation in the prescnt work.
However, such measurements would be cxtremely difficult to make with
any accuracy. particularly under conditions where ;;G; values are

small.

A full investigation of the way in which velocity and
temperature profiles change with increasing L/D neceds to be carried
out. This should be repeated for a range of heat fluxes at different
Reynolds numbers in order to determine whether the conclusions

drawn from Fig. 5.21 are valid. Particularly at the lower



Reynolds numbers attenticn should be paid to obtaining very
accurate measurcements near the wall as thisz will cenable local
mixed convection friction factors to be determined and a mixed

convection friction factor correlation to be develeped.
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NOMENCLATURE

Coefficients in thermal conductivity equation
k= a+ alT (T in °K)

Constant in King's Law eguation

Constant in King's Law eguation

Polynomial coefficients

Specific heat at constant pressure, Btu/1b°F
Hot-wire diamester, ft

Pipe diameter, ft

Fluctuating voltage across hot-wire, mV

Fanning friction factor

Acceleration due to gravity, ft/sec2
Gravitational constant, 32.2 ft 1b /lbfsec2
Heat transfer coefficient, Btu/hr ft2 °r
Current flowing in hot-wire, mA

Integral terms from equation (A.20)

Mechanical equivalent of heat

s o
Thermal conductivity, Btu/hr ft °F
Constant, R /R
wig
Length of hot-wire, ft

Distance along pipe axis from test-section inlet,
Time constant of hot-wire, usac
Exponent in hot-wire calibration equations

Ratio defined by equation (2.27)

Pressure, 1b/ft sec2
Static pressure, lbf/ft2
Heat flux, Btu/hr ft2

Distance measured along a radius from the pipe
centre, ft
Radius »f pipe, ft
(when subscripted) Fluctuating component
of hot-wire resistance, ohms
(when subscripted) Resistance of hot-wire, ohms
Sensitivity of hot-wire to velocity fluctuations
Sensitivity of hot-wire to velocity fluctuations

(after Hinze [40])

Sensitivity of hot-wire to temperature fluctuations

Sensitifity of hot-wire to temperature fluctuations

(after Hinze [407])

ft
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Fluctuating component of temperature, F

Dimensicnless temperature, (TW—T)/T*

o . ..
Temperature, F (unless otherwise specified)

. . . . o,
Normalising parameter, qv/pC u® ¥
o

Velocity, ft/sec

Average velocity in throat of contracting cone,

Velocity in central region of throat of contracting

cone, ft/sec
Dimensionluss velocity, _ E;/u*
Friction velocity, V; V %— ft/sec
Velocity, ft/sec "
sluctuating velocity component, ft/sec

Intensity of turbulent velocity fluctuations,

vz ft/scc
Mass flow rate, 1b/hr
Amplifier attenuation, db
Parameter in equation (2.31), s/st
Radial distance measured from wall, ft
Dimensionless distance, yu®/v
Yantovskiil number, Gr*/Re”f2

Parameter in equation (2.31)
Axial distance, £t
Free convection criterion, (16Ra/Re).(D/L)

Parameter in equation (2.32)

(An overscor:zd symbol indicates that the quantity is

averaged with respect to time)

Thermal diffusivity, k/oCm3 ft2/hr
Temperature coefficient of rgsistance, K
Coefficient of thermal expansion at TM’ OF_l
Second order coefficient in equation (C.16)
Pressure differential, in. of fluid

Eddy diffusivity of heat, ftz/hr

Eddy diffusivity of momentum,  £t2/hp
Dimensionless radius, r/R

Angular co-ordinate, radians



av,

Hh

X (9

o B

b=
[
-

Pa

Ra

Re

Fluid viscosity, centipoise
Kinematic viscosity, ft2/hr
Density, lb/ft3

Shear stross, lbm/ft sec2
Dimensionless temperature difference,

2k(T-T,)/o. V_C Dz(d’f.‘/dz)
; b zm )

i

Frequency, Hz

SubscriEts

Evaluated at bulk mean temperature, Tb

Evaluated at conditions at pipe centrc
m
a

+T
Evaluated at film temperature, Tf = w2 -
Evaluated at local fluid temperature
Evaluated at radial average temperature, TM
Value averaged over entire flow
Reference value
Value in radial direction
Evaluated at wire operating temperature
Evaluated at pipe wall temperature
Value in axiazl direction

Value in circumferentizl dircction.

Dimensionless Groups

Grashof number, DBQQgG(TW—TC)/u2

Graetz number, WCD/kL

Nusselt number, hD/k

Pure forced convection Nusselt number -
laminar flow

Pure forced convection Nusselt number -
turbulent flow

Peclet number, DV; pCpu/k

o

m
. . 2 L
Rayleigh number, »p BngD (d™/dz)/16uk

Reynolds number, DV; p/u
m

Friction Reynolds number, Re V £/2°
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which is accurate to 3% over the temperature range of interest.

vi) The variables Vr’ VO’ VZ, T, p and p can be expressed as the sum
of a mean and a fluctuating quantity, e.g.
Vo=V o+ v
r r r
The laws relating to the time-averaging of products of mean and
fluctuating quantities are described in standard texts [40, ull.
vii) As a consequence cf iv) V? and Vé are zero. Further, because of

axial symmetry there is no variation of time-averaged values in

o

- {arms are zero.

the circumferential direction, i.e. all Y

viii) Turbulent interaction terms involving the fluctuating com-

ix)

x)

A.2

as

ponents of physical properties other than density are small
enough to be neglected.

Air behaves as an ideal gas over the temperature range con-
cerned.

Viscous dissipation and axial heat conduction can be neglected.
(The latter has been shown by Schneider [42]) to be significant
only for much lower Peclet numbers than are found in turbulent

air flows.)

THE EQUATION OF CONTINUITY.

The general form of the continuity cquation [437]

@
o

ks

-+ _\Z\.p-\i = O (A.l)

Qo
~—*

becomes, in cylindrical cc-ordinates,

3p 1l 3 1l 3 3

e = Z(opr =2 —{(pV = 0 A2

ot * r Br(plvr) * r BO(QVB) * 3z P z) ( )
Substitution of the expanded forms of the density and velocities

given in assumptions v) and vi) gives

3 - 13 - -
- Py ) P, - e} - =T
——.(St pM[l (T+t TM,]) t T = I‘(pM[l 8(T+t 1M)])(vr+vr)

a_
36

R
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=0 (A.3)

and on multiplying out, time-averaging and applying assumptions vi)

and vii) this simplifies to

or

s

a ————— a — - —— [—
—_— - Z - (T~ - - A,
an DoV D) 57 g}MVZ oy, B (T-Ty) OMBVzt} 0 (A.4)

for convenience, the terms QMV% and pMVéB(T?TM)
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may be recombined to give
13 —— 2 | = — ] _
= Br'r( pMBvrt') + P &Vz pMBVzt}-— 0 (A.5)

which is the continuity equation for nonisothermal turbulent flow.

This equation differs from the usual form of the continuity

equation

pVZ) = 0 (A.6)

W
N

by including two velocity-temperature correlation terms; however,
especially at low heat fluxes, equation (A.6) must be very ncarly
true and therefore, whatever their individual values, the sum of the

two correlation terms is expected to be small.

A.3 THE EQUATION OF MOTION

A.3.1 Derivation of time-averaged equation

The standard tensor form of this equation [43],

ST:DY— = - LZpvV] - 9p - [9:1] + og (A.7)

where 1 is the stress tensor, gives for the z direction, using

cylindrical co-ordinates,

3 13 19 3 dp
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SEsz r arrerVz r SEpVeVz 5Ep zZ z dz pgz
13 139 9
T 31 ‘rz T 30 6z 3z 22 (4.8)

Substituting for the components of the stress tensor the relationships

[43]: v ooV
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equation (A.8) becomes

B 13 i3 3 dp
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Then, introducing the expanded forms of the density and velocities

as given in assumptions v) and vi), this becomes

C\J
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- %‘%; [1-B(T+t- T, )](V v, )(V tv,)
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(A.11)
Multiplying out, time-averaging, writing g, 38 g and applying
assumptions vi) and vii) gives
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A.3.2 Omission of small terms:

At this point in the derivation it is desirable to introduce
the following simplifications and assumptions by which certain terms
can be shown to be small enough to be omitted:- .

a) Far from the pipe entrance, by assumption iv), VE/VE can be taken

as constant, i.e.

!

7 =2
vz(r,z) = C(r)Vz(raZ)

It follows, therefore, that

p(r,z)vi(r,z)

C(r)o(r,2)Ts (r.2)

3]

5 2 5 =2
and gzp(r,z)vz(r,z) C(r) SEp(r,z)Vz(r,z)

Since present measurements give C(r) a value of approximately 0.01,

2 . . . =

55PV  can therefore be neglected in comparison with %Epvi

c

b) Since no values are available for the two triple correlation
terms in equation (A.12) these terms are therefore dropped from the
equation. The reasons for believing the error thus introduced to

be small are explained below:-

Since the relative turbulence intensities are generally less
than 0.2, the triple correlations are an order of magnitude smaller
than any double correlations present. The magnitude of these two
terms is further reduced because they are both multiplied by 8, the
reciprocal of the absolute temperature, which is also small. It is
expected therefore that, far from the pipe entrance where changes in
velocity and temperature are slight and gradual, differential terms
containing these triple correlations will be correspondingly small
and can safely be neglectad.

3V
c) From assumption iv) 5E£-is expected to be small and practically constant
" av

z
The term oy I V37 > can therefore be neglected.
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A.3.3 The axial derivative terms: 5E{piz) and 5;{ 2VZQMpJZt)

At this stage, apart from the term gg which is discussed in
section A.3.5, the only remaining terms cont;ining axial derivatives
are - —E(QZ?) and - %E{‘QV?OMQG;E). Because experimental measurcments
were taken at only one axial position these terms cannot be evaluated

as they stand and are therefore rewritten, together with the term

139 — ——
= g;r( pMBVert)’ as follows:
Vé ) ﬁv; 3
- 7 s (e By, v t) + OBV tg;"‘ VZ5E(DV )
v v
- oV —2 4+ 0V 3—-p BY € + 20 RV T—2 (4.13)
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or, rearranging, as
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_ aVZ o L 3V,
+ pMBv ta - oV ot Vzg—pvsvzt + 2QMBV t— (A.14)

-—pV + %—p\Bv t

QJ

From the continuity equation the sum of the first three terms is zero.

Also, present measurements have shown that vzt << V; and therefore
S V.

the term 2DMBV£taz can be neglected in comparison with -oV 232

Expression (A.1l4) then bccomes

———-—a VZ 8 V - — 8 et s
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and all of these terms can be evaluated from the present

experimental measurements.
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A.3.4 The integral form of the equation

Using the results of sections A.3.2 and A.3.3 equation (A.12)

can be written

LA AR - Loro BT + T 22
r B-Y_"rp\lr zZ i r ar r PpM az
. :‘V
-dp _ Rp(T-T Lo —Z .
dz pMﬂ + DMBg(x .M) + " —".L"H,)r 0 (A-l?)

Multiplying through by %- and introducing the dimensionless variable
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On integrating with respect to n this becomes

D mN ]
‘ o
2 3
+ /6 p> + jindn - -foMgndn
f SVZ ﬂ
t L;‘Orqb!bj <T T > ndn + (Y]H;*“)/O = 0 (A.19)
o}

This equation provides a relationship in integral form between
the turbulent shear stress 0;;;; and the mcasured velocity and
temperature distributions, thie pressure drop @% and the
correlation vr+, which, as shown later, can be obtained from the
energy equation.

A.3.5 The pressure drop %%

Because of the difficulties involved in obtaining accurate
experimegﬁal local values of the axial pressure drop in non-isothermal
flows, %5 is obtained here in terms of the measured slope of the
velocity profile at the wall. The procedure empleyed is equivalent
to carrying out a force balance over a thin horizontal section of
the flow and consists of evaluating equation (A.19) between limits

n=0and n = 1,
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Then, from assumption iii), the definition of TM and the fact

that v v, =0 forn=0and n =1, equation (A.13) becomes

/ <\48vrt3 >ndn - ~j —~= —-np BV t> ndn + ——/(Z Py
_P_. dp _ D’
5§ 3z 8t <an > (£.20)

12 I2 and I3,

respectively, then after multiplying through by 2, equation (4.20)

If the three integrals in (4.20) are written as I

rearranges to

2
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e
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Sty
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an

which gives %§~in terms of the velocity profile slope at the wall,

[ 9

as required.

A.3.6  The final equation

Substitution of equation (4.21) into the integral equation
(A4.18) is accomplished most casily by first substituting equation (A.21)

into equation (A.18) to give

v v
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which after multiplying through by n and integrating with respect to

n becomes
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Equation (A.23) simplifies to
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+ o2 - n U < > = 0 (A.2y)

an w

and finally rearranges to

D DV
(‘V > - m/(p Bv t - 2I> ndn
+ QHUja:—— ——anBV t - 21%) ndn + n-—-<

w

=2 9p 52 n_
- L\Lqp./ < Z BZ - 213> ndn - u'nUpMBgf (T—TM) ndn (A.25)
o]

which is the form of the equation of motion employed in calculations

in the present investigation.

Al THE ENERGY EQUATION

A.4.1 Derivation of time-averaged equation.

The general form of the energy equation on which the following

development is based is [u43]:

wj
(a3}

CT = =(7:pC_TV) - (V+q) - (r:7v) + (XLBYy Dp B (4.26)
p- - = Ppis =4 Ty *alnrpn + P15t A

Applying assumptions ix) and x) and assuming further
a) that :the variation of thc specific heat Cp over the temperature
. : DC
range of interest is small enough for oTB¥B to be neglected in
comparison with -(zprPIK), and

b) that the heat flux vector q can be expressed as [43]:

_ T 3T _ 3T
3'{kar krae kaz}’
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the energy equation, in cylindrical co-ordinates, is

d {13 1 2
5¥pCpT = {Ijs;r CPTV + ——-pCpTV9 + S—prTV }
1(9 3T , 13 13T 3 aT
+;[aﬁﬁ;+;5??a *&ih}
op Vr 2 V% 3 op
) _..._.(“ 2 °p u
* t * r 9r rp) + r 90 * "z 9z (4.27)

Cn substitution of the cxpanded forms of the density,
temperature, pressure and velocitics as given in assumptions v) and

vi) this becomes

5E<pME1~B(T+t-TM)])cp(T4t)

|

/LCL;

* pM[l'B(T4t'TM)])Cp(f%t)(§é+ve)

o]
@
[e2]

+ %E{pM[l—B(T}t~TM)])CP(EEt)(V;+vz)}

{

I

+t) +

|-

Q
[e2]
Qo
N

kg—{T}t) +

ar 9z

e
e
=l
s fr

B
@
gl

9—{T4t{}

3 ,— 1l,—- ) — l,= 3 ,—
+ §¥{p+p) + ?(Vr+vr)§}r(p+p) + ;{Ve+ve)§6{p+p)
+ (Vz+vz)55{p+p) (A.28)

Multiplying out, time-averaging and applying assumptions vi)

and vii) gives

S, ARl
+ ngpcpl VZ + pvazt pMBCpT vt pMBCszt pMBCpt V%ﬂ

[p(,pvr

-
QlQ
3]

= — 2
pyBC,T V.t pyBCt v]

e 2L 0T L3 LT Ry, B L, (A.29)
r 3r " dr 3z 0z r rir - Z 932 Z 02

A.4.2 Further simplifications and assumptions.

It is desirable at this stage to introduce the following
additional simplifications and assumptions which show that certain

terms are small enough to be neglected.
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a) By assumption iv) vzt/V;f is assumed to be approximately constant

at a given radial position

L ;;¥kr,z) = C(r)V;(r,z)fKr,z)
.- _— = C r:_- " ;T.;
pvazt(r,z) (r)prVZ(r,z)-(r,z)
o 2ee TE(r,z) = c(r)iepC ¥ (r,2)TC
e 7P pvZ v,z = r)sop ¥z r,z)T(r,z

But, from the experimental results, C(p) << 1.

2 —— . . .
Therefore SEpCDth can be neglected in comparison with

3 R

C VT,
32"z
b) By assumption iv), any changes in the axial direction of the time-

o . . 2

averaged turbulence quantities will be slight, and hence 3t~ will be
small. Because B, too, is small it folilows that the terms®Z
obtained when the differentiation of pMBCpVét2 is carried out will

also be small and can be neglected in comparison with %Epcﬁf V;.

c) As was the case also for the triple correlation terms in the

equation of motion, no values are available for the terms

2 9 2
DMBCpt Vo and gszBCpt v,

B
@@
5]

On the basis of a similar argument to that given in section A.3.2 these

terms are neglected in comparison with terms such as

13 _ 9w X )
- ggrpcpvrt and g;pCpT VZ _ in equation (A.29).

d) By assumption x) the term oK%= can be neglected.

) Because relative intensities of turbulence are assumed to be low

the pressure-velocity correlation terms 1 3 and , dp are
—V_ =D \Y
r ra3r zdz

neglected in comparison with V;ggu Any errors which may result from
this assumption will be slight as the contribution of thc V;%B term

itself to the final form of the energy equation is small,
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. et , . ——— 3 ap S —
A.4.3 The axial derivative terms : CT Vz and gEﬂqupl v t

zZ P zZ

=

For the reasons given in section A.3.3 these two terms cannot be

evaluated directly. However they can be expanded, together with

koo

& apr Py CpT Vrt’ to give, since CP is effectively constant,

=93 = = 0T o I w— 3T
CpT SE“VZ pCpvz 3z * Cpl SEDMszt * pMBCp zt pA
=10 —_ — 2T
H R TR IVE SN A (4.30)
This, on rearranging, becomes
e RF ey Tl o
pr‘{ Ezpvz * oz MBVZt * r BPPOMBVP }
- 9T — 3T — 3T
P o'z 3z pMecpvz 3z T OMBCer r (4.31)
From equation (A.5) the first three terms are zero and, since
— - —— 5T .
pMBvazt<<< pCsz, tﬁi tg%m pMBvazt 2 can be neglected in
comparison with -onVz Fr Expression (A.31) then becomes
e 7 AT il :
onVZ oy + QMBCPvrt T (A.32)

A.4.4 The final equation

Applying the simplifications given in sections A.4.2 and A.4.3

to equation (A.29) gives

-~ 3T 15 oT 19 aT
PCV2 52 7 Cor Vet t POt Y T e
7 & - .
+ V = @] (A.33)
z dz
D?
Multiplying through by E-and introducing the dimensionless
able n = 228
variable n = ¢ = 3
p2 = T D, 13 —— D — 3T
R A PR S T LN
— 2 -
13 3T D= dp
= —_— 4 = = A
+ - Sﬁﬂkan t 3V, 3o 0 (A.34)

which on multiplying through by n and integrating with respect
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to n becomes

n —
2. 7 T D — Do 2T ) 4
D Bzf pvz)ndn Ecp”pvrt . + -i-pMB D vrt 3 ndn
0
—_ 2 N —
. n .
0
0

Tinally, dividing by nk and rearranging gives
y g by ging

[
QL
—3

o
|

T 0\ 0t [ o
<8n T2k vr >: Eﬁ‘}?cp 'a_z-‘ (sz) ndn
- 0
Z - —
_Db_ (v dp
Lmk/Z'z dz>ndn
0 . _
D — 3T
- '2—1_]—}-<-DMBCP/A<VPt g-ﬁ')ndn (A.36)
o

which is the form of the energy equation used in calculations.



APPENDIX B

PHYSICAL PROPERTIES OF AIR.

In the present investigation the variation with temperature of
the physical properties of air was represented by the following expressions,

. . O .
where T is always in Kelvin.

i) Denmsity, p.

Since air was assumed to behave as an ideal gas over the range
of temperatures encountered, the temperature dependence of density was
calculated using the equation

_ 28.97 x 273
- 359T

3

1b/ft (B.1)

ii) Viscosity, u.

To represent the temperature dependence of viscosity the

equation

3
5.8 T /2
T + 110.4

> x 107° centipoise (B.2)

Hilsenrath and Touloukian [44], was used.

iii) Thermal conductivity, k.

Values of the thermal conductivity given by Chapman [45], which
agree very well with those of Hilsenrath and Touloukian [44], were used
to modify the latter's general equation to give a more accurate fit over

the range 40°F to 2u0°F. The equation obtained,

kK = Etu/hr £t° °F (B.3)

0.00155135/T
-(12/T)

+ 254.4 x 10

1 T

was the one used in the present work to describe the variation of

thermal conductivity with temperature.

iv) Specific heat, QP'

In this work the equation used to describe the temperature

dependence of specific heat was

Cp = 0.2461476 - 0.C00047187 + 0.0000000945T2 Etu/1b °F (B.4)
|

which was obtained from a least squares fit to the data of Chapman [45]
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APPENDIX C

PRACTICAL CONSIDERATIONS IN HOT-WIRE MEASUREMENTS.

INTRODUCTION.

When making measurements in turbulent flows numerous
practical points have to be considered. Of these some relate to
the instrumentation bLut most are concerned with conditions under
which the experimental equipment fails to meet the exact require-
ments of an ideal turbulence measuring instrument. These require-
ments, which are also discussed by Hinze [40], are:

i) The sensing element must be smaller than the microscale of
turbulence. (It must also be small in order not to disturb
the flow pattern.)

ii) The thermal inertia of the sensing element must be low so
that response to even the most rapid fluctuations is
practically instantaneous.

iii) The sensitivity of the sensing element must be high enough
to enable very small differences in the fluctuations to be
detected.

iv) The stability of the sensing element must be good so that
calibration parameters remain constant.

v) The sensing element must be strong enough to remain rigid

in highly turbulent flows.

Although the hot-wire anemometer meets most of these
requirements, it remains far from ideal and the effects of
departures from the ideal situation are discussed, together with
dther practical aspects of hot-wire anemometry, in the following
sections. This discussion is restricted to normal single wire
probes held perpendicular to the mean flow direction and for
information on inclined wires and cross-wires reference should be
made to recent publications by Champagne et al [60,70] and
Guitton [71]. Since the constant current mode of operation was
used in the present work, the discussion is further restricted by
excluding information on constant temperature operation except

where this is also relevant to constant current operation.
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PRACTICAL CONSIDERATIONS.

Determination of optimum value of £/d ratio

In deciding on the best value of the ratio of wire length,
%2, to wire diameter, 4, for a particular hot-wire probe, the con-
flicting requirements of several different effects must be considered.
The four effects listed are all important for turbulence measure-
ments but if only the mean velocity is of interest a minimum value
of the %/d ratio can be set using the criterion of section b);
the maximum value of the %/d ratio permitted is then dependent only
on the velocity gradients in the flow,
a) The sensitivity, s, of the hot-wire to velocity fluctuations
depends [407] partly on the magnitude of the %/d ratio, a
large value of which is desirable as it increases the

sensitivity and hence the signal to noise ratio.

b) Ideally the hot-wire should lose heat only to the ambient
fluid but in practice a significant proportion of the heat
generated in the wire is lost by direct conduction to the
wire supports. This decreases the effective length of the
wirec and creates a non-uniform temperature distribution
along the wire. To minimise the errors thus introduced a
large value of the 2/d ratio is required, recommended [40]
values being "preferably greater than 200 but definitely
greater than 100 for platinum wires” and higher still for
tungsten wires, the thermal conductivity of the tungsten

being 21 times that of platinum.

c) In turbulent flows the velocity distribution along the wire
will be non-uniform if the length of the wire is greater
than the microscale of turbulence. This, according to van
der Hegge Zijnen [ 727, is about 0.5 mm in flows of moderate
to low velocity. To obtain accurate point measurements of
turbulence quantities hot-wire lengths of 0.5 mm or less
are therefore desirable. To satisfy both this requirement
and that of section b) platinum wires would have to be 2.5u
or less in diameter and tungsten wires even smaller. 2.5y
is, however, the minimum wire diameter consistent with other

requirements based on considerations of wire strength.
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With large 2/d ratios flow interference is reduced [73] and
hence orientation effects (i.e. effects dependent on the
angle of the probc to the direction of flow) are lessened.
The magnitude of the change is shown by van Thinh [56,74]
who presents values of the axial turbulent intensity, vé,
and the local mean velocity, V;, measured at different
orientations by probes with di;ferent ¢./d ratios; the
differences decr=ase significantly as the 2/d ratio is

increased from 90 to 240 and from 240 to 360.

Since the conflicting requirements listed abovc cannot be

met simultaneously, a compromise must be made. However,
recommendations differ. Van der Hegge Zijnen [72j recommends
values of 2 < 0.5 mm and of d < 0.005 mm (%2/d=100), but

Hinze [4C] suggests that wires where 0.5 mm < £ < 1 mm

and 2.5y < d < 5u (2/d=200) represent an acceptable com-
promise. Different conditions may, however, require
different values of £/d: Weinberg and Lederman [73] for
example, mention that wires in normal use have 2/d ratios
between 200 and 300 but that where large temperature

fluctuations occur the value of &/d should be as high as 500.

Determination of optimum support diameter.

The factors affecting the choice of support diameter are

well discussed by van der Hegge Zijnen [72]. The main points of

importance are :-

a)

o
—

c)

That supports should be of small diameter to minimise

interference with the flow.

That supports must be rigid. If the supports are not rigid
enough slight inaccuracies in positioning may occur and,
more important, the vibration of the supports may contribute
significantly to the measured value of the turbulent

fluctuations.

That the ratio of support diameter to wire diameter should
be at least 10. The ratio of the cross-sectional area of the
support to that of the wire will then be at least 100, which

will provide a large enough area for the heat gained by the
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support from the wire to be conducted away without the
support temperature being raised significantly above
ambient. Strength and rigidity considerations will ensure
that this condition is fulfilled in all cases where wires
are attached directly to supports. Where, however, hot-
wires have been plated along part of their length, the
plated section can be considered an extension of the
support to which it is attached and the diameter of the
plated section should, by the same argument, also be greater
than 10 times that of the wire. However, since the plating
used is normally of copper, its high thermal conductivity
makes much lower values of the ratio of plated diameter to
wire dizmeter acceptable, a ratio of about 3 being per-

missible.

d) That the ratio of wire length to support diameter be greater
than 10. This requirement is less easy to achieve for short
wires, e.g. for a 0.5 mm wire the support diameter should
be less than 0.05 mm, which may well be impossible in the

face of strength and rigidity requirements.

Note that the requirements of sections c) and d) together

confirm that an 2/d ratio greater than 100 should be used.

Choice of wire material

The two most important materials are platinum and tungsten,
whose advantages and disadvantages are well discussed by van der

Hegge Zijnen [72].

The advantages of using platinum are that wires of very
small diameter can be obtained and, also, that it can be used at
temperatures up to SOOOC, enabling relatively large values of the
sensitivity, s, to be achieved. Unfortunately, it possesses low
mechanical strength, cannot be kept straight under tension and is
easily deformed by collisions. This limits its use to clean flows
and low velocities, with, typically, upper limits of 12m/sec and

25m/sec for wires 2.5p and 6.25u in diameter, respectively {72].

Alloys of platinum with iridium, rhodium and similar metals
are used occasionally. Though similar in most respects to
platinum they do have better mechanical strength; however, their

temperature coefficient of electrical resistance is lower.
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Wires of tungsten can be obtained with diameters as low
as 3u. Tungsten has excellent mechanical strength and is by far the
best material to use in high velocity and other flows where
ruggedness 1is a necessity. Also, it has a high temperature
coefficient of electrical resistance, which is useful when simul-
taneous measurements of velocity and temperature are to be made.
Its main disadvantage is its relatively low maximum operating
temperature of 3OOOC, which limits the sensitivity obtainable.
Until recently pure tungsten wires were the most widely used for
hot-wire probes but they are rapidly being replaced by the
platinum plated tungsten wires referred to by, for example,
Bradshaw [[75]. Such wires combine the advantages of both
tungsten and platinum to give sensors with good mechanical strength

and a high maximum operating temperature.

Orientation and interference effects

These effects are particularly important near solid boundaries
or in flows where changes in flow direction relative to the direction
of the wire supports occur. Investigations by several workers of
the importance of these effects are reviewed below.

a) Van Thinh [56,74] measured vé and V; profiles near a wall,

O, 45° and 90° to the direction

using probes at angles of 1
of flow. He showed, first, that the correct values were

those measured when the probe supports were parallel, or
almost parallel, to the flow, and, second, that the differences
in measured values increased both with increase in the angle
between supports and flow direction and with decrease in the

distance of the probe from the wall.

b) Florent and Thiolet [76] confirmed van Thinh's results and
also measured the relative contributions of probe body and
probe supports to the total interference. They also
observed that, for probes with supports parallel to the flow
direction, interference effects were only significant at

distances less than 1 mm from a boundary.

c) Gilmore [77] carried out an even more comprehensive
investigation of the same problem and formulated equations

to describe the corrections to be applied to mean velocities



d)

e)

£)

g)

h)
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to allow for probe interference effects. An extension of
his equations to include longitudinal cooling and high

intensity turbulence effects has also been reported [71]..

The effect of probe orientation in the wake of a two-
dimensional flat plate was investigated by Hoole and Calvert
[78]). They showed that quantities proportional to v; and
V; measured with the probe parallel to the flow, differed
from those measured with the probe at 90° to the flow by up
to 20%. From their results they were able to propose a

correction applicable to their own and similar measurements.

The presence of additional probes or similar obstructions
near a hot-wire has been studied by Tritton [79], who showed
that turbulence intensity measurements were strongly affected
by such obstructions even when the effect on the mean

velocity measurements was relatively slight.

Dahm and Rasmussen [80] have attempted to determine
theorctically the shape of probe body minimising orientation
effects in flows where the mean flow direction fluctuates.
They state that use of the body shape they recommend,
together with widely spaced supports and a partially plated
hot-wire with only a central sensitive region, can reduce

the errors introduced by this effect to as little as 1%.

A theoretical analysis by Eyre [81] showed that orientation
effects in conventional probes are at least partially caused
by varying end losses by conduction when different sections
of the supports lie within the wake of the hot-wire. His

findings support the recommendations of Dahm and Rasmussen.

Maye [82] investigated the importance of probe interference
effects near a solid boundary when a hot-wire is used as a
resistance thermometer. He showed that temperature
variations occur which are similar to the velocity variations
reported by van Thinh [56,74] under similar conditions; he
also showed, however, that these could be made practically
insignificant if wires of the type recommended by Dahm and

Rasmussen [80] were used.
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It can be concluded from these papers that interference
effects will be small in most flows provided that probe supports
are kept parallel or ncarly parallel to the flow direction, both
during use and during calibration. If changes in flow direction
relative to the probe supports are unpradictable use of designs
such as that suggested by Dahm and Rasmussen [80] should keep

errors to a minimum.

C.2.5 Heat loss to wall

This effect is relatively small. Very close to a solid
boundary the rate of loss of hecat from a hot-wire is increased by
an additional loss to the boundary which can cause an apparent
upswing in the velocity profile. This effect has been investigated
by, among others, Wills [83] and Piercy [84]. For a 0.004 mm
diameter wire Wills' results predict that the correction to be
applied decreases with increasing distance from the boundary,
becoming negligible at a distance of 0.5 mm in laminar flows. For
turbulent flow the correction is negligible at 0.25 mm from the
boundary. Piercy's results are similar but Lawn [65] refers to
Hoagland [85] as reporting a negligible effect only 20 diameters
(0.1 mm) from the wall for a 0.005 mm diameter wire. Should
anomalous hot-wire readings be obtained cloze to a wall it is
recommended that the work of either Wills or Piercy be referred to

for details of the corrections to be applied.

C.2.6 Changes in calibration constants

The changes in hot-wire calibration constants caused by
accumnulation of dirt, by deformation, and even, in the case of
tungsten operated at high temperature, by oxidation, have been
observed and commentad on by many workers, e.g. Weinberg and
Lederman [ 73] and Coantic [86] who point out that for accurate
work good filters must be used and frequent recalibrations
undertaken. The effect of humidity changes appears from an
observation by Almquist and Legath [87] to be negligible but changes
in ambient temperature have a considerable effect and are dis-

cussed more fully in Chapter 2.
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Problems associated with thc measurcment of turbulence guantities

measure

below: -

a)

b)

c)

d)

A number of difficulties encountered in making accurate

ments of axial turhulent intensities are discussed briefly

The accurate axperimental determination of the time censtant
of a hot-wire is often less easy than expected and claims
that hot-wire ancmometer instruments can measure time
constants to an accuracy of two to three per cent should be

treated with caution.

For constant current operation of a hot-wire the value of
the time constant depends partly on the magnitude of the
flow velocity, changing as the velocity changes. The value
sct on the measuring instrument for compensation purposes is
therefore a mean value and, should large slow velocity
fluctuations occur, it may at times differ considerably from
the true value. he significance of the distortions of the
high velocity fiuctuations which result from these
differences depends on the characteristics of the flow and

the properties of the hot-wire.

Cooper and Tulin [88] mention the difficulty of correctly
amplifying low frequency fluctuations. Coantic [89] has
shown that this can lead to considerable error; for example,
the application of a corrsction for low frequency
fluctuations to profiles of vé/u* at Reynolds numbers of

40 000 and 140 000 increased them by roughly 9% and 3%

respectively.

Noise has been shown to be more of a problem with constant
temperature than with constant current anemometers, and the
latter are therefore usually used for measurements in flows
of low turbulence intensity where the signal to noise ratio
is low. The contribution of mechanical noise to turbulence
measurements is often ignored but, as is shown by Rasmussen
[907], strange peaks on the energy spectrum can often be
traced to vibrations or acoustic noise emitted by components
of the experimental apparatus. It i1s recommended that in
order to obtain accurate measurements a check similar to

that performed by Rasmussen should be carried out.
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DETAILED DERIVATION OF HOT-WIRE EQUATIONS.

Mean velocity correction equation.

It was shown in Chapter 2, section 2.3, that the effective

cooling velocity over a hot-wire can be written

- 2 10.5
Vegeg = LO+v )"+ ] (c.1)
Substitution of this ecuation into the general hot-wire
equation (2.19)
I2Rw 0.5
= = A+tBV ] (c.2)
W g
gives
2
IR :
W _ - 2 240.25
TR O A+ B[(vZ tv )"+ vr] (C.3)
W g
which can be written
2 2
I'R 2v
s A+ B 1+ —2 4 z o, = (c )
R -R = 2
w g \'
z z
This equation can be expanded as follows,
2 2 2
IR 2v v v
R‘; = A+BVO‘5{1+%;- -__—z—+é+:%>
W og z v v v
z zZ
2v v2 v2 2
+_l__<;><__3_> ___z:+_z;+_r>
i — -—
21 \4 4 7 2 V2
zZ z z
2 2
2v v v 3
: \ Y% \
z z z
After multiplying out and collecting like terms this becomes
I2Rw 5 i 1 2 1 i 1 Vz
= A+ BV lt+t - ===t =t e -
R, Ry z { 2V 8§2 MR 160 }
z Z z

which after time-averaging and discarding third and higher order
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terms, gives

2 2 2
IR ~ v v
\ . A ",'0.5' __J_: Z _]; r
=R A+ BV i]. S tT (€C.7)
Ww'g VZ V7

From equation (C.7) it can be seen that the measured velocity,

\Y , and the actual mean velocity V_ are related by
meas “_ Tz
0.5 =0.5 172 1 v
neas = Vz {l‘g_—?*a‘:ﬂ .8
g 2 7 v
z z
and therefore - L
72 v2
Vimeas * -; L- %':§-+ %':5 (C.9)
v v
z z

which enables the correction which should be applied to measured
velocities under conditions where high relative intensities of

turbulence occur to be calculated.

C.3.2 Hinze's [40] equation describing the temperature dependence of A.

Using the values for A and B proposed by Kramers [507], viz:

Jrk .¢ .
0.:
A = 0.u42 _——£¥~(Er) 2 (C.10)
BR_ £
0
Jrk R pAND. B
. f
B o= 0.57 —= (8)? 33(——~> (c.11)
oaN u
0 f
shere J = conversion constant
% = wire length
2 = temperature coefficient of resistance
R_ = hot-wire resistance at reference temperature

e

and othér symbols have their usual meanings,
it can be shown that for air the value of B is practically in-
dependant of tempsrature and the value of A is proportional to
the thermal conductivity of the air, kf, evaluated at the film
temperature. If the temperature dependence of kf ig

approximated by tlie relation

kf T a+ ale

where a and al are constants for air and Tf is the film
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temperature in OK, then equation (C.10) can be written

Jrd 9.2
= Q0,42 — P & T .
Ag 42 R, T (a+ al‘f) (C.12)
-9 .
= A ] 14 s (T -T )-] (c.13)
: B )
g[: 2(a + "ng, v g |
where Af is equivalent to A in equation (2.6) and
Jng 0.2
= - C. 1
Ag 0.42 BRO Pr (A + ang) (C.14)
and Tg = ambilent temperature in °K.
Substitution of equation (C.13) intc equation (2.6) gives
Z2
IR a
— = A |1+ 5T;—%—E—T—7(TW—T ) |+ BVS'S (C.15)
wog g ST %1°g g

The variation of the wire resistance with temperature can

be represented by the expansion

= 4 m — s — N 2 -'I—.
R, = Ry L1+ B(T,, TO) (T - T+ ] (C.16)

where RO is the resistance of the wire at a refersnce
temperature T and 8 is the temperature coefficient of
Ui
elactrical resistance.
For tungsten, v and higher order coefficients are very small so

that equation (C.1%5) becomes
R, = Ro[l +B(T - TO)] (C.17)

Substituting for (Tw - Tg) by making use of equation (C.17),

equation (C.15) becomes

IR a
W _ 1 p _ 0.5 X
TR = Ag [} + K ang)BRO‘Rw Rgi]+ BVZ (C.18)

w g

which is the equation employed in the present work to describe

the temperature dependency of A.
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C.3.3 The sensitivity equation for non-isothermal turbulencs measurements.

When a hot-wire is used under non-isothermal conditions in
turbulent flows both Tw’ the "wire” or operating temperature and
Tg’ the local '"gas" tempesrature, are varying quantities. Because
of this A_ cannot be used as given in egquation (C.12) but must be

f
redefined in terms of a reference temperature T

o'
By analogy with equation (C.12) AO’ the value of A at TO’
can be written as
_ Jnl 0.2
Ay = 0.42 R, Pr" (a + & Ty) (C.19)

which, on being combined with equation (C.12) gives

AO
A, = ———(a + a,T.)
£ a + alTO 1°f
A a
C 1
=z ———fa+=(T_+T)]
a + alTO 2 w g
A a  ajAT
= —2 [a+=tr -1)]+ 2B (c.20)
a + alTO 2 W g a + alTO

Substitution of equation (C.20) into equation (2.6) gives

2
I“R A a a i T
LS O a4 =T -T)]+ 228 4 gy0S
RwAR a + alTO 2w g a + lTO Z
g (C.21)
Assuming that Rv’ Ro» T Tq, and V:7 can all be written in
2 g g ¥ Z _
terms of the sum of a mean and a varying gquantity, e.g. Rw = Rtros
equation (C.21) becomes
12(R 1) A a
= W*.W = a + g T [a * EE(TW Tty T; -t )]
R +r -R -r 10 v. &8 &
Ww g g
a.A ('1: + t )
p BBy (T o+ v )00 (C.22)
170
Expanding the left hand side of equation (C.22)
2 - 2 =
I (Rw + rw) ) 1 (Rw + rw)
= = r -r
R T Rg Ty (X -% )/l . ~? _g )
"8\ R R
W
2 ,—
I (Rw +r ) ro-r (71
T 1+ ———bf (C.23)
R - R R -R



Expanding equation (C.23) and neglecting terms in ri, rwrg and

higher order terms

. 12(§%+Pw) _ I ﬁ; rr,T, I°r

e i = 5 < N ?_e‘]> . (C.ou)
R 4r -R -r R ~R R -R R -R
wow g g W g W oz

Expanding the right hand side of equation (C.22)

A a . a.A

- . 5
*+2T [a+5'];(Tw+tw—T—t)]+aio~1—(1+t)+B(va)o'”
A i a AT
O i O g 5
= v o Let (T, -Tﬂ+—- S+ BY
a + alTO 2 a+all"O z
By 8y o Aty 0.5 Vs
¥ a+aT E§.(t t)) at+a.T ¥ sz =
170 woEg 170 2V,
a. At
= K, o+ BUO° _¢ V] s 20¢g
f z a+a T BR £ ata,T
10
v
=0.5 z
+ BVZ =5 (C.25)
z
If the steady state equation
IQE& e =0.5
T = Ag + BV (C.26)
P -R
wog

is subtracted from the expanded form of equation (C.22), then

the equation below is obtained.

2— 2

1 Rw (Pw—rg> . } Pw<
R -R_ \R -R R _-R

Wwog wig vog

) AO h-a r a n 0.5 vZ
T a+a.T [_2 a+a T + BV - (C.27)
1°0 Ro z 2V
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which rearranges to

2 ' D—

Ir A ar IR IR r
W - O 1l w + - W - _ v-—.g-
T -R 2\a+alTO)BRO (R -F ) w (X 7 )2
W g W g W g
d_‘A - V’7
¥ 2(;+9 Ty °* 0 - (c.28)
170 Y
%%
Since w o = —0.5
— = R+ BV
R -R B 2
wog
and pg = § Otg
equation (2.47) can be written
I'r -+ BV Aa
W _[-"f z . 0%1 :]rw
R -R T -K 2(a+alTO)%R
w g W g
A re 0.5
hOal Af + BVZ 5.5 v,
¥ 2(a+alT ) - vy BRO] tcr t BVZ -
0 R - PR 5
, w & 2Vz
Ayay (C.29)
It has been customary [40] to neglect the term FCara TR,

provided that

+ BYO°
(%(afa T )Bn < . —*~> < C.1
I

However, as is shown in scction C.3, this assumption can lead to

errors as large as 30% in the hot-wire sensitivities to velocity
and temperature fluctuations. To overcome this the development

below was used:

s B\/
Let P =(2(:+aT YR, < >

Equation (C.29) can then be written

IQrw Kf + BVZ'S K% + BVZ‘S
——— = (1 + P) <—————-———~___ — )rw—(l - P)<~——-———__ — >BRotg
R -R 2 - R R -R
w g w £ w g
v
+ BVS'S -—i-— (0.30)
2V



2
IR
Since W = K+ B0
= = f z
w'g
equation (C.30) can be rearranged to give
1°R (1+4P) 2 I°K R t
I L'V
r wﬂw — W~I__ = (1 - P) -j:XL g_gg - ng.o fé
(R -R)) R ~-R (R - %) 2V
W g wog W g Z.
(C.31)
whence
2 2=
Ir (1-P)RI'R R v
—X—® +RP) = — __”20 t - BV2'5 =2 (C.32)
(R -R )* & (R _-R)” B 2V
W og w g z

This rearranges to

(1- D)61< R, (ﬁ' - R ) BV
e = Ir v

W _ 1; N Z (C.33)
<1+Pg 2IR <1+P < Ji)) v,
R | R
g

By writing ﬁ% =z Kﬁw, where K will equal the overheating ratio
5
plus one (e.g. for an overheating ratio of 0.5, K = 1.5), equation

(C.33) becomes

— —- ——— - =
(1-P)RIR R (R ¥ )% 870°
e=lIr = ———22t - E =2 v (C.34)
' (1+PK) R & 2(1+PK)IR V
g gz
= 8t - gv (C.35)
t g z
where . . (1-P) BIRWRO c.36)
t = (1+PK) — T
R
g
1 (RWME )2B$2'Q
5 7 R o= (c.37)
’ 2IR V
g
Hence o o .
2 22 2.2 e .
= - 7ss .
e S v, + stt Z tvzt (C.38)

where for convenience the subscript on the t has been dropped.

Equation (C.38) provides a relationship between observed
fluctuations of the voltage, e, across the hot-wire, and the values
of the velocity and temperature intensities. The application of

this cquation 1is discussed in section 2.5.



B ERRORS INTRODUCED BY INCORRECT SENSITIVITY EQUATIONS.

In section 2.5.1 it was shown that when a hot-wire held
normal to the mean flow is used under non-isothermal conditions,

the following equation (equation (C.29)) applies:

2 = =0.5
A A
I Pw— ) Ae t BVZ . byaq 5
R-R Ry 2(@ta TOERy | Tw
wog wvooTg
= .50.5
A a AL +BV - v
MY 2 lT y " f = B8R, |t o+ N £ (c.39)
aray 0 Rw - R 8 2 2V

It was also shown that from this equation the following

values for the sensitivities s, and S.» could be derived:

L (R R ) 0 5
S = o (C.40)
(1 + PK) 2IR T
g z
s -2y T (C.u1)
t (1 + PK) - )
Z
- —=0.5
%Oal /Af + BVZ
where P =( 2(ata.T )BRO> K»R— _® )
W g
and K = —_—
ey

If, however, instead of introducing these factors P and K, the
suggestion of Hinze [40] is followed (see below), significantly
different forms of the sensitivities are obtained. These are
referred to as s® and s% in the treatment below.
Taking Hinze's assumption that
Aoal . T% +BVO «S
2(a+alTO)BRO 7 -
w g
to be correct, the former term can be neglected and equation
(C.39) becomes

~




IR
whence, since Kf + ng's = = z .
w g
12 I’ W I2Rw 0.5 'z
- - ———y |7, - —————, RRgt_ + BV T — (C.43)
R -R (R_-R) (R -R) & N
woog W w g b4
which rearranges to
2 2
I'Rr BI'R R v
Z sz ; anJQt __g@-S.é (C.ub)
(R -R) (R -R )" & oV
wog wog Z
From this equation, since ¢ = Irw,
= = = .2
8IR R (R ~R) A
e = ___l’l_o_t - ___‘i__.i,_ BVO‘S _?'. (C_L|,5)
= g 2IR z
R g v
g z
= bg - g s
5% tg 5% v, (C.u486)
(7 - 7 )2
where s% = —= (C.u47)
ZIR V
g z
BIR R
and s% = '"T;le (C.u8)
R
g

By comparing equations (C.40) and (C.47) and equations

(C.41) and (C.48) it can be seen that

= ________._l s

S = (l n PK) s (C-Ll'g)
I ¢ N

t 7 @+ %t (C.50)

and the magnitude of the errors which would be introduced if s%* and
s% were to be used instead of s and 5, can be found by determining
P and K. This has been done using results from run N-10 and the
differences between s and s* and between s_ and s% are given in

t
Table C.1 below.



TABLE C.1
ALa
A(a'fg },—-8“;—‘ = 62.14
2 1T9)8%
K = 1.5
1°% %
y/R ————E—-, P s % Difference s, g% Difference
= = 2 t t
(IK K4
W of
1.0 666.4 0.093 {13.55 1] 15.40 13.6 1.66 12.07 25.0
0.5 657.3 0.035 | 13.57 } 15.94 14.9 1.63 12.06 26.6
0.3 BUL.2 0.096 {14.€1{ 16.79 14.3 1.8 2.05 26.6
0.16 567.4 0.110 | 16.21 { 18.85 16.3 1.53 {2.01 31.5
0.08 564.9 0,110 | 21.19 | 24.64 16.3 1.47 [1.93 31.6

From the above Table it can be secen that use of the

assumption recommended by Hinze leads to values of s and s_ that are

t

up to 16% and 31% too high, respectively. Since, for the hot-wirc

used in the above run, a tenfold increase in Peynolds number would

still only reduce the errors in s and s

¢ to of the order of 7%, it

is concluded that Hinze's assumption is applicable only at high

Reynolds numbers and below Reynolds numhers of about 100 000 the

complete forms of the sensitivity

(C.41)) should be used.

expressions (equations (C.#0) and
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APPENDIX D

~

DETAILS OF EXPERIMENTAL EQUIPMENT.

MINOR PIECES OF EQUIPMENT.

i)

iii)

iv)

v)

vi)

vii)

viii)

ix)

Centrifugal blower:- Supplier: Air Steel (Pty.) Ltd.;
Rating: 200 cfmy; Drive: 3 phase, 0.75 H.P. induction

motor.

Flow straightener:- Assembled from 7 x 1 ft lengths of
32 mm nominal diam. PVC tubing, glued together to form a

1 ft long bundle of maximum diameter 3.82,

Air/water heat exchanger:-~ Supplier: J.L. Clark
Engineering (Pty.) Ltd.; water cooling coil, 12" x 129,

Series 18.

Filters:- Made from a bonded air filter known as Vildon
Fibrous Filter, supplied by Brandt Engineering (Pty.) Ltd.,

Johannesbhurg.

Pitot~static tube:- Supplier: F.W. Dwyer Mfg. Co.,
Michigan City, Indiana; Type: No. 166-12 Pocket Pitot

Tube 3" diam.; 12" length.

Micromanometer:- Supplier: Flow Corporation, Watertown,
Mass.; Type: Model MM3 Micromanometer; Measuring fluid:
Butyl alcohol of S.G. = 0.8176 - 0.0004 (T-50) (where T is
ambient temperature in oF); Resolution: 0.0001" butyl

alcohol. Accuracy: % 0.0002" butyl alcohol.

Thermocouples:- Wire supplied by Claud S. Gordon Co.,
Richmond, I1l.; 3pecifications: Iron-constantan wire;
Cat. No. J30-2-305, 30 gauge, to special limits of error
(+ 2°F).

Thermocouple selector switch:- Made by W.G. Pye & Co.,
Cambridge, England; Two pole thermocouple switch with

thermoelectric effects less than 1 pV at room temperature.

Heating ribbon:- Supplier: Hoskins Mfg. Co., Detroit,
Michigan; Type: 1" x 0.0126" Chromel A (80% Ni, 20% Cr)
alloy tape with resistance 0.0409 ohms/ft.



x)

x1)

xii)

x1ii)

xiv)

Xv)

xvi)

xvii)
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Kilowatt-hour meter:- Made by Chamberlain & Hookham Ltd.,
S. Africa; Type: single phase AC meter type K, scale

factor 300 rev./KWH.

Power supply:-~ Supplier: Hewlett Packard Co., Palo Alto,
California; Type: Harrison 61024 DC power supply, 0O-40V,
0-0.5A.

Differential Voltmeter:- Manufacturer: John Fluke Mfg. Co.
Seattle, Washington; Type: AC/DC differential voltmeter
Model 887AB; Accuracy: + 0.005 mV, Resolution: 0.001 mvV.

Potentiometer:- Manufacturer: W.G. Pye & Co., Cambridge,

England; Type: Pye portable potentiomater.

Multipoint rccorder:- Manufacturer: Honeywell Controls
Ltd., Scotland; Type: 153, Universal Elektronik Multi-

pcint Recorder.

Hook gauge:~ Supplier: F. W. Dwyer Mfg. Co., Michigan
City, Indiana: Type: No. 1420 Hook Gauge; Accuracy:
+ 0.001" water.

Centrifugal blower (calibration system):- Manufacturer:
Woods of Colchester, Ltd., England; Type: Fanmanco

CA8x2.

Wiet-gas meter:- Manufacturer: Elster & Co., AG., Mainz-
Castel, Germany; Type: Elster size 5 wet-gas meter;
Accuracy: within * 0.35% for flow rates in range 600-15000
1/hr.

THE TRANSMETRICS CONSTANT CURRENT HOT-WIRE ANEMOMETER SYSTEM

MODEL 6401

Details of the components of this hot-wire anemometer

system, which is described briefly in Chapter 3, are discussed

below.

a)

b)

A photograph of the system is given in Fig. D.1.

The current control panel.

This panel enabled the current through the hot-wire to be

adjusted over the range 0.4 to 300 mA.

The bridge unit.

This was a precision Kelvin double bridge incorporating a

very sensitive galvanometer and having an accuracy of
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+ 0.01 ohms and a resolution of *+ 0.002 ohms. Use of a

four conductor cable to connect the probe to this bridge
enabled all lead resistance corrections to be eliminated
except for those introduced by the short lengths of wire

connecting the cable and the hot-wire.

The potentiometer.

This was a precision instrument, with an accuracy of + 0.1%
full scale and a resolution of * 0.005% full scale. Voltage
and current measurements could be made over the full scale
ranges of 10, 1.0 and 0.1 volts, and 1.0, 0.1 and 0.0l amps
respectively. This unit also incorporated a very sensitive

galvanometer.

The mean square output meter.

This meter displayed the mean square valuc of the voltage
output from the amplifier. It was calibrated against a
random signal voltmeter which had itself been calibrated
against the Fluke differential voltmeter described in
Section D.1. No significant differences between the
readings of the first two meters were observed and it was
concluded that the mean square meter was giving accurate

readings.

The amplificer.

This amplifier was a low noise, high gain, wide-band AC
amplifier equipped with an overload device. It could
handle sigrals with frequencies in the range 0.1 Hz to
320 Hz and mean square voltage readings could be made
accurately at all frequencies using a self-contained

thermocouple.

The frequency response was specified as:- flat + 1% for

1 Hz < v < 30kHz; < 10% for 0.2 Hz < v < 150 kHz:; < 30%
for 0.1 Hz < v < 300 kHz, where v was the frequency. A
measurad frequency response showed however that a deviation
of -2.5% existed at 5 Hz and this deviation decreased to
+0.3% at 100 Hz. At higher frequencies, up to 10 kHz the

greatest deviation noted was +2.0%.

A compensation circuit (an RC network with variable

capacitance), which allowed for hot-wire time constants
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in the range 50 uscc to 22 msec, cnabled the attenuation
of high frequency signals due to the finite thermal inertia

of the wire to be taken into account.

The gain of the amplifier was 50 000, with a maximum
output voltage of 5 volts RMS at zero attenuation. The
noise voltage was specified as less than 1.25 uV on the

80 kHz setting of the high frequency cutoff dial, but this
was exceeded during some of the exherimental measurements
because of an interrittent fault in the power supply

transformer.

The square wive generator.

This unit supplied the sguarc wave used during the

determination of the hot-wire time constant.

THE USE OF THE HOT-WIRE ANEMOMETER - THE MEASUREMENT OF VELOCITY,

TEMPERATURE AND TURBULENCE INTENSITY.

Introduction.

The methods of operation described below are those employed

to obtain measurements of mean velocity, temperature and turbulence

intensities using a normal single-wire probe.

Mean velocity measurements.

The procedure followed for both heated and unheated runs

is cutlined below:

i)

ii)

The "cold" resistance, Rg’ of the hot-wire was measured on
the bridge unit, a very low heating current of 0.4 mA being
employed so as not to heat the wire significantly above

the temperature of the surrounding fluid. Tt was found
that in this way resistances could be measured within

+ 0.002 ohms and results reproducible within these limits
could be obtained, except in flows where large temperature
fluctuations occurred.

The true Rg value was obtained by subtracting the leads

resistance, R from the Rg value measured above. (The

L’ £
value of RL for a given probe was found, before a hot-wire
was soldered to the wire supports, by bridging the gap

between the tips of the wire supports with solder and then
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measuring the probe resistance as described in 1)).
An overhcating ratio (usually 0.5) was specified and the
operating resistance, Rw’ was calculated from the

relationship

overheating ratio =

The effective Rw value was found by adding the leads

resistance, RL’ to the Rw value obtained in iii).

One arm of the Kelvin bridge was sct to the effective

Rw value and the heating current through the hot~wire was

increased until the bridge was balanced.

The current, I, was mecasured on the potentiometer unit.

The heating current was decreased and the cold resistance

checked to make sure no changes of Rg’ and hence of the

overheating ratio, occurred during the reading. Because

even slight changes in overheating ratio seriously affected

the accuracy of the measurements, readings during which Rg

changed by more than 0.0l ohms (or by more than 0.005

ohms in some cases) were discarded and the measurements

repeated.

The values of T, Rw and Rg were used to obtain mean

veloeity (Vé) values from a previously determined cal-

ibration curve of I2R
W

—— Vs

R -R
W

b
Nl

o3

L

The greatest problem encountered during the above procedure

was balancing the bridge galvanometer. Particular difficulty

was experienced in regions of high relative turbulence
intensities and also close to the pipe wall during heated
runs, where very slow fluctuations with occasional very
large surges were ncted. In both these cases it was
necessary to observe the galvanometsr over long periods to
determine when the balance point had been reached. Under
these conditions measured current values were less accurate
than those determined under conditions of lower relative
intensity, when readings reproducible within + 0.01 mA
could be obtained. Since a change of 0.01 mA corresponds

to a change of only 0.01 to 0.03 ft/sec for the range of



velocities investigated it is clear that the present hot-
wire anemomcter system enabled very accurate velocity

measurements to be made.

For the isothermal runs I-1 to I-17 an abbreviated but
equally accurate version of the above method was employed. Since
Rgs and hence Rw’ were constant over the pipe cross-section it was
necessary to set Rw only once, at ths start of the velocity traverse.
It was then sufficient, at each radial position where measurements
were taken, only to rebalance the bridge and measure the current, I,
before moving the probe to a new position. By measuring the cold

resistance before (R_ ) and after (R_ ) the traverse, any slight
1 2

changes in overheating ratio during the run could be allowed for.

Mean temperature measurcmonts.

Since the current (0.4 mA) passing through the hot-wire
during the measurement of R_ is low enough (< 1 mA) to prevent the
wire temperature being raised significantly above the local flow
temperature, then provided a calibration curve of R against
temperature is prepared beforehand, flow temperaturgs can be

datermined directly from measured Rg values.

The measurement of turbulent velocity and temperature fluctuations.

The method described below was used in measuring turbulent
velocity fluctuations in unheated flows and also in measuring combined

velocity and temperaturs fluctuations in heated flows.

i) The time constant of the hot-wire was determined using a
superimposed square wave mcthod (described in the anemometer
operating manual). The value of this time constant was
found to be dependent on both air velocity and overheating
ratio and a typical plot of time constant against radial

position at different overheating ratios is shown in Fig. D.2.

ii) The valuc of the time constant was used to adjust the
variable capacitor in the R-C compensation circuit to its

correct setting.
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iii) The hot-wire was balanced as described in section D.3.2
and the voltage signal across the hot-wire was connected

to the input of the amplifier,

iv) The amplifier high and low cutcoff switches were set to
20 kHz and 0.1 Hz respsctively and the attenuation of the
input signal reduced until a suitable reading (usually
between 30% and 6C% full scale, in order to avoid over-
loading the amplifier if sudden large fluctuations occurred)
was obtained on the mean square meter. This meter reading
fluctuated considerably because of the concentration of
turbulent energy in the low frequency range and neceded to
be observed for periods of up to several minutes before an
accurate mean value could be determined. Particular
difficulty was experienced near the pipe wall where the
pattern of slow fluctuations punctuated by occasional sudden
bursts of energy made an average value very difficult to

determine accurately. The meter reading was related to the

root mean square value, ¥ ez, of the fluctuating voltage

across the wire by

. ) 2 _ y " . X}/ 6
/et o= 155 2 100 uv (D.1)
whare ¥y = mean square meter Peading

attenuation (db)

X
/2 . .

and v 2 was in turn related to the turbulent velocity
and temperature intensitics by the sensitivity expressions

given in Chapter 2.

The procedure followed to measure temperature intensities
differed in several respects from that given above. In order to
reduce the hot-wire sensitivity to velocity fluctuations the heating
current employed was very low, and consequently the signal from
the hot-wire was small. Under these circumstances the amount of
noise introduced by the compensation circuit gave a very low signal
to noise ratio and made the determination of accurate intensities
very difficult. For these rcadings, therefore, the compensation
circuit was not used. This procedure is believed to have introduced

only slight errors sincc energy spectrum measurements showed the



frequency content of the signal to be very low above 300 Hz, the

frequency at which compensation first became important for the
present hot-wires.
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APPENDIX E

EXPERIMENTS PERFORMED USING THE CALIBRATION DEVICE.

INTRODUCTION.

It was shoym in Chapter 2 that information on the variation
with temperature of the hot-wire calibration parameter A is con-
tradictory, available cxperimental work suggesting that A decreases
with increasing temperature while theoretical expressions predict
that A increases with temperature. To resolve this contradiction
the experiments described in later sections of this appendix were
carried out using the calibration apparatus discussed in Chapter 3,

section 3.10.3.

The essential part of this calibration apparatus was the
contracting cone, designed according to the recommendations of Smith
and Wang [102] to give a uniform velocity profile in the cone throat.
With such a profile a knowledge of the flow temperature and of the
total flow rate would bz sufficient to give the throat velocity; by
inserting a hot-wire into the throat and taking measurements at
different temperatures and flow rates the calibration parameters of

the wire could then be easily determined.

In practice it was found that the accuracy claimed by Smith
and Wang for their design was unjustified and the velocity profile
in the throat, though flat over most of the cross-section, showed
significant departures from uniformity near the wall. To obtain
the desired information on the temperature dependence of A it was
therefore necessary to carry out the two sets of experiments

summarised below:

i) The calibration curve at 25°C for the hot-wire was
determined. Because of the non-linearity of the cal-
ibration curve at low velocities a relatively complicated

method had to be employed to obtain this curve.

ii) The velocity profile in the throat was then determined at
different temperatures in the range 30°C to 7OOC,
velocities being evaluated using the calibration curve for
25°C obtained in i) above. By integrating each of these

profiles to get a mean velocity and comparing these



calculated mean values with those obtained from the

known flowrate through the system, the errors introduced
by using the 25°C calibration curve at higher temperatures
could be evaluated. Since these errors were dependent
solely on changes in ths parameter A they provided a means
of estimating the variations in A caused by changing

temperatures.

These experiments, described in more detail in sections
E.2 and E.3, showad conclusively that the variation of A with
temperature was similar to that predicted by theory and that
previous experimental results were incorrect. It was shown,
further, that the equation (equation (2.23))given by Hinze [u40]
represents the observed variations of A within the limits of

experimental error.

DETERMINATION OF THE CALIERATION CURVE FOR THE HOT-WIRE AT 25°C.

The procedurc followed to obtain the above calibration
curve, referred to in part i) of the previous section, is described
below:

a) At a given flowrate, the hot-wire was traversed across the
cone throat and values of the wire current at different
radial positicus were nocted. This procedure was repeated
at ninc other flowrates and the results were used to
prepare '"current profile’ plots such as those shown in
Fig. E.1. At each flowratec the wet-gas mcter reading and
the air tempcratures in the wet-gas meter and the cone throat
were also noted. (The latter temperatures remained at

25% + 29¢.)

-
T

The results are reported in Tables E.1 and E.2.

b) For each flowrate the current, Imax’ measured in the
central region of the throat, was assumed to correspond
to a velocity of about 1.2 U (U was found from the
ave ave
wet-gas meter reading) and from these values a plot of
current I against velocity U was preparad. From this plot
velocity profiles corresponding to the measured "current

profiles' were evaluated. These profiles were integrated
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and a mean throat velocity calculated,

c) The mean velocitics obtained in b) were compared with
the true Géve values calculataed from the wet-gas meter
readings and frem the observed differences a more accurate
plot of current I vs velocity U was constructed. The
procedure outlined in b) was then repeated until agreement
between measured and calculated values of ﬁ%ve was within
* 1% at all flowrates. The final relationship, shown in
Fig.1B.2, was checked by preparing from it the plot of I2
vs U° shown in Fig E.3. From this figurc it can be
seen that the expected relationship, linear at values of
ﬁ% greater than about 1.5, and deviating from linear below
that value, was in fact obtained, confirming that a satis-
factory calibration curve for the hot-wire at 25°C had been

developed.

The above readings together with those raported in Table E.3,
also served another purpcse, enabling the plot of ﬁéve _
— vs U
= ave
max

shown in Fig. E.4 to be prepared.

Having this plot made it a simple matter to calibrate other
hot-wires in the calibration apparatus since the only mcasurements
now required were the wet-gas meter reading and the air temperatures
in the throat and the wet-gas meter - these readings gave ﬁéve and the
velocity at the probe could then be found from Fig. E.4. As shown in
Fig. 3.13 in Chapter 3 calibration points determined by this method
agreed well (in the region of overlap) with those obtained in

the test-section by calibrating the hot-wire against a pitot tube.
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TABLE E.1
RUN A B C i) E
Wet Gas Meter 510 308.5 130.5 126.5 99.8
Reading ~ Seconds
H
Corresponding
Average Velocity 0.52 0.85 1.47 2.11 ©  2.66 ‘
ft/sec l
Air Temperature in ) i
. .7 A 21. 2. i
Wet Gas Meter - oC 21.0 21 23 -1 22.8 ;
1
Air Temperaturce in - '
23. ; . . . L ;
Throat - OC 23.5 23.5 26.5 23.7 25
Corrected Average -
. = .52 .855 . 2. .68
Velocity - ft/sec 0.52 0.85 1.49 13 2.6
/U 0.791 | o0.849 0.87 0.398 0.909 }
ave’ “max j :
RUN F G H I J
Wet Gas Meter .
2.6 3 L 4G 31.°F
Reading - Seconds 82.6 59.8 4g,u 4l.4 31.50
Corresponding
Average Velocity 3.23 . 4.43 5.39 6.47 8.44
ft/sec §
!
L . |
i Alr Temperature jin - Coan PN
| et Cas Motem - Oo 22.4 21.4 21.8 21.8 23.1
Air Tempepature in , A E S .
3 L4 i 2w o d 7.0
Throat - oC 26.0 ) | 5.4 24 2
Avo o i
Corrected Average 3.26 B.48 ' 5.uy 6.53 8.55
Velocity - ft/sec [
f
ave/Umax 0.¢15 0.926 0.929 .935 0.948




TALLE E.2
RUJ A RUN B RUN C ! RUN D RUN E
y/R 1 /R I y/R 1 y/R |1 y/R Iﬁ I
1.0 | 28.82 | 1.0 | 20.775 | 1.0 | 51.095 = 1.0 | 32.015 | 1.0 | 32.815
0.5 | 28.835 ; 0.35 | 29.80 | 0.2 | 31.095 % 0.1 | 31.615 | 0.2 g 32.80
0.05 | 27.38 | 0.2 | 29.66 | 0.05 | 29,22 | 0.2 | 32.02 | 0.1 | 32.485
1.0 | 28.835 | 1.0 | 29.84 | 1.0 | 3118 1.0 | 32.03 | 1.0 | 32.805
0.2 | 28.51 0.1 | 28.955 | 0.1 | 30.48 | 0.02 | 28.81 | 0.02 ! 29.405
0.02 | 27.60 | 0.02 | 27.80 | 0.02 | 28.2% § 1.0 | 32.08 | 0.05 | 31.255 |
1.0 | 28.835 | 1.0 | 26.815 | 1.0 | 31.12 | 0.05 | 30.32 | 1.0 | 32.83% |
0.1 | 27.88 | 0.05 | 28.00 | 0.15 | 30.81 | 0.15 | 31.99 | 0.15 | 32.815 g
0.35 | 28.81 0.2 | 31.08 | 0.2 | 32.09 | 0.12 | 32.66
0.1 | 3l.64 | 0.15 | 32.765 !
1.0 | 32.825 g
! ] {
RUN F RUN G RUN H RUN T RUN J
v/R I v/R I y/R I y/R I y/R f I ‘
! .
1.0 | 33.39 | 1.0 | 3u.55 | 1.6 | 35.235 | 1.0 | 35.96 | 1.0 g 37.125
0.2 | 33.35 | 0.5 | 34.57 | 0.15 | 35.23 | 0.2 | 35.96 | 0.2 | 37.165
0.05 | 31.95 | 0.05 | 33.32 | 0.1 | 35.09 | 0.1 | 35.87 | 0.05 36.39
1.0 | 33.385 | 0.2 | 34.56 | 0.12 | 35.22 | 0.05 | 34.965 | 1.0 | 37.165
0.02 | 29.915 | 1.0 | 34.56 | 0.15 | 35.225 | 1.0 | 35.95 | 0.1 | 37.095 :
0.1 | 33.13 | 0.1 | 34.41 | 0.05 | 34.06 | 0.15 | 35.91 | 0.02 | 33.98
1.0 | 33.39 | 0.02 | 31.09 | 0.0z | 31.79 | 0.02 | 32.535| 1.0 | 37.165
0.15 | 33.395 | 0.15 | 34.60 | 1.0 | 35.235 | 0.12 | 35.88 | 0.15 | 37.16
0.12 | 33.33 | 1.0 | 34.60 1.0 | 35.965| 0.05| 36.uu
0.15 | 34.60 0.12 | 37.165
0.12 | 34.545 0.1 | 37.14
1.0 | 3u.815 1.0 | 37.205
i 1
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TABLE E.3

Probe Position

( { 1.¢

y/R 1.0 1.0 1.0 1.0
Wire Current 30.35 29,24 33.99 28.55
I mA
Wet Gas Meter

. : O 4is5,2 683, 648.¢
Reading - Seconds 240.9 >:2 68.5 648.9
Corresponding Average
Velocity ft/sec 1.16 0.64 3.87 0.41
Air Temperature in I, -
Wet Gas Meterp OC 22.5 22.5 22.7 22.8
Air Temperature in 2.1 2.7 2.9 25.3
Throat ¢
Corrected Averagc

> !

Velocity - Fi/sec 1.11 0.645 3.90 0.41

U -~ ft/sec 1.265 .31 b.165 0.565

max

{ /U 0.877 0.745 0.3835 0.726

ave’ “max
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MEASUREMENTS TN HEATED FLOWS.

The procedure summarised in part ii) of section E.1 is

described in more detail helow:

a) The power supply to the air heater was set to the desired
value and the calibration system left for 4 to 5 hours to

reachh a steady temperature.

b) A 'current profile’ similar to those shown in FTig. E.1 was
neasured using the hot-wire previously calibrated at 25°C
as described in section E.2. Wet-gas meter readings and
air temperatures in the throat and the wet-gas meter were

also recorded.

c) Using the 25°C calibration curve the measured current profile
was transformed into the corresponding velocity profile and
this was integrated to give a mean velocity. This cal-
culated mean velocity was compared with the true mean
velocity obtained from the wet-7as meter reading and the
percentage difference between the measured and true

velocities was plotted as % Error in Fig. E.S5.
L2

This procedure was repeated over a range of temperatures
between BOOC and 70°C and the results are reported in Tables E.4
and E.5 and shown in Fig. E.5. The scatter of points is seen to be
large hut this is understandable in view of the fact that
inaccuracies of as little as * 0.5% in the measured wet-gas meter
reading would greatly affect the relative positions of points on
this figure. Despite the scatter in the points, however, Fig. E.5
enables several important observations to be made:

i) Errors introduced by using a calibration equation measured
at one temperaturc for results measured in a flow at a
different temperature are small - as little as 2% after a

40°c temperature change.

e
[
S

It is shown conclusively that the variations of calibration
parameters with temperature are positive and increase with
increasing temperature, a trend opposite to that reported
for previous experimental results and in agreement with

theoretical predictions.
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— Equation (2.23)
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FIGURE E.5 ERRORS INTRODUCED WHEN A CALIBRATION CURVE OBTAINED AT
‘ ZSOC IS USED AT OTHER TEMPERATURES
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iii) The variations with temperature predicted by Hinze's [40]

equation, cquation (2.23), and shown on Fig. £.5, lie close

to, 1f somewhat

points and can

below, the mean line through the measured

be assumed to represent them adequately

within the limits of experimental error.

Since the values of A and B (1945 and 731 respoctively,

"eO . s . .
at 257C) are known, it is possible to estimate the temperature

dependence of A from the above results.

Assuming a mean velocity

of about 9 ft/sec, comparable to those used in the above experiment

(see Tables E.4 and E.5) and taking the "% Error” at 65°C to be 2%,

a simple calculation shows that the incrcase in A is of the order

of 0.02 ~ 0.03% per

~0.15% per OC obtained, according to Lawn [65], by Cooper and

o,

This is very different from the figure of

Collis.
TABLE E.u
RUN H1 H2 H3 Hu H5 H&

Wet Gas Meter Reading | 4, .o | 49 45 31.29 | 30.95 | 33.25 | 30.98
Seconds
Corresponding Average 8.66 5.7 5 .49 8.59 8.00 5.58
Velocity ft/sec ’ ' o ) ’ '
Air Temperature in . . .

22, 22.3 2.8 22.5 18.7 19.5
Wet Gas Meter OC 2.7 2 2
Air Temperature in

8.7 67.0 53.5 6l.7 uyo.3 54.0
Throat 8C 38 °
Corrected Average 5.13 | 10.06 9,44 9.73 8.62 5.88
Velocity
Integrated Velocity 3.13 | 10.26 9.57 9.82 8.75 9.97
from Profile
% Difference (% Error) 0.0 2.0 1.3 0.85 1.5 0.94
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TABLE L.5

H1 H 2 H
y/R I v/R I y/R I
1.0 37.515 0.2 38.025 i 1.0 37.715
0.2 37.47 0.1 37.95 ; 0.15 37.70
0.1 37.39 1.0 38.025% i 0.1 37.64
0.05 36.69 0.02 35,075 1.0 37.72
1.0 37.505 .05 37.275 C.12 37.685
0.15 37.483 1.0 38.05 0.02 34.80
0.02 34,32 0.15 38.05 1.0 37.715
0.35 37.485 0.1 38.005 0.05 36.985
1.0 37.46
0.12 37.42

H 4 HS H
y/R I y/R I v/R I
1.0 37.85 1.0 37.22 1.0 37.92
0.2 37.835 0.2 37.23 J.15 37.89
0.05 37.0¢ 0.05 36.515 0.2 37.9C
1.0 37.83 1.8 37.28 0.1 37.83
0.1 37.74 .15 37.26 1.C 37.905
0.0z 34,985 0.1 37,155 0.02 35.06
0.15 37.83 0.02 34.55 .05 37.205
0.056 37.095 1.0 37.94
0.12 37.775
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APPENDIX F

ISOTHERMAL VELOCITY AND TURBULENCE MEASUREMENTS

F.l RESULTS

Isothermal velocity and turbulence measurements are summarised
in Tables F.l, F.2 and F.3 which follow. Table F.1 gives the iso-
thermal velocity measurements for runs I-1to I-17 and IT-1 to IT-5;
Table F.2 gives the smoothed velocity profiles obtained from the
results in Table F.1l, together with the values of the eddy
diffusivity of momentum computed from these smoothed profiles;

Table F.3 gives the isothermal turbulence measurements for runs

IT-1, IT-3, IT-4% and IT-5.

Sample calculation procedures for the above results are

given in Appendix G.



- F-2 -

TABLE F.l1l

ISOTHERMAL VELOCITY MEASUREMENTS

$SOTHERMAL VELOCHTY PROFILE -1

REYNOLDS NUMBER 6966.
HOT-WIRE MEASUREMENTS

INITIAL COLD RESISTANCE RG(1) 14.945 OHMS
FINAL COLD RESISTANCE RG(2) 14.915 OHMS
HOT (OPERATING) RESISTANCE Rh 22,585 OH4S
CALIBRATICN CURVE INTERCEPT A 2059.12
CALIBRATION CURVE SLOPE B 648.0

A'R TEMPERATURE 68.0 DEG.F.

AVERAGE VELOCITY 3.48 FT/SEC

FRICTIOR FACTOR 0.00852

FRICTION VELOCITY 0.227 FT/SEC
] i CURRENT | VELOCITY | CORRECTED | 1 t ' t vc-u
i Y/R ' t ) U VELOCITY ¢ Ye 1 Ue 1 U/um [} v/uc 1 -—-
t b MILLIAMPS | FT/SEC t FT/SEC I 1 1 t '

]

1

1

1 1.301 1 33.965 t 4.35 ! 8,35 I 158.9% | 19.12 i 1.248 i 0.956 '
I 1.201 I 3s.070 i LAY ] 4,48 I 181.68 1 19.69 1 1.285 | 0.984 i
] 1.101 I 3%,105 1 4.53 | 4,53 i 204,42 | 19.91 | 1,299 1 0.995 ]
] 1.001 Uo36.125 | 8,55 i 4.55 t 227.81 ! 19.99 ] 1.305 i 1.000 1
 0.901 . 3s.110 ] 4.53 1 4.53 V204,87 ' 19.91 | 1.299 | 0.995 §
1 0.801 1 34,075 ! 4,48 1 4,48 I 182,13 | 19.69 ! 1.285 i 0.984% [}
] 0.701 t 3s.000 ' 4,38 I 4,38 1 159.39 t 19.25 i 1.256 1 0,962 1
t 0.601 t 33.920 § .28 t 4.28 1 136.65 i 18,81 § 1.228 1 0.9%0 1
i 0.501 Po33.810 t L¥e L) ! &.1% I 113.92 t 18.20 1 1.188 ] 0.910 |
o 0.s01 I 33.650 L} 3.9% t 3.9% t 91.18 1 17.32 1 1.130 ! 0.866 i
' 0.301 i 33,870 ] 3.72 ] 3.72 i 68.44 1 16.36 | 1.068 1 0.818 3
i 0.201 b 33.250 1 3.86 ] 3.86 [} 45,70 ! 15,22 1 0,993 1 0.761 i
] 0.181 I 33.185 ] 3.39 ] 3.39 ] 41.15 1 14.91 | 0.973 ] 0.745 |
i 0.16l 1 33.130 ' 3.3 1 3.33 [} 36,60 1 14,65 t 0.956 ] 0.732 |
] 0.1s1 I 33.080 ! 3.27 | 3.28 1 32.06 t 18 .39 | 0.933 [} 0.719 !
] 0.121 1 32.920 ] 3.1 1 3.11 ] 27,51 | 13.05 ' 0.891 ¥ 0.682 1
] 0.101 1 32.850 ] 3.02 } 3.03 ) 22,96 1 13.31 1 0.369 ] 0.665 1
1 g.081 I 32,540 1 .n 1 2.72 t 18.41 ] 11.96 [} 0.781 ] 0.598 ]
' 0.061 t 32.220 1 2.41 ' 2.43 ! 13,87 1 10.67 1 0.697 1 0.534 !
] 0.041 i 31.720 1 1.97 ! 1.98 ' 9.32 | 8.70 1 0.568 1 0.435 |
] 0.03) I 31.200 ] 1.58 i 1.59 i 7.04 1 6.98 | 0.456 1 0,349 1
] 0.021 I 30.890 ' .11 ] .11 I 8,77 1 .87 1 0.318 1 0.283 |
1] 0.0 1. 30,020 t 0.36 ) 0.86 ' 3.63 1 3.7 i 0,246 [} 0.189 |
' 9.011 b 29.490 3 0.61 1 0.61 } 2.50 [} 2,68 1 0.175 } 0.134% 1
] 0.006 t 28.890 ] 0.39 ! 0.39 ] 1.36 1 1.71 1 0.111 i 0.085 1



TABLE F.1 (Contd)

ESOTHERMAL VELUCITY PROFILE 1~ 2

REYNOLD> KJHBER 6985,
HOT-LifRE MEASUREMENTS

1HITEAL COLD RESISTANCE RG(1) 14,945 OHUS
FINAL COLD RESISTANCE RG(2) 16.915 OHMS
HOT (OPERATIKG) KRESISTANCE Rh 22.585 OHMS
CALIBRATION CURVE INYERCEPT A 2959.2
CALIBRATION CURVE SLUPE B 6u8.0

AIR TEMPERATURE 68.0 DEG.F.

CALCULATED RESULTS

AVERAGE VELOCITY 3.49 FT/SEC
FRICT{ON FACTOR 0.00851
FRICTHION VELOCHTY 0.228 FT/SEC
] | CURRENT  VELOC!ITY 1 CORRECTEO i i 1 t 1 uc-v I
] Y/R | ! ! : I VELOCITY | Ye I Ue [} U/UM ] u/uc [} - ]
i | MILLIAMPS | FT/SEC I F1/SEC I | i 1 ] Ue |
1 1.001 bo34,165 i &.54 | 4,54 I 228,14 1 19.90 ] 1.299 i 1.000 1 0.00 ]
} 0.901 bo3%.135 ! b.52 | .52 1 205,34 | 19.82 1 1.293 [} 0.995 1 0.68 J
) 0.801 I 34,090 | .40 ) 4, b8 I 182.55 ! 19,55 | 1.276 | 0.982 1 0.35 t
1 9.701 1 34,025 | 4.37 1 4,57 I 154.76 ] 19,16 ! 1.250 I .0,.962 | 0.74% 1
) 0.601 1 33.950 i k.27 ] k.27 Vo 136.97 1 18,72 ! 1.222 1 0.940 | 1.17 L}
1 9.501 1 33.815 1 L] 1 “.10 1 116,13 ] 17.98 ] 1.173 ] 0.303 1 1.92 1
] 0.401 1 33.700 i 3.96 | 3.96 ) 91.39 ] 17.37 [} 1,133 | 0.872 1} 2.53 ]
[} 0.301 I 33.520 1 3,74 | 3.74 | 68,60 | lu.41 ] 1.070 ! 0.824 ] 3.49 |
] 0.201 t 33.290 | 3.u7 t 3,67 1 45.81 | 15.23 | 0.993 1 0.7¢5 1 .67 |
) 0.181 P 33.215 { 3.39 3 3.39 | ¥1.25 1 16,58 ] 0.971 1 0.747 1 5.02 1
] 2.161 I 33.21v | 3.38 ¢ 3.38 [} 36.69 | 1k .84 1 0.968 | 0,745 I 5.66 '
) 0.1ul t 33,110 t 3.27 i 3.28 ! 2.13 | 14,30 | 0.237 i 0.721 ! $5.54 1
1 9.121 1 33.690 I 3.15 i 3.10 | 27.57 | 13,84 I 0,903 | 0.5695 ' 6.06 i
] 0.1uv] I 32.865 ] 3.ul | 3.02 1 23,01 1 13.23 | 0.80% | 0.66k | 6.66 1
1 0.081 b 32.650 | 2.79 t 2.8¢ | 18,46 1 12.23 ] 0.802 i 0.617 | 7.61 I
) 0.061 1 32,320 1 2,87 1 2.49 ] 13.90 1 10.31 ' 0.712 | 0.548 1 8.98 I
1 0,061 I 31.720 ] 1.95 i 1.96 ] 9.34 1 8,59 i 0.560 | 0.431 | 11.31 1
1 0.031 b 31.290 t 1.62 1 1.63 1 7.06 1 7.14 t 0,466 1 0,359 I 12.75 1
] 0.021 1 30.5%0 | 1.16 i 1.16 ] 4.78 | 5.08 t 0,331 | 0.255 ' 16,82 1
' 0.01o 1 30.110 1 0.89 ' 0.89 | 3.6 ! 3.90 1 0,254 1 0,196 1 16.00 t
! 0.011 1 29.610 t 0.65 L} 0.65 | 2,50 1 2,85 1 0.185 t 0.143 I 17.05 |
' 0.006 b 29.03¢ 1 0.62 1 0.42 ] 1.36 1 1.84 1 0.120 | 0.092 I 18,06 |
$SOTHERMAL VELOCITY PROFILE 1- 3
REYNOLDS NUMBER 6777,
HOY-WIRE MEASUREMENTS
THITIAL COLD RESISTANCE RG(1) 14,675 OHMS
FINAL COLO RESISTAKRCE RG(2) 1,645 OHMS
HOT (UPERATING) RESISTANCE Rw 22.475 OHMS
CALIBRATION CJURVE INTERCEPT A 2039.6
CALIBRATION CURVE SLOPE B 656.0
AIR TEMPERATURE 69.8 OEG.F.
CALCULATED RESULTS
AVERAGE VELOCITY 3.61 FT/SEC
FRICTION FACTOR 0.00858
FRICTION VELOC!ITY 0.223 FT/SEC
I CURRENT | VELOCITY ¢ CORRECTED I | ] ] ] uc-v )
Y/R ] L} ] b YELOCITY ) Ye 1 U+ t U/UM ) usuc ] -
b MILLIAMPS | FT/SEC I FT/SEC i | ! ] ] Us 1




- F=4
TABLE F.1 (Contd)

1SOTHERMAL VELOCITY PROFILE 1- &

REYNOLDS NKUMBER 7325.

HOT-WIRE M[ASUREMENT&
INITIAL COLD RESISTANCE RG(1) 15,762 OHNS
FINAL COLD RESISTAKCE RG(2) 15.766  OMMS
HOT CUPERATIRG) RESISTANCE RW 23,640 OHMS
CALIBRATION CURVE INTERCEPT A 1880.0
CALIBRATION CURVE SLOPE B 718.2
AIR TEMPERATURE (1] DEG.F.

CALCULATED RESULTS

AVERAGE VELOCITY 3.62 FT/SEC
FRICTION FACTOR 0.00£40
FRICTION VELOCITY 0.23%  FT/SEC
i { CORRENT | VELOCITY | CORRECTED 1 t 1 1 1 uc-v 1
1 YR 1 | 1 t VELOCITY Ye i Us Iousun 1 u/uc 1 - 1
1 | MILLIAMPS 1 FT/SEC 1 FT/SEC 1 i 1 | 1 Us 1
I 1.097 b 33.780 862 | 8.62 F 216,81 1 19,68 1 1.276 | 0.993 I 0.12 ¢
vt 0.997 1 33.805 ! v.B5 1} s.65 F 236,73 t+ 19,81 | 1,28 t 1.000 I 0.00 1
1 0.897 1 33,795 & P v.66 4 212,98 1 19,76 | 1.281 1  0.997 1 o.on |
1 0.797 1 33750 1 859 8 %.59 1 189.2¢ 1 19.55 1 1.267 | 0.987 I 0.25 1
I 0.697 1 33,685 | 51 o511 165.49 1 13.21 1 1.25 1 0.970 | 0.53 I
I 0.597 | 33.580 | V39 %.39 1 161,75 4 18,70 1 1.212 b 0.9 1.10
b 0.%497 § 33,460 & V25t %.25 113,00 1 18,11 1 1,176 1 0.91% | 1.69 1
bo0.397 & 33,30t 8111 .11 1 9n.26 1 17.51 1,135 U 0.88% 2.29 1
t 0,297 1 33.150 & 3.90 I .90 1| 70.52 1 16.62 i 1,077 1 0.839 | 3.18 |
b0.197 t 32,935 1 3.67 3.67 1 &6.77 | 15,65 4 1.0l I 0.790 ¢ 8,15 0
1 0.177 1 32.855 3.59 | 3.59  t k2,02 15,31 1 0,992 & 0.772 MY I
10,157 1 32,755 | 391 3.49 4 37,27 b lu.88 | 0.965 1 0.751 1 892 I
I 0.137 1 32,690 | 362 1 3.3 4 32,52 1 14,58 1t 0.9 f  0.736 | s.21 |
1 0,117 1 32.515 ¢ EOPTR 3.25 1 27.78 1 13,83 4+ 0.896 | 0.638 | 5.97 1
I 6.097 & 32.385 i 3,12 1 3.15 1 23,03 1 13,33 1 0.8 f 0.672 | 6.87 1
1 0.077 1 32,025 i 2.79 | 2.80 F  18.28 F  11.9% 1 0,77 1 0.602 | 7.86 1
1 0.057 1 31.660 1 2087 1 2.49 1 13.53 1 10.60 | 0,687 1 0,535 1 3.20 I
1 0,037 t 30.790 | 1.81 | 1.82 1 8.78 1 7.7 1 0.562 1 0.391  12.05 |
I 0.027 b 30.210 183 o 1.48 1 6,41 1 6.13 1 0.397 1 0.309 | 13,67 i
1 0.017 1 29,255 i 0.92 1 0.92 1 .03 | 3.91 4 o0.25% i 0.197 1 15,89 i
I 0.012 i 28,670 | 0.67 1 0.67 1 2,86 1 2,85 4 0.185 U 0.luk ! 16.95 1
1 0.007 t 28,150 1 0.48 § 0.48 | 1.66 1 2,06 1 0.132 1 0.103 I 17.76
ISOTHERMAL VELOCITY PROFILE 1- §
REYNOLDS NUMBER 11334,
HOT-WIRE MEASUREMENTS
INITIAL COLD RESISTANCE RG(1) 15.470 OHMS
FINAL COLD RESISTANCE RG(2) 18,440 OHMS
HOT (OPERATING) RESISTANCE RW  27.870 OHMS
CALIBRATION CURVE INTERCEPT A  1821.9
CALIBRATION CURVE SLOPE 8 668.5
ALR TEMPERATURE 68.0 DEG.F.
CALCULATED RESULTS
AVERAGE VELOCITY 5.67 FT/SEC
FRICTION FACTOR 0.00747
FRICTION VELOCITY 0.346  FT/SEC
] 1 CURRENT 1 VELOCITY | CORRECTED I 1 1 1 § o uc-v '
1 /R 1 1 1 1 VELOCITY | Ye 1 ue I /UM 1 u/uc [
i U MILLIAMPS | FT/SEC | FT/SEC | I 1 i Ue 1
b 1.205 1 3%.805 1 7.01 0.83 I
b 1,105 1 3a.865 I 7.10 0.17 i
I 1005 1 34,300 7.16 0.00
I 0.905 1 34.890 | 7.1% 0.65 I
I 0.805 I 34.850 | 7.07 0.25 |
10,705 1 3%.770 1 6.93 0.¢5 4
T 9.605 1 34.660 6.75 1.17 1
t 0.505 b 34,560 I 6.56 1.72 )
boo0.k05 ¢ 3u3s0 1 §.31 2.0k}
v 0.305 & 34,200 5.03 .20
I 0,205 1 33,960 5.68 w.25 |
1 0.185 ¢+ 33.900 | 5.59 sl
b 0.165 1 33.855 1 5.52 w71
1 0.1%5 b 33.790 | 5.43 w96 1
t 0.125 1 33,675 i 5.26 5065 0
t 0,105 & 33.540 1 5.08 5.96 |
I 0,085 1 33.350 I 8,82 6.69 |
[} 0,065 1 33.070 ] No47 7.¢8 H
t 0,085 1 32.570 | 3.87 3.37 1
t0.035 1 32,035 3 3.29 10.99 I
I 0.025 I 31260 ! 2.55 13.12 4
] 0.020 ] 30.7a65 ] 2.13 14,27 ]
t 0.015 t 30.030 1 1.59 15.97 1
I 0.010 3 t 1.1 17.27 1
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TABLE F.1 (Contd)

ISOTHERMAL VELOCITY PROFILE (- 6

REYNULDS NUMBER 11C650.
HOT-WIRE MEASUREMENTS

}NITIAL COLD RESISTAHCE RG(1) 16.221 OHMS
INAL COLD RESISTANCE RG(2) 16.220 OHMS
HOT (OPERATING) RESISTANCE RW 24,495 OHMS
CALIERATION CURVE IKTERCEFT A 1868.2
CALIBRATICH CURVE SLUPE B 670.6

AYR TEMPERATURE 62.6 DEG.F.

CALCULATED RESULTS

AVERAGE VELOCITY - 5.72 FT/SEC
FRICTION FACTOR 0.00742
FRICTION VELOCITY 0.348 FT/SEC

3 I CURRENT | VELOCITY | CORRECTED | 4 I
1 Y/R [} i ) I VELOCITY § Ye 1 Ue 1
1 I MILLIAMPS | FT/SEC i FT/SEC | [} I
1 1.193 t 35.140 t 7.19 1 7.10 1 286,43 1 20,35 [} i t i
) 1.093 i 35.195 ] 7.19 ' 7.19 I 321.92 ! 20,61 § L} [} |
t 0.993 1 35.225 i 7.24 | T.24 I 352,44 § 20.76 1 t { !
t 0.893 1 35,200 1 1.20 t 7.20 | 316.95 | 20,6k ] 1 [} 3
t 0.793 i 35.155 i 7.12 § 7.12 1 28l.46 i 20,41 1 I 1 §
] 0.693 1 35.065 ] 6.98 i 6.98 t 245,96 ¢ 20.01 I 1 1 t
] 0.593 t 36,970 t 6.82 ) 6.82 1 210,47 L} 19.58 [} t t !
i 0.893 1 34,835 1 6.61 t 6.61 1 174,98 1 18.96 3 t 1 3
] 0.393 I 3s.670 [} 6.35 1 6.35 i 139,68 1 18,21 ] 1.109 L} 0.877 L} 2.54 1
] 0.293 I 34,465 t 6.04 | 6.04 13,99 t 17.33 L} 1.055 1 0,83k i 3.43 1
] 0.193 b 36,290 [} 5.65 i 5.66 1 68,50 L} 16.21 ¢ 0.988 1 0.781 ¢ .5k i
' 0.173 b 34.125 1 5.54 1 5.55 1 61.40 5 15.90 ¢ 0,968 1 0.766 [} .85
] 0,153 1 34.040 1 5.42 t 5.43 i S4. 30 ¢ 15.56 1 0.948 t 0.749 1 5.19
] 0.133 I 33,975 i 5.33 I S.34 § 47.20 |} 15.30 i 0.932 i 0.737 3 5.45
] 0.113 I 33.875 } 5.19 i 5.20 1 0.10 1 14,90 [} 0.908 1 0.718 1 5.85
] 0.093 t 33.700 ¢ 4.96 1 4.97 1 33.00 1 16.25 } 0.868 [} 0.686 1 6.50 }
] 0,073 b 33.450 t 8,63 1 4,65 i 25.91 1 13.32 t 0.812 } 0.642 ! T.43
] 0.053 1 33.070 1 417 1 8,20 ] 18.81 1 12.03 t 0.733 t 0.579 i 8.72
i 0.033 1 32.260 I 3.27 1 3.32 1 11.71 1} 9.51 1 0.573 i 0.458 t 11.24
] 0.023 I 31.550 ¥ 2,58 1 2.64 1 8.1¢6 1 1.57 1 0.461 L} 0.364 1 13.19
] 0.013 I 30,255 ! 1.57 1 1,60 i 4,61 1 4,58 1 0.279 1 0.220 1 16.17
] 0.008 1 29.300 t 1.01 1 1.03 t 2.83 ] 2,95 L} 0.179 i 0.182 f 17.80 t
1SOTHERMAL VELOCETY PROFILE 1- 7
REYNOLDS NUMBER 11812,
HOT-WIRE MEASUREMENTS

FNITIAL COLD RESISTAHCE RG(1) 16.10)1 OHMS

FINAL COLD RESISTANCE RG(2) 16,090 OHMS

HOT (OPERATING) RESISTANCE RW 24,315 OHMS

CALIBRATION CURYE INTERCEPT A 1911.6

CALIBRATION CURYVE SLOPE B 661.1

AIR TEMPERATURE 60.8 DEG.F,

CALCULATED RESULTS

AYERAGE VELOCITY 5.57 FT/SEC

FRICT{ON FACTOR 0.00746

FRICTION VELOCITY 0.340 FT1/SEC
1 I CURRENT f VELOCITY | CORRECTED ! 1 t I ' uc-u
{ Y/R ! ] ] 1 VELOCITY 1 Ye ] Ue i U/UM ' u/uc t il 1
i § MILLIAMPS | FT/SEC !t FT/SEC 1 1 L} 1 ] Ue t
] 0.998 1 35.215 ! 7.08 1 7.08 1 347,91 | 20.79 [} 1.270 4 1.000 [} 0.00 t
[} 0.898 1 35.195 ¢ 7.05 L} 7.05 I 313,05 ' 20.71 t 1.265 t 0.995 ) 0.08 i
] 0.798 I 35.1a5 1 6.96 i 6.96 V278,19 1 20,44 1 1.249 L} 0.983 i 0.35 1
] 0.698 f  35.060 } 6.82 ] 6.82 P 263,33 1 20,03 1 1.224 i 0.963 ] 0.76 [}
! 0.598 b 34,865 ! 6.66 1 6.66 I 208,46 i 19.56 3 1.195 1 0.940 } 1.22
] 0.498 I 34.830 L} 6.85 1 6.45 I 173.60 ! 18.95 ! 1.157 t 0.911 ! 1.8
1 0.398 t 34,670 ] 6.19 ) 6.19 I 138,74 t 18.19 i 1.111 i 0.87% 1 2.60 t
] 0.298 i 36,480 L} 5.90 J $.90 t 103.88 1 17.3% 1 1.059 1 0.833 t 3.45 t
! 0.198 b 38.215 1 5.51 I 5.52 J 69.02 1 16.20 1 0.989 i 0.778 L} ,.59 '
] 0.178 I 34,150 1 5.42 $ S.&3 1 62.05 i 15.93 ) 0.973 t 0.766 ] &.85
[} 0.158 I 36,065 t 5.30 § 5.31 1 $5.08 i 15.58 [} 0.952 I 0.749 t 5.20 i
] 0.138 I 34,005 ) 5.21 L} 5.22 1 48.10 1 15.32 1 0.936 1 0.736 ! 5.47
1 0.118 b 33.895 } 5.06 I 5.07 i 41.13 [} 14.89 ] 0,909 1 0.715 1 5.90 1
1 90.098 t 33.730 1 &.83 | 4,88 L} 35,10 ] 18,22 1 0.869 ¥ 0.683 1 6.57 !
1 0.078 b 33.580 1 4,58 I 4,60 ! 27.19% t 13.50 1 0.825 t 0.649 | 7.29 §
] 0.058 b 33,245 3 .21 [} &8.26 1 20.21 1 12,48 3 0.760 1 0.538 [} 8.35 [}
1 0.038 1 32.630 1 3.50 ] 3.54 1 13.24 1 10, &0 | 0.635 1 0.500 1 10.38 |
] 0.028 1 32.0%0 [} 2.89 [} 2,395 i 9.76 1 8.66 | 0.529 [} 0.416 1 12.12
3 0.018 t 31.055 1 2,02 3 2.10 1 6.27 1 6.16 t 0.376 1 0.296 1 18,62 1
] 0.013 t 30.300 1 1.47 L} 1.50 | .53 { 8,40 t 0.269 [} 0.211 1 16.39
] 0.008 1 29.s40 I 0.97 1 0.928 ' 2.7 1 2,87 | 0.175 1 0.138 } 17.91 |
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TABLE F.1 (Contd)

REYNOLDS KUMBER
HOT-MIRE MEASUREMENTS

INSTIAL COLD RESISTANCE Ru(1)
FINAL COLD RESISTAKCE RG(2)
HOT (OPERATING) RESISTANCE RW

CURRENT
i
MILLLAMPS

35.200
35.180
35.180
35.065
34,970
34,835
Ju.685
6. k80
34,230
3,160
34,080
36.010
33.895
33.775
33.570
33,240
32,660
32.060
31.130
30,400
29,605

CALIBRATION CURVE INTERCEPT A

CALIBRAT{OR CURVE SLCPE B

AlR TEMPERATURE

CALCULATED RESULTS

AVERAGE VELOCITY

FRICTION FACTOR

FRICTION YELOCITY
I VELOCITY 1 CORRECTEO | ]

1 VELOCITY I Y+ t

t FT/SEC t FT/SEC ! i
[} 6.97 § 6.97 bo3u1.21 |
1 6.9% 1 6.94 1 306,98 t
1 6.87 | 6.87 I 272.76 ]
| 6.74 | 6.74 1 238.54 1
| 6.58 | 6,58 I 204.31 |
i 6.36 ] 6.36 b 170.09 |
] 6.12 t 6.12 135,86 |
t 5.79 § 5.79 I lul.6% 1
' 5.4l i 5.42 § 67,42 |
] 5.31 1 5.32 1 60,57 ]
! 5.20 1 5.21 ] 53.73 ¢
1 5.09 | 5.10 i 46.88 [}
[} 4,93 ] .94 | 40,04 1
] .77 I 8,78 ] 33.19 1
] b9 1 8.5 | 26.35 ]
] A, 086 i s,09 t 19.50 1
1 3.37 o 3. | 12.66 |
] 2.7% I 2.80 3 9.24 |
] 1.90 § 1.98 i 5.81 '
1 1.37. t 1.80 | h.l0 I
] 0.89 ] 0.90 t 2.39 l

t
] Y/R
'

1.105
1,005
0.9u5
0.305
0.705
0,605
0.505
0.405
0.305
0.205
0.185

CURRENRTY
t
HILLIANPS

35,8580

358,865
36, 845

$SOTHERMAL VELOC!ITY PROFILE - 9
REYNOLDS NUMBER 12357.
HOT-WIRE MEASUREMENTS
CNITIAL COLO RESISTANCE RG(1) 15.885
FINAL COLD RESISTANCE RG(2) 15.910
HOT (OPERATING) RESISTANCE RWw 23,825
CALIBRATION CURVE INTERCEPT A 1688.3
CALIBRATION CJRVE SLOPE B 711.1
AIR TEMPERATURE 68,4
CALCULATEO RESULTS

AVERAGE VELOCITY 6.10
FRICTEON FACTOR 0.00731
FRICTION VELOCITY 0.369

i VELOCKTY | CORRECTED 1| 1

t i VELOCITY | Ye ! Us

I FT/SEC I FT/5EC | 1

1 1,55 t 7.55 334,36 i 20,44

i 1.59 t 1.59 3 1

1 7.56 ! 1.56 L} |

t T.63 1 7.89 1 |

] 71.37 1 1.37 | 1

I 7.19 1 7.19 1 '

! 6.99 3 6.99 i 1

) 6.77 1 6.77 ¢ [}

] .48 ] 6.48 i |

1 6.1n ! 6.15 1 |

[} 6.06 ! 6.07 1 !

1 5.97 [} 5.98 1 '

] 5.85 1 5.86 3 1

| 5.70 [} 5.71 | 1

§ 5.56 | 5.57 ] |

[} 5.27 1 5.29 ] |

' §.92 ] .95 1 |

1 &.29 | 4,33 1 |

1 3.7s 1 3.80 | 1

1 2.95 1 3.01 ! t

t 2.87 1 2.5% ] )

] 1.91 t 1.99 ] 1

! 1.38 ] 1.40 1 1

11172,

16.179
16.185
24,331
2014.7
637.5
62.6

OHMS
ORMS
[ 1L
DEG.F.
FT/SEC
F1/SEC
ye-y
U/7uUM 1 u/ue ] -=-=
Us
1.269 t 1.000 ] 0.00
1.26% 1 0,995 [} 9.08
1.251 1 0.985 L} 9.29
1.228 3 0.967 t 0.68
1.199 ] Q.948 ] 1.15
1,159 ] 0.912 [} 1.80
1.115 ' 0.878 ! 2.51
1.055 § 0.831 L} k9
0.986 1 0.776 1 k.62
¢.9¢8 | 0.762 t .91
0.948 | 0.746 | 5.26
0.928 ¢ 0.231 ! 5.56
0.839 § 0.708 t 6.03
0.871 ! 0.686 ! 6.50
0.821 1 0.646 ) 7.32
0,744 1 0.586 1 8.57
0.621 ] 0,489 § 10.57
0.510 ! 0.402 1 12,39
0,360 1 0.284 ] 16.83
0.255 § 0.200 L} 16.56
0.163 i 0.129 ) 18.05
OHMS
OHIIS
OHMS
OEG.F.
FT/SEC
F1/SEC
] ] uc-u
U/UM ] u/uc 1 ———
1 Ue
1.236 [} 0.99% 1 0.10
1.242 ] 1.000 1 0.00
1.237 1 0.936 1 0.02
1.226 ' 0.986 [} 0.27
1,206 ] 0.971 ] 0.59
1.177 i 0.9%7 ] 1.07
1.164 1 0.921 [} 1.61
1.108 | 0.892 L} 2.21
1.061 | 0.854 ] 2,99
1,006 1 0.809 ] 3.91
0.993 1 0.799 L} .12
0.978 } 0.787 -1 4,36
0,959 1 0.271 L} .69
9.934 1 0.2752 1 5.09
0.912 ] 0.73s ' 5.46
0.¥65 i ¢.696 [} 6.23
0.809 1 0.651 1 7.15
0.709 [} 0.570 [} 1.82
0.621 1 0.500 [} 10.27
0.892 | 0.396 1 12.%0
0.815 1 0,334 | 13.67
0.325 ] 0.262 | 15.16
0.229 | 0.18% I 16.76
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TABLE F.1 (Contd)

1SOTHERMAL VELOCITV PROFILE |-1C

REYNOLDS NUMBER 21969,

HO'I WiRE MEASUREMENTS
tINITIAL COLD RESISTANCE RG(1) 16,200 OHMS
FINAL COLD RESISTANCE RG(2) 16,210 OHMS
HOT (OPERATING) RESISTANCE RW 26,465 OHMS
CALIBRATION CURVE INTERCEPT A 1780.1
CALIBRATION CURVE SLOPE B 701.9

R AIR TEMPERATURE 60.8 0EG.F.

CALCULAT ED RESULTS

AVERAGE VELOCIHTY 10.72 FI/SEC
FRICTION FACTOR 0.,00633
FRICTION VELOCITY 0.603 FT/SEC

1 }  CURRENT 1 VELOCITY | CORRECTED t § 1 ] uc-uv }
] Y/R 1 1 ] | VELOCITY | Ye i U+ ! U/uM 1 usuc i .-

] | MILLIAMPS | FT,>EC t FT/SEC ! 1 ] ys ]
] 0.996 1 38.220 1 13,16 1 13.14 P 615,55 t 21,77 1 1.226 3 1.000 i 0.00 ]
] 0.896 I 38,200 1 13.09 | 13.09 I 553,75 | 21.69 1 1.220 ! 0.996 ] 0.08 '
' 0.796 1 38.160 1 13.00 1 13.00 I #91.84 ) 21,54 | 1.211 i 0.989 ] 0.23 1
] 0.696 1 38.060 1 12.77 1 12,77 830018 | 21.16 1 1.190 § 0.972 ) 0.60 1
1 0,596 1 37.935 I 12.49 1 12,49 1 368,34 | 20.69 ] 1.164 | 0.950 1 1.07 |
] 0.496 I 37.780 | 12,15 | 12.1% 1 306.54 1 20.13 1 1.132 | 0.924 | 1.63 '
[} 0,396 b 37.590 1 11.73 1 11.73 1 244,73 | 19. 44 t 1.093 | 0.8933 t 2.32 t
! 0.296 1 37.325 ¢ 11.17 | 11.18 I 182,93 | 18,51 1 1.061 } 0.850 1 3.25 t
] 0.196 V37,000 ] 10.50 f 10.51 1 121.13 t 17.41 | 0.979 t 0.799 [} 4.36 §
i 0.176 I 36.935 1 10.37 ! 10.38 V108,77 ] 17.19 ) 0.967 i 0,789 i .57 1
i 0.156 t 36.825 1 10.15 1 10.16 ) 96.%1 1 16,83 ] 0,947 1 0.773 ] 4.93 ]
] 0.136 I 36.725% 1 9.96 | 9.97 1 84,05 | 16,52 i 0.929 1 0,758 [} 5,24 [}
1 0.116 1 36.615 | 9.7% | 9.76 ) 71.69 i 16.16 [} 0.909 t 0,742 ] 5.60 i
1 0.096 I 36.465 | 9.46 I 9.8 1 59,33 | 15.70 1 0.883 1 0.721 1 6.06 1
! 0.076 I 36.290 | 9.13 ] 9.16 t 46.96 ] 15.17 1 0.853 1 0.696 1 6.59 |
! 0.056 1 35.98% ¢ 8.58 [} 8.62 i 364.60 t 14,28 1 0.803 1 0,656 | 7.48 i
] 0.036 t 35.a45 i 7.66 1 1.72 [} 22,24 I 12.79 1} 0.719% I 0.587 ] 8.97 t
] 0.026 b 34,895 I 6.78 t 6.86 1 16.06 1 11.36 1 0.639 | 0.522 [} 10,40 ]
i 0,016 |- 33.680 ¢ 5.07 ¢ S.1s ' 9.38 3 8.51 1 0.479 | 0,391 1 13.25 t
] 0.011 I 32,560 i 3.76 L] 3.80 t 6.79 i 6.29 t 0.35% 1 0.289 i 15.47 ]
] 0.006 1 30,950 i 2,27 1 2,30 1 3.70 1 3.81 ] 0.21% | 0.175 ] 17.96 1

ISOTHERMAL VELOCI'IV PROFILE §-11

REYNQOLDS NUMBER 21650,
HOT-1IRE MCASURERENTS

ENITIAL COLD RESISTARCE RG(1) 16,465 OQHIS
FINAL COLD RESISTANCE RG(2) 16.445 OHMS
HOT (OPERATING) RESISTANCE Ru 24,860 OHNMS
CALIBRATION CURVE INTERCEPT A 1987.¢
CALIBRATION CURVE SLOPE B 658.1

AIR TEMPERATURE 59.0 DEGLF.

CALCUU«T ED RESULTS

AVERAGE VELOCITY 10,50  FT/SEC
FRICTION FACTOR 0,00G35
FRICTION VELOCITY 0.592  FT/SEC

: . : cum'mn I VELOC!TY | CORRECTED | 1 1 | T ouc-u !

/ 1 C b VELOCITY Yo § . 2 | == !
' I MILLIAMPS | FT/SEC 1 FT/SEC | 1 Y : urom : viue Ue 1
t 1,189 12.84 ) 1z.su I 494,80 1.222 1 0.983 1 0.35
b 1,089 1 12,99 1 12,99 { 555,82 1.236 1 0,995 1 0.10 !
F0.989 1 13.05 + 15,05 1 bu3.ul 1,262 1 1,000 1t 6.00 |
I 0.889 | 13,02 1 13,02 1 5k2.39 1.239  t 0.997 1 0.04 |
10,789 1 12,89 1 12,39 1 481,38 1.226 1 0.987 | 0.26 |
t 0.689 12,65 1 12,65 1 420,37 1.206 ) 0.969 | 0.67 i
b 0,589 I 12,33 1 12,33 1 35,36 1.173 1 0.9 1 1.21 1
b 0.489 11.99 1 11.99 1 298.3% 1.1«1 1 0.919 1.78 1
I 0.389 ) 169 11.49 ¢ 237,33 1.09v 1 0.880 1 2.62 1
1 0.289 1t 10,93 & 10,34 1 176,32 l.okv 1 0.838 3.57 )
t o u.189 luads 1 10,19 1 115,31 0.969 1 0.780 1 A8 0
1 0.169 1 9.92 1 10,00 1 103,11 0.95) 1 0.766 | 5.15 |
10,189 ) 9.80 9,61 1 90,90 0,953 1 0.751 !
t0,129 1t 9.58 1 ¥.59 1 78,70 0.913 1 0.735 |} |
1 0.109 9.35 1 9.37 1 66.50 0.891 1 0,717 1 1
: g.gzg : .06 9.06 | 54.30 0.862 & 0,69 | '

. .6k 1 8,67 1 42,09 0.825 & 0,664 I 1
I 0.0 8 7.99 8.3 1 29,89 0.764 1 0.615 i
: g-giﬂ | 6.75 1t .82 | 17.69 0,648 1 v.522 1 |

019 5.50 i 5.58 t  11.59 0.531 4 0.627 1 '
: 0.009 | 3,16 | 3.200 5,49 0.306 1 0.265 1 '
! :.gou ] 1.61 1.63 1 2,64 0.155 1 0.126 1
' 2 U LR | (Ll B.54 O.ude 1 0.349 1
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TABLE F.1 (Contd)

lSOTHERHAL VELOCITY PROFILE 1-12 .

REYNULOS NUMBER 21571.
HOT-NIRE MEASUREMENTS

INITIAL COLD RESISTANCE RG(1) 16,525 OHMS
FINAL CULD HESISTANCE RG(2) 16,485 OHMS
HOT (OPERATING) RESISTANCE RwW 24,950 OHMS
CALIBRATtON CURVE IKTERCEPT A 1955.1
CALIBRATION CURYE SLOPE B 668.7

AR TEMPERATJURE 60.8 DEG.F.

CALCULATEO RESULTS

AVERAGE VELOCITY 10,53 FT/SEC
FRICTION FACTOR 0,00635
FRICTION VELOCITY 0.593 FT/SEC

1 1 cummn | VELOGITY 1 CORRECTED |
1 wR 1 | VELOCITY (Yo
1 ! mitcianes 1 FI/SEC | FT/SEC |
1 1.108 V100 8 13.01 1 sea.31 1 21,90 1 L35 4 0,992 1 0.6 |
1 1,008 Vol b Ihl v osmian 1 2207 b Lk b 1000 1 0,00
1 0.905 boodi8s 1 13ws 4 ssoi39 1 21.97 1 L2391 0.995 1 .10
P 0.505 V12093 1 12,35 1 ws9.58 4 L7717 1 L2271 1 o0.986 1 0.30 |
1 0.705 D M%% 0 Q270 ¢ wagi’e 1 2L3s 1 1208 1 0968 1 0.8
1 0.605 b33 L 12039 1 der.ae 1 20086 1 1176 b 0.9%s 1 120 |
1 0.505 11382 1 azie2 ¢ 3ori1z 1 20020 1 Ll 0917 1 Lz
1 0.805 b2 ) ils7 1 2wels1 1 1siks 1 l.ess 1 o0.882 1 2038 |
1 0.308 Vodlteh 1 11os 1 1asiks 0 13061 1 1,09 1 083 1 3.k
1 0.208 V lol3z 4 10033 1 12v.67 4 17,39 1 0,980 & 0787 1 k.68 1
1 0.185 t leoi? 1 1oo1s b 112.51 1 171 @ 0,966 1 0776 L w33
1 0.165 | %9785 1t 9%99 1 oo.3% | 16.82 1 0.9 1 0,762 1 5.25 |
{0,188 Y 978 4 9,79 sB.1%8 1 le.B 1 0,929 1 0.7a6 1 5.58
i 0.125 V382 1 eise 1 76,02 ¢ 16,13 1 0810 1 0731 @1 5.93
Vo 0.108 b 333 1 el3s 1 6385 1 1576 b 0,887 1 0,13 1 633
1 0.085 T 9720 4 s.03 1 51.69 | 15.20 1 0.857 I o.888 1 6.87 |
I 0.065 boe%e 1 sles i 39is3 1 Ias2 1 0,813 1 0.658 1 154 |
I 0,048 Voo3s0 Y 7tes 4 27:3 0 13033 1 0.1ss b 0.807 1 BT
i 0,035 b3 4 7%e 21028 1 12056 1 0.0 1 0.369 1 9.50 !
1 0.025 Y fa3 v e.se 1 1s.20 1 1l.es i e.622 1 0,500 1 1l.02 1
1 0.020 o83 1 S 1 aziae 1 8au7e 1 ousso 1 o.kk2 1 12,30
§ 0.015 L eae ) A9l 1 9.12 1 8.26 1 0.6 1 0,37 1 13.80 i
i 0.010 V%S 1 369 1 6.08 1 6.21 b 0.3%0 1 0.281 1 15.86
i 0,005 Vo233 0 201s 1 3o ¢ 362 1 0.200 1 0,183 1 18.45
USOTHERMAL VELOCITY PROFILE 1-13
N REYNOLOS NUMBER 2150k,
HOT-WIRE MEASUREMENTS

INITIAL COLD RESISTANCE RG(1)  16.563 OHHS

FINAL COLD RESISTANCE RG(2) 16.565 OHMS

HOT (OPERATING) RESISTANCE RW 25,005 OHMS

CALIBRATION CURVE INTERCEPT A  1355.1

CALIBRATION CURVE SLOPE & 662.7

AIR TEMPERATURE §2.6 OEG.F.

CALCULATED RESULTS

AVERAGE VELOCITY 10.56  F1/SEC

FRICTION FACTOR 0.U0636

FRICTION VELOCITY 0.585  FT/SEC
' 1 CURRENT 1 VELOCITY 1 CORRECTED )
t YR 1 ) 1 t VELOCITY |
i [ HILLIAMPS | FT/SEC | FT/SEC |
Y105 1 38.010 1 13.06 1 13.00 1 suz.s1 1 %alas 1 123 1 0099 1 0.1
! 10005 3soee0 1 13011 1 13.11 & 6¢9.53 1 22,00 1 1,260 1 1,000 4  0.00
§ 0,905 I 38.430 | 13,09 | 13.09 4 sS«&.g8 & 21,3 f 1,233 1 0,99 1 - 0.03 I
\ o.805 1 38.380 1 12.97 § 12.97 | sB8.23 1 21.76 & 1.227 't 0.988 1 0.23
10308 I 380290 1 12,75 1 12,75 4 s27.58 & 21.33 1,200 4 0,972 1  0.60
I 00605 1 35.160. {124k f 12.4e 1 366,93 1 20.87 § 1.177 1 0.9%% 1 1.12
! o0.505 1 38,020 | 12,11 1 12,11 f 30u.28 20032} 1. lee b 0,923 4 1.67 |
1 3:%05 1 370820 1 13068 1 11.6k 1 265.83 1 19.5% f 1,002 1 0.828 1 2.5
t 00303 1 37.565 & 11,07 ' 11.08 | 18%.98 | 18,58 | 1.0ks 1 0.8k b 3.1 ¢
T 0,208 f 37.230 1 10.3% 1 10,35 1 126,33 © 17,36 4 0,370 1 0.789 1 w63 |
1 o.185 1 37.170 ¢ 10022 1 10,23 1 112,20 1 17.16 1 0.968 1 0,780 1 w83 1
! 0.185 1 370070 & 10061 ¢ 10,02 1 100,07 1 16,81 1 0.9 I 0.26k 1 . 5.18 1
t 0 1vE 1 36.985 & 9.83 1 g.sk 1 &7.9% 1 16.51 4 0,931 b 0,750 1 S.kE 1
I 0125 4 36.875 1 9.6l 1 9.62 4 75.81 16,15 b 0,911 1 0.73 4 S.8u
L 0.105 1 36.75¢ 1 9.3 1 9.3% 1 63.68 1 15.74 % 0.887 1 0.715 1 6.25 I
i 0.085 | 36.580 1  9.03 1 9.06 | 51.55 t 15,19 f 0.857 § 0.690 1  6.80 |
1 00065 1 36.350 1 .58 1  8.62 1 39.42 1 1.8 0,815 1 0.657 1 7.5 |
\ o0lous 1 35.3%0 1 7.92 | 7.38 | 27.20 1 13.3& 1 055 1 0,608 b 4.6l 1
t 0.038 1 35.670 §  7.36 | 7.3 1 21.22 1 12.k7 L 0.20% 1 0.566 &  9.52 1
1 0,025 & 35,035 | b.32 1 6.u0 b 15.16 1 10,73 1 0,605 1 0.k 1 11.26
T 0.020 1 3u.sks ) 5.5 & 5.86 1 12,12 & 9.43 b 0,535 1 0.1 4 12,50
R S T T S B T 1A B S 7083t o.kw2z 1 0.356 1 1416 )
' i P33 1 33§ 4 w.eb b SLET 0 0319 1 0,287 1 1632 1
' 1 v 1.85 4 1.8 1 3.05 1 3.0 1 o175 b 0.l 1 1a.83 |
i 4 1 15 1 13,05 4 b0ss3 4 2z.e6 L Bk 1o 1,000 b 0.00 !
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I SOTHERMAL VELOCITV PROFILE 1-1k

REYNOLDS NUMBER 31975,

HOT-WIRE MEASURENMENTS
FNETIAL CCLD RESISTANCE RG(1) 16,643 OHMS
FENAL COLD RESISTANCE RG(2) " 16,625 OMMS
HOT (OPERATING) RESISTANCE RW 25,125 OHMS
CALIBRATION CURVE I1HNVERCEPT A 2093.9
CALIBRATION CURVE SLOPE B8 631.3
AIR TEMPERATURE 66.2 DEG.F.

CALCULATED RESULTS

AVERAGE VELOCHTY 15,90 FT/SEC
FRICTEON FACTOR 0.00578
FRICTICN VELOCITY 0.355 FT/SEC
CURRENT | VELOCETY 1 CORRECTED ! t [} ] [} uc-v
] 1 ¥ VELOCITY 1 Ye 1 U [} U/UK i usuc ] -
MILLIAMPS | FT/SEC I FT/SEC t 1 } i H Ue
80.615 3 19.57 1 B6&,48 | 22,87 1 1.230 1 1.000 [} 0.00
40,605 L 19,53 1 778.46 § 22.82 1 1.228 § 0.997 1 0,0%
40.550 1 19.33 I 692,84 1 22.59 J 1.218 t 0.987 I 0.27
&0.460 3 19.0)5 1 606,42 | 22,24 i 1,196 L} 0.972 t 0.62
§0.345 1 18,.6% 1 520.%1 § 21.79 3 1.172 t 0,952 i 1.08
80,170 | 18.07 1 &34.39 | 21.12 § 1,136 1 0.923 [} 1.7%
39,965 1 17.43 1 348,37 I 20,36 1 1,095 1 0.890 ] 2.50
39.715 ! 16.65 1 262.35 i 19.45 ] 1.046 ' 0,850 ) L 3
39.350 [} 15.59 1 176.33 | 18,22 } 0.980 | 0.796 L} .65
39,265 t 15.31 1 159.13 ¢ 17.89 | 0.963 ! 0.782 1 697
39.165 1 15,02 i 11,93 1 17.56 § 0.94&4 [} 0.767 ] 5.31
39.070 | 14,75 1 128,72 ] 17.23 I 0,927 1 0.753 1 5.63
38.960 1 le. 46 i 107.52 1 16.87 i 0.908 ] 0.737 1 5.99
38.805 | 14,02 ! 90,31 1 16.3¢8 i 0.881 I 0.716 L} 6.49
38.660 ] 13.63 [} 73.11 i 15.92 1 0.857 1 0,696 ] 6.9%
38.820 1 13.01 [} 55,91 | 15,21 1 0.818 ] 0,664 t 7.66
38.090 ] 12,20 1} 38.70 i 14,25 1 0.767 1 0.623 } 8.61
37.440 [} 11.60 1 30.10 | 13.55 ] 0.729 | 0,592 ) 9.32
37.330 | 1. 40 3 21.50 } 12.15 ! 0.65%& 3 0.531 [} 10.71
36.935 t $.51 1 17.20 i 11.11 1 0.598 1 0,485 L} 11,75
36,300 ] 8.22 ' 12.90 1 9.60 | 0.516 ] 0.420 [} 13.26
35.280 3 6.36 1 8.60 t 7.83 ! 0.39% ] 0.32% t 15,44
33.350 1 3.62 I .30 ) 4,23 1 0.227 1 0,184 ! 18,64
40,655 1 19,55 I B6N.48 1 22,85 1 1.229 § 1,000 ! 0.00

ISOTHERMAL VELOCITY PROFILE 1-15

REYNOLDS NUMBER 33078,
MT HIRE MEASURENENTS

INITIAL COLD RESISTANCE RG(1) 15.735 OHMS
FINAL COLD RESISTANCE RG(2) 15.730 OHMS
HOT (OPERATING) RESISTANCE RN 23,600 OHMS
CALIBRATION CURVE INTERCEPT A 1824.v
CALIBRATION CURVE SLOPE B 682.8

AIR TEMPERATURE 59.0 DEG.F.

CALCU LATED RESULTS

AVERAGE VELOCITY 16.05 FT/SEC
. FRICTION FACTOR 0.0057%
FRICTION VELOCITY 0,860 FT/SEC
1 CURRENT | VELOCITY | CORRECTEOD | 1
Y/R [} ] i I VELOCHTY Y+ [}
. I MILLIAMPS | FT/SEC I FT/SEC 1 1
1.108 i 40,125 [} 19.40 ] 19.40 1 793,28 | § 1
1.008 1 h0.150 t 19,87 L} 19.47 | 890.78 ] L} ]
0.908 1 &0.130 ] 19.41 3 19,81 | 802,15 1 ] 1
0.805 | &0,085 [} 19,27 1 19.27 1 713,51 3 3 i
0.205 1 40,000 [} 13.00 § 19.00 1 6b2u.88 [} 1 [}
0.605 I 39.385 ¢ 18.65 1 18.65 § 536.2% | | i
0.505 I 39,720 L} 18,15 | 18,15 i 47,60 [} } 3
0.405 § 39,500 1 17.51 | 17.52 | 358.97 ] 1 !
0.308 1 39.230 t 16.73 t 16.7% 1 270.3) | 19,65 | 1
9.205 I 38,885 L} 15.78 ' 15.79 1 181.70 t 18.35 1 0,983 1 0
0.18% t 38,800 | 15.5% 1 15,55 to13.97 i 18.07 1 0.368 1 0
0.1865 1 38,705 ] 15,29 1 15.30 t 1u6. 26 3 17.79 t 0.953 } 0
0.145 i 38.580 1 3 . | i i [} 0
0.12% I 38,860 1 ] . ¢ | § |
0.105 I 33,335 1 [} ) ! t ¢
v.085 b 38,145 I | | 1 1 1
0.065 1 32,935 ) 3 14 1 | 1
0,045 t 37.615 1 l | | ] J
0.035 i 371,310 1 1 | I 1 i
0.025 ) 36.850 I 3 1 | 1} t
0.020 i+ 36,815 L} ! | t 1 1
Q.015 1 35.790 i t ¢ | | 1
0.010 1 34,690 3 3 i 3 3 1
9.005 I 32,610 1 i | L} ] i
1.005 1 80,160 1 i 1 1 1 1

.81 .27
.798 .55
.786 h.B&
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ISOTMERMAL VELOCITY PROFILE §-18

REYHOLDS NUMBER 326456,
HOT-WIRE MEASU“ENENTS

INITIAL COLD RESISTANCE RCG(1) 15,812 OhMS
FINAL COLD RESISTANCE RG(2) 15,771 OHMS
HOT (OPERATING) RESISTANCE RW 23.715 onns
CALIBRATIUN CURVE INTERCEPY A 1985.0
CALIBRATIUR CURVE SLOPE & 700.0

AIR TEMPERATURE 66.2 DEG.F.

CALCULATFD RESULTS

AVERAGE YELOCITY 16,1% FY/SEC
FRICTIOR FACTOR 0.00576
FRICTION VELOCITY 0.866 FT/5EC
] [} CURRENT I VELOCETY | CORRECTED | t 1 1 ¢ uc-y ]
] Y/R 1 ] | VELOCITY ¢ Ys § Ue ] u/umM t usuc } -—-= 1
1 1 HILLIAHPS ¥ H/SEC | FT/SEC i i ! ] t Ue ]
1 1.104 b &1.150 i 19.56 1 19.56 i 780.5¢6 t 22,56 ] 1.211 1 0.997 ) 0.05 ¢
] 1.004 1 sl.170 | 19.61 ) 19.61 t 875.1¢ 1 22,62 ! 1.21% | 1.000 i 0.00 1
1] 0.90% I sl.160 1 19.57 | 19.57 I .787.9% t 22,517 | 1.212 1 0,997 1 0.0% ]
1 0.30% 1 &l1.115 | 19.41 1 19,51 i 100.77 1 22,39 I 1.202 t 0.989 1 0.23 ]
1 0,704 t 41,015 1 19.09 ] 19.09 1 613,61 1 22,02 | 1.182 t 0.973 [} 0.59 ]
] 0.60% t A0.895 t 18.71 i 18.71 1 526,45 ] 21,58 | 1.159 ] 0,954 1 1.03 i
t 0.504 I &0.78%0 t 18.23 i 18.23 1 439.29 1 21,03 f 1.129 ' 0.929 ] 1.58 t
] 0,408 I 80,535 ] 17.61 | 17.62 I 352,13 | 20.32 [} 1,091 1 0.898 ) 2.29 ]
' 0.30% I 0,280 I 16.87 ¢ 16.88 i 264,97 i 19,46 | 1.045 I 0.860 i 3.15 I
] 0,204 I 39,910 I 15.83 | 15,84 I 177.80 ] 18,27 1 0.981 1 0.807 { &3k i
] 0.18% 1 39.825 L} 15.59 t 15.60 I 160,37 | 17.99 | 0,966 t 0.795 L} b.62 1
] 0.164% 1 39.7%0 ] 15.35 i 15.36 162,94 ] 17,72 1 0.951 ] 0.783 1 .89 1
| 0.1kk 1 39.645 i 15.08 | 15.10 I 125,51 1 17.41 1 0.935 1 0.76% [} 5.20 §
] 0. 124 I 39.500 t 14.69 ] 16,71 I 108,08 | 16.96 1 0.911 I 0.750 1 5.65 i
{ 0.10% 1 39,375 i 1s.36 ¢ 18,39 1 30,64 I 16.59 | 0.891 i 0.733 1 6.02 ¢
' 0,084 I 39,195 t 13.90 | 13.9% | 73.21 | 16.07 1 0.863 ] 0.710 1 6.5 1
] 0.064 1 38,970 t 13,33 } 13.38 1 55.78 | 15,43 i 0.829 1 0.682 1 7.13 1
] 0,044 1 3B.645 t 12.5% 1 12.62 ] 38.35 | 14,55 3 0.781 I 0.643 1 8.06 t
] 0.034 I 38,335 ¢ 11.82 ! 11,92 i 29,63 | 13.7% ] 0.738 1 0.607 1 8.87 §
] 0.02% I 37.810 3 10.67 ) 10.76 1 20,91 | 12.4] H 0.666 ] 0.548 1 10.20 t
] 2.019 I 37.340 ) 9.70 1 .77 1 16.56 | 11.27 ] 0.605 1 0,438 1 11.35 3
] 0.014 | 36.620 [} 8.33 1 8.40 1 12.20 | 9,68 | 0.520 ¥ 0.428 i 12,93 t
] 0.009 I 35,290 ' 6.13 i 6.18 ! 7.8% 1 7.12 t 0.382 [} 0.315 ] 15,49 ]
] 0,004 1 33.315 1 3.60 1 3.6% 1 3.48 1 .19 t 0.225 ] 0.185 ] 18,42 }
ISOTHERMAL YELOCITY PROFILE 1-17
REYNOLOS NUMBER 31877,
NO'I-NIRE MEASUREMENTS
INITIAL COLD RESISTANCE RG(1) 15.273 OHMS
FINAL COLD RESISTANCE RG(2) 15,252 OHMS
HOT (OPERATING) RESISTANCE RW 22,905 OHMS
CALIBRATION CURVE INTERCEPT A 2201.8
CALIBRATION CURVE SLOPE B8 JaLee)
AlR TEMPERATURE 69.8 DEG.F,
CALCULATED RESULTS
AVERAGE VELOC!TY 16,08 FY/SEC
FRICTION FACTOR 0.00579
FRICTION YELOCITY 0.863 FT/s€C
] 1 CURRENT | VELOCITY | CORRECTED |
[} Y/R ] t 1 I VELOCITY |
] ] “ILLIANPS I FT/SEC t FT/SEC !
[} 1.005 ] bZ.!DS ' 19.67 t 18,67 I 862,15 1 22.77 i 1,225 i 1,000 ] 0.00 ]
] 0.905 1 642.300 ] 19.6% I 19,64 I 776.37 t 22.7% ) 1.22% [} 0,998 [} 0.03 '
[ ] 0.805 b 82,255 I 19.49 1 19.49 I 690,58 t 22.56 1 1.21% [} 0.990 1 0.20 ]
] 8.705 b 82,185 t 19.12 [} 19.17 b 608,79 3 22.20 1 1.19s ) 0.974 t 0.57 }
[] 0.605 1 s2.028 I 18,76 [} 18.76 I 519.01 t 21.72 ) 1.169 [} 0.953 t 1.08 ]
] 0.508 I 41,860 | 18.26 1 18,26 | &33,22 ] 21,16 1 1.138 t 0.928 ] 1.62 }
] 0.405 I &1.640 I 17.60 ' 17.61 1 367,83 ! 20,38 L} 1,097 1 0.895 L} 2.38 ]
] 0.308 1 81,378 1 16.82 ] 16.83 1 261.6% [} 19.48 1 1.uk8 i 0.855 3 3.29 1
L] 0.208 I %0.975 [} 15.7v 1 15.71 b 175.88 i 18.19 | 0.879 ] 0.798 t h.58 !
] 0.185 I %0.905 1 15.50 i 15.51 I 158,70 1 17,96 1 0.9¢66 1 0.788 ] .81 L}
] 0.165 1 40,785 1 15.18 } 15.19 I 1&1,58& i 17.59 ] 0.946 ] 0.272 ] 5.18 ]
] 0.1s5 1 40,690 ] 18,92 1 18,94 I 128,39 t 17.29 ] 0.930 1 0,759 1 5.48 }
! 0.125 I 40,565 ' 18,518 ! 16,60 i 107,23 | 16.90 1 0.90% 1 0.782 ] 5.86 1
] 0.105 t 40.395 ] 1h.1s ! 18,17 3 $0.07 ] 16.40 t 0.882 1 0.720 ] 6.37 !
] 0.085 ! 80,215 ) 13.68 1 13.72 L} 72,31 ¢ 15.88 [} 0,854 1 0.697 [} 6.89 ]
] 0.065 i 33.975 ] 13,08 | 13,13 1 55.76 i 15,20 } 0.818 [} 0.667 ] 7.56 ]
] 0. 085 1 39.620 3 12.23 I 12.31 | 38,60 1 16,25 ! 0.767 [} 0.625 i $.52 ]
] 0,035 I 39.33¢ | 11.57 | 11.67 I 30.02 1 13,50 ' 0.727 | 0.593 t 9.26 ]
3 0.025 b 38,435 1 10.4%9 1 10.58 i 21,484 i 12.25 1 0.659 ] 0,537 ] 10.52 ]
] 0.020 1 38.320 1 9.43 1 $.50 I 17,15 1 11.00 1 0.592 ' 0.482 [} 11.77 1
] 0.015 I 37.670 L} 8.20 ) .27 [} 12.86 I $.57 1 0.515 | 0.820 ] 13.20 !
§ 8.010 I 36.505 ] 6.25 ! 6.30 i .57 1 7.29 ) 6.392 } 0.320 ] 15.82 ]
! 0.005 V38,388 1 3.50 ¥ 3.5% | 2 1 L1 i 0.220 i 0. 179 ] 18.867 t
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REYNOLDS NUMBER 5590,
HOT- NIRE MEASUREMENTS

CALIBRATION CURVE (NTERCEPT A 836.8
CALIBRATION CURVE SLOPE B 2218.0
AIR TEMPERATURE 3.4 DEG.F.

CALCULAT ED RESULTS

AVERAGE VELOCITY 2,84 FY/SEC

FRICTION FACTOR 0.00906

FRICTION VELOCITY 0.191 FT/SEC
] ] coip IOPERATING | CURRENT 1 VELOCITY 1CORRECTED 1 ] 1 1 1 uc-v
I Y/R IRESIS'IANCEIRESISTANCEI t 1 1 VELOCITY 1§ Y+ ] Ue 1 u/um I u/uc I ==
' [} RG W IMILLIAMPS | FT/SEC 1 FT/SEC | | ! I t Us

t
|
1
f 1,00 ¢ 9,055 ¢t 13.583 1 ,5.810 1 3.7 f 3,75 F 186.19 1 19.55 I 1.316 | 1.000 | 0.00
P o010 & 9,080 | 13,560 | 34,185 ¢ 2,33 1 2.3% | 18.81 1 12,20 1 0.821 I 0.625 I 7,30 |
b 0.0 & 9,030 § 13,55 1 32,35 1 1,21 { 1.2% | 7.52 1 6.41 1 0,831 1 0,328 I 13.09 |
b 0,20 1 9,040 | 13,560 I 34,860 4 2,87 & 2,87 ¢ 37,63 ¢ 1&.96 § 1.007 t 0.767 | k.53 |
1 0,90 | 9,045 b 13.568 1 35,770 4 3.72 1 3,72 4 169.37 I 19.%0 | 1,306 1 0,99« t 0,10
! 1,00 1 9,047 t 13.575 1 35,790 t 3.7% 1 3,73 | 168,19 | 19.45 ¢ 1.309 1 1,000 1 0.00 1
I 0,18 I 9.0k0 I 13,555 1 34,575 { 2.6 | 2.65 1 26,35 | 13.82 1 0,930 4 0.708 1 5,68 |
I 0.50 b 9.0k5 k 13,568 1 35.460 1 3,40 I 3.0 1 98,09 1 17.73 I 1,193 {1 0,209 | 1.77 1
| 0,02 t 9,025 | 13.583 1 30,660 1 0.5 I 0,59 | 3.76 | 3,07 1 0,207 ¢ 0.157 | 16.%2
I 0.70 t  9.085 | 13,568 1 35,675 1 3,63 I 3,63 1 131.73 | 18.93 1 1,27« + 0.970 1 0,57 |
1 1.00 1 9.085 I 13,568 & 35,800 ¥ 3.7& 1 3.7% i 188,19 1 19,50 ¥ 1,313 ( 1,000 t 0.00 |
I 0,08 1 9,032 1 13.550 ¢ 33,805 ¢ 2,06 I 2,08 1 15.05 1 10.84% t 0.730 I 0.556 I 8.65 |
f 0.16 1 9,035 1 13.553 1 3,710 | 2.7% 1 2,76 ¢ 33,11 | 14.39 1 0.969 I 0.737 | 5.11 |
t 0.03 I 9,025 t 13.542 1 31,600 | 0.89 | 0.90 I 5.6k | 4,69 1 0.315 I 0,280 | 1h.81 |
f 0,30 1 9,080 1 13,560 | 35.165 1 3.1 & 3,14 1 56,45 | 16,37 | 1,102 4 0.839 t 3.12 |
§ 1.00 1 9,080 1 13,560 1 35,800 + 3.7& F 3,74 1 188,19 | 19.50 i 1.313 I 1,000 | 0.00 |
f 0.60 1 9,038 1 13.557 ) 35,590 | 3.5 | 3.5 1 112,91 | 18,46 ! 1.2k2 I 0.9% I 1,08 |
! 0.06 1 9,025 1 13.538 1 33,235 ¢ 1.68 | 1,70 i 11,29 | 8.86 1 0.596 | 0.45% [ 10.63 |
! 0,18 I $.035 1 13.553 | 34,805 ) 2,83 ¢ 2,84 f 33,87 1 1&.81 1 0,997 1 0,759 |  &.69 |
VSOTHERMAL VELOCITY PROFILE 17-2
REYNOLDS NUMBER 5401,
HOT-WIRE uzAsuR:u:ms
CALIBI(A’HON CURVE INTERCEPT A 842.4
CALIBRATION CURVE SLOPE & 2033.0
AFR TEMPERATURE 78,8  DEG.F,
cucuu!zo RESULTS
AVERAGE VELOCITY 2,76 ET/SEC
FRICTION FACTUR 0.00915
FRICTION VELOCITY 0.187  FY/SEC
] ) COLD 10PERATING {1 CURRENT | VELOCITY |CORRECTEO 1| ] ] foue-u it
1 Y/R mzsusunc:m:slsnncn \ 1 1 VELOCITY | Ye ] Ue b OU/UM 1 BUE | -
1_ I RG } IMILLIAMPS | FT/SEC | FT/SEC | 1 t 1 Ue 1
b 100 1 10.670 | 15,998 | 34.880 ) 3.70 1 3.6k .7 . .3 L0001 0.00 |
L 0.16 4 10.658 © 15.987 | 33,790 ) 2,73 1  2.69 : 1:3.2§ : }3;; : 3.9;2 { 3.739 5,07
P 0.08 | 10.643 1 15.972 | 31,140 ) 1,08 1 1.10 I 7.30 1 5.88 1 0.397 I 0,302 1 13.57
! 0.50 1 10.672 1 16.008 | 34,500 4 3.3k | 3.3% | 91.36 1 17.85 1 1.267. {1 0.917 1 1.60 |
f 0,02 § 10.637 § 15,956 | 29,450 t 0.55 1 0.56 | 3,65 1 2,99 1 0,202 1 0,153 | 16,6 I
: ;.gg : ig.g;; : i:'gi; : 34,830 | 3.64 1 3.6 f 182,72 1 19,45 1 1,316 ¢ 1,000 1 0.00 1
. . . 35,825 + 3.6 .6 . . . . .65 1
1 0,30 1 10.665 1 15,998 | 34.175 | s.ui : §o§ : 1?:.:? ; }2‘:8 : }.352 : 8,3?; : g.zs i
: g.g: : }g.::: : ;2.:32 : ;s.uu boo2,82 1 2.3 ¢ 21,92 ¢ 12.99 )} ©.878 1 0.667 1 6.8 !
. . 4,830 1 3,63 1 3,68 { 182.7 9.6 . .000 I 0,00 1
! 0.70 1 10.670 1 16.005 | 3sx.700 | 3,52 1 3.52 }zg.sg : }a.ai : H%% : (1>.‘JL7 1 0,64 I
b 0.08 1 10,645 I 15.968 f 32,790 t 1.99 1| 2,01 1 14,61 & 10.7% f 0.726 1 0.552 } 8.71
: 0.20 | 10,660 1 15.990 1 33.910 1 2,82 1 2.82 b 36,54 | 15,07 1 1,019 | 0.77% b w38 |
1.00 1 10.657 t 16,000 | 3%.825 4 3.64 1 3.64 1 182.72 1 19.45 1 1.316 1 1.000 | 0,00
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ISOTHERMAL VELCCITY PROFILE 17-3
REYNOLDS KUMBER $219.
HOT-WIRE MEASUREMENTS
CALIBRATION CURVE IKTERZEPT A 700.1
CALIGRATION CURVE SLUPE B 1987.8
AIR TEMPERATURE 15.2
CALCULATED RESULTS
AVERAGE VELOCITY 2,
FRICTICN FACTOR 0.00924
FRICTION VELOCITY 0.181
] I COLD IOPERATING | CURRENT | VELOCITY ICORRECTED | 1
I Y/R  IRESISTANCEIRES ISTANCEL 1 1 VELOCITY | Ye o1
1 i RG t RW IMILLIAMPS | FT/SEC | FT/SEC I
! 1.00 1 11,230 © 16,865 § 33.155 §  3.49 & 3.49 & 177.61
i 6.20 ! 11.233 | 16.850 | 32,330 § 2.69 t 2,69 i 35.88 I
I 0.06 | 11.245 1 16.868 1 30.010 t 1.10 1 1,11 1 7.09 ¥
I 6,12 1. 11.245 1 16.868 t 31,910 1 2,32 % 2,33 4 21.29 -t
f 0.60 1 11,265 1 16.868 1 33.000 t 3.3% | 3.3% & 106,65 |
t 0.30 I 11,265 1 16.868 1 32.620 1 2,95 | 2,95 1 53,22 |
i 1.00 | 11,265 1 16,868 1 33.200 | 3.55 &  3.55 I 177.%1 |
I 0,16 1 11.265 ‘1 16.868 | 32.255 1 2.61 I 2.62 I 28.38 |
1 0,02 | 11,230 1 16.845 | 28,580 I 0,63 I 0.6 | 3,56
| 0.80 1 11.235 1 16,855 4 33.150 | 3.4 |  3.89 | 141.93 |
i 0.08 | 11.220 1 16,830 1 31.825 1 1.9% 1 1.95 1 18.19 |
I 0.40 | 11.225. 1 16.838 {1 32,775 1 3,10 1 3,10 i 70,96 |
b1.06 1 11.228 + 16.8B%2 ¢ 33,180 & 3.52 1 3.52 I 177.81 1
ISOTHERMAL VELOCITY PROFILE 1T-%
REYNOLDS NUMBER 16117,
HOT-WIRE MEASUREMENTS
CALIBRATION CURVE INTERCEPT A 696.8
CALIBRATION CURVE SLOPE B 2013.0
AIR TEMPERATURE 68.0
CALCULATED RESULTS
AVERAGE YELOCITY .06
FRICTION FACTOR 0.00682
FRICTION VELOCITY 0.471
f  COLD  IOPERATING | CURRENT | VELOCITY 1CORRECIED | 1
¥/&  IRESISTANCEIRESISTANCE! 1 ' 1 VELOCITY | Yo 1
1 RG 1 Rk IKILLIAMPS | FT/SEC | FI/SEC | 1

5G.52
235.53
§71.06

DEG.F.
FT1/SEC
FI/SEC
Us+ 1 U/uM
19,19 I 1,308
16.79 I 1.005
6.10 1 0.kl
12,81 t 0.871
15.36 I 1,248
16.22 t 1,102
19.52 to1,327
16,460 I 0.979
3.46 t 0.235
19.19 I 1.304
10.72 I 0.729
17.0% I 1.158
19.35 b 1.315
DEG.F.
F1/SEC
FT/SEC
1 uc-u
Us ! U/UuM 1 v/uc ==
' s
21,44 f 1.253 b 1.000 I 0.00
16.68 1 0.987 I 0.787 | A.56
15.12 I 0.884 t 0.705 ] 6.32
7.51 1 0,438 t 0.350 1 13.33
21,14 I 1.253 i 1,000 | 0.00
21,17 1 1.237 1 0,987 ] 0.27
16.59 f 0.969 I 0.773 t L.85
la, 40 t 0.842 1 0.671 i 7.06
21.40 t 1.251 I 0,998 t 0.04%
21,44 I 1.253 1 1.000 1 0.00
20.30 I 1.130 1 0.949 | 1.08
1€.22 i 0.348 1 D0.75¢ ] 5.21
13,42 I 0.78% I 0.626 | $.01
18.03 I 1,054 1 0.84%0 | 3.41
21,64 I 1,253 1 1.000 ' 0.00
18.92 I 1.106 I 0.882 | 2,52
15,35 1 0.932 I 0,743 ) 5.49
11.6% I 0.680 I 0,543 t 9.80
19.11 I 0.591 1 0.471 1 11.32
21,4k 1 1.253 i 1.000 ] 0.60
3.75 1 0,219 i 0.175 1 17,69
15.52 ¢ 0.307 t 0.72s I 5.91
19.¢€8 1 1.150 1 0.917 1 1.76
21.44 i 1.253 1 1,000 | 00
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I1SOTHERMAL VELOCITY PROFILE 11-5

REYNOLDS NUMBER 16280,

HOT -k 1 KE HEASUREMENTY

CALIBRATION CURVE INTERCEPT A 715.2
CALIGRATIUN CJURVE >LUPE 6 1953.3
AIR TEMPERATURE 64. 4 DEG.F.

CALCULATED RESULTS

AVERAGE VELOCITY 8.04 F1/SEC
FRICTION FACTOR 0.00681
ERICTION VELOCITY 0.4b9 F1/5EC
] coLD JOPERAYIRG | CURRENT | VELOCHITY [CORRECIED | i ] ] 1 uc-v [}
t Y/R IRESISTANCEIRES ISTANCEI [} | | YVELOCITY | Ye ] Ue 1} U/uM 1 ufuc I ---- ¢
1 ' RG 1 R% IMILLIAMPS 1 FT/SEC | FI/SEC L} 1 ‘ ] Ue ]

L] ]
t 1
] ]
) )
] 1
] 1
] '
] ]
I 0.5¢ |}
I 0,03 § 9.967
1 1
) ]
I ]
1 ]
t 1
1 1
] ]
1 [}
] ]
] 1

9.970
9.973

35.800
37.355
3b,210
37.505
33.179
37.230
34,830
3b.230
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TABLE F.2

SMOOTHED VELOCITY PROFILES AND CALCULATED
EDDY DIFFUSIVITIES OF MOMENTUM

Isothermal Velocity Profile I-1

Reynolds Number 6966

' y/R V% Eﬂ. Eg_
v Ru®

1.00 4.550

0.95 4,540 15.16 0.08659

0.90 4.530 | 14,21 0.0618

0.85 4.510 | 14.52 0.0631

0.80 4,480 12.98 0.0564

0.75 4,440 13.69 0.0595

0.70 4.380 14.52 0.0631

0.65 i 4.340 14.61 0.0635

0.60 ! 4.280 { 15.16 0.0659

0.55 , 4.200 | 14,52 0.0631

0.50 f 4.130 ! 14.39 0.0626

0.45 : 4,040 § 14.98 : 0.0651

0.40 3.940 : 14.36 | 0.0624 |
0.35 3.850 ? 14.28 : 0.0621 |
0.30 3.720 ? 13.96 f 0.0607 %
0.25 3.600 i 13.24 , 0.0575 :
0.20 3.460 ; 11.99 f 0.0521

0.18 3.390 f 11.22 j 0.0488

0.16 3.320 ; 10.01 0.0435

0.1u 3.240 : 7.55 g 0.0328

0.12 3.140 § 5.26 : 0.0228

0.10 2.950 ; 3.47 0.0151

0.08 2.730 f 2.23 0.0097

0.06 2.400 : 1.15 0.0050

0.0u 1.940 0.65 0.0028

0.02 1.080 0.13 0.0005




Isothermal Velocity Profile I-2

TABLE F.2 (Contd.)

Reynolds Number 6985
x, —+
y/R ! v, “u M
\V Rus

1.00 . 540

0.95 4,530 9.82 0.0426
0.90 4,520 11.37 0.04393
0.85 4,480 12.92 0.0560
0.80 4,460 13.43 0.0583
0.75 4,420 14,84 0.064L
0.70 4.370 15.24 0.0661
0.65 4,320 15.24 0.0661
0.60 4.270 15.50 0.0672
0.55 4.190 15.47 0.0671
0.45 4,040 16.01 0.0695
0.40 3.960 15.41 0.0668
0.35 3.850 14,64 0.0635
0.30 | 3.740 13.91 0.0603
0.25 3.610 14.19 0.0615
0.20 ? 3.470 14.16 0.0614
0.18 | 3.430 12.05 0.0523
0.16 | 3.360 9.71 G.0u21
0.1n | 3.270 7.28 0.0316
0.12 3.140 5.41 0.0235
0.10 | 3.000 3.69 0.0160
0.08 2.780 2.21 0.0096
0.06 ! 2.450 1.12 0.0048
0.04 1.920 0.61 0.0026
0.02 1.110 0.12 0.0005
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TABLE F.2 (Contd.)

Isothermal Velocity Profile I-3

Reynolds Number 6777

y/R | v, M &y
: - v Ru*
1.00 4,420
0.95 4,410 14.51 0.0646
0,90 4,400 15.54 0.0692
0.85 4.380 17.61 0.0784
« 0.80 4. 360 18.85 0.0839
0.75 | 4.330 ! 17.25 0.0768
0.70 I 4.300 15.54 0.0692
0.65 4,240 14.51 0.0645
0.60 4,180 ! 14,27 0.0635
0.55 4,110 § 14.95 0.0666
0.50 4,040 g 15.54 | 0.0692
0.45 3.960 | 16.06 0.0715
0.40 3.880 | 15.36 : 0.0684 |
0.35 3.790 é 14.66 | 0.0653 i
0.30 3.670 ; 13.72 f 0.0611 §
0.25 | 3,550 3 13.09 | 0.0583 i
0.20 3.410 § 11.09 § 0.0494 ‘
0.18 3.350 ? 9.31 : 0.0414
0.16 3.260 i 7.99 | 0.0355
0.14 ©3.160 | 6.49 ﬁ 0.0289
0.12 3.040 i 5.12 ; 0.0228
0.10 2.890 | 3.53 ! 0.0157
0.08 2.680 2.04 ; 0.0091
0.06 2.350 1.02 Q 0.0045
0.04 1.800 0.55 ? 0.0024
0.02 1.000 0.13 | 0.0005
i !
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TABLE F.2 {Contd.)

Isothermal Velocity Profile I-4

Reyniolds Number 7325

| y/R v, M M
- v Ru#

1.00 4.650

0.95 4.650 18.90 0.0787
0.90 4,640 17.57 0.0732
0.85 . 4.620 15.72 0.0654
0.80 4,590 14.82 0.0621
0.75 4,550 15.20 0.0633
0.70 4,500 16.41 0.0683
0.65 4.450 l6.41 0.0683
0.60 4.400 16.69 0.0695
0.55 4.320 16.66 0.0694
0.50 4,250 17.09 0.0712
0.45 4,170 18.16 0.0756
0.40 4,090 18.67 0.0777
0.35 4.000 18.27 0.0761
0.30 3.910 17.57 0.0732
0.25 3.790 15.66 0.0652
0.2C 3.670 12.70 ‘ 0.0529
0.18 3.538C 10.52 0.0438
0.16 3.510 8.59 0.0357
0.14 3.410 7.25 0.0302
0.12 3.270 5.47 0.0227
0.10 3.130 3.58 0.0149
0.08 2.890 2.11 0.0088
0.06 2.500 1.08 0.0045
0.04 1.930 0.61 0.0025
0.02 1.070 0.18 0.0007
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TABLE F.2 (Contd.)

Isothermal Velocity Profile I-5

Reynolds Number 11334

R v, T .
v Ru=
1.00 7.160
0.95 7.150 36.56 0.1043
0.30 7.140 25.12 0.0717
0.85 7.120 21.53 0.0614
0.80 7.060 20.08 0.0573
0.75 | 6.990 19.86 0.0566
0.70 | 6.920 21.53 0.0614
0.65 6.830 22.89 0.0653
0.60 6.740 23.78 0.0678
0.55 | 6. 640 25.25 0.0720
0.50 6.530 25.82 0.0737
0.u5 6.420 26.54 0.0757
0.s0 ! 6.290 27.16 0.0775
0.35 6.160 27.10 0.0773
0.30 | 6.020 26.67 0.0761
0.25 5,860 o454 0.0700
. 0.20 5.680 21.69 0.0619
i 0.18 5,580 20.14 0.0575
0.16 | 5. 490 17.35 0.0496
0.14 | 5.380 13.72 0.0391
0.12 5.230 10.47 0.0298
0.10 5,010 7.55 0.0215
0.08 4. 750 4.70 0.0134
0.06 4.350 2.27 0.0064
0.0 3,610 1.34 0.0038
0.02 2.080 0.46 0.0013




- F-19 -

TABLE F.2 (Contd.)

Isothermal Velocity Profile i-6

Reynolds Number 11650
y/® v “u M
V Ru*

1.00 7.2u40

0.95 7.230 18.3u 0.0511
0.90 7.200 21.10 0.0588
0.85 7.170 21.64 0.0603
0.80 7.130 22.35 0.0622
0.75 7.060 22.44 0.0625
0.70 6.990 23.11 0.0644
0.65 6.910 24,48 0.0682
0.60 6.820 25.62 0.0713
0.55 6.720 26.30 0.0733
0.50 6.620 26.63 0.0742
0.45 6.500 26.23 0.0731
0.40 6.370 25.90 0.0722
0.35 6.220 25.46 0.0709
0.30 €.070 24.33 C.0678
0.25 5.890 ; 22.54 0.0628
0.20 5.680 20.32 0.0566
0.18 5.580 19.51 0.05u43
0.16 5,480 18.09 0.0504
0.14 5.370 ’ 15.41 0.0u29
0.12 5.2u0 1 11.17 0.0311
0.10 5,050 7.88 0.0219
0.08 4,740 [ 4.98 0.0138
0.06 4.360 % 2.57 0.0071
0.0u 3.670 1.60 0.00u4
0.02 2.290 0.51 0.0014




Isothermal Velocity Profile I-7

TABLE F.2 (Contd.)

Reynolds Number 11412
y/R v, u M
\ Ru
1.00 7.080
0.95 7.070 18.78 0.0532
0.90 7.050 18.78 0.0532
0.85 7.010 18.77 0.0532
0.80 6.960 15.u46 0.0552
0.75 6.890 21.47 0.0609
0.70 6.820 23.05 0.065k4
] 0.65 6.750 24,32 0.0690
' 0.60 6.660 24.52 0.0695
: 0.55 6.560 24,43 0.0693
0.50 6.450 24.35 0.0691
! 0.u45 6.330 24,49 0.0695
§ 0.40 6.190 25.18 0.0714
; 0.35 6.050 24,71 0.0701
! 0.30 5.910 23.87 0.0677
: 0.25 5.720 22.18 0.0629
g 0.20 5.520 20.61 0.0584 ?
' 0.18 5.430 19.30 0.0547 !
0.16 5.330 16.99 0.0482 i
0.14 5.220 13.76 0.0390 '
0.12 5.070 10.69 0.0303
0.10 4.870 8.00 0.0227 .
0.08 4,610 5.22 0.0148 ;
0.06 4.260 2.56 0.0072 |
0.04 3.610 1.55 0.0044 é
0.02 2.200 0.48 0.0013




- F-21 -

TABLE F.2 (Contd.)

Isothermal Velocity Profile I-8

Reynolds Number 11172

y/R v, o M
- v Ru
,

1.00 6.970

| 0.95 6.960 25.15 0.0727

: 0.90 6. 940 22.97 0.0664
0.85 6.920 23.66 0.0683
0.80 | 6.870 22.97 0.066k4
0.75 6.820 21.47 0.0620
0.70 ! 6.750 22.32 0.0645
0.65 i 6.660 23.26 0.0672
0.60 6.580 24.29 0.0702
0.55 | 6.490 25.42 0.0734
0.50 ? 6.380 24.68 0.0713
0.45 i 6.270 23.92 0.0691
0.40 ; 6.130 , 23.14 0.0668
0.35 5.980 | 22.08 0.0638
0.30 5.810 ? 21.62 0.0625
0.25 6.620 20.72 0.0598
0.20 | 5.420 19.28 0.0557
0.18 5.320 § 18.16 0.0524
0.16 | 5.220 ) 16.76 0.0484
0.14 5.110 14.46 0.0418
0.12 4,980 11.16 0.0322
0.10 4.800 7.67 0.0221
0.08 4,540 4,89 0.0141
0.06 4,130 2.47 0.0071
0.04 3.510 1.51 0.0043
0.02 2.160 0.47 0.0013
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TABLE F.2 (Contd.)

Isocthermal Velocity Profile I-9Q

Reynolds Number 12357

y/R v il o
v Ru*
| 1.00 7.590
5 0.95 7.580 21.99 0.0582
0.90 7.560 23.63 0.0625
| 0.85 7.520 26.23 0.0694
? 0.80 7.480 27.16 0.0719
: 0.75 7.430 26.81 0.0710
§ 0.70 7.360 26.23 0.0694
! 0.65 7.270 26.43 0.0699
i 0.60 7.180 28.04 0.0742
! 0.55 7.080 30.04 0.0795
| 0.50 6. 980 31.23 0.0827
0.45 6.870 31.99 | 0.0847
0.40 6.750 | 31.59 | 0.0836
0.35 6.620 | 31.03 0.0821
0.3C 6.470 | 29.76 0.0787
0.25 6.310 % 28.35 | 0.0750
0.20 6.120 25.49 ] 0.0674
0.18 6.0L0 | 22.67 % 0.0600
0.16 5. 940 19.75 0.0522
0.14 5.820 16.58 § 0.0439
0.12 5.670 12.39 | 0.0328
0.10 5. 500 8.82 0.0233
0.08 5.190 5.43 0.0143
0.08 4.790 2.63 0.0069
0.04 4.040 . 1.61 0.0042
0.02 2.1460 i 0.53 G.001L
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TABLE F.2 (Contd.)

Isothermal Velocity Profile I-10

Reynolds Number 21969
y/R v, i} M
v Ru®

1.00 13.140

0.95 13.130 50.80 0.0813
0.90 i 13.100 52.28 0.0836
0.85 § 13.060 50.80 0.0813
0.80 § 13.000 s 0.0759
0.75 | 12.910 44,26 0.0708
0.70 i 12,790 43,40 0.069y
0.65 12.650 45.29 0.0724
0.60 12.500 46.82 0.0749
0.55 | 12.350 48.95 0.0783
0.50 12.160 48.86 0.0782
0.45 11.980 46.71 0.0747
0.40 11.750 45.24 0.0724
0.35 | 11.480 44,06 0.0705
0.30 | 11.200 43,25 j 0.0692
0.25 10.910 41.36 0.0661
0.20 10. 560 35.94 ; 0.0575
0.18 10. 390 34.10 E 0.0545
0.16 10.200 31.33 § 0.0501
0.1u 10.010 28.82 % 0.0461
0.12 9.780 25.24 0.0403
0.10 9.520 20.25 0.0324
0.08 9.190 14.07 0.0225
0.06 8.720 7.30 0.0116
0.0y 7.890 4.88 0.0078
0.02 5.890 1.58 $.0025
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TABLE F.2 (Contd.)

Isothermal Velocity Profile I-11

Reynolds Number 21650
y/R v, o | N
v Ru«
1.00 13.050
0.95 13.049 49,17 0.0797
0.0 13.030 49.17 0.0797
0.85 12.960 4y, 16 0.0715
0.80 12.910 40.05 0.0649
i 0.75 12.800 40.05 0.0649
0.70 12.670 39.14 0.0634
0.65 12.530 40,05 0.0649
0.60 12.370 40.76 0.0660
0.55 12.180 42,01 0.0681
! 0.50 11.9€0 43.27 0.0701
3 0.45 11.780 43.55 0.0706
0.40 11.550 42.70 0.0692
0.35 11.280 41.23 0.0668
0.30 10.990 g 39.65 ! 0.0642
0.25 10.670 36.79 g 0.0596
0.20 10.300 32.24 | 0.0522
0.18 16.100 30.39 : 0.0492
0.16 9.910 28.146 0.0461
0.1y 9.700 27.52 0.0446
0.12 9.470 23.99 0.0388
0.10 9.230 19.27 0.0312
0.02 8.870 13.10 0.0212
0.06 8.390 7.08 0.011Y4
0.04 7.520 4.81 0.0078
0.02 5.650 1.58 0.0025
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TABLE F.2 (Contd.)

Isothermal Velocity Profils I-12

Reynolds Number 21871

i y/R v, i1 M

| “ - v Ru®

! 1.00C 13.110

; 0.95 13.090 33.73 0.0548
0.90 13.050 36.62 0.0595
0.85 12.990 39.43 0.0641
0.80 12.920 38.69 0.0629
0.75 12.820 38.60 0.0627
0.70 12.680 38.26 0.0622
0.65 12.540 38.75 0.0630
0.60 12,370 40.51 0.0658
0.55 12.180 41.32 0.0672
0.50 11.990 42.62 0.0693
0.45 11.770 43.54 0.0708
0.40 11.540 44,15 0.0718
0.35 11.290 42.96 0.0698
0.30 11.030 39.51 0.0642
0.25 10.69C 35.63 0.0579
0.20 10.280 33.40 0.0543

i 0.18 10.110 32.80 0.0533
0.16 9.940 30.80 0.0501
0.1 9. 740 27.73 0.0451
0.12 9.510 23.91 0.0388
0.10 9.240 19.50 0.0317
0.08 8.910 14.02 0.0228
0.06 8.450 7.40 0.0120
0.04 7.680 4.98 0.0081
0.02 5.760 1.60 0.0026




TABLE F.2 (Contd.)

Isothermal Velocity Profile I-13

Raynolds Number 21504
y/R v, o u_
Y Ru#

1.00 13.112

0.85 13.100 52.15 0.0850
2.90 13.089D u7.84 0.0780
0.85 13.030 42.72 0.0696
0.80 12.3960 40.07 0.0653
0.75 12.850 38.70 0.06u7
0.70 12.730 40.70 0.0663
0.65 12.590 42,62 0.0695
0.60 12.44G Ly.18 0.0720
0.55 12.279 44,43 0.0724
0.50 12.090 42.86 0.0698
0.45 11.870 41.47 C.0676
Q.40 11.610 49.22 0.0656
0.35 11.340 39.6%4 0.06uU4b6
0.30 11.040 38.40 0.0626
0.25 10.710 36.33 0.0592
0.20 10.320 34.23 0.0558
0.18 10.150 33.08 0.0539
0.16 8.980 30.83 0.0502
0.14 9.780 27.70 0.0451
0.12 9.550 23.32 ¢.0380
0.10 9.280 18.61 0.0303
0.08 8.920 13.49 0.0220
0.06 3.430 6.98 0.0113
0.04 7.670 4.66 0.0076
0.02 5.590 1.54 0.0025
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TABLE F.2 (Contd.)

Iscthermal Velocity Profile I-144

Reynolds Number 31975

| y/R 7 M “u
z v Ru®

1.00 19.570

0.95 19.560 62,14 0.0718
0.90 19.520 56.43 0.0649
0.85 19.440 54.75 0.0629
0.80 19.310 55.18 0.0634
0.75 19.170 59.12 0.0679
0.70 19.000 62. L 0.0718
0.65 18.830 61.82 9.0710
0.60 18.610 59.57 0.0681
0.55 18.340 58.13 0.0668
0.50 18.030 58.35 0.0670
0.45 17.720 | 59.59 0.0685
0.40 17.370 | 60.33 0.0693
0.35 17.000 | 5940 0.0683
0.30 16.590 | 55.11 0.0633
0.25 16.130 ? 49,14 0.0565
0.20 15.510 | 43.11 0.0495
9.18 15.230 E 42.66 0.0430
0.16 14.950 | 41.06 0.0472
0.14 14.650 33.47 0.0442
0.12 14.330 33.56 0.0385
0.10 13.930 27.51 0.0316
0.08 13.430 21.28 0.02ul
0.06 12.770 12.28 0.0141
0.04 11.860 8.81 0.0101
0.02 9. L0 2.87 0.0033
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TABLE F.2 (Contd.)

Isothermal Velocity Profile I-15
Reynolds Number 33078
v Rus

1.00 19.470

0.95 19.440 75.25 0.0839
0.90 19,400 73.75 0.0823
0.85 19.350 76.28 0.0851
0.80 15.260 71.62 0.0799
0.75 19.140 70.12 0.0782
0.70 18.980 71.39 $.0796
0.65 18.820 71.12 0.0733
0.60 18.630 69.27 0.0773
0.55 18.390 66.5u 0.0742
0.50 18.110 L. 28 0.0717
0.45 | 17.810 63.52 0.0708
0.40 17.460 63.25 0.0705
0.35 17.090 £2.70 0.0699
0.30 16.690 61.06 0.0681
0.25 16.250 56.92 0.0635
0.20 15.730 49.51 0.0552
0.18 15.470 45.07 0.0502
0.16 15.19C ; 42.58 0.0475
0.14 14.870 ? 40. 34 0.0450
0.12 14.560 36.41 0.0406
0.10 14.190 30.80 0.0343
0.08 13.730 23.59 0.0263
0.06 13.120 13.51 0.0150
0.04 §  12.230 9.73 0.0108
0.02 9,540 3.10 0.0034
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TABLE F.2 {Contd.)

Isothermal Velocity Profile I-18

Reynolds Number 32456
v/R v u u
- v Ru*
1.00 19.610
0.95 19.600 84,87 0.0963
0.90 19.57C 70.28 0.G797
0.85 19.510 63,40 0.071¢
0.80 19.390 58.97 0.0669
0.75 19.250 59.54 0.0675
0.70 19.070 61.97 2.0703
0.65 18.890 £5.78 0.07u46
0.60 18.670 68.6u 0.0778
0.55 18,460 68.96 0.0782
0.50 18.200 67.69 0.0768
0.45 17.910 65.39 0.07u2
0.40 ‘ 17.570C 65.28 0.0740
0.35 % 17.210 62, UE 0.0708
0.30 16.840 58.16 2.0660
0.25 16. 340 53.26 0.0604 ‘
0.20 15.770 50.51 0.0573 g
0.18 15.540 50.83 0.0576 §
0.16 15.290 46.85 0.0531 g
0.14 15.040 40,30 0.0457 é
G.12 14.690 34.53 1.0391 g
0.10 14.270 28.70 0.0325
0.08 13.800 22.57 0.0256
0.06 13.190 13.04 0.0147
0.0u 12.270 9.33 0.0105
0.02 9,910 2.98 0.0033
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TABLE F.2 (Contd.)

Isothermal Velocity Profile I-17

Reynolds Number 31877

y/R v, | il ™
- v Ru*

1.00 19.670

0.95 19.660 96.49 0.1112
0.90 19.640 79.53 0.0916
0.85 19.580 68.45 0.0789
0.80 19.480 59.73 0.0688
0.75 19.340 57.24 9.0660
0.70 | 19.150 57.80 0.0666
0.65 18.950 59.58 0.0687
0.60 18.730 62.59 0.0721
0.55 18.480 63.86 0.0736
0.50 | 18.220 62.43 0.0719
0.45 | 17.920 61.31 0.07086
0.40 17.550 59.73 0.0688
0.35 17.180 57.02 0.0657
0.30 | 16.760 53.70 0.0619
0.25 | 16.240 49.82 0.0574
0.20 15.650 47,15 0.0543
0.18 15.410 45,02 0.0519
0.16 15,140 41.97 0.0483
0.1u4 14.830 2 37.2u 0.0429
0.12 14,490 31.99 0.0368
0.10 14,060 26.69 1.0307
0.08 13.540 20.68 0.0238
0.06 12.890 12.12 0.0139
0.0k 11.920 8.72 0.0100
0.02 | 9.500 2.85 0.0032
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TABLE F.2 (Contd.)

Isothermal Velocity Profile IT-1

Reynolds Number 5590
v Ru#

1.00 3.740

0.95 3.730 14.03 0.0737
0.90 3.720 11.88 0.0624
0.85 3.710 14.03 0.0737
0.80 3.680 14.69 0.0772
0.75 3.660 14.55 0.0764
0.70 3.63C 14.46 0.0760
0.65 3.590 13.68 i 0.0719
0.60 3.540 13.43 | 0.0706
0.55 3.490 13.76 0.G6723
0.50C 3.430 13.55 0.0712
0. 45 3.370 14.03 0.0737
C.40 3.290 14.C3 0.0737
0.35 3.230 13.13 0.0695
0.30 2.140 11.38 3.0598
0.25 3.030C 9.95 0.0523
0.20 2.880 8.70 0.0457
0.18 2.840 5.93 0.0364
0.16 2.760 5.55 0.0292
0.14 2.650 3.96 0.0208
0.12 2.510 2.81 0.0148
0.10 2.340 1.80 0.0094
0.08 2.080 1.08 0.0056
0.06 1.700 0.56 0.0029
0.04 1.230 Q.34 0.0018
0.02 0.590 c.18 0.0009
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TABLE F.2 (Contd.)

Isothermal Velocity Profile IT-2

Reynolds Number 5401

| y/R v, | il “u
v Ru*

1.00 3.6u0

c.95 3.630 9.68 0.0524
0.90 3.620 10.39 0.0562
0.85 3.500 11.81 0.0639
0.80 3.580 12.67 0.0686
0.75 3.550 13.24 0.0716
0.70 3.520 12.85 0.0696
0.65 3.480 13.59 0.0735
0.60 3.430 14.19 0.0765
0.55 3.390 14.69 0.0795
0.50 3.340 15.12 0.0818
0.45 3.280 14.16 0.0766
0.40 3.220 14.08 0.0762
0.35 3.140 13.06 0.0707
0.30 3.070 11.46 0.0620
0.25 2.960 9.85 5 0.0533
0.20 2.830 7.57 0.0409
0.18 2.770 5.30 0.0319
0.16 2.680 4. 76 0.0258
0. 14 2.570 i 3.62 5 0.0196
0.12 2.430 | 2.65 0.0143
0.10 2.260 % 1.62 | 0.0087
0.08 2.010 ; 0.90 g 0.0048
0.06 1.600 E 0.49 ; 0.0026
GO 1.100 f 0.30 | 0.0016
0.02 0.560 i 0.22 % 0.0011
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TABLE F.2 (Contd.)

Isothermal Velocity Profile IT-3

Reynolds Number 5219
y/R v, o o
Y Rus
1.00 3.520
0.95 3.520 10.52 0.0586
0.90 3.510 12.44 0.0693
0.85 3.490 12.82 0.0715
0.80 3.475 13.86 0.0761
0.75 3.450 13.66 0.0761
0.70 3.420 13.23 0.0737
0.65 3.380 13.85 0.0772
0.60 3.340 13.66 0.0761
0.55 3.300 12.96 0.0722
0.50 3.240 12.22 0.0681
0.45 3.170 12.04 f 0.0671.
0.40 3410 12.08 § 0.0673
0.35 3.030 11.78 f 0.0657
0.30 2.940 10.8¢ g 0.0606
0.25 2.840 9.69 : 0.0540
0.20 2.720 8.4l ! 0.0471
0.18 2.660 6.48 z 0.0361
0.16 2.600 5.11 f 0.0285
0.14 2,490 3.54 § 0.0197 ;
6.12 2.360 2.51 | 0.0140 |
0.10 2.170 1.57 0.0087 i
0.08 1.950 0.91 0.0051
0.06 1.560 0.49 0.0027
0.0u 1.110 0.28 0.0015
0.02 0.550 0.16 0.0009
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TABLE F.2 (Contd.)

Isothermal Velocity Profile IT-u

Reynolds Number 16117
v/R | v M iy
| : - R

1.00 10.110

0.95 16.100 33.65 9.0811
0.90 10.090 33.69 0.0707
0.85 10.040 34,43 0.0722
0.80 | 9.980 32.64 0.0685
0.75 9.920 32.84 0.0689
0.70 9.820 32.64 0.0685
0.65 | 9.710 32.21 0.0676
0.63 | 9.580 32.14 0.0674
0.55 ! 9.450 32.08 9.0673
0.50 9.280 32.04 0.0672
0.45 3.110 31.83 0.0668
0.40 8.920 32.47 0.0681
0.35 8.700 32.25 0.0877
0.30 3.420 31.38 0.0658
0.25 8.240 29.75 0.062u
0.20 7.950 25.58 0.0537
0.18 7.820 25.22 0.0529
0.16 7.650 22.94 0.0481
0.14 7.520 21.33 0.0U47
0.12 7.320 i 17.58 0.0369
0.10 7.130 12.79 0.0268
0.08 6.790 8.22 0.0172
0.06 6.330 3.99 0.0083
0.04 5.490 2.53 0.0053
0.02 3.540 0.30 0.0018
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F.2 {(Contd.)

Isothermal Velocity Profile IT-5

Reynolds Number 16280

y/R v, 2 -
< v Ru®

1.00 10.020
0.95 10.010 35.21 5.0753
0.90 9.990 36.21 7.0753
0.85 | 9.950 37.94 0.0789
0.80 9.900 36.84 0.0766
0.75 5. 847 35.24 0.0733
0.70 3.750 32.49 0.067F
0.65 9. 640 32.39 0,067
0.60 9. 500 33.35 0.0694
0.55 9.380 34.62 0.0720
0.50 9.230 34,55 0.0719
0.45 9.070 33.88 £.0705
0.40 f 8.870 34,07 5.0709
0.35 % 8.630 33.55 0.0693
0.30 ! 8.470 32.97 0.0686
0.25 8.220 30.59 0.0636
0.20 7.950 28.07 0.0584
0.18 | 7.810 25.54 0.0531
0.16 7.680 23.39 0.0486
0.14 | 7.510 20.98 0.0436
0.12 7.33C 17.41 0.0362 -
5.10 7.110 13.83 0.0287
0.08 6.810 8.99 0.0187
0.06 6.410 4,23 0.0088
0.04 5.610 2.63 0.0054
0.02 3.640 0.90 0.0018




TABLE F.3
TURBULENCE MEASUREMENTS

Run No. IT-1
Reynolds Number 5590
-5 v! v!

y/R X y v Vz B " e’ s v; VZ 55 E%
1.00 3G 48 1.937 810 2.22 13.22 0.168 3.75 0.0447 0.877
0.10 42 y2 1.527 837 8.295 18.12 0.458 2.33 0.1965 2.39
0.04 45 26 1.101 909 9.23 28.81 0.320 1.21 0.2648 1.67
0.20 39 41 1.693 825 5.795 15.80 0.367 2.87 0.1278 1.915
0.90 33 31 1.928 811 2.52 13.30 0.189 3.72 0.0509 0.986
1.00 33 27 1.932 810 2.35 13.27 0.177 3.73 0.0u475 0.924
0.1lu 42 30 1.626 829 7.01 16.63 0.422 2.64 0.1597 2.202
0.50 36 30 1.845 815 3.51 14.09 0.249 3.40 0.0732 1.300
0.02 42 25 0.761 990 6.40 47.98 0.133 0.58 0.2300 0.69u
0.70 33 37 1.904 812 2.75 13.52 0.204 3.63 0.0561 1.065
1.00 33 29 1.934 810 2.44 13.23 0.184 3.74 0.0493 0.960
0.08 45 24 1.436 848 8.87 19.75 0.uu49 2.06 0.2181 2.343
0.16 42 26 1.657 827 6.53 16.25 0.402 2.75 0.1u461 2.098
0.03 45 22 0.9u6 942 8.49 35.62 0.238 0.89 0.2678 1.242
0.30 39 26 1.772 820 4.62 14.87 0.310 3.1y 0.0988 1.618
1.00 - - 1.935 810 - - - 3.74 - -
0.60 36 25 1.881 814 3.20 13.74 0.233 3.54 0.0658 1.216
0.06 45 26 1.296 871 9.23 22.82 0.405 1.68 0.2408 2.114
0.18 42 23 1.682 826 6.14 15.94 0.385 2.83 0.1361 2.009
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Run No.

IT-3
Reynolds Number 5219

TABLE F.3 (Contd.)

— \ v!
y/R Y Vz B / &2 s v, VZ — Tj;z'
Ve
1.00 1.t68 700.13 2.34 15.87 0.1u47 3.49 0.042 0.81
0.20 e 1.638 700.13 6.22 18.56 0.335 2.69 0.12u486 1.84
0.04 1.048 821.9 9.28 36.74 0.253 1.10 0.2296 1.39
0.12 1.522 700.13 7.97 20.27 0.393 2.32 0.1695 2.16
0.60 1.827 700.13 3.24 16.33 0.198 3.34 0.0594 1.08
0.30 1.719 700.13 4,96 l7;55 0.283 2.95 0.0957 1.56
1.00 1.883 700.13 2.32 15.74 0.1u47 3.55 0.0415 .0.81
0.16 1.617 700.13 7.25 18.87 0,384 2.61 0.1u47 2.11
0.02 0.793 1305 7.20 80.83 0.C89 0.863 0.141 0.49
0.80 1.867 700,13 2.64 15.89 0.166 3.u49 0.0476 0.91
0.08 1.393 700.13 9.23 22.43 0.411 1.94 0.2121 2.26
0.40 1.762 700.13 4.32 17.01 0.254 3.10 0.0819 1.40
1.00 1.875 700.13 2.34% 15.79 0.148 3.52 0.0421 0.81

K
ry

P

. 2 . .
In this run values of ¥ e were determined using a chart recorder and the R.M.S. meter on the

anemometer was not used.
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Run No.

Reynolds Number 16117
Calibration Curve Slope B 696.8

IT-4

TABLE F.3 (Contd.)

— v' V‘
y/R x y YV, /e’ s V2 v, = =
VZ
1.00 33 38 3.180 2.79 7.33 0.38 10.11 0.0376 0.81
0.20 39 50 2.820 6.03 8.53 0.71 7.95 0.0893 1.50
0.10 42 43.5 2.666 8.4k 9.14 0.92 7.11 0.1294 1.98
0.02 48 40.5 1.857 16.29 14.23 1.1 3.45 0.3304 2.43
1.00 33 39.5 3.178 2.84 7.33 0.39 10.10 0.0386 0.82
0.80 33 49 3.159 3.17 7.39 0.43 9.98 0.0431 0.91
0.18 39 54 2.795 6.65 8.62 0.77 7.81 0.0986 1.64
0.08 42 54 2.602 9.41 9.4k 1.00 6.77 0.1477 212
0.90 33 41 3.176 2.90 7.34 0.39 10.09 0.0386 0.
0.60 36 42 3.098 4.15 7.58 0.55 9.60 0.0573 1.16
0.16 39 56 2,764 6.77 8.76 0.77 7.64 0.1008 1.64
0.06 us 35 2.508 10.71 9.86 1.09 6.29 0.1733 2.30
6. 30 39 39 2.915 5.65 8.19 0.69 8.50 0.0812 1.46
0.40 36 60 2.987 4.96 7.4 | 0.62 8.92 0.0695 1.32
0.14 39 62 2.740 7.13 5.84 0.81 7.51 0.1079 1.71
0.04 45 53 2.330 13.18 10.79 1.22 5.43 0.2247 2.59
0.03 48 34 2.166 14.93 11.79 1.27 4.69 0.2708 2.69
0.01 4 53 1.311 13.18 21.52 0.61 1.72 0.3547 1.29
0.12 42 35.5 2.704 7.63 5.98 0.85 7.31 0.1163 1.80
0.50 36 48 3.0u6 4,43 7.74 0.57 9.28 0.0614 1.22
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TABLE F.3 (Contd.)

Run No. IT-5

Reynoclds Number 16280
Calibration Curve Slope B 715.2

— ' o' v
y/R X y Y V; /el s M : V; :? G%
V.
1.00 33 35 3.172 2.68 7.50 0.36 10.06 0.0355 0.77
0.20 39 45 2.818 6.07 8.70 0.70 7.94 0.0879 1.49
0.10 42 39 2.665 7.99 9.33 0.86 7.10 0.1207 1.83
‘0.0l 45 53 1.330 13.18 21.60 0.61 1.77 0.3u447 1.30
1.10 33 41 3.161 2.90 7.53 0.385 9.99 0.0385 0.83
1.00 33 34 3.165 2.64 7.52 0.35 10.02 0.0350 0.76
0.90 33 37 3.161 2.75 7.52 0.37 9,99 0.0366 0.79
0.12 42 32.5 2.706 7.30 9.15 0.80 7.32 0.1089 1.70
0.50 36 Ly 3.038 4,25 7.91 0.54 9.23 0.0581 1.15
0.03 48 31 2.189 14,25 11.89 1.20 4.79 1 0.2504 . 2.56
1.00 33 36 3.167 2.72 7.51 0.36 10.03 0.0361 0.78
0.30 39 . 35 2,910 5.35 8.35 0.64 8.u7 0.0757 1.36
0.06 45 33 2.526 10.40 9.97 1.04 6.38 0.1635 2.22
0.70 - 33 58 3.122 3.ub5 7.64 O.u45 9.75 0.0u462 0.96
0.16 39 52 2.769 6.53 8.89 0.73 7.67 0.0957 1.55
1.00 33 36 3.169 2.72 7.50 0.36 10.0u 0.0360 0.78
0.02 48 37 1.887 15.57 14.23 1.09 3.56 0.3062 2.32
0.60 36 37.5 3.082 3.92 7.77 0.50 9.50 0.0531 1.06
0.04 45 50 2.358 12.80 10.86 l.18 5.56 0.2120 2.51
0.18 39 50 0.854 6.40 8.79 0.73 7.80 0.0933 1.55
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G.1

G.2.1

APPENDIX G

SAMPLE CALCULATION PROCEDURES - ISOTHERMAL RUNS

INTRODUCTION

The sample calculation procedures by which the following
results
(a) Isothermal velocity profiles
(b) Eddy diffusivities
(c) Isothermal axial turbulence intensities
were obtained from measured data are presented separately in sections
G.2 to G.4, respectively. These procedures are illustrated using

results from runs IT-3 and IT-5.

ISOTHERMAL VELOCITY PROFILES

Hot-wire calibration against pitot tube

The hot-wire was calibrated against a pitot tube as described
in Chapter 3, pressure differences being measurcd either on a Hook
Gauge containing water or on a micromanometer containing butyl
alcohol. Velocities were evaluated from the pitot tube reading using

the standard pitot tube equation [131]

L ]
_ /28 (pg-p)
v - C S
Z P

where p_ = static pressure lbf/ft2

p = 1impact pressure lbf/ft2

The pressure difference across the taps of the pitot tube is
related to the manometer reading Ah (inches) by

1

water
where (S.G.)f is the specific gravity of the manometer fluid, 1.0

for water, and given by

§.G. = 0.8176 - 0.0004 (T-50) (G.3)
(where T is thé manometer fluid temperature in °F)

for butyl alcohol.
Substituting equation (G.2) into equation (G.1) and



G.2.2
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rearranging,
2 x 32.17 x Ah x 62.43 x (S.G.)_ x 358 x T!
. VQ - f av
Tz T 28.97 x 273 x 12

15.16 T! Ah (S.G.) (G.4)
av

£
where T;V is the flow temperature in °K.
During a typical calibration reading for run IT-5 the

following measurcments were obtained:

manometer fluid temperature = 60°F
Ah = 0.0135% T! = 291.4 °K
av
From equation (G.3)
B (S.G.)f = 0.8176 - 0.0004 (60-50) = 0.8136
From equation (G.4)

15.16 x 2%81.4 x 0.0135 x 0.8136

48.u49

1
2.639 (ft/sec)?

During the same reading the following values of the hot-

wire current, I, and the cold resistance, Rg’ were obtained:

I = 35.78 mA R = 10.24 ohms
gheas
The leads resistance RL was 0.25 ohms.
.« True R value = R —RL = 10.24 - 0.25 = 9.99 ohms
g " Bpeas

For an overheating ratio, (Rw—Rg)/Rg, of 0.5

1

.. True R value 0.5R +R = 1.5 x 9.99
W g g

= 14.985 ohms
2
I 1 Rw o 35.782 x 14.985  _ 3850.6
R -R_~ 14.985 - 9.99 - )
w g
From these readings a point (3840.6, 2.639) on the hot-
%R, B
wire calibration curve of g—— vs V. was obtained. Further

w 2

readings enabled a plot such as that in Fig. 3.13 to be prepared.

Hot-wire calibration in calibration device.

This method of hot-wire calibration, described in Chapter 3,

was used for low Reynolds number runs such as IT-3 (Re = 5219), from



which measured results used below were taken.

A relationship between the wet-gas meter reading and the
average velocity through the throat of the contracting cone in the
calibration davice was sbtained as follows:

When the time taken for the wat-gas meter to turn through
360° is 60 saconds, the flow rate through the meter is 10 000
1/hr, or 0.0981 fta/sec. Since the throat diameter is 2.016'",
the corresponding average throat velocity

T - 0.0981 x 4 x 1h4 = 4.43 ft/sec.

ave T x 2.016°

Velocities corresponding to other "times of revolution" were
calculated by proportion, e.g. for a time" of 45 sec the
average throat velocity

60

Uave = 4.43 x TE = 5.91 ft/sec.

During a typical calibration reading the following results

were oktained:

Time for one revolution on wet-gas meter = 65.65 secs
. o)

Temperature in cone throat = 26.0 C
. L0

Temperature in wet-gas meter = 21.4 C

Allowing for the temperature difference between the throat and the
meter, the average throat velocity is therefore

— 60 (273 + 26.0)

Usve “E585 * %3 (273 + 21.4)

= 4,09 ft/sec

To find the velocity ﬁgax in the centr: of the cone throat

where thc hot-wire is situated, use is made of Fig. E.4. From

this figure, for ﬁ' = 4,09, U “/ﬁ' = 0.921 and hence
ave ave’ ‘max
- _ 4,09 _
Umax = 5921 = u.44 ft/sec
= 1
and U2 = 2.108 (ft/sec)?
max

Measurement of I and R during the above reading enabled a point
on the calibration curve to be establishcd (seec G.2.1) and
repetition of the procedure at different flow rates enabled a

I2R
. . W
calibration curve of TR Vs
R,R,

(=]

oy

to be prepared.
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G.2.3 Point velocity measurements

From the calibration curve prepared as described in either
G.2.1 or G.2.2 the values of the calibration parameters A and B in

the cquation

,
- 2

T = A + BV (G.5)

w g

could be determined. Trom a knowledge of these two parameters

equation (G.5) could be used to obtain point velocity measurements

from measured I, Rc and Rw values, as illustrated below:

o

for run IT-5 A = 1953.3; B = 715.2
At y/R = 0.1 the following measurements were obtained:
I = 35.865 mAj; Rg = 9.97 ohms; Rw = 14.855 ohms
.*. From equation (G.5) the velocity at y/R = 0.1 is given
Dy 35.8652 x 14,955 . =
15 055 - 9.57 = 1953.3 + 715.2 V;
whence V; = 7.10 ft/sec.

These point velocity readings were corrected for the effects of
turbulence intensity as described in section G.2.4 below. Corrections
were also applied if a slight change in measured centre velocity
readings was sbserved during the run. For example, in run IT-4 the
centre velocity altered by 1%, not enough to warrant discarding the
measured profile but enough to mike it necessary to correct measure-

ments during the run to allow for this change.

Correction of mean volocity readings under conditions of high

relative turbulence intensity

It was shown in Chapter 2 that point velocity readings should

be corrected using the equation

-
b = 1l =z l r
v = l [ — — e G‘e
s Vz { L =5 + > _2} ( )
meas Y v
z z
v!
In order to use this equation measurements of :?—and either
V'7
v! v! v!
Z .
:? or ;%~ are needed. In the present work — values were obtainad
v, r v,



V'
from measurements at Re = 15000 and 5000. ;%— values, shown in

r
Fig. G.1, wecre taken from the work of Brown [31] which gave results

in fair agreement with the lcss extensive measurements of Gessner
Liu1].

The method of calculation is as follows:

For y/R = 0.1 (Run IT-5)
V'
7 = 7.10 £ = 0.1207
2 =
meas \
z
= = 2.13  (From Fig. G.1)
r
.. rewriting cquaticn (G.6) as
v
= “meas
\ = (G.7)
2 2
i 1
1 vZ 1 vz vZ 2
1T *s5\=/—
L' v v!
z zZ r
and substituting the values above
. 7 - 7.10
z . m
1 2 1,0,1207,2
{l 3(0.1207) + 5(-—2-3_3—-) }
= 7.11 ft/sec

This procedure was repeated for other point velocities, and the

original and corrected velocities for each isothermal run are

given in Appendix F, Table F.1.

Mean velocity

The mean velocity was obtained by integrating the velocity
profile according to
]
v 2"/ V_ ndn (G.8)
z z
m L)
This was done by plotting and smoothing by hand the

Hi

corrected velocities obtained as described above. (The correctad

velocity values for run IT-5, together with the smoothed velocity
profile are shown in Fig. G.2, from which it is clear that the

amount of smoothing required is very small indeed.) Values from
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o Points calculated from
results of Brown [91)
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o Experirmental points

I 1 1 1

0 0.2

FIGURE G.2

0.4 0.6 0.8 1.0
Y/R

EXPERIMENTAL POINTS AND SMOOTHED VELOCITY

PROFILE FOR RUN IT-5

1.2



the smoothed profile were then integrated, using a Simpson's rule

procedure, on an IBM 1130 computer.

G.2.6 System parametcrs

The Reynolds number was calculatsd from a knowledge of the
mean velocity and of the physical properties at the flow temperature.
The mean velocity was obtained as described in G.2.5 and the
physical properties were obtained from the relationships given in

Appendix B.

For run IT-5: 7; = 8.04 ft/sec; flow temperature = 4. 4T
v p‘m
Cpe = mn  _ 3.886 x 8.04 x 0.0757 x 1488
s Re =TTy 12 % 0.018
= 16280

Friction factors were calculated according to the

equation [131]

jé:- = 4.0 log  (Re VE) - 0.4 (G.9)
/£

For run IT-5, therefore,

1 - 4.0 log, (16280 VF) - O.u
= 10
/E'
whence £ = 0.00681
The friction velocity u#® = VZ /g could then be
m

calculated, e.g. for run IT-5

-"————*.

us = 8.04¢/949%§§£~ = 0.u469 ft/sec.
. + 4+ + +

From a knowledge of u®* the values of u , y and (uc - u ) were

easily determined.

G.3 EDDY DIFFUSIVITIES OF MOMENTUM

€
. . s
To determine the isothermal value of ;j-the smoothed

velocity values obtained as explained in section .2.5 were used.
The smoothed data, in n increments of 0.02 between the wall and
n = 0.8 and increments of 0.05 between n = 0.8 and the pipe

centre were differentiated on an IBM 1130 digital computer.
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Values of u® and VZ are known and hence the ratics —  and oF

A
z

can be easily found. These turbulence quantities are reported

in Appendix I, Table F.2.
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APPENDIX H

EXPERIMENTAL MEASUREMENTS AND CALCULATED RESULTS
FOR NON-ISOTHERMAL RUNS.

In this appendix are reported the experimental velocity,
temperature and turbulence measurements for runs N-1 to N-14 and
NT-1 to NT-5. Also given are calculated values of the eddy
diffusivities of heat and momentum together with ;;V; and V;?

values.

TABLE H.1
EXPERIMENTAL VELOCITY AND TEMPERATURE MEASUREMENTS
FOR RUNS N-1 TO N-14

Non-isothermal velocity profile N-1
Reynolds number 25360
Bulk mean temperature 167 F

Mean velocity 16.56 ft/sec.

y/R Velocity V; z;—- Z;— Temperature
ft/sec v, v, Op
m c
1.0 20.03 1.209 1.000 133.5
0.9 20.01 1.208 0.999 134.1
0.8 19.91 1.202 0.39u 135.1
0.7 19.78 1.19u 0.988 137.5
0.6 | 19.35 1.168 0.966 140.5
0.5 18.71 1.130 0.934 lu4.1
0.4 18.43 1.113 0.920 148.5
0.3 17.27 1.0u3 0.862 154.4
0.2 16.17 0.976 0.807 162.7
0.15 15.41 0.931 0.769 163.2
0.1 14.62 1 0.883 0.730 169.3
0.05 ' 12.94 0.781 0.646 178.7
0.02 9,86 0.595 0.492 192.9
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TABLE H.1 (Contd)

NON-iSOTHERKAL VELOCITY PROER$LE HK-2
REYNOLD> NJUMBER 8u3ll.
RAYLEIGH NUMBER 1862.7
WALL HEAT FLUX (BTU/HR.SQ.FT.) 6u.9
HOT-WiRE MEASUREHENIS
CALIBRATIOH CURVE INTERCEPT A 1792.6
CALIBRAVION CJRVE S5LUPE 8 845.7
CALIERATION TEMPERATURE 6.0 DEG.F.
TEMPERATURE COLFFICIENT OF RESISTAKCE -0,01238 OHMS/DEG.R.
RESISTANCE AT ¢ DEG.R. RU -2.7508 OHMS
TENPERATURES
WALL TEMPERATURE Tw 245.3 DEG.F.
BULK MEAN TEMPERATURE 1B 160.4 DEG.F.
RADJAL MEAH TEMPERATURE 1M 167.u DEG.F.
AXEAL TEMPERATURE GRADIEKT DT/0Z 2.71 DEG.F./FT,
CALCULATED REMJLTY
MEAKR VELOCITY 5.37 FT/SEC
PRANDTL NUMBER 0.69¢
GRASHOF KunutR M14u586,
NUSSELT NUMBER 16,8
YANTDVSK It NUMBER 15.30
Z CRITERION 0.U384
CoLd | OPERATING § VELUCITY | CORRECTED | I TEMPEPATUREL Tw-1 1
RESISTANCE! RESISTAMCEL I VELCCITY |} U/umM [} u/uc | T 1 =---- ]
RG 1 RV I FT/SEC 1" FT/SEC | 1 Tu-T¢C

NON-1SOTHERHAL VELOCITY PROFILE N-3

REYNOLDS NUMBER 8016,
‘RAYLEIGH NUMBER 1267.5
WALL HEAT FLUX (BTU/HR.SQ.FT.) 57.3
HOT-WIRE MEASUREMENTS
CALIBRATIDN CURVE INTERCEPT A 1792.¢€
CALIBRATIDN CURVE SLOPE 8 845.7
CALIBRATIDN TEMPERATURE 68.0 DEG.F.
TEMPERATURE COEFFICIENT OF RESISTANCE -0.01238 OHMS5/DEG.R.
RESISTANCE Al U DEG.R. v -2.7508 QHMS
TEMPERATURES
WALL TEMPERATURE T 250.7 DOEG.F.
BULK MEAK TEMPERATURE 1B 162.3 DEG.F.
RAD IAL MEAN TEMPERATURE TM 169.8 DEG.F.
AXTAL TEHPERATURE GRADIENT DY/D2 2.39 DEG.F./FT,

CALCULATED RESULTS

MEAH VELOCITY 5.40 F1/SEC
PRANDTL NUMBER 0.698
GRASHOF NUMBER 4269829,
NUSSELT NUMBER 12.2
YANTOVSKE1 NUMBER 15,74
I CRITERIDR ¢.0333
coLo | OPERATING | VELOCITY | CGRRECTED | {1 TEMPERATUREI TW-T i
RESISTANCEI RESISTAMCEIL b VELCCIIY | u/um i u/uce ] T § ceees
Rbk F1/5EC FT/SEC

5.71
5.74
5.84
5.¢b
5.90
6.01

6.v1
$.49
5.00
5.80
Aoy
3.v2
7



o H_3 -
TABLE H.1 (Contd)

NOSi- 15OTHERMAL VELOCITY PROFELE  N-B
REYNULDS NUMBER 8638,
RAYLEICH NUMJER 96k.2
WALL HEAT FLUX (BTU/HR.SU.F1.) 31.9
HOT -\ IRE MEASUREMEKNTS
CALIBRATIGN CURVE INTERCEPT 4 1792.6
CALIBRATION CURVE SLOPE B 8&2.7
CALIBRATION TE4PERATURE 68,0 DEG.F.
TEHPERATURE COEFFICIENT OF RELESTANCE ~0,ul238 OHMS/DEG.R.
. RESISTANCE AT U DEG.R. RU -2.75U08 OQUHHS
TEMPERATURES
WALL TEPERATURE TW 171.5 DEG.F.
BULK MEAN TEMPERATJRE TB 120.8 DEG.F.
RADIAL MEAN TEMPERATURE 1M 125.0 DEG.F.
AXTAL TEMPERATURE GRADIEKT DT/DZ 1.30 DEG.F./FT,
CALCULATED RESULTS
MEAN VELOCITY S.14  FT/SEC
PRANDTL NUMSER 0,703
GRASHOF NUMBER 3486442,
NUSSELT NUMBER 12.6
YANTOVSKI 1 NUMBER 11.32
Z CRITER{ON 0.0232
coLo | OPERATING § VELOC!TY § CORRECTED | 1 ITEMPERATUREI TR-T ]
RES§STANCEl RESISTANCEI 1 YELOCITY | U/UM ] u/uc 1 T 1 m-=-- 1
RG i Rh I FT/SEC I FT/SEC i 1 DEG.F 1 TH-TC

NON~$SOTHERMAL VELOCITY PRCFILE N-5

REYNOLDS NUMBER L LR LN

RAYLEIGH NUMBER 878.4%

WALL HEAT FLUX (BTU/HR.SQ.FT,) 28.3

HOT-W1RE MEASURENENTS
CALIBRATION CURVE IHTERCEPT A 1962.6
CALIBRATIUN CURVE SLOPE B 8U8.3
CALIBRATIOH TEMPERATURE 76.2 DEG.F.
TEMPERATURE COEFFICIENT OF RESISTANCE -0.03575 OMMS/DEG.R.
RESISTANCE AT 0 DEG.R. RO ~0.6480 OHMS
TEMPERATURES

WALL TEMPERATURE Tw 165.9 DEG.F.
BULK MEAN TEMPERATURE 18 119.3 OEG.F.
RADIAL MEAN TEMPERATURE TH 123.3 DEG.F.
AX1AL TEMPERATURE GRADIENT DT/DZ 1.19 DEG.F./FT.
MEAN VELOCITY 5.02 FT/SEC
PRAKDTL NUMBER 0.703
GRASHOF NUMBER 3219461,
NUSSELT NUMBER - 12.2
YANTOVSKE | KUMBER 10.80
Z CRITERION 0,0218

coLp
RESISTANCE! REStSTAMCE
RG i Rk

| OPERATIKG 1 VELOCITY |

| ]
F1/SEC

VELUCITY
F1/SEC

CORRECTED 1

] U/uM




- H—d —
TABLE H.1 (Contd)

REYNOLD> NUMBER B5u7.
RAYLEIGH NUHBER 776.3
WALL HEAT FLUX (BTU/HR.SQ.F1.) 28.1

HOT-wLRE MEASUREMENTS

CALIBRATION CURVE INTERCEPT A 1697.8

CALICRATION CJRvE SLOPE & 8le.9

CALILRATION TEIPERATURE 78.8 DEG.F.

TEMPERATURE CUEFFICIENT OF KESISTALCE -0.ul668 OHMS/DEG.R,

RESISTANCE AT v DEG.R, RY -1,9611 DOHMS
TEMPERATURES

WALL TEMPERATURE TW 180.3 DEG.F.

BULK MEAN TEMPERATURE 18 130.6 DEG.F.

RADIAL MEAN TEMPERATURE TH 13k.7 DEG.F.

AXtAL TEMPERATURE GRADIENT DT/DZ 1.15 DEG.F./FT.

CALCULATED RESULTS

MEAN VELOCITY $.21 FT/SEC

PRANDTL NJUMBER N 0,702

GRASHOF NUMBER 3241389,

NUSSELT NUNMSER 11.1

YANTOVSKI{ NUMBER 10.81

2 CRITERION 0.0192
1 [} CURRENT i coLop | DPERATING | VELUCITY | CORRECIED | ' ITEMPERATUREI TW-T t
] Y/R 1 1 1 RESISTANCE} RESISTAKCEL I VELOCITY U/um | u/uc 1 T ] R RS |
! ] NILLIA.HPS t RG | Rh I FT/SEC t F1/5EC I H ] DEG.F. | TH-1C |
J 1.10 i 34,200 ¢ 16.760 i 25,140 1 5.45 | 5.42 | 1.038 1 l.001 i 112.% 1 0.995 |
1 1.00 1 36.200 ¢t 16.750 4 25.135 1 5.43 ) 5.60 1 1.u3% 1 1,000 1 112.1 § 1.000
] 0.90 i 36,260 I 16,760 ) 25.15¢ 1 5.48 3 S.h5 | 1.0uh 1 1.007 1 112.4% ! 0.995 1§
) 0.80 ] 36,270 ) 16.795 § 25.180 | $.55 1 5.52 i 1.057 | 1.020 1 113.5 1 0,979 1
] 0.70 ] 36,335 } 16,840 ) 25.205 | 5.63 ' 5.v0 | 1.073 [} 1.035 i 11,9 [} 0.959 |
1 0.60 1 34,810 | 1u.8%0 | 25.320 | 5.72 ! 5.69 t 1.090 1 1.051 ] 116.% ] 0,936 |
] 0.50 \ 36,460 1 16,960 25.425 5.78 | 5.75 i 1.101 1 1.062 ] 118.5 ! 0.905 o
1 0.40 1 36,530 1 17.060 25.%75 | 5.87 1 5.83 1 1.117 ] 1.077 ] 121.6 1 0.860 1
! 0.30 ] 36,585 | 17.270 1 25.875 | 5.96 ! 5.92 i 1.134 | 1.69% ' 128.0 1 0.766 |
] 0.25 I 34.665 | 17,400 4 26.1G60 i 6.01 1 5.97 1 1.163 1 1.103 i 132.0 ' 0.708
1 0.20 1 36,580 1 17.580 ) 26.370 1 5.90 ] 5.86 [} 1.122 t 1.083 1 137.5 [} 0.627
1 0.16 1 3h.440 17.780 ! 26.685 5.71 ! 5.66 1 1.08% | 1.046 1 183.6 ) 0.537 |
1 0.12 1 38,050 1 18.030 1 27.0%5 1} 5.217 1 5.22 | 1.000 1 0.9€% 1 151.2 t 0,426 1
] Q.08 1 33.295 I 18.310 27.695 | k.ul | .56 ] 0.835 | 0.805 | 159.8 ] 0.300 I
] 0.04 1 31.520 ¢ 18.620 1 27.965 2.4 ' 2.79 ] 0.53& [} 6.515 1 169.3 1 0.161 §
] 0.02 ] 29,760 | 18.780 28.170 1 1.e7 1 1 0.314 | 0.303 ] 176.2 ] Q.089 |

REYNOLD> NUIlUEr{ 8783,
RAYLEIG WUMBE 406.1
WALL HEAT FLUX (B'IUIHR SGLFTL) 11.¢C

HOT-L IRE MEASUREMENTS

CALIBRATION CURVE INTERCEPT A 1587.8

CALIBRATI CLRVE SLOPE B 818.9

CALILRATICYH TEHPERATYRE 78,8 DEG.F.

TEMPERATURE CCEFFICIENT OF KELISTARCE -0.016G68 OHMS/DEG.R.

RESISTALCE AT v DEG.R. Ru -1.9Ck1 oS
TEMPERATURES

WALL TENPERATURE  Tw 117.3 DEG.F,

BULK MEAN TEPERATURE 1E 102.5 DEG.F,

RADIAL MEAN TEIPERATURE T 103.6 DEG.F.

AXI1AL TEMPERATURE GRADIENT DT¥/DZ V.45 DEG.F./FT.

CALCULATED HESJLT.

MEAN VELOCITY «.92 F1/3EC

PRANDTL NUNMSER ¢.705

1126671,

.1

YARTOVSKEE u.'|3£1( 3.54

Z CRITERION 0.u097
] I CURRENT I coLo 1 OPERATING 1 VELOCITY | CORRECTED | [} ITEMPERATURES Tw-1 3
[} Y/R [} 1 1 RESISTAWCE] RESISTANCE! b OVELUCHITY ) L/ Ui t u/uc ] T b e 1
t 1 MILLEAHPS RG 1 R i FT/oEC 1 FT/5EC ! | 1 DEG.F. 1 ™w-1C
1 1.10 1 36.680 | 16.360 26,060 8 6.01 i $.79 | 1.216 1 0.99¢€ 1 98.3 1 0.933 |
¢ 1.09 ] 34.C80 | 16.310 .65 6.95 | 6.ul ] 1.220 ! 1.000 ] 8.7 t 1.000 1
] 0.930 ! 3e.700 1 16,290 24,425 | 5.9 1 6.uy [} 1.218 1 0,998 ] 98.0 ' 1.015 ¢
1 v. 10 1 34.560 16,320 | PLUPRT I | 5.%8 | 5.86 | 1.1¢7 1 0.975 ' 9.0 ' 0.966
] V.60 [} 36,515 1 16,335 | 26.51v | 5.u1 ) 5.19 [} 1.175 [} 0,963 1 93.4 1 0.962 |
1 0.20 1 3e.u30 !t 16.3u5 4 FLVE T 5.98 1 5.9¢ i 1.210 1 0,991 ' 98.5 t 0.99¢c
] 0.50 1 38,859 1 16.350 26,55+ ) 5.7 t 5.68 | 1.155 1 0. 345 i 99.9 1 0.918
] 0.40 i 36.29CG 1 16.390 i 26,370 5.58 t 5,50 ! 1.128 i 0.925 ' 101.1 1 0.858 |
] v.30 ] k.15 ) 16,430 2u.Ls5 1 S5.u1 | 5.39 | 1.094 t 0.896 i 102.3% ' 0.789% |1
[} 0.20 t 33,385 | 16.500 | W 120 5.13 ! 5.12 1 1.u39 1 0.851 [} 108,5 1 0.676 f
i 0.16 1 33,780 | 10,525 1 u.130 1 k.47 i LI P i 1.00% 1 v.823% 1 105.2 ' v.e3s |
1 0.12 [} 33.805 4 16,50 1 26,835 1 h.o3 [} .5l i 0.1315 [} V.75 i 105.7 t 9.612 |
t ' ] 32,866 1 16,625 24,125 1} woud [} .02 | 0.81 [} 1 108.3 | g.825 I
1 0.0% ' 31.235 ¢ 16,755 1 25,10 1 2.617 | 2,u5 t 0.53¢ { 1 112.3 1 0.26¢ 1
l ¢.02 ) 29,850 ¢ 16.825 | 25.260 1.49 1 1.47 | 0.249¢ i ' 11,6 ] 0.15% ¢



| o o - " o -

CURRENT
'

Y/R

34.580
34,580
34,580
36,575
3v.570
36.570
36,000
34,660
34,659
34,475
34.660
34,605
34,200
33.720
32.890
31.130
29,350

MILLIAMPS

- }{.-55 -

TABLE H.1 (Contd)

NON- ISOTHERMAL VELOCITY FROFILE

REYMUILDS NUHMBER
RAYLEIGH #JNBER
WALL HEAY FLUX (BTU/HR.SUQ.F1.}

HOT-VERE MEASUREMENTS
CALIBRATEOR CURVE IWTERCEPT A
CALIGRATION CURVE SLUPE B
CALIGRAVIUN TENPERATURE
TEHPERATURE CUEFFICIENT OF RL>1STANCE
RESISTACE AY U DEG.R. ®U

TEMPERATURES -
WALL TEMPERATURE Tw
BULK MEAN TEBAPERATURE TE
RADIAL MEAN TEMPERATURE TH
AXIAL TEHPERATURE GRADIEKT D1/0Z

CALCULATED RESULTS
HEAN VELOCITY
PRAWDTL NUMBER
GRASHOF NUMBER
NUSSELT NUHBER
YANTOVSKE 1 NUMBER
1 CRITERION

coLo 1 OPERATING | VELOC:1Y | CORRECTED
RESISTANCEY RESISTANCEL 1 VELOCITY
I FT/SEC I FT/SEC

16.170 | 24,250 ) 5.601 i
16.166 | 24.23) 4 5.58 ]
16.17v 24,250 1 5.6l |
16,125 ¢ 24,200 } S.tv ]
16.21v | 24,500 S.t1 }
1¢.260 ) 2u.355 4 5.59 |
16,306 | 24,435 | $.65 |
16,390 26.585 | 5.69 |
16.530 | 24,795 | 5.E8 i S5.bb
16.805 1 25,200 | 5.49 | 5.46
16.460 24,630 | 5.9 1 5.67
16.650 | 28,975 5.63 1 5.0
16.360 | 25.425 1 5.18 H 5.15
17.120 | 25.695 4.€2 t h.58
17.310 25.980 3.0 ] 3.7%
17.500 1 26,250 1 2.39 | 2.3¢
17.580 | 26.385 | 1.33 1 1.3¢C

NON- ISOTHERMAL VELOCHTY PROFILE

REYNOLDS KUMBER
RAYLEIGH KUMBER
WALL HEAT FLUX (BTU/HR.$U.FT.)

CALIBRATION CUR¥VE INTERCEPT A
CALIBRATION CURVE SLOPE B
CALIBRATION TEAPERATURE

TEMPERATURE CUEFFICIENT OF RESESTANCE
RESISTANCE AT 0 DEG.R. RO

VEMPERATURES
WALL TEMPERATURE TwW
BULK MEAN TEHPERATURE T8
RADIAL HEAN TEMPERATURE TH
AXIAL TEMPERATURE GRADIENT DT/DZ

CALCULATED RESULTS
MEAN VELOCITY
PRARDTL NUMBER
GRASHOF NUMEER
NUSSELT NUMBER
YANTOVSKI1 NUMBER
L CRITERION

H-3

8653,
659.7
13.%

1627.¢
82s.86
8.8
~0,01606
“1.96l1

DEG.F.
UHMS/DEG.R,
ORM4S

182.5
107.1
110.6

0.81

DEG.F.
DEG.F.
DEG.F.
DEG.F./F1.

.96 F1/SEC
U.705
2763135.
l.é}
0.0160
| I TEMPERATUREI Tw-T 1
] U/UM 1 u/uc 1 T -
i DEG.F. | TW-1C 1

1.10% 0.979 113.8 0,593
1.1k¢ 1.617 103.2 0.211
1.132 1.004 109.1 0.691
1.041 0.923 113.5 0,495
0.326 0.821 123 . 0.396
0.750 0.674 129.2 0.27h
0.477 0.423 135.1 0.15%
0.262 0.233 137.5 0.103
N-9
679k,
1203.3
®1.6
1727.8
779.1
69.8 DEG.F.
-0.03284 OHMS/DEG.R.
~0.7316 OHMS
226.9 DEG.F.
150.7 DEG.F.
157.7 DEG.F.
2.08 DEG.F./FT.

V.30
0.25

coLp 1 OPERATING t VELOCITY § CORRECTED
RESISTANCEI RESISTANCE! VELOCITY
RG L R 1 FT/SEC i FT/SEC
13.385 1 2g.070 ..72 ] 4,68
13.405 1 20,095 8,73 ] .. b9
13,830 1 20,130 h,78 i .76
13,465 20,175 i §.82 ' 5.73%
13.500 1 20,285 1 b.85 ! (3% 51
13.555 20,325 1 .33 i k.89
15.630 1 20,845 §.98 ] .33
13.780 4 20.67¢ 5.v7 1 5.01
13.915 | 2u.665 | 5.09 1 S5.33
1v.120 21,165 4 5.02 | .37
18,370 1 21.555 | k.4l I h.bh
. c70 1 22.u20 ¥ .50 ' A L3
15.0bu 1 22.53v 1 3.79 1
15.830 23.145 2.52 1
15.615 25,625 1.23 )
13.310 1 20.925 % .30 1

A.&3 FT/SEC
0.699
4067439,
10.4
20.0%
0.0373
[} ] | TEMPERATURE I Th-T [}
1 u/uM ' v/uc t 1 e
1 ] DEG.F ] TW-1C 1
) 1.055 1 1.000 ] 127.5 ] 1.000
' 1.057 § 1.9002 ] 128.3 ! 0.9%0 ¢
] 1.068 1 1.012 1 129.% ] 0.980 )
i 1.030 1 1.02 1 130.8 1 0.965
[} 1,084 ] 1,027 1 132.3 ] 0.95¢ 1
[} 1.102 ] 1,064 ] 135.6 ] 0.927
I 1.11] 1 1.053 § 137.7 [} 0.898 |
[} 1.129 1 1.070 ] 164.0 ] 0,833 I
1 1.1%4 i l.u7s ] 189.6 [} 0.777
] 1.129 4 1.061 & 158.1 1 0.691 |
[} 1.091 [} 1.03% ] 168.5 1 0.586
I 0.939 1 6.9 181.0 v 0.&61
[} 0.83¢ 1 G.79u% 1 137.2 i 0.295 1
t V.59 | 0.482 1 212.¢ § 0.163 1
) 0.26» ] 0.25% ] 12u.3 1 0.066 |
§ 1.1 t 1,044 ] 189,56 1 g.7719




Y/R

1.00
0.30
0.04
0.90
1.02
0.08
0.50
0.02
0.16
1.00
0.70
0.12

0.25
1.00

t CURRENTI

o -

)
HA

38,900
34,4820
31.000
34 .865
34.865
32,510
34,710
29.530
33.815
36,850
34,795
33.380
34.070

RG

10,955
11.030
11.215

11,079

I 345,865 | 10.955 1

H-6 -
TABLE H.1 (Contd)

NON=[50THERMAL VELUCITY PROFILE

HEYNOLDS NUMBER
RAYLEIGH NUMBER
WALL HEAT FLUX

HOT-KIRE MEASUREMENTS
CALIBRATION

. Y/R = 0,12

Y/R = 0.0

Y/R >
CALYBRATION
Y/R = 0.02
Y/R = 0.0%

Y/R > 0,04
CALIBRATION 1EHFERATUR
TEMPERATURE
RESISYANCE AT 0 DEG.R.

TEMPERATURES

WALL TEMPERATURE Tw

0.0u
CURVE SLOPE

CURVE IHTERCEPT A

RV

BULK MEAN TEMPERATURE TB

RADIAL MEAN TEMPERATURE THM
AXTAL TEMPERATURE GRADIENT

CALCULATED RESULTS
MEAN VELOCITY
FRICTION FACTOR
FRICTION VELOCITY
PRANDTL HUMBER
GRASHQF NUMBER
NUSSELT NUMBER
YANTOVSKY ] NIMBER
1 CRITERION

1 IVELOCITYE CORR. f
] RW 1 IVELOCHITY!
] ] FIISEC 1 FT/SEC i
1 16,440 | !.89 1 3.89 ||
| 16.538 1 3.8l 1 3.81 &
t 16.830 1 1,05 1 1.05 1}
1 16.460 1 3.86 1 3.86 1§
| 16,433 ¢ 3.86 ' 3.386 |
| 16,740 1 1.82 1 1.82 |
{ 16,478 1 3,69 | 3,69 i
1 16.875 1 0.60 t 0.60
i 16,620 + 2,83 | 2,83 ¢
1 16.825 | 3.86 1 3.86 |
i 16,488 | 1 1
t 16.680 ¢ 1 ]
| 16.598 1 | ]

16.825 | i 1

NON-I>01NERMAL

REYNOLOS NUMBER
RAYLEIGH NUMBER

oDT/0L
t
Yo 1 (14
1
168.9 1 20.69
$0.6 1 18.13
6.7 1 5.58
152.0 1 20.53
168,9 & Z0.53
13.5 § 3.68
ss. & 1 19.62
3.3 1 3.19
27.0 1 15.05
168.9 3 2Z0.53
118.2 1 20,10
t B
1
]

VELOCITY

(BTU/HR.SQ.FY.)

COEFFICIENT OF RESISTANCE

N-10
5354,
§89,5
8.3
1755.5
1884.2
21234
1111.1
969.7
7.2
80.6 DEG.F.
-0.U30U86 OHMS/OEG.R.
-1.2842 OHMS
111.5 DEG.F.
99.8 DEG.F,
101.1 DEG.F,
0.56 DEG.F./FT.
2,97 FT/SEC
0.00797
0.188 FT/SEC
0,706
g1as3h,
18,8
$.00
0.0145
1 i 1
I u/um 1owve b T
1 | DEG.F.
| 3.306 1 1.000 | 96.%
{ 1.1%s | 0.881 1 99.9
£ 0.352 1 0.271 I 108.1
f 1.296 1 0.997 1 96.6
1 1.296 t 1,000 | 96.b
1 00611 1 0.470 | 106.0
1 1.239 1 0,953 1 97.9
) 0.201 1 0.155 I 109.8
] 0.950 1 0.731 I 102.2
{ 1.296 1 1.000 1 96k
| 1.269 1 0.976 1 97.0
o, 1 i
1. ! 1
11, 1 1

PROFILE N-11

WALL HEAT FLUX (BTU/HR.SQ.FT.)

HOT-WIRE MEASUREMEANTS
CALIBRATION

Y/R = 0.v2

Y/R = 0.04

Y/R >0
CALIBRATHUN
Y/R = 0,02

Y/R = 0.u%

Y/R > 0,08
CALYBRATION
TEMPERATURE
RES1STANCE AT 0 DEG.R.

TEMPERATURES
WALL TEMPERATURE TW
BULK MEAN TEMPERATURE

RADIAL MEAN TEMPERATURE
AXIAL TEMPERATURE GRADIENT

tALCULATEO RESULTS

MEAN VELOCITY
FRICTION FACTOR
FRICTION YELOCITY
PRANDTL NUMBER
GRASHOF NUMBER
NUSSELT NUMEBER
NUMBER

YARTOVSK
Z CRITERION

) IVELOCITY] CORR. |
] RW ] {VELOCITYI
) ' FT/)EC ) FT/SEC &

1 15,368 | 5.58 1 3.50
1 15,705 ¢ 1 3.36 ¢
1 16,235 | i 1,11 )
| 15.360 ¢ 1 350
1 15.365 1 1 3.50 |
| 15.533 1 5. + 3,58 1
t 15,997 + 2. io2.72 1
1 16.305 1+ 0. t 0.62 1§
1 15.615 1 3, i 3.55 ¢
1 15.365 1 3.% 1 3.50 1
1 16.058 t 2.0& 1 2.u5 1
i 15.805 t 3.56 1 3.57 !
| 15,760 b 2.9 § 2,95
I t 3.52 1 1
1 v 3.50 8 1

L)
CURYVE SLOPE

TEMPERATURE
COEFFICIENT OF RESISTANCE

CURVE INTERCEPT

B

Ru

18

TH

169.7
35.9
€.7
152.8
169.7
50.3
Zu.3

hZ.h
103.7

A

DT/0Z

17.96
17.19

17.93
18,351

1é.18

1732.17
'1920.6
2054.1

DEG.F.
OHMS/DEG.R.
OHMS

-0.05121
-0.6832

138.2
109.8
113.0

0.91

DEG.F.
DEG.F./FT.

3.02
0.U0834
0.195
0.704
1983690,
9.5
17.25
0.0219

FT/SEC
FT/SEC

[}
1 U/UM
i

t 1.156 1 1.000 |
1 1.110 & 0.959 |
1 0.368 1 0.318 1
T 1.157 1 1,001 L
11,156 ¢ 1.u00 o
1 1.182 1 1.922 1
1 0,898 1 0.777 1
| 0.20% % 0,177 |
11,272 1 1.9l
1 1.156 1 L.000 |
| 0.677 i 0.585 1
i 3.173 1 1.019 ¢
1 U.97% 1 v.¥k2
1 1.164 1 1,607
| i 1

31.45
21.07

'

]
6,98 |
31.61 ¢
31.61
26.18 |
1s.68
2.71 4
1

1

|

I

L]

1

1

28,10

31.76

19.85

30.17

18.67
1

§ = e —————




- H.-7 Py
TABLE H.1 (Contd)

N-12

NON-FSOTHERMAL VELCCITY PROFILE

REYHROLD> NUNBER 5273,
RAYLEIGH NJMBEN 86G.u
wWALL HEAT FLUX (BYU/HR,.SQ.F1.) 20.7

HOY-w I RL HEASUREHERTS

® CALEBRATION CURVE INTERCEPT A 1750.9
® CALIBRATION CURVE SLUPE b 1073.8
CALIGRATION TEMPERATURE 71,5 DEG.F.
TEAPERATURE CUEFFICIENT OF RESISTANCE -u.03350 OHMS/DEG.R.
RESISTANCE A1 U UEG.R. RU -1.1GJ38 OHiS
TEMPERATURES
WALL TEMPERATURE Tw l64.8 DEG.F,
BULK MEAN TEMPERATURE 18 125.8 DEG.F.
RADJ AL MEAN TEMPERATURE TM 129.7 DOEC.F,
AXIAL TEMPERATURE GRADIENT DT/DZ 1.37 DEG.F./FT,

CALCULATED RESJULTS

MEAN VELOCITY 3,19 FV/SEC

FRICTHON FACTOR 0.00971

FRICTION VELOCITY 0.222 F1/SEC

PRANDTL NUMBER 0.702

GRASHUF LUMBER 2865540,

NUSSELT NUMBER .

YANTOVSK11 KUMBER 18,22

Z CRITERION 0.0289
] I CURRENTI i IVELOCITY! CORR. ! 1 1 t 1 1 1oTw=T
1 YR O} t 1 RG 4 Rw IVELOCITYL Y+ & Us 1 U/UM & wsue 1 1 TR DO RS
i 1OMA 1 | FT/SEC | FT/SEC ) ' 1 1 | DEG.F. & 1 TH=TC |
I 1.00 1 3%.260 # 10.670 | 15.998 | 3.8 1 3,42 1 183.8 1 15.37 4 1,071 1 1.000 1 115.2 I 31.35 | 1,000 |
! 0.16 1 34.320 | 11.105 ¢ 1€.658 1 3.51 1 3.t6 1 29.& | 15.55 | 1,083 t 1.011 I 136.4 1 17.9% | 0.568 |
§ 0.02 I 30,025 § 11.605 1 17.4u8 1 0.72 t 0.71 1 3.6 | 3,19 10,222 1 0.207 t 160.7 1 2.61 ) 0.0821
I 0.50 | 3k.420 | 10,710 ( 16.065 1 3.63 1 3.60 1 91.9 | 16.18 | 1,127 1§ 1.052 1 117.0 1§ 30.21 | 0,956 !
) 0.90 1 3%.260 | 10.665 § 15.998 3,46 | 3.44& 1 165.5 1 15.46 1 1,077 1 1,005 1 1l&.8 4 31,58 [ 1,000}
1 1.00 | 3%.230 f 10,660 | 15.990 1 3.3 & 3,42 1 183.8 1 15.37 F 1,071 1 1,000 I 1lk.6 I 31.69 | 1,000 !
1 0.30 1 3%.570 | 10,845 | 16.253 1 3.81 & 3,80 & 55.1 1 12,08 1 1,19 I 1.111 ¢ 123.6 1 26,01 i 0.823 1
I 0.08 I 33.025 | 11,380 1 17.062 | 2.36 | 2.35 & 14,7 | 10.56 1 0.736 | 0,687 |} 143.7 1 9.58 & 0,302 |
1 0.20 1 3%.460 | 11.010 ) 16.515 4 3.66 1 3,65 1 36.7 ) 16.40 | 1,13 1 1.067 & 131.7 1 20.90 1 0.661 I
I 0.25 1 34.585 1 10.910 | 16.373 + 3.78 1 3.77 | 5.9 1 16.8% | 1.180 1 1.102 | 126.9 ) 23.97 't 0,758 |
§ 1,00 ) 34.225 4 10.665 | 15,998 | 3.3 1 3,42 1 183.8 f 15.37 1 1.071 f 1.000 1 114.E 1 31.58 | 1,000 |
1 0,12 1 33.795 | ' i t 1 1 1 $0.876 | 182.0 | lk.42 | 0,456 |
I 0.70 F 34.295 ¢ t | 1 1 1 1 1 ! i 1 !
1 0.04 I 31.890 1§ t 1 1 1 | 1 1 1 i 1 i
I 1 34,220 ) 1 | 1 ! 1 l 1 1 I 1 !
t t 34,560 1 ' ' t 1 ' } ' 1 ' !

® FOR ThIS 2UN THE EXPONENT n IN THE CRL:SRAT TN EQUATION wAS TAXI' AS .4

NON- [SOTHERMAL VELOCITY PROFILE N-13

REYNOLDS NUMBER 5032,
RAYLEIGH NUMBER 1109.6
WALL HEAY FLUX (BTU/HR.SQ.FT.) 26.9

HOT-WIRE MEASUREMENTS

CALIBRATION CURVE INTERCEPT A

Y/R = 0,02 1888.7

Y/R = (.UM 2027.4

Y/R > 0.0& 2077.1
CALIBRATION CURVE SLOPE B

Y/R = ¢.02 967.7

Y/R = 0,04 832,33

Y/R > 0.04 796.0
CALIBRATION TEMPERATURE 81.9 DEG.F.
TEMPERATURE COEFFICIENT OF RESISTANCE -0.02945 OMMS/DEG.R.
RESISTANCE A1 0 DEG.R. RO -1.2697 OHMS

TEMPERATURES

WALL TEMPERATURE 1w 192.5 DEG.F.
BULK MEAN TEMPERATURE 1B 143.8 DEG.F.
RADIAL MEAN TE4PERATURE Tu 148.3 DEG.F.
AXLAL TEMPERATURE GRADIENT DT/0Z 1.82 DEG.F./FT.

MEAN VELOCITY 3.2)0 FT/SEC

FRICTI0K FACTOR 0.01027

FRICTION VELOCITY 6.235 F1/SEC

PRANDTL KUMBER 0.700

GRASHOF NUMBER 2663245,

KUSSELT KUMBER 10.€

YANTOVSKI I KUMBER 18,52

¢ CRITERION 0.035¢
] 1 CURRENTH l IVELOCITY! CORR. i | ) | [ [ 1
¢ Y/R 1 i RG I Re o IVELOCITYL  Ye 1 Us | U/u4 % v/ 1T oTe ]
] PoMA ) [ 1 F1/5EC | F1/3EC ) ! t 1 1 DEG.F, i t [
[} ] 1 ) | 1 1 ] ] | 1 1 | 1
[ ¢ | ] | 1 ] t 1 | 1 1 | |
1 | 1 1 1 | ] I 1 1 1 1 1 '
[} [} I 1 l I 1 i i 1 t ] 1 |
[} ] | | | “ i 1 1 t ] i 1 | i
1,00 b 3M.890 1 10,995 1 16,435 1 3,49 1 3.4 b dew,o 1 W59 0 1.e7l 1 l.oeww 1O 131.0 ) 30.73 1 l.u00
0,08 ) 31,645 F 12,055 1 QE.UB3 0 1.es b 1,43 0 7.3 b b.UL b G.ue3 1 GLA1S 1 1s2.1 v 5,21 1 w.leB
1 0.20 1 36,705 | 11.37S § 17.979 1 3,65 | 3.t3 1 3o.s b i5.4u & i.130 1 1.u55 1 143,41 21.57 1 0,037 1
1 0.12 1 34,170 1 11.656 1 17.475 1 3,15 & 3.15 1 22,1 1 Ii 3¢ | O.sgu b U.ul> 1 lug.s 1 15,06 0 O.uES 1
1 1.00 1 34,4k0 | lu.385 | lu.wfa 4 3.42 b 3.6k 4 Jew.t f le.53 1 1.u71 § l.Gbo b 136.5 1 31,00 11,0001
16,08 § 33.80C 0 11,860 § 17.763 1 2.7 1 2.8 1 24,7 ¢ lu.52 1 0,772 L 0.720 8 171.7 4 10,62 4 0.337 1
boR.70 1 36,525 1 11.u05 | 1E.50& b S.0u 1 3,51 f 1is.Z 0 le.d 1 1,633 1 1,020 ) 131.5 1 30.k6 1 0,985 1
t0.25 1 34.700 1 11.255 1 16.383 5 .07 1 3,67 1 &G.1 t 15,53 f l.lus 1 1.063 1 143.6 I 2&.6% ) 0,790 )
11,60 1 3% 670 1 20,990 & 16.493 1 3,4 ) 3,44 1 14,6 1 le,5) 1 1.C7L © l.edu 1 134, ¢ 30.82 I 1.C0u i
t0.30 & 3W.750 ) 11,185 0 16.776 4 3,72 4 3,72 1 55.3 4 15.7% 4 2,156 4 1,u41 4 leu.2 3 26.15 1 0.8u5 1
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TABLE H.1 (Contd)

KON~ ISOTHERMAL VELOCHTY PRCFILE N-14

REYNOLDS NUHBER 13978,
RAYLEIGH RUMBER 1264.1
WALL HEAT FLUX (BTU/HR.S5U.FT.) £9.3

HOT-WIRE MEASUREMENTS

CALIBRATION CURVE INTERCEPT A 2337.1

CALIBRATION CURVE SLOPE 8 718.6

CALIBRATION TEMPERATUKE 3.4 DEG.F.

TEMPERATURE COEFFICIERT UF RESISTANCE -0,04098 OHMS/DEG.R.

RESISTAKCE AT U DEG.R. w0 -0,7894% OHMS
TEMPERATURES

WALL TEMPERATURE Tw 196,7 DEG.F.,

BULK MEAN TEMPERATURE T8 149.5 DEG.F,

RADIAL MEAN TEMPERATURE TM 152,1 DEG.F.

AXTAL TEMPERATURE GRADIENT DT/DZ 2.16 DEG.F./FT.

MEAN VELOCITY 9.0k FT1/SEC
FRICTION FACTOR 0.00726
FRICTION VELOCITY 0,545 FT/SEC
PRANDTL WUMBER 0.699

GRASHOF NUMBER 23824u2,
NUSSELT NUMBER 36.3
YANTOVSKII NUMBER 3.35

I CRITERION 0.0183

t CORR. |
IVELOCITY) Ye | u+ 1
] MA i ) | FT/SEC | FT/SEC | 1 |

IVELOCITY
]

§ 1.00 ¢ 40.770 1 9.965 5 14,98 | 11,48 1 11.22 1 w21.3 1 20.58 1 i ] i ] !
t 0.30 | 39.920 1 10.150 ¢ 15,222 1 9.76 f 9.56 t 126.3 { 17.53 I 1 ] 1 1 \
b 0.0% 1 37,685 § 10.530 t 15.780 | 5.99 1 5.89 1 16.8 | 10.8v 1 1 [} ] 1 i
I 0.90 1 40.710 ¢ 9.973 1 16,970 1 11.29 1 11.1& 1 379.1 1 20.&3 1 1,232 | 0,992 1 139.5 1 19,72 t 0,990 |
t 1.00 | %0.700 1 9.965 & 14,968 | 11,33 1 11.22 | &21.3 1 20.58 1 1,24C 1 1.000 1 138.9 1 19.91 1 1.000 I
| ©0.20 § 39.540 1 10.210 | 15,315 F 9,03 1 .95 1 86,2 1 16.62 1 0,989 1 0.797 1 152.6 1 15.19 4 0,763 1
¥ 0,02 1 35,770 1 10.715 ) 16.650 } 3,68 t 3.65 1 8.4 f 6.69 4 0.LU3 + 0.325 1 180.7 1 5.52 t 0,277 1
| ©0.12 1 39.120 § 10.300 ) 15,450 t 8.27 1 8.21 1 50.5 1 15.06 | 0.907 t 0.7231 1 157.6 t 13,45 & 0.676 1
1 0,70 1 %0.530 | 10.000 ¢ 15.007 | 1u.83 '} 10.82 | 234.9 1 19.£5 4 1,196 1 0.96k 10,9 1 19,22 I 0,965 1
t 1.00 t 80,680 § 9.965 1 14.948 1 11,28 4 11.22 { ~21.3 1 20,58 | 1,240 1 1.000 § 138.9 1 19,91 ¢ 1.000 1
t 0.08 I 38,765 | 1 1 1 1 § ls.u? | 0.8%8 f 0.683 % 161.2 1 12.21 1 0.613 |
T 0.16 1 39.3%0 1} ' ] i i 1 15.79 | 0.952 1 0.767 1 154.6 ) l&.51 1 0,728 |
4 0.50 1 80.210 i ] t | i t 15.33 1 1.1s0 1 0.318 '} luk,1 1 18,11 1 0,909 1
1 1.00 t &0.670 ¢ 1 ] 1 i 4 20,58 % 1.240 1 1.000 ¢ 138.9 1 19.91 1 1.000 |
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TABLE H.2

VELOCITY AND TEMPERATURE PROFILES* FOR RUNS

NT-1 to

NT-5

Non-isothermal velocity profile NT-1

Wall temperaturec

Reynolds number
Rayleigh number
Wall heat flux

5405
3uy4.8 9
5.0 Btu/hr ft

o}

89.7

Bulk mean temperature 83.0 °

Radial mean temperature 83.7 ZF

Axial temperature gradient 0.35 "F/ft

Mean velocity 2.85 ft/sec

Friction factor G.00807

Prandtl number 0.709

Grashof number 5.753 x 10

Nusselt number 16.1

Yantovskii number 4,88

Z criterion 0.0101

- v, T -T
y/R Velocity V — Tempegature T Tw-T
ft/sec”? v F W C
“n

1.00 3.66 1.2386 81.39 1.000
0.90 3.62 1.272 81.46 0.991
0.80 3.58 1.258 81.55 0.980
0.70 3.54 1.244 81.69 0.963
0.60 3.48 1.223 81.87 0.941
0.50 3.43 1.205 82.11 0.913
0.40 3.35 1.177 82.41 0.876
0.30 3.23 1.135 82.88 0.819
0.20 2.98 1.047 83.73 0.717
0.16 2.80 0.98Y4 84,20 0.660
0.12 2.53 0.889 84,88 0.578
0.08 1.99 0.699 85.92 0.452
0.0u 1.03 0.361 87.67 0.241
0.02 0.50 0.175 88.66 0.121

* Because a very large number of experimental readings was taken
during each of these runs only the final smoothed velocity and
temperature profiles are reported.
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Non-isothermal velocity profile NT-2

Wall temperatu
Bulk mean temp
Radial mean te
Axial temperat
Mean velocity

Reynolds number
Rayleigh number
Wall heat flux

re

erature
mperature
ure gradient

5525
699.5

10.7 Btu/hr ft2

102. 6001-"
87.3 °F
89.1 °F
0.73 °F/ft

2,95 ft/sec

Friction factor 0.00811

Prandtl number 0.708 6

Grashof number 1.267 x 10

Nusselt number 14.8

Yantovskii number 10.23

Z criterion 0.0201

v T, T
y/R Velocity V = Temperature T
yv, - T -T
ft/sec \ s} w ¢
Z ¥
m

1.00 3.76 1.272 83.7 1.000
0.90 3.755 1.270 83.8 0.995
0.80 3.75 1.269 83.8 0.990
0.70 3.73 1.262 84,2 0.971
0.60 3.71 1.255 84.6 0.952
0.50 3.67 1.241 85.1 0.923
0.40 3.60 1.218 85.8 0.885
0.30 3.46 1.170 87.0 0.823
0.20 3.11 1.052 89.2 0,709
0.16 2.85 0.964 90.7 0.628
0.12 2.43 0.822 92.9 0.509
0.08 1.78 0.602 95.5 0.376
0.04 0.85 0.287 98.4 0.219
0.02 0.40 0.135 100.2 0.123




Non-isothermal velocity profile NT-3

Reynolds number

Rayleigh number

Wall heat flux

5419
7744

l&HBhMM’ﬂ2

Wall temperature 128.5 ZF

Bulk mean temperature 100.1 OF

Radial mean temperature 103.10 F

Axial temperaturc gradient 0.90 F/ft

Mecan velocity 3.02 ft/sec

Friction factor 0.00835

Prandtl numbcr 0.706

Grashof number 2.1%6 x 10

Nusselt number 9.8

Yantovskii number 19.10

7 criterion 0.0227

_ Vz T, T
y/R Velocity V — Temperature T s
ft/sec v, OF W C
“m

1.00 3.40 1.124 92.1 1.000
0.90 3.41 1.127 92.2 0.997
0.80 3.42 1.130 92.3 0.995
0.70 3.44 1.137 92.5 0.990
0.60 3.46 1.144 92.8 0.980
0.50 3.50 1.157 Q3.7 0.957
0.40 3.55 1.173 95.2 0.915
0.37 3,555 1.175 35.8 0.899
0.30 3.53 1.167 98.1 C.836
0.20 3.35 1.107 104.4 0.663
0.16 3.15 1.041 108.2 0.556
0.12 2.73 0.922 112.9 0.428

i 0.08 2.23 0.737 117.8 0.294
0.04 1.13 0.373 123.3 0.143
0.02 0.57 0.188 126.0 0.0€E9
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Non-isothermal velocity profile NT-4

Reynolds number 5154
Rayleigh number 1054.8 5
Wall heat flux 21.1 Btu/hr ft
Wall temperature 161.6 gF
Bulk mean temperature 115.9 OF
Radial mean temperature 1'23.9O F
Axial temperature gradient l.44 "F/ft
Mean velocity 3.06 ft/sec
Friction factor 0.00970
Prandtl number 0.703 5
Grashof number 2.765 x 10
Nusselt number 10.1
Yantovskii number 21.65
Z criterion 0.0325
. i
\ TW—T !
y/R Velocity V :;L— Temperature T T
ft/sec \' o} W C
4 F
m
1.00 3.22 1.051 107.4 1.000
‘ 0.90 3.23 1.054 107.6 0.996
| 0.80 3.25 1.061 108.0 0.990
0.70 3.28 1.071 108.3 0.983
5 0.60 3.33 1.087 109.0 0.970
| 0.50 3.42 1.11€ 110.3 0.9u6
0.40 3.52 1.149 112.3 0.910
0.34 3.57 1.165 114.3 0.873
0.30 3.58 1.169 116.5 0.830
0.26 3.575 1.167 119.5 0.7717
0.20 3.48 1.136 125.4 0.667 §
0.16 3.36 1.097 131.2 0.561 '
0.12 3.04 0.992 138.6 0.425 !
1
0.08 2.38 0.777 145.6 0.295 {
H
0.04 1.32 0.431 153.7 0.146 i
0.02 0.67 0.218 157.6 0.073 i




- H-13 -~

Non-isothermal velocity profile NT-5

Reynolds number
Rayleigh number
Wall heat flux

Wall temperature

Bulk mean temperature
Radial mean temperature
Axial temperature gradient
Mean velocity

Friction factor
Prandtl number

Grashof number

Husselt number
Yantovskii number

Z criterion

14701
1345.6

2

103.9 Btu/hr ft

9.4y ft/sec

0.00716
0.700
2.640 x 10
38.2

3.4

0.0145

— i
B v, T -T '
v/R Velocity V e Temperature T
A — T ~T
ft/sec \Y o w c
VA r
m
1.00 11.79 1.2u8 136.6 1.000
0.90 11.70 1.239 136.9 0.994
0.80 11.56 L 1.22u 137.6 0.984 ;
0.70 11.36 | 1.203 138.6 0.968 é
0.60 11.12 L 1.177 139.8 0.9u8 '
0.50 | 10.8u bo1.1u8 141.4 0.922
0.140 10.48 1.109 143.6 0.888
0.30 10.05 1.064 146.5 0.8u42
0.20 | 9,42 0.997 150.1 0.785
0.16 9.0u 0.957 152.2 0.750
0.12 8.53 0.993 154.9 0.707
0.08 7.83 0.829 158.9 0.6LL
0.04 5.85 0.619 168.1 0.498
}
0.02 4.00 0.423 178.7 { 0.329
i




EXPERIMENTAL TURBULENCE MEASUREMENTS
RUN NUMBER NT-1

Reynolds number 5405

Prandtl number 0.709
Mean velocity 2.845 ft/sec

Mean temperature 82.97 °F
Friction factor 0.00806
Friction velocity u#* 0.181 ft/sec
Fraction factor (Taylor's equation) 0.00938
Wall heat flux 5.0 Btg/hr ft
Wall temperature 89.67 OF
T 0.437 °F
v; . vt v; v; t! t! vt
y/R ft/sec O ft - °F/sec %7 u® b TPr unT
z
1.00 0.135 0.387 -0.00666 0.038 0.745 0.886 1.250 -0.085
.70 0.176 0.491 -0.01134 0.051 0.972 1.125 1.586 ~0.143
.40 0.251 O.6u4 -0.0736 0.078 1.387 1.475 2.081 -0.932
.25 0.343 0.801 -0.17¢1 0.115 1.885 1.834 2.587 -2.266
218 O.u448 0.848 0.1073 0.165 2.475 1.940 2.738 1.358
.12 0.505 1.004 0.0724 0.218 2.790 2.299 3.244 0.916
.10 - 0.8u48 - - - 1.940 2.738 -
.08 - 0.778 - - - 1.779 2.511 -
.06 O.44Y4 0.686 0.2509 0.306 2.453 1.569 2.215 3.174
.02 0.108 0.263 -0.0083 0.227 0.602 0.601 0.848 -0.105

- hT-H -



TABLE H.3 (Contd.)
RUN NUMBER NT-2

Reynolds number 5525
Prandtl number 0.708
Mean velocity 2.95 gt/sec
Mean temperature 87.2 °F
Friction factor 0.00811
Friction velocity u® 0.188 ft/sec
Friction factor (Taylor's equation) 0.00932
Wall heat flux ‘ 10.7 Bgu/hr ft
Wall temperature 102.6 OF
T 0.908 °F
' ' o t ' ' 1 v 1+
y/R Vz ot . Vzt Vz _\_,__Z_ ':Ff": T:'::PP Vzt
ft/sec F £t - °F/sec 7 u® unT
z
1.00 0.061 0.929 0.00666 0.0l6 0.324 1.023 l.445 0.038
.70 0.086 1.103 0.03042 0.024 0.457 1.215 1.716 0.178
40 0.157 1.373 -0.1125 0.044 0.835 1.512 2.136 -0.659
.30 0.182 1.390 -0.1548 0.052 0.968 1.531 2.163 -0.906
.20 0.300 1.431 -0.1204 0.0%6 1.595 1.576 2.226 -0.705
.10 0.171 1.055 -0,3829 0.079 0.909 1.162 1.641 -2.242
.05 0.145 0.551 0.0u4176 0.131 0.771 0.607 0.857 0.245
.02 0.052 0.214 -0.00468 0.131 0.276 0.236 0.333 -0.027

- §T-H -



TABLE K.3 (Contd.)

RUN NUMBER NT-3

Reynolds number 5419
Prandtl number 0.706
Mean velocity 3.02 gt/sec
Mean temperature 99.8 F
Friction factor 0.00835
Friction velocity u%® 0.196 ft/sec
Friction factor (Taylor's equation) 0.00937 5
Wall heat flux 13.4 Bgu/hr ft
Wall temperature 128.5 OF
T# 1.116 °F
' ' — ' ' —
y/R vz ot vzz ZE XE EL £ vzt
ft/sec F ft - "F/sec v u® T#* T#Ppr usTH
z
1.00 0.109 1.156 0.0618 0.032 0.552 1.035 1.465 0.283
.70 0.116 1.328 0.0839 0.033 - 0.587 1.190 1.685 0.384
40 0.118 2.120 0.0932 0.033 0.596 1.899 2.689 0.426
.25 0.145 2,547 ~-0.0284 0.0u41 0.731 2.282 3.230 -0.130
.18 0.166 2.435 -0.1107 0.050 0.837 2.182 3.089 -0.506
.12 0.174 1,728 ~0.1759 0.062 0.878 1.547 2.191 -0.805
.06 0.101 0.851 ~-0.0322 0.059 0.510 0.762 1.080 -0.147
.02 0.023 0.212 ~0.0045 0.040 0.116 0.190 0.269 -0.021

- 9T-H -



TABLE H.3 (Contd.)
RUN NUMBER NT-4

Reynolds number 5154

Prandtl number 0.704

Mean velocity 3.061 gt/sec

Mean temperature 119.5 'F

Friction factor 0.0087

Friction velocity u%* 0.213 ft/sec

Friction factor (Taylor's equation) 0.00949 2

Wall heat fliux : 21.1 Bgu/hr ft

Wall temperature 161.6 OF

T 1.663 °F

' 1 ey ' '
y/R V2 o; vztO _VE _Y_z_ tt t' vt
ft/sec ft - “F/sec 7 u T#* T*Pr SRR
z

1.00 0.144 1.633 O.1244 0.044 0.679 0.981 1.395 0.350
.70 0.155 1.969 0.1660 0.0u47 0.728 1.184 1.683 0.468
.40 0.176 3.355 0.3407 0.050 0.828 2.018 2.868 0.960
.30 - 4,108 - - - 2.470 3.511 -
«25 0.165 4.399 0.2554 0.046 0.774 2.645 3,761 0.720
.18 0.151 2.330 -0.0461 0.0uy 0.710 2.405 3.41¢ -0.130
.12 0.180 2.898 -0.1247 0.059 0.8u44 1.742 2.477 ~0.351
.06 0.110 1.316 -0.0439 0.058 0.516 0.791 l.124 ~0.123
.02 0.022 0.313 -0.0058 0.033 0.105 0.188 0.267 ~0.016

- LT-H -




Prandtl number
Mean velocity
Mean temperature

Friction factor (Taylor's equation)
Friction velocity u®

TABLE H.3 (Contd.)

RUN NUMBER NT-5

Reynolds number

14701

0.7

9.44 fg/sec
146.3 F
0.00708
0.562 ft/sec

Wall heat flux 103.9 Btu/hr ft2

Wall temperature 199.4 gF

T= 3.253 °F

y/R v; q;' ;;E- Zé zé t' t! ;;?

ft/sec ft - "F/sec 7 u® T T#Ppr unTH
z

1.00 0.u462 1.985 -0.4534 0.039 0.822 0.610 0.871 -0.,247
.70 0.587 2.443 -1.0363 0.051 1.043 0.750 1.072 -0.566
.40 0.807 3.253 -1.6852 0.077 1.u435 0.999 1.428 -0.921
«25 0.943 3.697 -2.8478 0.096 1.677 1.136 1.623 -1.557
.16 1.281 4.277 -4,1920 0.141 2.278 1.314 1.878 -2.292
.12 - 4,849 - - - 1.490 2,129 -
.10 1.373 5.166 -4.8677 0.166 2.442 1.587 2.268 -2.661
.08 - 5.150 - - - 1.583 2.260 -
.06 1.660 5.744 -7.3292 0.231 2.953 1.765 2.522 -4,007
.04 - ©5.918 - - - 1.819 2.598 -
.03 - 5.479 T - - 1.684 2.406 -
.02 1.201 0.425 -0.8815 0.300 2.136 0.130 0.187 -0.482

- 8T-H -



TABLE H.4

EVALUATION OF TERMS IN EQUATION OF MOTION (EQUATION 1.11)

Non-isothermal velocity profile N-10

Reynolds number 5354
Slope of measured velocity profile at the wall -31.773
y/R Frictio? Buoyancy Integral Integral Integral Resultant dvz/dn V;;; term
term (VI#*) | term (VII) term (III)| term (IV) term (V) (11) (1)
1.00 0 0 0 0 0 0 0 0
0.90 -3.242 1.930 0.028 -0.0u8 0.039 -1.293 -0.200 ~-1.093
0.80 -6.482 3.751 0.056 -0.141 0.077 -2.740 -0.290 -2.449
0.70 -9.721 5.464 0.083 -0.213 0.112 -4.275 -0.410 -3.865
0.60 -12.954 6.982 0.108 -0.276 0.143 ~-5.998 -0.590 -5.408
0.50 -16.182 8.214 0.130 -0.329 0.169 -7.998 -0.910 -7.088
0.40 -19.39 9.013 0.147 -0.365 0.187 -10.415 -1.330 -9.085
0.30 -22.594 9.182 0.153 -0.376 0.193 -13.442 -2.420 -11.022
0.20 -25.759 8.377 -0.135 -0.331 0.179 -17.399 -4.979 -12.420
0.16 -27.014 7.661 0.115 -0.279 0.16u4 -19.353 -7.472 -11.881
0.12 -28.245 6.610 0.082 -0.203 0.141 -21.616 -12.504 -9.113
0.08 -29.450 5.068 0.037 -0.127 0.105 -24.367 -17.924 -6.443
0.0u ~30.642 2.933 0.000 -0.0u49 0.056 -27.701 -22.046 -~5.655
0.02 -31.212 1.581 -0.006 -0.018 0.028 -29.628 -26.2u7 -3.381

% Roman numerals refer to terms designated in this way in equation (1.11).
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Reynolds number

TABLE H.u4 (Contd.)

Non-isothermal velocity profile N-11

5259

Slope of measured velocity profile at the wall -31.690
y/R Friction Buoyancy Integral Integral Integral Resultant de/dn v,v_ term
term (VI#*) | term (VII) | term (III) | term (IV) term (V) (11) (I§
1.00 0] 0 0] 0] 0] 0 0 0
0.90 -3.319 4.160 0.007 -0.090 0.030 0.787 0.050 0.737
0.80 . -6.638 8.264 0.015 ~-0.236 0.060 1.465 0.120 1.345
0.70 -9.9852 12.227 0.023 -0.361 0.091 2.028 0.150 1.878
0.60 -13.262 15.972 0.032 -0.476 0.124 2.390 0.204 2.186
.50 -16.562 19.376 0.042 -0.563 0.159 2.451 0.206 2.245
0.40 -19.832 22.024 G.050 -0.613 0.195 1.824 0.112 1.712
0.38 -20.481 22.400 0.052 -0.616 0.202 1.557 0.082 1.475
0.36 -21.127 22.710 0.053 -0.616 0.209 1.229 0.0u40 1.189
0.34 -21.772 22.947 0.054 -0.611 0.216 0.835 -0.041 0.876
0.32 -22.408 23.093 0.055 -0.603 0.223 0.359 -0.128 0.u487
0.30 -23.046 23,14l 0.056 -0.593 0.230 -0.212 -0.263 0.050
0.28 -23.677 23.075 . 0.056 -0.580 0.236 ~0.891 -0.653 -0,239
0.24 -24.927 22.566 0.0u7 -0.538 0.246 -2.606 -2.679 0.079
0.20 -26.152 21.449 0.025 -0.459 0.249 -4,888 -5.8670 0.782
0.16 -27.349 19.574 -0.008 -0.324 0.238 ~7.869 -9.135 1.266
0.12 -28.4930 16.715 -0.035 -0.153 0.208 -11.755 -12.876 1.121
0.08 -29.585 12.568 -0.038 -0.040 0.157 -16.937 -18.620 1.683
0.04 -30.645 6.983 -0.020 -0.004 0.085% -23.601 -25.275 1.674
0.02 -31.176 3.662 -0.009 -0.001 0.043 -27.481 -28.212 0.731

% Roman numerals refer to terms designated in this way in equation (1.11)
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TABLE H.4 (Contd.)

Non~-isothermal velocity profile N-12

Reynolds number 5278
Slope of measured velocity profile at the wall -39.098
y/R Friction Buoyancy Integral Integral Integral Resultant dV_/dn v_v_ term

term (VI%) | term (VII) | term (III) term (IV) term (V) (?I) P(?)
1.00 0 0 0 0 o) 0 0 0
0.90 -4.161 5.512 0.018 =-0.115 0.020 1.274 0.188 1.086
0.80 -8.321 10.924 0.038 -0.309 0.04y 2.375 0.268 2.107
0.70 -12.477 16.215 0.059 -0.472 0.071 3.397 0.378 3.019
0.60 ~16.622 21.242 0.083 -0.623 0.104 4,185 0.548 3.636
0.50 -20.751 25.797 0.112 -0.7u44 0.146 4.561 0.776 3.785
0.43 -24,830 23.3u8 0.1u8 -0.807 0.200 4,059 1.1187 2.912
0.36 -26.435 30.265 0.164 ~0.812 0.226 3.408 1.128 2.279
0.32 -28.019 30.745 0.177 ~0.811 0.254 2.346 0.602 1.744
0.30 -28.803 30.790 0.181 -0.802 0.268 1.634 0.178 1.455
0.28 -29.579 30.689 0.183 ~0.780 0.282 0.794 -0.353 1.147
0.26 -30.350 30.426 0.181 -0.743 0.295 -0.191 -0.930 0.738
0.24 -31.106 29.973 0.177 -0.692 0.306 -1.341 -1.650 0.309
0.20 -32.578 28.371 0.160 -0.567 0.322 ~44,.292 -3.587 -0.705
0.16 -34,005 25.679 0.125 -0.414 0.322 -8.293 -8.292 -0.001
0.12 -35.360 21.672 0.075 -0.246 0.294 -13.565 ~13.918 0.353
0.08 =36.657 16.112 0.029 -0.118 0.229 -20.405 ~20.269 -0.136
0.04 -37.900 8.905 -0.001 -0.135 0.127 ~28.905 ~-28.859 -0.047
0.02 -38.506 4.668 -0.005 -0.011 0.065 -33.789 ~33.398 -0.392

*Roman numerals refer to terms designated in this way in equation (1.11)
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Reynolds number
Slope of measured velocity profile at the wall ~-42.825

5033

TABLE H.4 (Contd.)

jon-isothermal velocity profile N-13

y/R Friction | Buoyancy Integral Integral Integral Resultant dV;/dn vV, term
term (VI®) | term (VII) | term (III) | term (IV) term (V) (I1) (1)

1.00 0 0 0 0 0 0 0 0
0.9 -4.611 6.029 0.011 -0.142 0.028 1.315 0.186 1.12S
0.80 -9,2193 "11.950 0.024 -0.377 0.059 2.436 0.280 2.156
0.70 -13.818 17.652 0.038 ~-0.576 0.095 3.391 0.362 3.029
0.560 -18.405 22,981 0.056 -0.764 0.138 4,005 0.458 3.547
0.50 -22.960 27.628 0.077 -0.942 0.188 ©3.991 0.582 3.409
0.40 -27.470 31.173 0.103 -1.105 0.2u48 2.949 0.716 2.233
0.36 -29,255 32.170 0.114 -1.152 0.275 2.152 0.602 1.549
0.32 -31.023 32.845 0.122 -1.160 0.303 1.087 0.274 0.813
0.30 -31.897 33.031 0.124 -1.134 0.317 0.440 -0.053 0.493
0.28 -32.764 33.092 0.123 -1.081 0.330 -0.300 -0.447 0.146
0.26 -33.614 32,991 0.119 -1.001 0.342 -1.163 -0.762 -0.401
0.24 -34.442 32.678 0.115 -0.908 0.359 -2,205 -1.044 -1.161
0.20 ~36.042 31.252 0.101 -0.726 0.366 -5.049 -2.105 -2.944
0.16 -37.572 28.546 0.072 -0.529 0.367 -9.115 -5.807 -3.308
0.12 -39.022 24,335 0.020 -0.276 0.344 -14,597 -12.887 -1.710
0.08 -40.355 18.275 -0.025 -0.0u3 0.275 -21.872 -21.562 -0.310
0.04 -41.603 10.168 -0.026 0.016 0.154 -31.290 -30.028 -1.262
0.02 -42.,225 5,345 -0.013 0.007 0.079 -36.807 -35.579 -1.228

% Roman numerals refer to terms designated in this way in equation (1.11)
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Reynolds number

13983

TABLE H.4 (Contd.)

Non-isothermal velocity profile N-1u4

Friction factor (Taylor's equation) 0.00726
y/R Friction Buoyancy Integral Integral Integral Resultant dvz V._V_ term
term (VI*) | term (VII) | term (III) term (IV) term (V) dn (II) r ?I)
1.00 0 0 0 0] 0 0 0 0
0.90 -23.265 4,334 1.201 -1.567 0.983 -18.314 -1.060 =17.255
0.80 -46.493 8.395 2.362 -4.693 1.876 -38.553 -1.560 -36.994
0.70 -69.662 12.080 3.454 -7.055 2.645 -58.538 -2.120 -56.417
0.60 -92.716 15,183 4,458 -9.150 3.240 -78.985 -2.500 -76.48Y4
0.50 -115.636 17.457 5.357 -10.995 3.636 -100.1381 -3.020 -97.162
0.40 -138.378 18.707 6.107 -12.542 3.798 -122.308. -3.740 -118.570
0.30 -160.924 18,726 6.627 -13.672 3.687 -145.556 -5.020 -140,535
0.20 -183.106 17.186 6.680 -14.052 3.227 -170.065 -7.706 ~162.358
0.16 -191.799 15.967 6.491 -13.813 2.911 -180.243 -9,083 -171.160
0.12 -200.234 14,227 6.165 -13.077 2.500 -190.419 -11.220 -179.198
0.08 -208.387 11.774 5.213 -10.569 1.982 -199.987 -25.836 -174.,152
0.04 -215.094 7.939 2.064 =4 .66 1.221 -208.534 ~73.861 -134,672
0.02 -216.971 4,670 0.550 ~1.724 0.675 ~-212,.800 ~130.984 -81.816

*Roman numerals refer to terms designated in this way

in equation (1.11)
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Reynolds number
Friction factor
Friction velocity u#®
Wall heat flux q,

TABLE H.5
EDDY DIFFUSIVITIES OF HEAT AND MOMENTUM

Non-isothermal run N-10.

5354

0.00797

0.188 ft/sec
8.4 Btu/hr ft

y/R V.Y, Vr'z Eﬂ_ fﬁf V;? fﬁ_ --pCEvrt q t+
u*2 \Y Ru= v] q, qQ,

1.00 0.0000 0.0000 - - 0.0000 - 0.000 0.000 20.85
.90 0.0012 0.0339 5.46 0.0315' -0.0149 5.32 0.110 0.131 20.61
0.80 0.0026 0.0761 8.u44 0.0488 | -0.0322 10.66 0.238 0.261 20.36
0.70 0.0042 0.1202 9.42 0.0545 | -0.0u479 10.06 0.354 0.389 20.C6
0.60 0.0059 0.168%5 9.16 0.0531 | -0.0629 9.11 O.u64 0.515 19.51
0.50 0.0078 0.2212 7.78 0.0452 | -0.0763 7.37 0.562 0.638 18.84
0.40 0.0100 0.2842 6.83 0.0397 | -0.0878 5.81 0.646 0.756 17.68
0.30 0.0122 0.3461 4.55 0.0265 | -0.0956 4,21 0,702 0.867 16.14
0.20 0.0138 0.3922 2.49 0.0146 | -0.0972 2.78 0.712 0.963 13.65
0.16 0.0133 0.3762 1.59 0.0083 | -0.0897 1.90 0.656 0.995 12.41
0.12 0.0102 0.2899 0.72 0.0043 | -0.0733 1.08 0.535 1.020 10.42
0.08 0.0072 0.2062 0.35 0.0021 | -0.0594 0.70 0.431 1.032 7.69
0.04 0.0064 0.1822 0.25 0.0015 | -0.0348 0.32 0.253 1.027 4.71
0.02 0.0038 0.1094 0.12 0.0007 | -0.0078 0.05 0.057 1.017 r2.48

- t¢-H -



Reynolds number
Friction factor

Friction velocity u®
Wall heat flux q,

TABLE H.5 (Contd.)

Non~isothermal run N-11

5259
0.0083y

0.195 ft/sec
13.3 Btu/hr ft

R v Vv rz M M v t eH r +
Y/ r'z > v RuF r - S - t
u:: W W

1.00 0.0000 0.0000 - - 0.0000 - 0.000 0.000 31.61
0.90 ~0.0006 -0.0169 11.55 0.0654 -0.0243 17.05 0.112 0.118 31.57
0.80 -0.0011 -0.0301 8.55 0.0484 -0.0480 13.34 0.221 0.236 31.46
0.70 -0.0015 -0.0411 9.33 0.0529 ~0.0718 12,44 0.330 0.354 31.17
0.860 ~0.0017 ~0.0455 7.60 0.0431 -0.0950 10.77 0.436 0.473 30.78
0.50 ~0.0016 -0.0427 7.05 0.0401 -0.1127 6.33 0.516 0.593 30.18
0.40 ~0.0008 ~0.0225 6.81 0.0389 ~-0.1228 3.52 0.561 0.714 28.77
0.38 ~-0.0005 ~-0.01u46 6.05 0.0346 ~0.12489 3.25 0.570 0.738 28.37
0.36 ~-0.0002 ~-0.0052 b.y2 0.0253 ~0.1244 2.81 0.568 0.762 27.93
0.34 0.0001 0.0049 4.05 0.0232 -0.1237 2.44 0.564 0.786 27.45
0.32 0.0006 .0.0174 4,58 0.0264 ~0.122 2.10 0.555 0.810 26.79
0.30 0.0012 0.0314 4.00 0.0231 ~0.1200 1.83 0.546 0.834 26.15
0.28 0.0015 0.0410 2.10 0.0121 -0.1188 1.64 0.540 0.858 25.38
0.24 0.0012 0.0337 0.41 0.0024 ~0.1118 1.23 0.506 0.904 23.63
0.20 0.0005 0.0142 0.08 0.0004 -0.0881 0.84 O.4u2 0.9u8 21.38
0.16 0.0000 0.0012 0.00 0.0000 ~0.0724 0.47 0.325 0.986 18.68
0.12 0.0002 0.0075 0.01 0.0001 -0.0301 0.14 0.134 1.014 14.85
0.08 -0.0003 -0.0084 -0.01 0.0000 0.0002 0.00 -0.001 1.029 10.22
0.04 -0.0002 -0.0066 0.00 0.0000 0.0109 -0.04 -0.0u8 1.026 5.11
0.02 0.0009 0.0245 0.02 0.0000 0.0165 -0.086 ~0.072 1.016 2.71

- &¢~-H -



TABLE H.5 (Contd.)

Non-isothermal run  N-12

Reynolds number 5278

Friction factor 0.00971
Friction velocity u® 0.222 ft/sec
Wall heat flux q, 20.7 Btu/hr ft

vV € € - € -pC v_t
y/R V.V, r g M ﬁﬂf vrt _H pr q_ ot
PEN v u “ % Uy

1.00 0.0000 0.0000 - - 0.0000 - 0.000 0.000 31.58
0.30 -0.0010 -0.0209 4,73 0.0245 | ~0.0350 11.78 0.101 0.110 31.47
0.80 -0.0019 -0.0403 .41 0.0331 | ~0.0726 19.37 0.210 0.221 31.36
0.70 -0.0028 -0.0573 6.44 0.0333 | ~0.1078 14.59 0.311 0.333 31.19
0.60 -0.0033 -0.0674 5.21 0.0270 | -0.1417 10.78 0.409 0.447 30.79
0.50 -0.0032 -0.0665 3.62 0.0188 | -0.1696 6.52 0.u489 0.563 30.16
0.40 -0.0020 -0.0416 1.52 0.0079 | -0.1860 3.54 0.534 0.683 28.80
0.36 -0.0012 -0.0249 0.92 0.0048 | ~0.1863 2.65 0.533 0.732 27.88
0.32 -0.0005 -0.0104 0.72 0.0038 | -0.1873 2.13 0.535 0.781 26.70
0.30 -0.0001 -0.0026 0.60 0.0032 | -0.1879 1.93 0.535 0.806 26.02
0.28 ‘0.0002 0.0057 0.66 0.0035 | -0.1839 1.866 0.523 0.831 25.24
0.26 0.0008 0.0165 0.73 0.0039 | -0.1789 1.42 0.508 0.856 24.43
0.24 0.0013 0.0279 0.69 0.0037 | ~0.1668 1.13 0.472 0.880 23.40
0.20 0.0027 0.0550 0.62 0.0033 | -0.1u4u43 0.76 0.406 0.927 20.9

0.16 0.0019 0.0398 0.19 0.0010 | -0.1181 0.50 0.330 0.969 17.95
0.12 0.0016 0.0331 0.09 0.0005 { -0.0784 0.27 0.217 1.003 14,20
C.08 0.0023 0.0480 0.09 0.0005 } -0.0u493 0.14 0.135 1.003 9.88
0.0u4 0.0023 0.0u483 0.06 0.0003 | -0.0186 0.05 0.050 1.024 5.11
0.02 0.0029 0.0588 0.06 -0.0003 | -0.0010 0.00 0.003 1.016 2.61

- 9¢-H -



TABLE H.S5 (Contd.)

Non-isothermal run  N-13
Reynolds number 5033
Friction factor 0.01077
Friction velocity u® 0.236 ft/sec
Wall heat flux q, 26.9 Btu/hr ft
y/R vV VrVz &y i vt €y TPC vyt q +
rz 3 ' Ru® r e q a t
u‘.: W al
1.00 0.0000 0.0000 - - 0.0000 - 0.000 0.000 30.92
0.90 -0.0012 ~0.0231 5.65 0.0289 ~-0.0471 12.89 0.102 0.110 30.83
0.80 -0.0024 -0.0439 7.14 0.0366 -0.08h9 13.42 0.206 0.226 30.72
0.70 -0.0034 ~0.0615 7.72 0.0396 -0.1419 11.71 0.307 0.334 30.43
0.60 -0.0039 -0.0714 7.07 0.0363 ~-0.1858 8.79 0.401 0.u448 30.02
0.50 -0.0037 -0.0670 5.19 0.0268 -0.,2271 6.62 0.489 0.564 28.22
0.40 ~0.0021 -0.0395% 2.47 0.0128 ~0.2659 5.11 0.570 0.681 28.05
0.36 -0.0013 -0.0237 1.75 0.0091 ~-0.2791 4,48 0.597 0.729 27.42
0.32 -0,0003 -0.0066 1.07 0.0056 ~0,2841 3.50 0.807 0.777 26.64
0.30 0.0000 0.0009 0.77 0.0040 ~-0.2803 2.88 0.597 0.801 26.16
0.28 0.0005 0.0091 0.980 0.0047 -0.2708 2.27 0.5786 0.825 25.62
0.26 0.0012 3.0218 1.26 0.0087 ~0.2521 1.67 0.535 0.8u49 24.90
0.24 0.0022 0.0387 1.66 0.0088 ~0.2306 1.25 0.488 0.873 23.96
0.20 0.0045 0.0822 1.68 0.0091 ~0.1945 0.78 0.408 0.918 21.57
0.16 0.0051 0.0928 0.67 3.0037 -0.1605 0.52 0.334 0.961 18.61
0.12 0.0031 0.0568 0.18 0.0010 ~0.0973 0.24 0.200 0.998 15.01
0.08 0.0013 0.0243 0.04 0.0002 -0.0328 0.06 0.067 1.020 10.42
0.C4 0.0027 0.0497 0.06 0.0003 0.0101 ~-0.01 -0.020 1.024 5.21
0.02 0.0027 0.0498 0,05 0.0003 0.0254 -0.04 -0.050 1.016 2.69
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TABLE H.5 (Contd.)

Non-isothermal run  N-1Y4

Reynolds number 13983
Friction factor 0.00726
Friction velocity u#* 0.545 ft/sec
Wall heat flux q, 89.5 Btu/hr ft
y/R VeV, Vr'z Eﬁ_ Eﬂ_ V;? iﬂ_ —pCEvrt q ot

u*2 v us® o q, qQ,
1.00 0.0000 0.0000 - - 0.0000 - 0.000 0.000 19.91
0.90 0.0215 0.0726 16.27 0.0369 | -0.2601 26.98 0.167 0.126 19.76
0.80 0.0u463 0.1560 23.71 0.0539 | -0.52u44 37.86 - 0.337 0.250 19.54
0.70 0.0709 0.2385 26.61 0.0606 -0.7788 37.73 0.500 0.372 19.23
0.60 0.0965 0.3247 30.59 0.0700 | -1.0265 35.16 0.657 0.489 18.73
0.50 0.1232 0.4147 32.17 0.0740 | -1.2668 34,67 0.808 0.603 18.11
0.40 0.1514 0.5094 31.70 0.0734 | -1.4963 33.49 0.951 0.710 17.34
0.30 0.1808 n.6083 27.99 C.0653 | -1.7084 30.17 1.081 0.811 16.44
0.20 0.2110 0.7101 21.06 0.0496 | -1.8841 22.57 1.185 0.902 15.20
0.16 0.2237 0.7528 18.84 0.0446 -1.9226 17.04 1.206 0.935 14.51
0.12 0.2361 0.7946 15.97 0.0381 -1.9374 12.33 1.209 0.965 13.52
0.08 0.2320 0.7805 6.74 0.0162 | -1.8121 6.06 1.125 0.992 12,22
0.04 0.1840 0.6192 1.82 0.0045 { -1.3282 1.90 0.813 1.010 9.05
0.02 0.1150 0.3869 0.62 0.0015 | -0.6529 0.54 0.393 1.011 5.52
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~ He29 =
TABLE H.6
EDDY DIFFUSIVITIES OF HEAT

Non-isothermal run N-2

Reynolds number 8037 5
Wall heat flux 64.9 Btu/hr ft
y/R ‘H V;?' ] _ocpvrﬁ q_
o 9y 9y
1.00 - - - -
0.90 42,45 -0.436 0.387 0.111
0.80 47.34 -0.875 0.776 0.223
0.70 48.03 -1.315 1.165 0.335
0.60 47.5% ~1.758 1.552 o.u448
0.50 38.54 -2.190 1.927 0.562
0.40 34.46 -2.62 2.297 0.67€
0.30 16.40 -2.948 2.555 0.792
0.20 T.45 -3.075 2.601 0.904
0.16 5.57 -3.052 2.5u42 0.945
0.12 4,62 -3.042 2.485 0.981
0.08 3.47 ~2.900 2.318 1.008
0.0u 3.01 -2.809 2.182 1.018
0.02 2.93 -2.771 2.126 1.014
Non-isothermal run N-3
Reynolds number 8023 2
Wall heat flux 57.3 Btu/hr ft
o
i | (e | o
o qw q'W
1.00 - ~ - -
0.90 16.58 -0.366 0,367 0.111
0.80 33.55 -0.764 0.765 0.222
0.70 u0,.95 ~-1.158 1.158 _ 0.334
0.60 40.86 -1.550 1.5u45 0.u447
0.50 35.07 -1.935 1.922 0.562
0.40 26.53 -2.304 2.275 0.677
0.30 14.58 -2.590 2.530 0.792
0.20 6.80 -2.686 2.571 0.904
0.16 4,02 -2.513 2.369 0.945
0.12 3.03 ~-2.407 2.215 0.982
0.08 2.64 -2.363 1 2.120 1.009
0.04 2.52 ~2.346 2.047 1.019
0.02 2.58 -2.355 2.028 1.014




Reynolds number

Wall heat flux

- H-
TABLE

30 -

H.6 (Contd.)

Non-isothermal run N-u

8636

31.9 Btu/hr £t2

- !

y/R n V.t o 9

o Y L
1.00 - - - -
0.90 17.17 -0.187 0.358 0.1909
0.8C 235.08 ~-C. 388 J.740 0.2138
6.70 32.22 ~-0.586 1,117 0,329
0.60 30.00 -0.782 1.487 0.440
0.50 27.30 -0.978 1.855 0.553
0.40 15.35 -1.140 2,150 0.668
0.30 10.26 ~1.291 2.410 0.788
0.20 6.37 -1.381 2.534 0.905
0.16 4,95 -1.374 2.499 0.947
0.12 3.87 -1.344 2.415 0.983
0.08 3.35 -1.326 2.3u47 1.010
0.04 2.81 -1.267 2.209 1.020
0.02 2.42 -1.196 2.0867 1.014

Non-isothermal run N-5
Reynolds number 8481 2
Wall heat flux 28.3 Btu/hr ft
] —

€ ot -pC v_t
y/R H vri p YT q_

@ %, %
1.00 - - - -
0.90 25.28 -0.175 £5.378 0.111
0.80 30.16 -0.355 0.764 0.223
0.70 34.20 i -0.537 1.153 0.335
0.60 29.94 -0.714 1.531 0.448
0.50 21.95 ~-0.881 1.884 0.562
0.40 14.62 -1.031 2.193 0.678
0.30 10.29 -1.165 2.457 0.794
0.20 5.29 -1.198 2.485 0.909
0.16 .42 -1.202 2.471 0.950
0.12 3.93 -1.210 2.459 0.985
0.08 3.53 ~-1.206 2.419 1.011
0.04 2.84 -1.13¢ 2.253 1.019
0.02 2.35 -1.059 2.079 1.014




Reynolds number
Wall heat flux
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TABLE H.6 (Contd.)

Non-isothermal run N-6

8515

28.1 Btu/hr ft

2

e I
y/R B vt Pt a
G q, q,
?
1.00 - - ; - -
0.90 14,6 ' -0.165 { 0.353 0.108
0.80 15.21 | ~-0.333 . 0.711 9.218
0.70 20.00 i =0.513 ¢ 1,093 0.328
0.60 | 22.15 -0.693 1.472 0.440
0.50 bo17.46 -0, 859 1.817 0.554
0.40 12.54 -1.008 2.120 0.670
0.30 3.11 -1.140 2.374 0.786
0.20 5.15 ~-1.186 2.432 0.902
0.16 3.94 -1.165 2.366 0. 944
0.12 3.22 ~1.144 2.295 0.982
0.08 2.91 -1.139 2.253 1.009
0.0u 2.47 -1.088 2.121 1.019
0.02 2.11 -1.020 1.973 1.014
Non-isothermal run N-7
Reynolds number 8790 5
Wall heat flux 11.6 Btu/hr ft
o yr L TR vt B %%t a
o S B i,
B - L
i I R
i 1.00 ‘ - - ; - -
: 0.90 34,21 ~0.,078 [ 0.u15 0,123
; 0.80 [ 36.45 -0.156 . 0.828 0,245
’ 0.70 Iou0.a2 -0.234 1.239 0.365
0.60 40,02 ~0.306 1.635 0.u482
0.50 29.34 -0.377 1,395 0.597
0.40 23.84 -0.442 2.338 n.708
0.30 19.56 -0.503 2.650 0.814
0.20 15.60 -0.554 2.912 0.912
0.16 13.26 ~0,568 2.979 0.949
0.12 9.05 -0.562 2.945 0.981
0.08 u.54 ~0.509 2.657 1.007
0.04 2.49 -0.431 2.237 1.018
0.02 1.82 -0.380 1.958 1.014




Reynolds number

Wall heat flux
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TABLE H.6 (Contd.)

Non-isothermal run N-8

8661

19.5 Btu/hr ft*

’ — |

€ T E “pC vt
v/R B th __pr % q_

o qw g qw
1.00 - - - -
0.90 28.37 ~3.123 0.393 0.116
0.8C 29.40 =0.247 0.786 .232
0.70 23.88 -0.357 1.165 0.3u8
0.60 25.38 -C.485 1.535 0.u4b4
0.50 16.18 ~0.596 1.883 0.580
0.40 11.81 ~3.696 2.186 0.697
0.30 7.70 -0.768 2.395 5.813
0.20 4.58 ~-0.790 2.428 0.923
.16 4.10 ~-0.801 2. 44y % 0.962
0.12 3.65 -0.802 2.427 [ 0.994
3.08 3.48 -0.809 2.423 1.016
0.04 2.96 ~-0.774 2.297 1.021
0.02 2.38 ~-0.713 2.104 1.015

Non-isothermal run N-9

Reynolds number 6799 5
Wall heat flux 41.6 Btu/hr ft

y/R fﬂ "—’;-_t* :—QCPV t j q_

o e %y
1.00 -~ - - -
0.90 13.40 ~0.255 0.35% 0.111
0.80 24,80 -0.537 0.753 0.222
0.70 32.33 ~0.818 1.146 0.334
0.60 31.60 -1.094% 1.529 0.447
0.50 27.7u4 -1.367 1.902 0.561
0.40 19.48 -1.616 2.237 0.677
0.30 10.79 -1.797 2.462 0.794
0.20 4.39 -1.762 2.359 0.908
0.16 3.06 -1.669 2.201 0.951
0.12 2.41 ~-1.597 2.062 0.987
G.08 2.28 ~-1.607 2.031 1.013
0.04 2.33 ~1.631 2.014 1.021
.02 2.56 ~1.679 2.050 1.015




Reynolds number

Wall heat flux
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TABLE H.6 (Contd.)

Non-isothermal run NT-1

5405 5
5.0 Btu/hr ft

L — ]
y/R EE. brt -pC YEE. q

- % %
1.00 - - - -
0.90 7.71 -0.0090 0.114 0.128
0.80 10.88 -0.0185 0.234 0.255
0.70 11.58 -0.0277 n.351 0.379
0.60 11.89 -0.0367 0.464 0.501
0.50 11.34 -0.0453 0.573 0.620
0.40 g.45 -0.0529 0.669 0.736
0.30 5.83 -0.0577 0.728 0.845
0.20 3.69 -0.0594 0.749 0.9u46
0.16 2.65 -0.0569 0.717 0.980 !
0.12 1.52 -0.0u88 0.614 1.009
0.08 0.58 -0.0304 0.382 1.027
0.04 0.16 ~0.0119 0.149 1.026
0.02 0.07 -0.0058 0.073 1.016 :

Non-isothermal run NT-2

Reynolds number 5525 2
Wall heat flux 10.7 Btu/hr ft—
— |

€ e -pC v_t
y/R H Vrt _pr q

o qw q-w
1.0 - - - -
0.90 12.78 ~0.0205 0.121 0.128
0.80 12.76 ~0.0410 0.2u42 0.256
0.70 11.35 -0.0609 0.359 0.384
0.60 12.13 ~0.0814 0.480 0.510
0.50 10.66 -0.1004 0.591 0.635
0.40 8.53 -0.1173 2.690 D.756
0.30 5.08 ~0.1267 0,744 0.871
0.20 2.47 -0.1213 n.709 0.972
0.16 1.43 -0.1039 0.606 1.005
0.12 1.02 -0.0920 0.535 1.029
0.08 0.71 ~0.0769 D445 1.039
0.04 0.38 -0.0509 0.293 1.030
0.02 0.15 -0.0246 0.141 1.018




Reynolds number

Wall heat flux

- H-3L4 -

TABLE H.6 (Contd.)

Non-isothermal run

5419

13.4 Btu/hr ft2

€ — -oC_v_ t
v/R H vrt _"pr q
@ Iy 4y
1.00 - - - -
0.90 16.24 ~5.0232 0.108 5.115
0.80 23.28 -0.0475 0.220 0.230
0.70 17.01 -0.0704 0.326 D.346
0.60 10.29 -0.0910 0.u22 0.463
0.50 7T.04 ~3.110C 0.508 7.581
040 3.97 -0.1216 0.561 0,701
0.30 1.69 ~-0.,1130 0.518 0.821
0.20 0.55 -0.0740 2.336 0.934
0.16 0.26 -0.0u56 0,206 0.974
0.12 5.16 -0.0314 0.1u41 1.006
0.08 0,08 ~-C.0177 G.079 1.026
0.04 0.03 -0.0078 0,034 1.026
0.02 0.0 -0.0102 0.0u5 1.01¢
i
Non-isothermal run NT-4
Reynolds number 5154 5
Wall heat flux 21.1 Btu/hr ft
y/R H vt i a
a Uy %y
1.00 - - - -
! .30 7.61 -0.,2331 0.095 6.108
% 3. 80 11.95 ~0.0695 2.200 0.217
0.7 12.00 -0.1048 0,301 0.327
0.60 8.68 ~-5,1368 2,333 7.439
0.50 6.74 -0.1683 D.432 0.554
0.40 Pou7 -0.1906 0.5u4 0.674
0.3C ! 1.60 ~C.1741 0.493 0.797
0.20 ¢.56 ~0.1189 0.332 0.916
0.16 G.22 -2.0641 0.177 0.959
] 3,12 0.15 -0.0501 5.137 0.996
i 5.08 0.11 ~0,0389 0.105 1.021
0.04 0.0u -0.0150 0,040 1.024
0.02 0.0z ~0.0123 0.033 1.01¢6
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TABLE H.56 (Contd.)

Non-isothermal run NT-5

Reynclds number 14701

Wall heat flux 163.S Btu/hr ft2
- i bmare
/R R Vi TPC vt q ;
o ! ; Qyy Qy :
1.00 - - ! - -
; 0.90 33.456 -0.2838 I 0.160 0.127
I 0.80 49.06 ~0.576 920 0.252
: 0.70 42.50 -0.859 5,475 3.374
0.60 44,61 -1.134 0.627 0.492
0.50 41.12 ~1.397 6.770 0.606
0.40 36.34 ~1.6U5 0.904 0.715
0.30 31.74 -1.877 1.026 0.816
9.20 23.62 -2.071 1.125 0.908
0.16 18.96 -2.124 1.150 0.941
0.12 13.83 ~2.146 1.157 0.970
0.08 6.77 -2.022 1.034 C.99€
0.04 2.12 ~1.516 0.801 1.011
i 3.02 0.46 i -0.642 0.333 1.011
i ! ;
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TABLE H.7

THE RATIO OF THE EDDY DIFFUSIVITY OF HEAT TO THE
EDDY DIFFUSIVITY OF MOMENTUM FOR RUNS N-10 TO N-14

{
5 RUN N-10 RUN N-11
yIE “u °H il “u il °H
v I ?M | VvV a ‘ € M
1
0.9 5.46 | 5.32 1.29 - - -
0.8 i 8.44 | 10.5 1.7 1 8.55 13.8 2.31
0.7 £ 9,42 i 10.2 1.55 [ 9.13 12.75 1.99
. 0.6 3.10 | 9.1 183 L85 L 10477 1.81
0.5 8.05 | 7.55 1.34 7.35 | 6.33 1.23
0.4 6.5 | 5.81 1.28 5.73 | 3.52 0.88
0.3 4.55 1 4.15 1.390 3.58 | 1.83 0.73
0.2 2.49 1 2.55 1.46 0.08 | 0.75 13.4
0.1 o.46 1 1.10 t 3.4 0.00 | 0.04 -
i ! i
RUN N-12 RUN N-13
i
y / R € { € € & € }'
Moo T H o |
v ; o Ey % a % M
| ;
0.9 .73 | 11.78 3.56 5.65 2,99 | 3.28
0.8 5.41  ; 19.37 4,32 7.14 13.42  © 2.63
0.7 6. 44 15.25 3.38 | 7.72 11,71 1 2,17
0.6 5,21 10.45 2.87 7.07 9.50 | 1.92
0.5 3.50 6.35 2.5 5.19 7.10 | 1.95
0.4 1.64 3.54 3.08 2.55 4,95 2.77
0.3 ' 0.80 1.93 3.45 1.18 2.80 | 3.39
0.2 = 0.36 0.76 ;3.02 1 0.50 1.00 | 2.86
? - %
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TABLE H.7 (Contd.)

RUN N-14

“i ‘i ‘4

v o ey
0.9 16.27 26.98 2.365
0.8 23,71 37.86 2.279
0.7 26.61 37.73 2,024
0.6 30.5Q 35.16 1.641
0.5 32.17 34.67 1.539
0.l 31.70 33.49 1.509
0.3 27.99 30.17 1.540
0.2 21.06 22.57 1.532
0.1 11.89 9.40 1.143
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APPENDIX I.

SAMPLE CALCULATION PROCEDURES - NON-ISOTHERMAL RUNS

The methods followsd to obtain velocity and temperature
profiles from measured data, and to calculate odcy diffusivities
and values of ;;E and ;;;;' from these profiles, arc given below
in sections I.1 and I.2 respuctively. The evaluation of the
turbulence quantities vés +' and ;;E from hot-wire measurements

is discussed in section I.3.

EVALUATION OF VELOCITIES, TEMFERATURES AND FLOW PARAMETERS

Where the procedure outlined below is illustrated with

sample calculations the results used are those for run N-10.

Hot-wire calibration

The temperaturc calibration curve was obtained by
measuring a number of (R_, T) points in the temperature
calibration system descrzbed in Chapter 3. The straight line
through the results gave the values
-0.03086 ot
~1.28416 ohms

ZS B 03}
L1}

0
for the parameters £ and RO in the equation

Rg = RQ(l +OBT) (1.1)
(where T is in "X)

used to describe the line.

The velocity calibration curve was obtained as explained
in Appendix G. For runs N-2 to N-9 the calibration procedure
followed that for runs I-1 to I-17 while for the remaining runs
that for runs IT-1 to IT-5 was emplcoyed. The calibration points

were fitted by the King's Law equation

I2R
W _ =0.5
—% = AgtBV, (1.2)
wog
giving, for run N-10,
A = 2123.4 B = 774.2

£
80.6°F

. . Jo)
The calibration temperature was 27 C



(To allow for the deviation of the actual calibration curve from
the above line at very low veleccities, velocities at y/R positions
of 0.02 and 0.04 were evaluated from separate calibration lines
drawn to approximate the variztion of the calibration curve in

the vicinity of each of the points.)

Effect of temperature on A

In order to allow for the variation with temperature of the
calibration parameter A when gvaluating point velocities, the
following procedure was employed:

Equation (2.23) can be rearranged to give

A

f
- el
Ag = - (1.2)
1+ (R -R )
For run N-10, at the calibration temperature of 270(33
Rg = 10.605 ohms; Rw = 15.91 ohms
plso, B = -0.03086 kT, Ry, = -1.28416 ohms
Ao = 2123.4; T = 300 %K
£ ' -6, & -6
and, from [40]: a = 12 x 1C a; = 0.17 x 10
1 '
A - m62;23.%
1+ 0.17 x 1C x (15.91 ~ 10.605)
2(12x10 ° + 0.17x10 ~ x 300) x ~0.03086 x -1.28416
= 1798.5

The value of A_ can then be used to give the value of A at any
g
temperature from

a
1
A = A [:l + — (R _-R ):] (I.4)
2(c e BF
g 2(a + Tng)gKO wog
as explained in the section below describing the evaluation of

point velocities.

Point temperature measurements

These werc obtained from measured R_ values using equation

&
(I.1) e.g. at y/R = 1.0, R_ = 10.955

[x}

1 (R
To= o3 £ 1 <1o.955 —1>
0 =0.03086 \ —1.2842

308.8 °x = 95.4 °F




_I..3_

Point velocity measurcments

2
The product =~ w

R -2
w g

was calculated from measured values of

the hot-wire current I, the wire cold resistance R and the wire
12

operating resistance K

T

For y/R = 1.0
I = 34.90 mA; Rg = 10.955 ohms; Rw = 16.44 ohms
2
I Rw - 34.902 ¥ 16.44 = 3654.0
) R .r 16.44 ~ 10.955 - )

wog

The value of A at the local temperature (308.8 °K) was

found from equation (I.4)

For y/R = 1.0, using values given or calculated previously,

0.17 x 10°° (16.44 - 10,.955)

'1

[
1798.5f 1 + —
- 2(12x10

2126.2

=g
il

g

+ 0.17x10°°

Substituting into the King's Law equation

IR
W _ L=0.5
) = A+ BVZ
w g
.5
. BS540 = 2126.2 + T74.2 Vg
' Vz = 3.8% ft/sec

Laal
L

Bulk mean temperatures,

This wag calculated from

1
[Tvvpr]dn
g z

T T e e
b 1
V _pnd:
j ! nan
0
using the integration procedure described in section I.2.
. ; - . ©
For run N-10, T =99.%5 F.

b

Radial mean temperature, T,
i1

This was calculated from

x 308.8)(-0.03086)(-1.28416)

(I.5)

(1.8)



—I-u-

using the integration procedure from secticn I.2. For run N-10,
T, = 101.1 °F,
M

Mean velocity V%
m

This was calfulated from

_ of 7,endn
VZ I ——— (1.7)
m pb
= 2,47 ft/sec for run N-10
(p,» at T, = 99.0 °F, is 0.0709 1b/ft°)

The integration procedure described in seoction I.2 was used.
V; values were taken from the smoothed velocity profile through
the measured data. From the mean velocity the Reynolds number

was calculated:

DV; Py
Re - ] - 3.886 x 2.27 x 0.0706 x 1u88
=T uy B 12 x 0.0189
= 5354
Friction factor
i) Taylor's correclation :-

The friction factor correslation of Taylor [1u8]:

) T 0.5
£ T o€
£ < (owoor » 2028 _N( 1) @)
- (Rew) ' W

gives, for run N-10, where

T, = 111.5 °F; T = 99.8 °F, Re_ = 5163,

W b w

£ = 2 <o.ooo7 # 220920 32> <ggi-§>o.5
(5163)"" :

0.00940

ii) The slope at the wall:
The slope of the velocity profile was evaluated from the
smoothed velocity distribution by fitting the five points nearest

the wall (y/R = 0.02, 0.04, G.06, 0.08 and 0.10) with a rational



- I-5 -

function of the form

c.n

i T
Vz - l+c,n (1.9)

using a matriz inversion technique. This rational function

was differentiated to give the slope at the wall.

dV;
For N-10, ) = =31.77
dn 7y
and this was related to th: friction factor since from equation
(1.18)
v,
e = - 5 p 2 .
<(h] > 0.25 f Re V, (1.10)
W m
. £ - -31.77
v T 0.25 x 5354 x 2.97
= $.00797

and this value was used in preference to that calculataed by

Taylor's method.

From the above value of £ the friction velocity u¥* was

calculated

’, T2 /—-—'——_—-—1
0t = vV /T2 = 2.97 v/ C.00797/2

= 0.18y ft/sec

. + = .
It was then a simple matter to calculate u ( = VZ /%) and

+ . m
y (= yu®/v) values.

Wall hecat flux

The wall heat flux was calculated in two ways

i) From th: axial temperature gradient calculated from
the wall thermocouples:

.54 OF/ft (from wall thermoc-

I

For run N-10, aT/dz =
couple readings)

By a heat bhalance

I

o —
. 1D o 4T
quD = 5 VzmpCp 1 (1I.11)



_I_S..

D = 3.888/12; V% = 2,97 ft/sec
m
q
o = 0.0708 1b/ft”; c, = 0.2u0¢ Btu/lb °F
. _ 3.886 x 2.97 x 0.0709 x 0.2406 x 0.5k
Yy 12 % &

2
8.0 Btu/hr ft°

ii) From the slope of the temperature profile at the wall:

- 17 Op, = 10 o
For run N-1C, Tw = 111.5 "F; TO.OQ = 109.8 F
. 4T _ (111.5 - 109.8) x 24
tt dr 0.02 x 3.886
. _ . dr .
and since q, = k EPS {(1.12)

and k = 0.0158 Btu/hr ft T

(111.5 - 109.8) x 24 x 0.0158
9y D.02 % 3.886

9
8.7 Btu/hr ft°

Taking an average of tha two values of 9, above gives

q, * 8.3 Btu/hr ftQ
' aT 0
for which the corresponding value of Iz is 0.56 F/ft

With a knowledge of q , the value of T# was then

calculated q
T# = —e————
H Pt
po= 0.0709; C_ = 0.2u08
u® = C.188 ft/scc; Y 8.3 Btu/hr ft2
. 2.3 I
T* = = 0. .
! 0.0709 % C.2406 x 0.188 x 3600 719 °F
+

t ((Tw-T)/T*) valucs can then easily be calculated.

Dimensionless parametors

These were calculated using properties evaluzted at the

bulk mean temperatura. Fcr run N-10 the following values of

the properties at T, = 99.8 “F were obtained from the relationships
in Appendix B: )

o = 0.0709 1b/ft C, = 0.2406 Btu/lb “F

L o= 0.0189 cp Xk = 0.0156 Btu/hr ft CF



I.2

Also Re = 5354, £f = ¢.,00797; D = 3.880%°
L/D (Loep II) = 100; dT/dz = 0.56 CF/ft
T = 115.5 °F, vz 96.4 °F
A2 C
Then,
; y
Ra = ozsgcpn*(dT/dz)/lsuk = 489.5
Pr = Cpu/k = 0.706
Gr = D3p2gB(Tw~TC)/u2 = 9.148 x 10°
Re®* = Re ¥ £/2 = 338
Y = Gp/Rew? = 8,00
yA = (16 Ra/Re)(D/L) = 0.0145
Nusselt number
hD qw D
Nu - :k = T -T . ~}-<~ (1-13)
W Db
For run N-10
Ny = 8.0 ' 3.886 - 1n.3

111.5 - 99.8 12 x 0.01586

CALCULATION OF EDDY DIFFUSIVITIES, §;¥'AND G;%;

The calculations teo obtain the above values werc
performed on an IBM 1130 digital computer. The following inte-
gration and differentiation techniques were employed:

The measured velocity and temperaturs data were smoothed
and second or third order peclynemizls were fitted to the smoothed

using natrix inversion technique. ¢ regions are
data using a matri rs techniq In the regions wher

profilas curved sharply data was fed to the computer at n

intervals of 0.02; for the remaining sections of the profiles
intervals of n = 0.05 were used. In the latter region a second
order polynomial was used, while in the region of greatest
curvature a third order polynomial was employed. In the wall

region the rational functions

V% - l+i n
5"
- ) cl+czn
and T R A
l+c3n

were used to approximate the velocity and temperature distributions.



For differentiation purposes the above curves were fitted
to 5 points at a time and the derivative cvaluated at the centre
point.. For integration purpcses o data points were taken and

integraticn was carried ocut over the middle interval.

Vrt is obtained from the equation
(\ s} 17
— p _ . 4 -:r;- ..
9T D —— D d =
- L RS \“ C_ = J(OVZ) ndn

5n 2 k r /_ Tnk p dz
I II ITI
n
2 -
b (v
Link /§<Vz dz > ndn
0
Iv
7l —~
D R
-l t —
Bk oMbCp/<vP n >n.dn

0
v

The term IV is extremely small and can be neglected.

Then, for y/R = 0.3

Term I = 14.436
Term III = 75.053
Term V = D.719
Term II = 75.063 + 0.219 - 14.436

= 60.846

. G;%‘ = - pg 2 % 80.346
D
At T, o (= 99.85 °Fy = 0.0703 1b/ft; Cp = 0.2406

k = 0.0156 Btu/hr £t°F

— 0.0156 x 2 x 60,846 x 12
vt = -

r D.0709 x 0.2406 x 3.886 x 3600
= - 0.0956
oC £ .
Since term II, LP . 2-v t = _E.. 93
%4 2 r a an
.. % _ e0.846 _  50.8u6
o -~ dT/dn T 1h4.u436

13

4.21



Evaluation of V.Y, and g,/

7 v is obtained from the equaticn (A.25)

) S
—— D avZ D '77' e BV.z
VLV, Ay + Fr = - Eﬁﬂ-ofA(ngvrt P QIl)ndn
I II ITI
b ]Y(—J-Z S npyBv_t - 21 > ndn
2nu n 9n M™r 2
° Iv
av 2 A\
() - (R
w 0
\Y VI
- :2—; pMBg(;/ﬂ(T-TM) ndn
VII
For y/R = 0.3
Term IT = ~2.4199
Term III = 0.1533
Term IV = ~0.3761
Term V = ~22.5939
Term VI = 0.1929
Term VII = 9.1815
Term I = 0.1533 - 0.3761 - 22.5939 + 0.1929
+ 9.1815 + 2.4189
= -11.0223
. v v = - 2Ry (-11.0220)
r Z pD
Sincc p = 0.0703; o= 0.0188 cp
aE Vr'z - l%g8xxoé?ésg9kxlg.886(—11'0223)
= 0.0122
Since Term I = (sM/v)(dVZ/dn)
. M _ -11.0223 W55

v - =2.4199
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- I-1C ~

Eddy diffusivity ratio

Since EH/E = (EH/&)/(EM/V)PP

M

For y/R 0.4, the calculated EH/EM value

4,21
4.55 x 0.706

1.311

(Because of thc scatter in the ew/v and EH/a results, the
eH/EM values reported in Table H.7 of Arpendix H werc calculated
from smoothed curves through the g, /v and EH/a values. )

TURBULENCE MEASUREMENTS.

The mcthod by which values of véq t' and vt were
calculated is illustrated using results for the measurements for

run NT-2 at y/R = 0.4,

Velocity determination

Calibration procedures werc similar tc those described
in Section T.1 except that they were carried out here for five
overheating ratios. I, Rg and Rw measurements were taken as
described previcusly and the values of Isz/(RWng) at each over-
heating ratioc are given below in Table I.1. Valués of A and B
for ecach overheating ratic, together with the V _ values, calculated

as described in section I.1l, are alsc given.

| 1%
OHR = A . ' v
w g
0.05 3795.3 2386.0 737.0 3.655
0.1 3797.3 2117.0 884.0 3.510
0.3 3764. 6 2182.0 834.0 3.593
0.5 3748.8 2222.0 805.0 3.583
0.7 3741.3 | 2238.0 788.0 3.621




o?

Values of 02, tha mean square value of the fluctuating
voltage across the hot-wire, were calculated,as described in
Appendix G, from measuremcnts of the mean square meter reading, y.
and the amplifier attenuation, x. The values for run NT-2,

y/R = 0.4 are given in Table I.2 below. The readings in the last
row were taken using a very low current, in order to eliminate
the contribution of velocity fluctuations to the hot-wire signal

——

and thus determine / t2 .

TABLE I.2

OHR pd y e2
0.05 15 38.0 0.1216

0.1 21 25.0 0.3200

0.3 30 20.0 2.048
0.5 33 33.0 6.7564 |
0.7 39 17.0 | 13,9268
0.001 0 | 24.0 i 0.0024 :

Sensitivity values

The sensitivity, s, of the hot-wire to voltage fluctuations
was determined from cquation (2.25) together with the definitions

of P and K given in equations (2.27) and (2.28):

(R -2 ) By?d
s = (liPK) e (2.25)
2IR ¥
g 2
Aa y R, B0
F :<2(a+aOTl)ﬁR >/<€"+_—-Z~> (2:27)
17070 R -R
W g
RW
K = — (2.28)
Ry
Fcr run NT-2, y/R = 0.4, OHR = 0.5
O R, = 13.455 ohms; R_ = 8.97 ohms
B = 805.0; V_ = 3.583 ft/sec
I = 35.35 mA; 2 =12 x10°
a; = 0.17x 107%, BR, = 0.03157



Ao was obtained from A in the same way that Ag was obtained from
Af, assuming TO = 273 “K (see section I.1l).

For O.H.R. = 0.5, &, = 1709.9

~5
. __( 1769.9 % 0.17 x 10 :»/
V. P o= = =~
2(12%10 +0.17 x 10 7 = $.03157)
' 0.5
< 2222.0 + 805.D x 3.583 >
13.455 - 8.97
= 0.0943
K R /R = 13.455/8.¢70 = 1.500
wog
A 2 . 0.5
. s = 1 (13.455-8.97)" x 805.0 x 3.583
t (1+0.0943 x 1.5) 2 x 35.35 x 8.57 x 3.583
= 11.815

The sensitivity S¢ of the hot-wire to temperature

fluctuations was determined using equation (2.26)
g}
.. _a-p) IRy
(1 + PX) R
g
(1 - 0.0943) 0.03157 x 35.35 x 13.455

e s 2
Sensitivity values, e , T,

(1 7 0.0043 x 1.5)

= 1.328

v

8.97

K and values of X (= s/st} and Y

2, 2 . L s
= e /s.t ) are shown for y/R = 0.%# in Table I.3 below.

TABLE I.3
v I
OHR a P : K s st X Y
0.05 0.1216 0.0116 1.05 0.317 Q.435 0.729 0.642
0.1 0.3200 0.0203 1.1 1..098 0.618 1.776 0.83%
0.3 2.0480 0.0530 1.3 5.595% 1.057 5.292 1.832
0.5 6.7584 0.0943 1.5 11.815 1.328 8.894 3.829
0.7 13.9264 0.1252 . 13.114 1.519 12.581 5.033
0.001 0.0024 - 1.001 0.003 0.064 0.050 0.581




N

From equation (2.29)

2 2 2
e? = g, t

when the heating current is very low.

For y/R = 0.4

/t2
v v2 and vt
A 2

From equation (2.32)

Zz = Y-t2 = ViX - 2VZtX

0.763

From the results shown in Table 1.3 five (Z,X) points were

A ]
/ eQ/si =/ 0.002u/0.0642

(2.32)

calculated and the equation of the form of (2.32) giving the best

Fit to the calculated points was determined using a least squares

eriterion. The resulting curve, together with the (Z,X) points

is shown in Fig. I.1l.

For y/R = 0.4 the equation obtained was

7 = 0.02489X + 0.12507%°
/2 ——
Svooo= Y 0.02489 = 0.158
-2V T = 0.12507
. vt o= -0.062%

These vaiues are discussed in Chapter 5.
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541 Z=CX%DX .

RUN NUMBER  NT-2
PER CENT YR 40

~02 I 1 1 |
0 2.6 52 78 10.4 13.0
Xz2
St

FIGURE I.1 TYPICAL LEAST SQUARES FIT TO EXPERIMENTAL MEASUREMENTS






