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summary Vi
The thesis, together with the introduotion, is presented
in four Parts:
Part | - Review of Previous Works.
Part 11 - An Investigation on the Plow of Steam in a
Short Convergent - Divergent Nozzle Yielding
Values for the Recovery Paotor.

Part 11l - The Measurement of Recovery Factors for Steam
Plowing in a Six-inch long Annular Duct.

part IV - The Measurement of Heat Transfer Coefficients

for Plow in an Annular Duct and the Analogy
with Friction.

INTRODUCTION.
1. Historical.

The influenoe of high fluid speeds on convective heat transfer
iIs a subject of both academic and practical interest, which has increased
in importance with the advent of high speed flight and the development of
the gas turbine. Typical of the practical aspects of the problem is the
design of oil coolers on aircraft under near sonic speed conditionse

Since an insulated surface in high speed flow assumes a
teraparature greater than the surrounding fluid, the normal concept that
the rate of heat transfer is proportional to the difference between the
surface and ambient fluid temperatures becomes absurd. The failure of
the usual equations when applied to heat transfer in these conditions was
found to be mainly due to the effects of frictional heating. This
difficulty was overcome by the use of a redefined heat transfer coefficient
based on the difference between the actual wall temperature and an

adiabatic wall temperature. Theoretical investigations showed that such



1
& coefficient wee independent of the temperature difference and had the
aane value aa that for low velocity flow under similar conditions* The
oonoept of recovery factor was introduced to obtain a relationship between
the adiabatic wall temperature and the free stream temperature*
2. Purpose of Present Research Work*

Previous experimental data relating to this field of heat
transfer had been gained by the use of air as the working fluid. The
decision was taken to explore the possibility of using superheated steam
in place of air in the present investigation. Tho purpose of this was
twofold. The considerable expense involved in the compression and
drying of the air stream was avoided and secondly it was considered
desirable to extend experimental data to a second fluid.

It was also intended to study the effect of frictional heating
more fully by keeping the difference between the wall and the stream
temperatures small. It was found convenient to study heat transfer
under these conditions by observing the heat exchange at the inner surface
of an annular duct.

Measurements of recovery factor and friction coefficients were
also to be made.

Part | . Review of Previous Work.
1. [ftcperimental Work*

Investigators have carried out experiments for the flow of air
through parailed ducts and divergent nozzles at both subsonic and super-
sonic speeds, over a flat plate placed in a wind tunnel and over the
oonioal head of a flying V-2 rocket. The results of these researches
indicate that the modified heat transfer coefficient is independent of

the temperature difference, though the temperature differences were so
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groat in many oases as to obsoure the effect of frictional heating.

Measurements of recovery factor have been made in most of the
investigations on heat transfer at high fluid speeds. Values of the
samre order as the theoretio&l were obtained, though slight variations
were sometimes observed, especially in the oase of turbulent flow.

Previous attempts to measure the temperature of steam expanding
through nozzles mostly failed, since the importance of frictional heating
was not realised.

2. Theoretical Considerations*

In this section the theoretical analyses are reviewed, starting
from the basic equations for oonvective heat transfer. The solutions
applicable to high speed flow are emphasised.

A disoussion is presented on the influence which the boundary
layer has on heat transfer, an influence whioh is not always realised
in the examination of experimental data, particularly for starting
regions in pipes.

part Il - The ?low of Steam through a Simple Nozzle.

Preliminary experiments were undertaken to assess the suitability
of steam as the working fluid for such investigations. Steam was
expended through a simple convergent divergent nozzle, and the temperature
was recorded by thermocouple on the surface of a search tube or probe
constructed of insulating material and placed along the axis of the nozzle.
Recovery factors computed from these observations were those for a laminar
boundary layer which developed along the walls of the nozzle until
reoompression. It was found that the temperature recovery in the

boundary layer was similar to that for air. The measured values of r were



somewhat lower than the theoretical, which is unity for superheated
steam, but the variations were not sufficient to justify departure
from the intended programme of research,

Supersaturated Steam.

Values of recovery factor obtained for supersaturated steam of
the first type in these tests were the same as those for superheated
steam, but the presence of water droplets in suspension was found to
cause considerably lower temperatures to be recorded,

part 11l - The .Measurement of Heoovery Factors for Steam

flowing in a Six-inoh Long Annular fluot.

In this part of the thesis are described experiments carried
out to obtain values of recovery factor for steam flowing in apparatus
designed for the study of heat transfer. This consisted of a six-inoh
long annular duct ,413 in, 0.d, and ,1875 ***e surface
temperature of the inner tube was again recorded when this was constructed
of insulating material.

The recovery factor was again found to be lower than the
theoretical and to be dependent on the superheat.

Part IV - The Measurement of Heat Transfer Coefficients

and tho Analogy with Friction.

The heat exchange between the flowing steam and the inner
surface of tho anmilus was studied by passing air at suitable temperatures
through the inner tube. The riso in air temperature and the wall
temperature were recorded by thermocouple. Local heat transfer
coefficients were calculated from these readings and the adiabatic wall
temperature obtained from values of recovery factor known from the results

of the investigation described in part 111,
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The effect of flow conditions on heat transfer coefficients
were analysed. A laminar boundary layer existed for only a short
distance at the entrance of the duot. Thereafter there was a gradual
transition to turbulence whioh occupied a considerable length of the
test section. Tho turbulent boundary layer did not completely fill
the cross-section at the exit, and for a short distance before this
point, in the mid-stream region, supersonic velocities were attained.

The values of the re-defined heat transfer coefficients were
the same as those for low velocity flow under similar conditions.

For the turbulent region they were compared with those for the entrance
regions of an equivalent pipe. In making the comparison a correction
must be applied to allow for the method whereby the heet transfer
coefficients for low speed pipe flow are based on the bulk temperature
of the fluid instead of the more logical temperature at the axis.
Previous investigators had failed to apply this correction when comparing
heat transfer results for high speed flow in pipes with data for low
velocities. Neglect of this results in apparently low values for the
coefficients.

Friction ooeffioients were computed from observations of the
static pressure. These could be oonpared with the heet transfer
coefficients on account of the analogy between nomentum and heat transfer.
Sinoe the Prandtl number for steam is 1, the simple equation derived by
Reynolds was found to hold for sections where the apparent friction
coefficients calculated from the pressure distribution were sufficiently
near the true values.

It was the original intention to pass into the supersonic field,

when the effect of compressibility at high M8h numbers could be studied.



Experimental difficulties, however, precluded the carrying out of this
part of the programme. The design of a suitable nozzle to yield shook
free expansion for Maoh numbers much in excess of unity could not be

covered in the time available.
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eleotrioity, etc,, B,T,U,/lbe

u Velocity in direction of x - co-ordinate, ft,/sec,
Y Specific volume, ft, /lb,m

v Velocity in direction of y co-ordinate, ft,/sec,
\% Velocity, ft,/seo.

W Frictional resistance or drag, Ibt

X, Y, z Co-ordinatese
X Distance in direction of flow, ft,
y Distance from wall, ft,

Graek Lettor Srobola.

cX Radiation absorptivity, dimensionless,

ft Specific weight, b Qv ft,~

ft Ratio of the specific heats, dimensionless,

S Thickness of the boundary layer, ft,

® Pohlhausen’s function of the Prandtl Number, dimensionless
£ Radiation emissivity, dimensionless,

</ Effective emissivity, dimensionless

€ Maxwell's constant, dimensionless,

5 Ratio of thermal and flow boundary layer thicknesses.

Viscosity, poises.



NOMENCLATURE (Contd,)
0 Temperature difference, °P.

Temperature ratio, t* - t /t* - t8.

A Thermal conductivity, |.T. oalories/aeo
z Viscosity, Ib* sec./ft.
X> Kinematic viscosity, ft. /seo.
9 Density, Ib. a«0.2/ft. 4
<r Surface tension, |b./ft.
T Time, hr.
T Shearing stress, Ib./ft.
r Reciprocal of absolute temperature, °P
i Velocity ratio, UWVs
Stream function, ft.~/hr.
60 Supersaturation ratio.
At Temperature difference, °P.
A Differential operator.
dx
5(3( partial differential operator.
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NOVEMOLATURS (Contd.)
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Boundary between laminar sub*layer and turbulent zone.
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Natural.
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Wall.
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IMTiiQIAJGTigW . 1.

Historical.

It is only within comparatively recent years that attention
has been paid to tho field of heat transfer at high fluid velocities.
The need to explore this field arose with the development of the gas
turbine and with the increasing speeds of modem aircraft. In the
gas turbine problems arose in the heat exohange between the turbine
blades and the working fluid as well as those arising from the high
velocity of the gases across the heat exohange surfaces. The surface
temperatures of airoraft approaching or exoeeding the speed of sound
rise to such a degree by the aerodynamic heating effect that cooling
has to be provided for the cabin and sometimes for the structural
parts. The problem is more acute in the case of rockets and at low
altitudes cooling becomes critical. An interesting example of heat
transfer at high velocities is the Velox steam boiler. Here the
heating surface can be made much smaller by using gas velocities of
some hundred feet per second.

As these developments have taken place the problem has been
investigated experimentally within the last few years. The number
of these investigations has now inoreased considerably yet so large
is the variation of both thermal and hydrodynamic conditions that
much more experimental work must yet be undertaken before the effect of
all the parameters concerned can be clearly understood

Previous theoretical and experimental investigations for the

case of low speed flow resulted in showing that for forced convection,



2.
the heat transfer coefficient when presented in dimensionless form,
e*g. the Nusselt Number, is dependent only on the Reynolds and the
prendtl numbers. These terms represent the conditions of the flow
and the properties of the fluid respectively. The important point
is that the coefficient h is independent of the temperature difference.
Otherwise the coefficient would have no utility and it would not be
practicable to use Newtons Law for the heat transfer calculationse
Failure of the MortaftX aalationahipe at St,;h voloolUos.

With higher velocities, however, the application of those
relationships becomes distinctly erroneous. The value of this
coefficient is no longer independent of temperature difference,
particularly for small temperature differences e.g. when heat transfer
is zero (adiabatic flow) the temperature of the surface may be greatly
in excess of the mean temperature of the adjacent stream and the
coefficient in question is therefore zero. It has been observed that
such frictional heating in air can cause adiabatic surface temperatures
to rise 5*/*?. above the ambient air temperature at flight speeds of
600 ra.p.h., and 1940°P. for JJoQQ m.p.h. (from tests on a V-2 rocket).

If the temperature of the wall is increased so as to cause
heat transfer to the fluid, tho coefficient becomes greater than zero.
If the wall tea”rature was decreased sufficiently to invert the
direction of heat transfer but not sufficiently to invert the difference
between wtdl and nmean-stream temperatures, the coefficient would then
become less than zero, whioh is, of oourse, absurd.

There are two reasons why the theoretical relationships no



longer hold for hi$i velocity flows*- (a) the properties of the
fluid are no longer constant but vary considerably with, and normally
to, the direotion of flow, and (b) friotional heating has an increasing
influence.

As regards (a), the properties of fluids are dependent both on
the temperature and the pressure. If the properties are independent
of temperature, then it can be deduced from the differential equations
controlling fluid flow and heat transfer that the velocity field is not
influenced by heat transfer. The development of the boundary layer is
then a pure fluid meohanios problem. In most cases the temperature
dependency is not so great that it would affect fluid-flow processes
decisively. The effect of pressure is most noticeable, in the case of
gases, on the density of the fluid. Below a certain velocity,
approximately one third the sonic velocity, the pressure dependency of
density may be neglected and the value of this property considered
constant. It is with the assumptions of constant property values that
the theoretical relations have been derived. As soon as the velocities
become oomparable with the velocity of sound, it can thus be seon that
the equations are no longer immediately applicable since the property
values can in no way be considered constant. A new dimensionless
value appears in the dimensionless equations the Maoh number - Ma Vo/Va,
the ratio of the reference velocity Vo to the sound velooity Va. The
flow is influenced as soon as M reaches values of 0.6 to 0.7* Also,
(b), in the boundary layers the velooities are decreased by shearing

stresses. The lost kinetic energy is transformed into heat and this
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heat influences the temperature field in the boundary layer and
therefore the heat transfer* At low velocities the effect of this
heating may be neglected, but cannot be neglected at hi™ier velocities*
The dependence of the heat transfer coefficient on temperature difference
and Mach number may be demonstrated by dimensional analysis as will be
shown later*

The Re-defined Heat Transfer Coefficient*

It is therefore necessary to derive a heat transfer equation
in which the temperature potentialand heat transfer coefficient are
independent of each other* The deduction of such an equation is
based on the following considerations* Suppose that a thermally
insulated plate is placed parallel to the direction of flow in a high
speed fluid stream*  The viscous forces cause a flow boundary layer
to be built up* The effects of damming, work done by friction, and
heat conduction through the fluid tend to create a temperature
distribution in the thermal boundary layer* Pig* 1 shows a typical
temperature distribution obtained analytically by fohlhausen for a
laminar boundary layer*  Since the plate is thermally insulated, the
heat transfer at the wall, and therefore the temperature gradient there,
is zero* The temperature which the plate, and the fluid in contact
with it, assume is designated as the adiabatic surface temperature taw.

|f the plate is heated so that its surface temperature ty, ,S
greater than taw> then the temperature gradient with respect to the

normal is no longer zero and heat is transferred to the fluid*  The



converse in true if t* were less than taW. The dotted linee in 3&g* 1
indicate the modified temperature distribution under these conditions*

It is therefore postulated that the conveotive heat transfer
with frictional heating can be expressed as

q - bhA (t* - taw)
where h is the new coefficient with frictional heating* Such a
coefficient was first suggested by Brun and Juapy in 193&e« and has been
investigated in several theoretical analyses* These investigations
showed that h is both independent of the modified temperature potential
and is identical with that for low speedsas evaluated for the same
Reynolds and Prandtl moduli*
The Recovery Pactor*

In  employing the equation g = hA(t* - taw), the wall
temperature t* may be measured while heattransfer takes place* The
adiabatic wall temperature is, however, unobtainable under these
conditions and it is convenient to express this value in terms of an
obtainable temperature i*e* the stream temperature* This may usually
be obtained from a knowledge of the initial conditions, the flow
characteristics and the heat transferred*

The adiabatic wall temperature is then expressed in terms of
the free stream temperature and the recovery factor r. This is
defined as the ratio of the difference between adiabatic wall temperature
and stream temperature to the difference between the total temperature
and stream temperature* By dimensional analysis it can be shown to be

a function of the Reynolds, Prandtl and Maoh numbers*



A knowledge of r Is therefore & prerequisite to a determination
of the modified temperature potential and is treated independently of
the heat transfer*

Again experimental work in the determination of values of
recovery factor Is inadequate, perhaps even more so than In the case
of heat transfer coefficients for high velocities* Especially for
turbulent flow, agreement in the values obtained for r is not

satisfactory and the Maoh number effect in supersonic flows is not

yet determined.



2. Purpose of freaant Keqgaroh

Available data referring to heat transfer in this field have
been obtained mostly by aerodynan&oists using, of course, air as the
working fluid. The first stage in the present programme of research
comprised an examination of the suitability of superheated steam as a
working fluid in place of air. The need for a high powered compressor
and elaborate equipment for purifying and drying the air is eliminated.
Further, advantages are obtained in the use of a gas having different
property values. The fact that the prandtl number for steam is unity
for the range of conditions encountered in the tests makes the results
obtained of interest since most of the theoretical solutions for heat
transfer are simplified when the value of this dimensionless group is 1.

When measurements of the recovery factor demonstrated that
superheated steam was a suitable medium, the second stage of the
investigation was undertaken.  This comprised the measurement of heat
transfer coefficients and friction factors. The initial superheat was
always sufficiently high to ensure that the steam remained superheated
throughout the expansion.

Investigations of this nature involving high velocities may bo
carried out either by studying the flow over a flat plAte or body of
revolution or by studying the flow through a tube or duot. To study
heat transfer with flat plate flow involves the use of a wind tunnel,
while the cost of experimenting with flow in a duct is very muoh loss
for similar dimensions of the heat transfer surface. Tho results of

the latter type of investigation are applicable both to tube flow and
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to flat plate flow for low length Reynolds numbers* On account of
these considerations and since a laboratory nozzle testing apparatus
could readily be adapted for such a purpose, it was decided to carry
out experiments on heat transfer for the flow of superheated steam
through an annular duct*

At velocities at or near the sonic value, transition from
laminar to turbulent flow occurs at a very short distance from the
leading edge of a flat plate or from the entrance of a pipe* Ae
the mechanisms of heat transfer for laminar and turbulent flow are
quite different, it is necessary to measure coefficients for both
conditions separately* Further, the coefficient is dependent on
the thickness of the boundary layer, which constantly increases in
the entry region of a pipe* It is important therefore that local
coefficients of heat transfer be recorded* In many previous
investigations mean coefficients have been measured, while in others
so-called local coefficients were obtained which were really mean
coefficients over a short length* In the present investigation it
was found single to measure true local coefficients* This was
facilitated by the arrangement of the apparatus, the heat transfer being
studied for the inner surface of the annulus* The growth of the
boundary layer along this surface could also be examined*

In most of the previously published experimental work on heat
transfer for high speed flow, the temperature differences were relatively
large* This means that heat is transferred mainly by the normal means

of convection, and frictional heating plays a proportionately small part*



It was intended in the present research to study heat transfer for
oases in which a large proportion of the heat involved was caused by
friotion. This meant abstracting small amounts of heat so that the
actual wall temperature did not differ greatly from the "natural”
temperature*  The teigper&ture profile is then similar to that under
adiabatic conditions, whereas, when the temperature difference is
large, the profile is not greatly different from that for the case
where frictional heating plays no part* Also the use of large
tenperature differences obscures the dependence of tho heat transfer
coefficients on the temperature difference, and it is more difficult
to determine the reference temperature on which the difference should
be based*

AS well as measurements of heat transfer coefficients being
carried out, values were obtained for the recovery factor and also for
friction coefficients, since a close analogy exists between friotion
and heat transfer*  The conditions existing in the expansion of steam
in nozzles were also examined and data gained relating to the super*
saturated condition*

Work ooRsnenced in October, 1950* The investigation described
in Part Il of the thesis occupied the first year* By then new apparatus
had been designed and built and work continued on the measurement of
recovery factors, heat transfer coefficients, and friotion factors for

flow in a parallel annular duct*
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1# WORK*

In this seotion the work of previous investigations on heat
transfer at high velocities, recovery factors, and also friction at
hi™i fluid speeds is presented*

Also reviewed are various experimental data relevant to the
present research* In a discussion on the use of steam as the working
fluid, previous attempts at the measurement of the temperature of
flowing steam are reviewed, and the properties of steam which enter
into heat transfer relationships are considered* Various empirical
equations for heat transfer in armuli are presented* There is also
a discussion on the temperature at which property values should be
evaluated *

Investigations on Heat Transfer at Hi*h Velocities*

Ore of the most comprehensive programmes of research on heat
transfer at high velocities has been undertaken at the Massachusetts
Institute of Technology, U*S*A# This has been ooncemed with the
transfer of heat to air flowing in tubes* The results of experiments
on subsonic flow are presented by McAdams, Nicolai and Keenan (74)e
Air at sub atmospheric pressures was passed through a tube of 0*281 in*
diam* at velocities corresponding to Maoch numbers of 0*1 to 1*0* The
total length w& 127 in* while the heated seotion at the downstream end
was 15 in* long, the flow thus being fully developed while heat transfer
takes place*

Heat transfer data showed that the 0Oefficients based on the

difference between wall and adiabatic wall temperatures were independent
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12.
Stanton numbers against length Reynolds numbers (Fig. 3)® Values of
the upstream portion of the tube agree with values for laminar flow
over a flat plate. The considerable scatter of points corresponding
to turbulent flew in the downstream portion is due to the plottingof
all points on one diagram against the length Reynolds number only,
whereas the coefficients for this region are dependent more on the
diameter Reynolds number.

m improved correlation of the results in the laminar region
wes obtained by Brown (8) by introducing corrections for pressure
gradient effects* The corrected data are shown in Fig. 4 and are seen
to lie close to the |line representing the pohlhausen equation for
laminar flow over a flat plate*

The above papers give some idea of the elaborate apparatus
necessary for the preparation of the air stream* As well as a high
capacity compressor, equipment must be provided for purification of
the air, since the properties of the fluid must be known accurately*
Also it is important to reduce the moisture content to a very low value
otherwise condensation shock waves nay affect the static pressure*

In these tests heat was added to the air stream by condensing
steam on the outer wall* This ensured a constant wall temperature,
while the amount of heat transferred could be obtained direotly from the
measurement of the weight of condensate*

Johnson and Monaghan (48) investigated heat transfer at super*
aonio velocities for flow over a flat plate* At first they introduced

a thin sharp-edged plate into a supersonic wind tunnel, but found
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difficulty in obtaining a thin enough heater inside the platee They
then used a heated plate forming part of the tunnel wall, and started
a new velooity boundary layer at the upstream edge of the plate by
means of a suction slot.  Their results showed transition taking

place at length Heynolda numbers between 4 x 10° and 8 x 105

and the
heet transfer values agreed with those deduced from turbulent flow
theory using the Prandtl-Karman analogy between heat transfer and skin
friction,

A programme of experimental work on heat transfer at supersonic
velocities in nozzles and ducts has been initiated at Imperial College,
London, Saunders and Calder (89) presented results for heat transfer
in water cooled nozzles, using high temperature combustion gases as the
working fluid. The total or stagnation temperature of the gases,
instead of the adiabatic wall temperature, was employed in calculating
the heat transfer coefficients. Little error was introduced by doing
so, as the difference between wall temperature and fluid temperature
was large. It was found that heat transfer coefficients oould be
represented by the law

_G%G_ = 0.0285 Re0*2 i (2)
which is the theoretical expression for flat plate heat transfer at low
velocities derived by Latzko {67, also p 482 reference 45), This law
can only be considered approximate since no allowance was made by
Latzko for the laminar sub-layer of the turbulent boundary layer.

Further, this equation yields the value of the local coefficient, while,
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for the first section of the nozzle at least, the nmean coefficient
would be observed, which is of higher value than the local coefficient.
That the values obtained corresponded to turbulent flow was surprising
as transition from laminar flow would not be expeoted for the length
Reynolds numbers. No variation with Meoh number was observed.

In the second series of experiments, straight and oonioal
heated pipes were used, fed with air from a sufficient length of inlet
pipe to establish an equilibrium velocity distribution at the entrance
to the heated section. Heating was obtained by means of an electric
current. In a report by Bialokoz (3) it is stated that heat transfer
coefficients were found to vary with the |/ach number to a much larger
extent than had previously been observed, the values being much lower
than those for low velocity flow at the same Reynolds numbers.

Fischer and Norris carried out experiments on the conical
head of a flying V-2 rocket, and obtained values for host transfer
coefficients at supersonio velocities (31). Values for these
coefficients were found to agree well with values calculated from
formulae for low velocities. &r small Reynolds numbers the law for
laminar boundary layers held, whilst at the higher Reynolds numbers
the coefficients corresponded to turbulent flow. The transition from
laminar to turbulent flow was found to depend, however, on sone
characteristic other than the Reynolds number. To obtain the adiabatic
wall temperatures necessary to calculate tho heat transfer coefficients
allowing for skin friotion, Fischer and Norris assumed the values of the

recovery factor to be ~Pr for laminar flow and ~Pr for turbulent flow.
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Pig* 5 shows the results of these experiments compared with the values
obtained for formulae for low velocities*

The investigations of Joukowsky (49), lelchuok (69) end
Guohman, lljuchin, Taasowa and Warsehawksi (36) carried out in the
U*S*S.R. may also bo mentioned* These, however, had such large
temperature differences that the effect of frictional heating could be
neglected* Hot air flowed at su”r-atmospheric pressure inside a
water cooled tube* kcAdams, Jioolai \ Keenan used this data to
extend the conclusions of their own work on eubsonio flow of air to
higher Reynolds numbers and temperature differences and arrived at

the equation

a | t 131
These data are also shown in Pig* 2 where the full line represents
equation 3*

Humble, bowderadlk and Grele (43) carried out similar
experiments with air flowing in electrically heated tubes* Data
were obtained for a range of Reynolds numbers from 1 X I(r3 to 5 x 10°
and tube-exit Maoh numbers up to about 1*1* Again large temperature
differences were employed, with average surface temperatures of up to
2009°R, so that the total temperature instead of the adiabatic wall
temperature was used in the calculations* Tho authors found the
results agreed closely with the formulae for low velocities when the

Nusselt, Reynolds and Prandtl numbers were defined as follows:-



The subscripts wand b refer to air properties evaluated at the wall
temperature and the bulk temperature respectively.

The problems of heat transfer at high velocities arising in
the cooling of gas turbine blades are dealt with in reference (24)
by ackert.

It can be concluded from the foregoing review that the
theoretical deduction that the coefficient of heat transfer at higjh
velocities should be based on the temperature difference defined as
that between the actual wall and the adiabatic wall temperatures is
confirmed by the experimental evidence. The temperature potential
and the heat transfer coefficient are then independent of each other,
though in many of the investigations the temperature differences were
so great that the effect of frictional heating could be neglected.
The values obtained for this coefficient were substantially the same
as that for low velocity flow under similar conditions.
Investigations on tho Rapovery Factor,

Measurements of recovery factor were made in most of the
investigations mentioned above. In the investigation at M.I.T.,
this was accomplished by carrying out runs under adiabatic conditions.
In the case of the supersonic experiments, the test seotion for this
purpose was constructed of the insulating material luoite in order to
ensure no heat transfer took place.

For subsonic flows, MbAdam, Nicolai and Keenan found r to be
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substantially independent of Haoh number in the range 0.2 to 1 and to

vary from 0.875 0.901 (the square and the cube root of the Prandtl
number for air are 0.86 and 0*904 respectively).

Recent reports (55# 52 *< 53) ot progress in the investigation
for supersonic flow state that values for the recovery factor in the
laminar region agree well with theoretical values for flat plate flow.
In the turbulent region agreement is not so good, no doubt due to the
fact that with the thickening of the boundary layer, the simple flat
plate theory oan no longer hold, while the velocity profile is not
fully developed and pipe flow formulae cannot be applied.

In the investigation by Bialokoz (3) for turbulent flow in
conical pipes for Meoh numbers greater than 1, values for the recovery
factor were found to be closer to the value (Pr)2 than to (Pr):j.

As well as those found in the investigations on heat transfer
coefficients mentioned above, measurements of recovery factor have also
been made separately. Eckert and Weise (26, 27) experimented with flow
over flat plates and axial flow along cylindrical probes. Fig. 6 shows
results obtained from experiments with the cylindrical probe in subsonio
and supersonic nozzles. This shows f to be 0.85 for laminar and
increasing to 0*90 for turbulent flow, corresponding to (Pr)™ and (Pr)™*
respectively. In these tests the probe was constructed entirely of
metal. In view of the resulting conduction of heat along the length,
it is doubtful if the temperature could be regarded as the true
adiabatic wall temperature.

Hilton (41) measured the surface teenerature on a flat plate



92

88

8-4 0

80 » C

76 rugy %

« 0
e CUBSONIC

6*8 O MTERBONIC

60
LOG, (Rejj)

FIG.7 FPICTIQM COEFFICIENTS MEASURED
BY EROSSEL



18,
constructed of Tufnol, a poorly conducting material, placed in a wind
tunnel and verified the equation giving r ae the square root of the
Prandtl modulus for subsonic laminar flow.

At supersonic velocities this value has also been substantiated
somewhat by the data of faber (23) who performed experiments for flow in
the transition region over cones.

For turbulent boundary layers, Hilton obtained values near
(Pr)™ for subsonic velocities, Kraus (65) however reported values
about 71 higher for supersonic velocities, suggesting a Mach number
effect as well as Reynolds and Prandtl moduli dependence.

In conclusion, therefore, for laminar subsonic flow experimental
results appear to indicate r * (Pr)™ but there is considerable variation
in values for turbulent flow. The effect of compressibility is also
yet uncertain. Thus in reference (34) the authors attributed low
values of r to the varying Maoh number, while Kraus (65) suggested hi™h
values of r were owing to a Maoh number effect. The need for further
research is therefore apparent.

Investigations on Friction at H”™h Velocities,

In 1936 Prossol (32) published the first extensive measurements
of friction coefficients for the flow of air through a smooth tube with
velocities above and below the velocity of sound. These indicated that
the computed mean coefficients are the same ss for an inoompressible
fluid with the 00rresponding Reynolds number. Pig, 7 shows FrosseVe
results. In the case of the supersonic region, the accuracy of these

rosults must be called in question. As far as can be ascertained
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suitable nozzles to develop shook-free expansion were not developed,
while the existence of on oblique shook would considerably affect the
results obtained,

Keenan (58) investigated friotion for flow of steam at
subsonic velocities. This confirmed that tho coefficients correspond
to those for incompressible flow for the same Reynolds number,  Further
experiments confirming this were carried out by Illjuchin (44) and
Humble, Lowdermilk and Grele (43), Keenan and Neumann (60) published
results of measurements of friction in a pipe for subsonic and supersonic
flow of air, Far subsonic flow the conclusions were confirmed, that for
large values of h/D the apparent friotion coefficient is essentially
independent of Maoh number and is the same function of Reynolds number
as the friotion factor for incompressible fluids.

For supersonic flow, the investigation indicated that the
apparent friotion coefficient is a function of L/D as well as Reynolds
number over the attainable range of I*/I), and that the effect of Maoh
number is to limit the range of values of L/B, The Authors suggested
that incompressible values of f are reached for L/D > JO9 853 that
at low Maoh numbers, the Maoh number effects are negligible. Friction
for supersonic air flows in tubes was further investigated at M.I,T,f
together with the measurement of recovery factors and heat transfer
coefficients and the results published in references 57, 53# 54 and 55*
In these papers, the friotion coefficients are shown to be dependent on

the growth of the boundary layer and on the transition from laminar flow
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to turbulent flow. The value was found to correspond to that for
flow over a flat plate, the agreement being best in the laminar range.
In references Sbad 2 results were based on a one-dimensional
flow model, while in reference 53 * simple two-dimensional flow model
was employed, whereby the boundary layer and the unaffected core were
treated separately. The results of previous tests were recalculated
following this method and plotted vorsus the length Reynolds number.
The points were found to lie close to the lines representing the

boundary layer equations for incompressible flow past a flat plate.



The Use of Steam as the Working Fluid in

Investigations on Heat Transfer at Hiih Velocities.

All the experimental results mentioned in the foregoing
review have been obtained using air as the working fluid - largely
because air is the medium in which frictional heating has the jreatest
application, viz, high speed fli$vt.

It was considered that by the use of superheated steam instead
of air as the working fluid an experimental investigation could be
simplified. The need for elaborate equipment for purification and the
removal of moisture is avoided. Steam can be readily supplied and
there is no need for a compressor of high oapaoity as used in the
experiments with air. The measurement of the mass flow of steam is
easy and absolute since the exhaust can be condensed and the condensate
weighed directly.

The physical properties of steam are well established. An
interesting property is that the prandtl number for moderate pressures
and temperatures is substantially unity. This is of nuch importance in
a fundamental investigation on heat transfer as the Prandtl number has a
large bearing on the process of heat transfer.

The results of a previous investigation (92) on supersaturation
in nozzle flow however raised doubts as to the validity of the normal
recovery factor for steam. Since the ability to measure the adiabatic
wall temperature and so obtain recovery factors is a prerequisite to the
measurement of heat transfer at high velocities, it is necessary to

examine the problem more closely. In the light of the present
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programme of research the results of previous attempts to measure
steam temperatures attain a new significance. A review is therefore
given here.

Steam Tem j~ra;”N

Attempts made to measure the temperature of steam expanding
through nozzles mostly failed in that the importance of frictional
heating was not realised. Because of this Ptodola stated that "no
method is known that w ill determine the true temperature in flowing
fluids" (reference 93 p.73)*

Many of these investigations were concerned with the
supersaturated state of steam and with the measurement of temperatures
below that of saturation.

B&tho (2) attempted to measure the temperature of initially
dry saturated steam expanding through a De Laval nozzle by means of a
movable thermocouple with the wires stretched along the nozzle axis.
The majority of his searches produced temperatures greater than the
expected (saturation) temperatures, although in one case tamperatures
lower than the saturation values were recorded.

Martin (70) recorded temperature measurements with on ordinary
mercury thermometer shielded by hygrosoopio substances fitted at the
exhaust flange of a steam turbine. These temperatures were lower than
the saturation values, in some cases by as much as 10°P.

Stodola ( p.73 reference 93) recorded temperatures indicated by
a thermocouple stretched along the axis of a nozzle. With steam

remaining superheated throughout the expansion, and a total adiabatic
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temperature drop of about 100°i2. f he recorded a temperature almost
constant and equal to the supply temperature along the nozzle axis*

This he attributed to the result of friction*  With greater expansions
the recorded temperature tended to fall slightly along the length and
he obtained curves of measured temperature and calculated steam
temperature which exhibit similar characteristics to those obtained in
the present investigation (e,g* Pig. 23).

The experimental results of Muller (78) are even more revealing.
He obtained characteristics similar to those of 3todola, and found an
unstable temperature variation after the point of expansion where
condensation was estimated to occur. He also made a device which
oonsisted of a magnesia search tube containing thermocouple wires able
to be moved along the nozzle axis as desired. With initially dry
saturated steam ha obtained temperatures which compared closely with
the saturated temperatures, being sometimes above and sometimes below
these values. He then measured the outlet steam temperature with this
thermocouple and oompared them with the expected outlet temperature which
was judged to be about 100°F. below the supply temperature. He found
that, as soon as the initial state was increased above the dry condition,
the final temperature jumped from near the saturation value to only
below the supply temperaturee As the supply temperature was raised
further the final temperature rose also, tending to become closer to
the initial temperature as it was increased.

Sorour (92) in attempting to measure the temperature of steam

expanding in the supersaturated region, used a temperature measuring
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device shown in detail in Pig. 13* and described later. In an
extensive series of tests he obtained at oerttdn points of the expansion
temperatures varying from 2°p. to 15%. below the saturation values
corresponding to the pressure.

When these tests were carried out it was thought necessary to
explain why the readings were so nxich higher than the estimated steam
temperature. Tho reason ooimaonly given was that condensation took
place on the surface of the temperature measuring device and that the
saturation temperature was recorded. So long, however, as condensation
is absent, any temperature measuring device inserted into a high speed
steam flow will register a temperature near the total or stagnation
temperature, a temperature recovery factor of approximately unity being
expected for a gas. It is then necessary to explain why low
temperatures were recorded in many of those investigations. That these
were owing to the presence of water droplets w ill be demonstrated later.

The results of measuremonts of temperature in the high velocity
flow of steam were published recently by *4irdoch and Idooh (79)e The
investigation was concerned with the design of suitable temperature
measuring devices for industrial applications. Here tho total
temperature is required, so the sensing element was placed in a suitable
well surrounded by almost stagnant steam. Recovery factors for the most
satisfactory of these devices woro of the order of 0.9# Instruments
similar to tho cup type for total temperature measurement, but not
suitable for industrial use, gave a recovery factor equal to 1. Unity

would also be expected for r since Pr = 1. Low values may have been



owing to conduction effects.

A preliminary investigation which was undertaken to clarify
the position as to steam temperature measurement is desoribed in
Part 11 of the thesis.

The Properties of Steam - particularly the prandtl Number.

Water and water vapour are perhaps more commonly employed in
engineering and experimental work and the properties known with precision
over & wider range than any other substance. These properties have been
tabulated in detail in steam tables.

Yet the true value of the prandtl number has long remained in
doubt, and the assumptions made as to this have been many and varied.
This dimensionless number is composed of the properties Cp,yu andl k and
it is a basic function in the determination of heat transfer by convection.

McAdams (72) gives the value of Pr for steam as 0*78. This
value is due to Bucken, who developed it from Maxwell's theoretical work
on gases.

Maxwell (T~AJ found that the thermal conductivity of any gas was
related to the viscosity and specific heat by the equation

K = £ CVIU e (4)
where € is a constant for any one gas. He predicted a value of 2.5
for £ , which has been found to be nearly oorreot for monatomio gases.
For di&tomio gases £ is about 1.90 and for triatomio gases 1*72.

Bucken (30) suggested the emperical velation
€ - 0.25 198 5) (5)

whore IS is the ratio of speoifio heats. By substituting in equation
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4. the Prandtl number oan be obtained in terms of the adiabatic index.

S&dl a A m, (fs\
K 9-5/k 11

If tha value of 8 for steam is taken as 1*3* then Pr m0.78.

The true value of the Prandtl number to be employed in heat
transfer equations, must be obtained from the values of the component
properties. The experimental difficulties in measuring the visoosity
yii and the thermal conductivity k are, however, great. On accountof
these difficulties th3 value of Pr computed in this way wasnot
accepted as reliable and the lower value of 0.78 was assumed in the
development of heat transfer equations.

Later and reliable measurements of visoosity and thermal
conductivity confirmed, however, that the true value of the Prandtl
number is nearly unity for low pressures.

For viscosity the values of Hawkins, Solberg and potter (39)
as given by Leib (68) are recommended as being the most accurate.

Keyes (62) derived equations to represent those data. These are

104 (~ poises) = io4 + Tp (6.364 - 2.307.10"3 x 101340 )

¢ (3.89.10"2 x p?.10"5,476*10 ?2T)j .coveeeer.... (7)

iod (~poises) =0.1501f1/H + 4447 )
7 is in kg. per onf T mT” = (21116 ¢ t°G)*
7™- visoosity at sero pressure.
These data have been incorporated into Table 6 of the21st

printing (195°) °t Thermodynamic properties of Steam (39)
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These values were employed in tho calculation of Beynolds
numbers in analysing the results of the present investigation* A
chart was drawn of visoosity versus temperature for various pressures9
and the visoosity could easily be picked off for the appropriate
conditions *

The latest measurements of heat conductivity are those of
Keyes and Sandell (63)* The results can be represented by

i05A0 « 1.5456/V U + 1737.3tAol2t)

Prom these data, Keyes (62) showed that the "Maxwell Constant”
€ for near zero pressure for steam is of the order of 1*2 and
independent of temperature* Using this value and substituting in

equation 4, and taking & =1*3, the Prandtl number is obtained as

In fact the Prandtl number varies from 1.06 to 1*08 for zero
pressure* This was substantially the oase for the conditions tinder
which the present investigation was carried out, and for the range of
temperatures encountered pr could be taken as 1*06*

In Fig* 8 is shown the variation of Pr with temperature and
pressure as presented by Kubin (88)* For high pressures it is seen
that the variation with temperature is much greater than at low
pressures.

When new determinations of thermodynamic properties are made
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available, they cannot be used in conjunction with the heat transfer
relationships and equations made prior to the existence of the new data.
Previous results should be recorrelated using the new physical properties
and a new equation obtained, An interesting result of the new value

of Prandtl number is in the revised interpretation of Poensgen*s and
Holmboe's data on superheated steam. Rig, 9 is a reproduction of Rig,
77 of reference J2 showing values obtained by these observers. Line

AA is equation 4i of that reference

08
©)

This equation is obtained by assuming that Cyyli/k a 0,78 and

substituting in the McAdams equation for pipe flow

(10)
Line BB on the same figure is obtained by substituting
in this same equation. It can be seen that the points on the graph

follow this equation more closely than that corresponding to Line AA,



Heat Transfer in Annull.

Tha cylindrical tube la the most convenient for theoretical
treatment*  For other shapes tha calculations become difficult* To
evade such difficulties the concept of an equivalent circular tube is
used i.e. a tube which would represent the same resistance against
flow or would secure the sane heat transfer as the duot actually used
under comparable conditions.  The diameter of suoh a tube is termed

the equivalent diameter De. This is usually defined by
(11)

where a is the cross-sectional area and o the perimeter of the oross-
aeotion*  liiqu& values of this ratio ensure dynamical similarity

since this represents the r~tio of inertia forces which are proportional
to a and frictional forces which are proportional to o. For a circular
tube of diameter D, according to the above definition, Dz a D.

The above reasoning holds when evaluating the pressure drop.
but beoause of the existing similarity between nomentum transfer and
heat transfer, it is also used in problems of heat transfer by
convection*

j&r an annulus, the above formula for equivalent diameter gives
De = Oy - 11 where g and are the outer and inner diameters
respectively. The generally accepted equation for heat transfer in a

oiroular tube for flally developed turbulent flow is of the form
& =a
1

For an annulus, h would then be found by substituting De = for
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Din this aquation. A difference is often made between the heated
and unheated part of the oiroumferenoe when evaluating the
equivalent diameter. The value of C is restricted to the portion
through which heat is transferred. It has been found, however, that
to use tho wetted part of the circumference Cw aaually gives better
results than the use of the heated part G, when these are not the same.

Besides the equations obtained by straight substitution of De
in the normal formulae for circular tubes, a number of more complicated
formulae have been presented in the literature. These have been based
on experimental data covering limited ranges of test conditions and are
of many forms relating individual coefficients to fluid properties and
apparatus dimensions.

For turbulent flow, Monrad and pelton (77) obtained from

experiments the emperioal equation

where is the coefficient of heat transfer for the inner surface of
the annulus.
pavis (20) represented the experimental results of different

investigators in the form
08 /4 ol ~ M5

K <»>

(The constant is erroneously printed as 0*03® in the original paper.)
/U, is taken at the temperature of the aurfaoe 1.
It can be seen that for small values of D”Di, Davisl formula

gives hi”ier values of hi than 14>wvad and pelton#s formula and vice
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versa for large values of 3P2/&1*

Wiegand (96) recommended the correlation for the inner wall:-

where the subscript f refers to the film temperature#

MLzushina (76), in discussing the analogy between fluid
friotion and heat transfer in armuli, points out the considerable
variation in value of the heat transfer coefficient obtained from these
and similar equations, all the values being higher than his own
experimental values for air# From the analogy between heat transfer
and friction he obtained a semi-theoretical equation which correlated
his data for air and agreed with Monrad and Pelton*s equation for
higher values of Prandtl number.

Since the values of heat transfer coefficient from these
specialised formulae differ considerably, it would appear best to
follow the prooedure of substituting the equivalent diameter in the
usual equations for cylindrical tubes# Carpenter, Colburn,
Sohoenbom and Wurster (11) obtained data which at high Reynolds
numbers approached correlation of results for circular tubes#  They

obtained the equation

Further support for the use of De is given by the results of reference
16 for rectangular passages#

Mi investigation of considerable interest on account of the
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similarity of the conditions to those in the experiments described
in the thesis is that of McAdans, Kennel and Addons (73)*  Local
coefficients of heat transfer from a 12 in. length of 0.252 in.
tubing to steam flowing upward in a vertical annulus were measured
for high pressures and temperatures.

Tha correlation involving local coefficients at four

different values of L/le is given by

(17)

The physical properties are all evaluated at the film temperature.
«/hen new data on tho thermal conductivity of steam became available,
the calculations were revised and an improved correlation obtained.

The final equation isj-

(18)

Theso equations will be used as a brsis of comparison between heat

transfer at high and low velocities of steam.
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The Temperature at which property Values
should bo :wuluated.

It is usual to introduce the property values at the mean
temperature which results in the beat correlation of available data*
To determine this reference temperature, Humble, Lowdermilk and Grele
(43) oarried out an investigation on heat transfer to air with large
temperature differences. They found that their results could be made
to agree closely with the conventional formulae when the density, the
thermal conductivity and the visoosity were evaluated at the wall
temperature and the velocity was that of the bulk of the fluid.

Crooco (18) oarried out calculations on the problem for
laminar flow and from these Rubesin and Johnson (87) found that the
calculations based on property values independent of temperature give
the same result as those based on variable properties when the values
are introduced at a reference temperature t determined by the equation.

t - t4* 0.58 (tw- t ) (19)

Exact measurements on this type of heat transfer were made by
Jakob and Dow (40), who summarise in their paper all previous
experiments .

Hoffmann (42) investigated the influence of the variability of
the property values for turbulent flow. He found that the equations
based on constant property values hold true when the property values

are inserted at the reference temperature:

(20)

For gases where Pr is nearly 1, this gives approximately the
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arithmetic nmean between fluid and wall temperature and is almost the
sare as that given by equation 19 for laminar flow.

In the case of flow at high velocities, Johnson and Rubesin
(87) showed by an analysis of values calculated by different authors
for laminar boundary layer flow on a flat plate that the reference
temperature t for the property values in the heat transfer equation

is given by:
t — ts* 0.58(t — ts) + o-if(tan t >)

Deissler (21) investigated the effects of variable properties
on heat transfer for fully developed turbulent flow throu”i pipes at
M&ch numbers up to 0*5* From this study and also the results of
Desnrond and Sas (22) for higher velocities he found that the effects
of variable properties on the Nusselt nucber and friction coefficient
correlations for both heating and cooling oan be eliminated by
evaluating the fluid properties at a temperature close to the average
of the wall and the bulk temperatures.

In computing the Stanton and Reynolds numbers, the above
investigations point to the insertion of the properties at the average

of the wall and bulk temperatures.



2f. THEORETICAL (XINSIIJUSHATIONS.

In this section it was thought advantageous to state the
basic equations for forced oonveotion heat transfer and to review
very briefly the method of solution for a few particular oases. The
main points of interest may then be noted and the application of the
solutions examined. The results of the application of dimensional
analysis to the problem of heat transfer are then presented.

Though heat transfer is considered to be & boundary layer
phenomenon, the influence of the boundary layer is often not recognised
while analysing experimental data. a discussion is therefore given on
the effect of the boundary layer thickness, the hydrodynamic and thermal
boundary layers and local and average values of heat transfer coefficients
Emphasis is made on the bearing which these factors have on heat transfer
in the present investigation.

Finally the method of calculating the stream conditions during
expansion of the stream through the ducts used in the expcriments is
presented*

The Theoretioal Analyaoe.

The theoretical analyses have been confined mainly to laminar
flow over a flat plate, and depend upon the solution of a number of
differential equations, often by special methods. Assuming the plate
to be infinite perpendicular to the direction of flow, a co-ordinate
system is fixed, the x axis in the stream direction and the y axis
perpendicular to the plate. The equations for the boundary layer are
then as follows:

(1) The equation of motion derived from Newton's fundamental
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aquation and considerations of dynamical and friotional forces.

Il u . uiu + vAy. = -LA&+ -
i>T 6\ by P dx p
(22)
For steady flow, no pressure drop, and sinoe -— 2 may be neglected in
& n
comparison with , this reduces to:-
AU , v4u J A-laxlilL) (22a)
u " e byV* ay/
(ii) The equation of oontinuity
I(p y 0 (23)
5x

(iii) The energy equation, which accounts for heat conduction extended

to the case of a moving fluid
f>E<cPhi) + +Pvjr<cPt) -(-£E£- uUif)
(24)

The last term represents the energy per unit volume converted to heat
by friotion. Again, for no pressure drop and steady flow, this

reduces to
eUE (< *1D + pv &-(<*<e)
(24a)

Prandtl's boundary layer hypothesis also shows that the pressure through-

out the boundary layer and henoe in the entire field is constant. The
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m aterial quantities therefore only depend on the temperature e At
airspeeds up to the velocity of sound, the temperature rise is
relatively small and the material values and density may be regarded

as constant. The continuity equation may therefore be written:

The boundary conditions are us o, V=0 for y 30
u 3 uo for y a 00

Uo is the velocity of undisturbed flow,
Pohlht4isen*B Solution,

Direct solutions of these equations are due to Pohlhausen
(84) who dealt with two oaaes;-

a. Uniform surface temperature of plate,
b, external perfect heat insulation of the plane plate.

In the solution of the equations for the first case, the last term of
equation 24a was neglected, since the rate of frictional heating IS

generally small compared with the heat flow perpendicular to the

surface. This leads to the well knownequation for thecoefficient
of heat transfer for flow over a flat plate:
IU= *0.664 NS rf . (25)

For case b, the result of the solution yields the value of the recovery
factor r , for laminar flow over a plate. Here the last term of
equation 24a cannot be neglected, since friction is the only source of
heat. The additional boundary oonditions are

dt/&= o for y mo
t =to for y 3 00



By introducing the stream function j/ , and tho variables

s 2 J)/jjx Q9 t —tw

Q>3 to - tWw
&

M -

the partial differential equations convert into ordinary differential
equations* ~ was solved from the respeotive differential equations

in a calculation by Blasius (4), and the values tabulated* Using these
values, X may bo calculated numerically* The temperature of the

surface tw may be expressed by

* 126)
where 6 is a function of Cjytf/konly* Values of S , whioh is of
oourse equal to the recovery factor r, were o&loulated by Pohlh&usen*
These are shown tabulated below*  The last two values for very viscous

liquids were obtained by Eckert and Weiso.

Pr (Pr)n S
6 774 77
7 .836 .835
.8 .894 .895
e .949 .95
1.0 1.0 1.0
l.i 1*049 1.05
7.0 2*646 2.515
10.0 3.162 2.965
15.0 3.874 3.535
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This shows that r iS very nearly equal to (Pr)s' for the range of Pr
for gases*
Ifc.Jfrlutton ft*.Jfodpr* and, j*ewjLUi

Eckert and Drewita (25) obtained a solution for the general
case of heat transfer for flow at high velocities over a plane plate
by solving equations 22 to 24* The frictional heating term in
equation 24a was not neglected, while the boundary conditions are the
same as in case (a) of Pohlhausen's solution*

The stream function jj , and the variables ~ and ”* are
again introduced, values of being given by the Blaaius solution*
With these variables, and inserting the prandtl number, equation 24a

transforms to

m&m{%m! "((9 w
By putting the term f s 0, which Is equivalent to neglecting the
heat introduced by the internal friotion, Eckert obtained a solution
for the case of low speed flow identical with that given in a sli®itly
different form by Bohlhausen*

The general solution of the inhomogeneous differential
equation 2J is obtained from the solution of the homogeneous equation
where f (M) by 'Variation of the constants"™  The equation for
this solution, and the equation for heat removal from the plate at
point x; - g m- k (<)O/ dy )y s oan be transformsd if the gas
temperature in the undisturbed flow is replaced by the temperature
that the unheated wall assumes in the gas stream*  This is termed

the "natural temperature” te by the authors* They obtained an



40.
equation giving this temperature which is also in agreement with the
solution by fohlh&usen for the plate thermometer.

Subsequent to the introduction of te into the solution, the
temperature field can be writtenin a form representing the sumof the
tengperature field resulting froman increase of plate temperature and
that due to frictional heating. This results from the linear
construction of equation 24a.

When the heat transfer coefficient is defined by

q a h (tw Qte)...cooce. . . cccee (28]
then the Nusselt number hx/k is given by
Nu =0.332 (PN (ROf i e, (29)
and formed with the mean heat transfer from the beginning of the plate is
NN, >0.664 (PIrP (RN e e, (30)
The coefficient formed in this way therefore follows the same relation-
ship as at low velocities and isindependent of tenperature difference.

Theauthors then rechecked thederived fornula for the oase of
Pr a 1. These calculations showed that the allowanoe for the
variability of the properties does not alter the heat transfer
coefficient by more than &> whenthe Maoh number varies from 0 to 2.
At other Pr not far from unity the error is of the sameorder of
magnitude. Also for Pra 1, Beynolds formula holds. At low speeds
this is

a A (to - tW) e (31)

w Wo

At high velocities the ratio is then given by

a = g°P (te -tW) e (32)
W Uo



Turbulent Boundary Layer.
In this same paper, the authors also considered the case of

turbulent flow. They state that the linear super-position of the

temperature fields, as it oocurs in the laminar boundary layer, remains

also in the turbulent so long as the material values can be regarded as

constant. This is manifested by the general differential equation for

the heat flow in a mass particle

gpCp™- = AA 4+

Where D/dT is the substantial differential quotient w.r.t. time and
diss. fct (co) is the dissipation function for the velocity vector a)
Sven this equation is already linear in 6 exactly as equation 24a.
The field of flow is completely independent of the temperature field
assuming p is a constant, and therefore also the heat developed by
internal friotion - (/u dies. fct. (U))), a quantity defined by the
velocity field.

The temperature field without these sources of heat is known

from measurements at low speeds, and the theory of similitude affords

ies, fot (i

the aspect of the temperature at high speeds in the absence of internal

friction. The resultant field may then be obtained by superposition.

Prom the linear superposition of the temperature fields it follows that

in turbulent as in laminar boundary layer, the characteristic relation
Nu a T (Re, Pr) e, (34)
established for heat transfer at low speeds must be equally applicable

at high speeds, if the heat transfer coefficient is referred to the



difference between the wall temperature and the natural temperaturee
There are no turbulent boundary layer solutions which give

values for the recovery factor comparable to the Pohlhaysen analysis,

but some estimates have been made which include frictional dissipation*

Notable are these of Shirokov (90) giving

rr = 1-455 @1 -Pr).(Re)"0R . (35)

whioh gives rather high values; and Aokermann (1) giving

Solutions allowing for Variable Properties,

In the foregoing solutions the variation of fluid properties
in the boundary layer was neglected. As this left some doubt as to
their applicability to hi®i velocity oases with large temperature
ranges, several analyse}s were undertaken to rectify this matter.

In 1935 Busemann (10) set forth the procedure for integrating
equations JQ to 40 for th8 conditions that Pr = 1, and that visoosity
and thermal conductivity vary with the square root of the absolute
temperature. Only the case of an insulated plate and M = 8.8 was
integrated however.

Vbn Karman and Tsien (51) considered the case of visoosity
and thermal conductivity varying with the 0.7&5 P°*®r of the absolute
temperature and Pr a 1, for Maoh numbers ranging from O to 10.

Grocoo (19) performed an analysis for Pr =1 and the exponent
for variation of visoosity and thermal conductivity, n * 1.25, 0*7/5

and 0*5* Numerical integrations were carried out for Maoh numbers



ranging from 0 to 5*

The solution of Brainerd and BEmors (29) , restricted to the
owe of an insulated plate, yielded values for the recovery factor*
Using a differential analyser for the solution of the differential

equations, they obtained a more general form for equation 26 as follows:

(37)
where ~ a1l - 0*1 logl0 (2cr ¢ 0*4)

and cr = (8 -1)M2

All these solutions confirm that the effect of frictional
heating is to modify the temperature potential in the Newton equation
while leaving the heat transfer coefficient approximately that of low
speed flow. The tenqgperature potential is modified in that the free
stream temperature is replaoed by the adiabatic wall temperature.

R>r the insulated plate, these analyses show that the recovery factor
is dependent solely on the Prandtl modulus and is approximately equal
to (Pr)*.

Dimensional Analysis (reference 26).

At low speeds the term with the dissipation function in
equation 33 oan *e discounted. If the values p , , Cp and k are
treated as constant, similarity of speed, temperature and pressure is
afforded for two processes when tho boundaries of the problem are
geometrically similar, when the temperature and velocity fields are
similar at the boundaries, and the two constants Re » p Uo 1/yii and

Pr =Cpy il A ©ach have the same magnitude.



At high speeds the term with the dissipation function nay
not be neglected* Even though the material values are treated as
constant, the above conditiona must be supplemented by a further
constant which, after multiplying by the Reynolds number, takes the
form o g Oo/Uo”, where 0g is a representative high temperature
taken from the boundary conditions* The tengperature rise caused by
adiabatic danming of the gas flow at speed Uo is Oad a Uo”™/2gcp.
S the above constant can equally be employed in the form 0o/0Oad.
In the temperature field the excess temperatures 0O above the chosen
reference point at similarly located points oan then be non-dimensionally

writtenj

6 C. do .
TZ " F 15ad 1 (38)

The dimensionless heat transfer coefficient Nu is then found from the
temperature gradient at the wall*

f (Re, Pr, do ) (39)

Oad

In the case of variable density, the above equations must be supplemented
by the equation of state* Besides similarity of temperature and
pressure fields, the density fields must also be similar* This oan be
reconciled with the equation of state only in the presence of similitude
of absolute temperature and pressure, and not merely the excess
temperatures and pressures* The fields of absolute temperature maintain

similitude only if 60/Tg is constant, where Tg is the representative

absolute gas temperature. Equation 38 is then:
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~A/0Q * f (Se# 00/0ad, 00/TQ ) woveeeeerenn. (40)

The constant Qo/0ad oan be transformed by multiplioatlon with the
reciprocal value of the temperature ratio 0 o/Tge

©2. . 2* = . lg = 2gCpT ,

Oad Oo Uo Oo Uo

The sonic velocity of the gas is given by a s / g (S-13CpTg

* Bsl . 2a-<( *.\ 2 JL - 7 2
e < bad VvVt | Uo J 8-1 -1
= nL(ro, P M, =] @) i (a)
Oo Tg

It is thus seen that, with frictional heating, the heat transfer
coefficient is a function of the Reynolds and Prandtl numbers and the
ratio 0o/0ad. With variable density, the heat transfer coefficient
is also a function of the Maoh number as well asthe above* Only Re
and Pr normally appear for heat transfer since the other dimensionless
variables are substantially zero for lowspeed flow*

The natural temperature follows by putting the temperature

gradient at the surface equal to zero* Then

% 2

or by dividing the equation by the Meoh number the recovery factor is
obtained as
r= f5 (He, pr, M ) e, (43)
For heat transfer at high velocity, tho coefficient is defined

by
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g ah (Te - TW 3 K (AY)W oo, 144)

This is the only way in which the heat transfer coefficient can be
made independent of the temperature difference. Defined in the

conventional manner this is not the case as oan be seen from equation

39.
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THa IMLUJOMEB OP TtiS BOUNDARY LA&IR ON H&AT TRJfISBSR.

The Effect of Thickness of the Boundary Layer*

It oan be readily shown that the heat transfer coefficient
iIs dependent on the thickness of the boundary layer* In the ideal
case of flow over &flat plate, the heat transfer coefficient as
included in the Nusselt number is given as a function of the Prandtl
number and the length Reynolds number*  The thickness of the boundary
layer is also directly dependent on the length Reynolds number,
therefore the variation of heat transfer coefficient with boundary
layer thickness can be found exactly*

In other oases where the boundary layer growth cannot be
predicted, it oan be showmn as follows that the coefficient varies with
the thickness*

The heet flow may be expressed either by using a coefficient
of heat transfer or as thermal conduction through a thin film on the

surfacee Thus

where t = the temperature at distance y from the wall*
Then he (46)
ts - tw
When the boundary layer is thin, the temperature gradients throughout
the thickness will be greater for the same overall temperature difference.
It oan be seen therefore from the above expression for h that the heat

transfer ooeffioient will be larger in these circumstances and will
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decrease as the thickness of the boundary layer increases.

In the case of high velocity flow, the adiabatic wall
temperature taw must be substituted for the temperature of the free
stream ts. The above reasoning will still apply, however, since the
temperature gradients will still be greater for a thin boundary layer
resulting in a greater value of h for the sane value of taw < tw.

The Hydrodyr.amio and Thermal Boundary Layera.

In the previous section reference has been made to temperature
gradients and it is obvious that the boundary layers which are mentioned
are thermal boundary layers. The concept of the thermal boundary layer
and the influence that it has on heat transfer has evidently not been
understood in interpreting the results of many experimental investigations.
The growth of this type of boundary layer may be quite separate from that
of the hydrodynamic boundary layer.

The thermal boundary layer may be defined as the region round
a body in which the temperature field is altered from that under
adiabatic conditions by the addition or abstraction of heat at the surface
of the body* Ihis definition will also apply to high velocity flow, the
temperature fie*ld under adiabatic conditions being already influenced by
frictional heating.

Some of tho results of theoretical analyses bearing on the
present investigation are reviewed here.

The Plat Plate in Laminar glow.

Assuming that the first part of the plate of length Xo is

unheated, the hydrodynamic boundary layer then begins at the leading

edge while tho thermal boundary layer starts at the edge of the heated
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section, At a seotion x from leading edge 6 and & ore the
thicknesses of the hydrodynamic and the thermal boundary layers
respectively. The ratio SVS is equal to~ . By drawing up a
heat balance of a volume element and assuminga temperature distribution
for the boundary layer, formulae for the heattransfer coefficient h and

the ratio ™~ may be derived. These are*

V. 3 °*A /W “ft* e 3 mmn, (47)

It can be seen that at the point where the thermal boundary ‘,]ayer starts,
where X = xo0, the heat transfer coefficient will have an infinite
value.

When the plate is heated over tho whole length the shove

equations reduce to*

ic"E(l. = o331 V * . H9)

1
a — eccccce ... ee...o.*. ...(50)
From equation 50 it oan be seen that when the Prandtl number equals 1,
the hydrodynamic and the thermal boundary layers have the same thickness,
Suoh will be the case for the present investigation, where heat was
abstracted from the start of the test length and since Pr = 1 for steam.
Laminar Flow through a Tube,

For fully developed flow in a tube, theory shows the Nusselt



number to be a constant. Graetz (35) ax* Nusselt (80) found that

M = 365 e 21
/ (?1)

In the entranoe regions, the growth of the boundary layers
causes a varying heat transfer coefficient. ftor the case where the
thermal and hydrodynamic boundary layers develop simultaneously no
thorough investigation seems to exist, though as long as the boundary
layers are thin the formulae for a flat plate may be applied. The
case where heating begins at a seotion where the velocity profile is
already fully developed was calculated by Graetz (35) in 1889 and
later by Nusselt (80). The results of these calculations showed that

the Nusselt number depends only on the value of

These results are not applicable to the conditions of flow
encountered in the experiments since transition to turbulence occurs
before the flow becomes fully developed.

Turbulent Flow through a Tube.

Latzko (67) devoted to this subject a thorough theoretical
investigation.  Starting from Prandtl¥s and Von Kaiman*s equations on
shearing stress, velocity distribution in turbulent flow, and "turbulent
conductivity"”, he obtained the equation for the local heat transfer

coefficient:

/eu \t 1 0.134e~nP* ¢ 0.qse*1P*
h 3 0.0346 vmpCp \Vm D/ 0970e~®1*+ 0*024& BEx ¢+ 0.000e-mc

where M 3 the nean velocity

X 3 distance of seotion considered from the inlet
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/31 = 01510 j /32 a 2.844 and /g =29.42

Because of the finite temperature difference between the surface and
entering fluid, h starts with an infinitely great value, though this
cannot be seen from the approximate equation J2 with three terms only*
As X becomes finite, the fast increase of the exponents with n causes
a rapid decrease of h.

Latzko also considered the heat transfer in a starting
section in which turbulence is not fully established* £br a starting

section in which turbulence is only partly established the equation he

derived is:

hp *BWB.p . Q(™-5) e BW.p. @ (Her (53)
B is a function of , the ratio of boundary layer thickness to tube
radius, and is a function of Reynolds number and length to diameter

ratio* Values of Band ™ were presented in graphical form in the
original paper*
Fbr the range of fully established turbulenoe the equation is:

.0 .ocuu™.m e ¢

0.873e~“13X + 0.006ee-"X
The heat transfer coefficient as given by equations 53 54 Some-

what slower in approaching the minimum value of 0*0384 Vvm < CP(vta™M)l ~
than when the hydrodynamic state is fully established*

It is probable that Latzko's analysis may be improved since
his work was based on Von Karman's seventh-root rule" of velocity

distribution*



524

Major differences in the experimental results of different
reliable observers are due to different starting conditions which had
not been recognised and considered before L&tsko' s analysis* Owven
yet the importanoe of distinguishing between the different oases sometimes
does not seem to be realised* In some reoent investigations it is
found for instance, that heat transfer coefficients obtained from &
seotion with hydrodynamic state fUlly established but thermal state
unestablished are compared with theoretical values for both states
fully established*

The above sections demonstrate that it is necessary in
comparing experimental results with theoretical values to consider not
only the growth and nature of the hydrodynanio boundary layer, but also
the growth of the thermal boundary layer. In the flow through the
annular duct used in the present investigation, heat is abstracted from
the start of the seotion. Both the thermal and hydrodynamic boundary
layers will therefore develop simultaneously* For the laminar flow,
since the Prandtl number is unity, both types of boundary layer will
inorease at the same rate from equation 50. No such relationship for
the ratio of the thicknesses of the two types of boundary layer exists
for turbulent flow* It is probable, however, that in this range also
the thermal boundary layer will continue to inorease at the same rate
as the hydrodynamic*

Local and Average Values of Heat Transfer Coefficient*

In the brief review of the theoretical solutions in the

previous seotion it oan bo observed that local coefficients of heat

transfer are obtained, that is coefficients based on the values of
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temperature and he&t transferred at the point considered* In praotiee
and in experimental investigations it is, however, usually much easier
to measure average coefficients of hoat transfer* These coefficients
are based on the heat transferred over a finite length and a nmean
temperature difference over this length* In comparing experimental
and theoretical values it is important therefore to distinguish between
the two types of coefficient, since they will in general be different*

It io often possible, starting from the formula for the local
heat transfer coefficient, to obtain an equation for the average
coefficient* The average coefficient hmis defined by the equation :

g a A* At eeesccccctesscen (5)
while tho local coefficient he is given by *

dg s dA* At eeee** ¥ eosee*/ (%)

where dg and d A are smalle

If a relationship exists for ™ the amount of heat transferred
over the whole area A nmay be obtained by integrating equation and so
the mean coefficient found*

In the case of flow over a flat plate, the average coefficient
oan be easily derived* The local coefficient is a function of the

length Reynolds number, and is given by an equation of the form *

m
m C (pr) (Sen) (m

Op G
« C (Pr)m j&J1
are all constant for any one case and the

equation may be written s

hx * Kxn



where in the constant K are combined all values not dependent on X.

The local rate of heat transfer is then

dg abj . dh. At
A KELD. AX . A Lo, (58)

For flat plate flow, the surface temperature and the
temperature outside the thermal boundary layer are assumed constant*
The difference between those temperatures is represented by AT, which
is therefore also constant*

liguation 58 may therefore be integrated giving:

aK —1— xn *1 b* At

d nel

s Kxn* bx . At
nN+T

=h. -1 A At = ha.A. At
1

For laminar flow, n a -3/2, therefore the average coefficient
is twice the looal coefficient at the end of the section*

For turbulent flow over a flat plate, n a -0*2 according to
Latzko's analysis (67)e Then hma | .25 hj.

For fully developed flow in apipe, there is ofcourse no
variation of the heat transfer with length and the averagecoefficient
is the same as the looal value*

In the starting region of pipe flow, owing to the falling heat
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transfer coefficient with build up of the boundary layer, there is
again a difference between the average and local values of the
coefficient* In this case there are considerable difficulties in
deriving the average value from the local coefficient. The first
difficulty is in obtaining a suitable equation for the local
coefficient in terms of length from the entrance. Both the equations
for laminar flow, and the analysis of Latzko for entry conditions with
turbulent flow would cause considerable difficulty in integration when
finding the total heat transfer rate.

In order to correlate experimental values of average
coefficients of heat transfer for a tube of length L, it has become
the practice to include in the dimensionless equations a length to
diameter ratio. Thus the equation usually has the forms

Stu - C (PnN® (Hej)" (60)

It is likely, therefore, that such a term should be included
in the equation for local heat transfer coefficients, and this would
result in a simpler form than Latzko’'s analysis. It has already been
noted that LtoAdams (73) obtained a correlation of results for looal
coefficients by including the term (1 + ) e

The second difficulty is that the temperature difference
between fluid and wall is no longer constant. If the fluid temperature
were a function of the heat transferred, it would then be possible to
solve the problem in a way similar to that adopted for obtaining a mean
temperature difference with constant heat transfer coefficient. So

long as the coefficient is independent of temperature and only dependent
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on the length from start of heating seotion, this procedure could

result in the formula

Q * hm.A. Atm (61)

where Atm is the usual logarithmic nmean temperature difference and

relationship to the local coefficient.

The theoretical heat transfer coefficient is, however, based
on the equation in which the temperature difference is that between the
wall and the fluid outside the boundary layer. This fluid temperature
iIs therefore unaffected by the heat transferred from the definition of
the thermal boundary layer and the above assumption is invalid* The
fluid temperature on which the heat transfer calculations arc based is
guite independent of heat transferred in the starting region. Bbr an
incompressible fluid it will remain constant but in the case of a gas
this will vary according to tho pressure conditions. If an equation

for the looal heat transfer is assumed as:

stir a C(Prm (K.ON. (d/x)1 (62)
Then the coefficient

™ a Kxi (63
where K is & constant combining all the other constants in the above
equation for the starting length.
Then the local heat transfer rate

59 s hx. dA, At

m K<i. IT D. At .dx (64)
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This may be integrated graphically if the variation of At is known.

Boelter, Toung and lIverson (5) in an experimental investigation
carried out to check Latzko's theoretical equations, derived an
emperioal relationship between the local and average coefficients.

If hl is the looal coefficient at a point where the temperature
distribution is fully developed, then the average coefficient
M

hm = Nj (1 @ X ) e (65)
where K = 1.4 if the velocity distribution is fully developed at the
entranoe, and K = 0*7 for initially uniform velocity distribution.

The above discussion shows the importance of distinguishing
between looal and average values of heat transfer ooeffioient when
comparing experimental and theoretical results and would indicate the
advantage of obtaining the local coefficient for starting sections of
pipe flow, as being of more fundamental character. Once the looal
coefficient is known, the average value oen be derived if the variation
of temperature difference is known. The fact that average coefficients
have been measured in most experimental investigations has disguised the
variation of the value in the entrance region and the dependence on the
growth of the thermal boundary layer and on the transition from laminar
to turbulent flow in this seotion. It is possible also that these
considerations would explain why two separate equations are often given
for heating and cooling.

It will be demonstrated that the experimental technique
employed to obtain the data described in the thesis results in the local
value of heat transfer coefficient being obtained. Though so-called

local heat transfer coefficients have been measured in a few other
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investigations, these usually have been average values over short
sections of the flow, while the measurements presented here can be
claimed to be true looal values for a particular seotion and are thus
of greater significance for the reasons mentioned above.

An investigation by Cholette (12) is of interest in that the
heat transfer coeffioient was found for short sections of the length,
and the influenoe of the factors discussed above is shown in the
variation of the local heat transfer coefficient.

The apparatus used in this investigation was essentially a
tubular heat exchanger. Air passed through tubes which were of 0.19 in.
i.d. and 12 in. long. The heat added to sections each of 2 in. length
was measured and the average coefficient for these lengths calculated.
Suoh coefficients are called local coefficients in the paper.

Pig. 10 is reproduced from Cholette”™ paper and shows the
variation of the local coefficient with length for various diameter
Reynolds numbers. The ourves for Ke D below 2,000 correspond to
purely laminar flow, and for ReD above 8,000, to turbulent flow. The
significance of the curves for Re D between these values is not however
realised in the paper, and it is stated that the minimum and slight
increase thereafter in the ourves is "perhaps on account of the change
in physical properties as the air is being heated". The reason far the
inorease of coefficient is, of course, owing to the transition of the
boundary layer from laminar to turbulent flow before the velocity
distribution becomes fully developed. The transition is, of course,
dependent on the length Reynolds number rather than on tho diameter

Reynolds number and therefore the portion of the curve with increasing



values of the coefficient which corresponds to the transition region,
moves towards the entrance with increasing RCD*

That there is always a portion near the entr&noe where a
laminar boundary layer starts to build up is not often realised, and

it is often thou”it that the diameter Reynolds nusfcer will indicate

whether the entire flow is turbulent or laminar.



The Method of Calculating the Stream Conditions
During i&pansion in a Duot.

In analysing the results of the experiments which are
described later in the thesis it is essential that the condition of
the steam in expanding through the nozzle or duot be known. The only
property which oan be observed directly at any point along the length
is the static pressure. To determine the state it is necessary to
calculate one other property and then the conditions of the flow, such

as velocity and other properties dependent on the state oan be readily

deduced.

The calculation is based on a simple one-dimensional flow
model, i.e. the properties are assumed constant across the cross-section
at any point. This is not actually the case, since it is known that a

boundary layer is established at tho walls of the duot, the flow within
this being affected by visoosity. Thus the velocity is less near the
boundaries of the flow than in the central region. It will be shown

later, however, that the errors involved are small.

Since tho one-dimensional flow is affected by friotion the
expansion is irreversible and the equations for isentropic expansion
are no longer applicable. An approximate method of solution is to
assume isentropic expansion and apply a loss factor. The entropy oan
indeed be assumed constant for the central core of the fluid whioh is
unaffected by visoosity, and the temperature and velocity in this core
calculated on this basis. It is difficult, however, to estimate for
how long this core exists and the point at which the flow becomes fully

developed. The oaloulations were therefore based on the following
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considerations: -
Tho aquations which are applicable at any section to the one
dineneional flow are
(1) The energy equation

2
H + 2gJ= Hb

(i1) The equation of continuity

v
V « a (67)

(iii) The equation of state
H = A + Bpv ecccccccccc(sccccccccc(ecccs(])

The values taken for the constahts A and B in equation 68
wore those given by Keenan in reference 58 M

A * 851 B.T.U.Ab. or 662, 400 ft.lb«/Ib. and B = 4.117.
This equation represents the relationship for water vapour superheated
for pressures under 100 Ib./sq.in.

In these three equations, there are three unknowns - H, V and
v. The other terras are all knomn from measurement and conditionsof
the test, therefore the equations may be solved siLsultaneously. All
the unknowns except v may be eliminated and there results the quadratic

equation.

a.2gJ *Bpy ¢ (@- HO) = 0 i, (69)

This may be solved in the usual manner. By substituting the values of
A and B and suitably adjusting the constants for the units in which the

various terms are measured, the specific volume is given by:-

(66)
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161 -/ (7619p)Z -, 851-HO
. S? & (70)
where v is in ftr/lb. mis in Ib/seo.
p is in Ib«/sec. &is in ft e

His in B.T.U.ZIb.
In tests oarried out with heat transfer, the stream temperature
may still be calculated if the amount of heat abstracted is known.

Letting Qx equal the amount of heat transferred per Ib. of steam up to

the seotion considered, then equation (58) will be modified to;
He29 + QX = Ho . (7]_)
and the specific volume is then;
7619P :/u 7619p) - 4 ¢« ] 851 ¢ Qx- Ho
V s
2
2gJ (72)

Onoe the speoific volume is obtained, and sinoe the pressure is known,
the temperature may be found by interpolation in the steam tables (59).
The velocity may then be obtained from the continuity equation

v m
=-—x vV = Gv

Other properties of the flow may then be readily obtained.

A difficulty exists, however, in estimating the stream
temperature from values of pressure and speoific volume when the
expension prooeeds beyond the saturation point into the supersaturated
zone. No tables of stream properties are available for this region.

Goudie (34) provides alignment charts which give the relationship between
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tho properties for supersaturated steam and an fH - 0" chart has been
prepared by Stodola (93). It was found that the Goudie charts gave
distinctly erroneous results and were therefore discarded while the
Stodola chart was of such a small scale that accurate estimation of
the properties was difficult*

The approximate equation of state which applies for low
pressures and high temperatures, pv * RT, where K = 85*8 gives a guide
as to what the temperature should be* The generalised equation of

state whioh applies to steam under all conditions is usually given in

the form

i X | 1 + cx,p ¢ £ (O3 [ T « I OO (73)
where eaoh ex.ia a funotion of temperature and 2°<i P denotes a
series of terms for each of whioh the exponent i is greater than 1*

It is therefore impossible to obtain T directly from suoh an equation
knowing only p and v*

An equation which may readily be solved for temperature and
which represents completely the variations of the vapour and gaseous

states is that proposed by Van der Wa&ls* It is usually written as:

where a and b are constants for any one substanoe* These constants may
be taken so as to accord best with the measured values of these

properties in a selected region* In carrying out the calculations for the
tests, values of a and b were found by substituting values of p, v.and T
obtained from steam tables for two points of the expansion in the super-

heat field immediately above the saturation line* It is, of course, a
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property or rather a definition of the supersaturated field that the
same laws and equation of state will apply as for the superheated field.

The temperature oould therefore be easily obtained from this
equation, and this method was latterly employed for evaluating the state
for all points in the supersaturated zone.

The assumption of constant properties across the cross-section
has already been noted above. If, however, the mean value of a
property wore to be greatly different from the maximum value, then errors
might become appreciable when analysing the results of heat transfer and
recovery factor tests.

The velocity is retarded at the boundaries of the flow by
friction. The variation of the other properties across the flow then
corresponds to that of the velooity. It is therefore only necessary to
examine the velooity profile.

#or fully developed turbulent flow, the profile is well
established, the velooity being nearly constant across the middle
sections and falling rapidly near the walls. The one-dimensional flow
model is therefore justified for such flow.

In fully developed laminar flow, on the other hand, the profile
is much more curved, and the mean velocity differs appreciably from the
maximum. There is evidence to show, however, that the boundary layer
undergoes a transition from laminar to turbulent flow while it is still
thin and therefore the greater area of the cross-section has a constant
velooity unaffected by visoosity. The thickness of the boundary layer

at transition may be obtained from the equation

S= 521//1% (75)
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The oritio&| Reynolds number was found to be approximately 15 x 10 - 7-
Taking L as 4 in. which was about the maximum distance at which
transition oocurred for the longer duct* then

6 = 5.2 x 1/3 /3 b x 10 ft. = 0.0167 in.

The distance between the walls of this annulus is 1128 in* The
thickness of the boundary layer is therefore only 15% of this distance*
The one-dimensional basis of calculation is therefore sufficiently
accurate for the purposes of analysing the results for any seotion of

the duct*
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THE PBiaMMLEABT INVESTIGATION.

On account of tha varied results obtained by investigators in
their efforts to measure steam temperatures, it was thou”it well to
carry out a preliminary investigation whioh irould show whether reliable
values could be obtained for the recovery factor for steam. The
temperatures measured in many of these previous investigations would
indicate very low values of recovery factor - much lower than those
indicated by theory whioh would be around unity.

It has already been noted that many of these measurements
were recorded while studying the phenomenon of supersaturetion. In
this preliminary investigation described here it was intended to gain
more light regarding the limit of supersaturation and the conditions
for whioh the normal concept of recovery factor would hold.

For carrying out this investigation the nozzle testing apparatus
in the heat engines laboratory was adapted and the temperatures recorded
on the surfaoe of a search tube or probe inserted longitudinally along
the axis of a convergent divergent nozzle. In this way adiabatic wall

temperatures oould be measured and recovery factors calculated.

AJPPATiiffUS.

The general arrangement of the nozzle testing apparatus is shown
diagrammatically in Fig. 11 while Fig. 12 shows the details of the receiver,
nozzle and search tube fittings.

Steam from the boiler is admitted to the system throu”i either
of the valves A and B on the distribution chest in the laboratory. It

is then passed through the superheaters, whioh consist of double helical



NIvad

S0 g 3 VD m

AANTVA TI0HdINOD INDH



67.

coils of 1 in* diam. pipe, directly heated by double ring gas burners*
After leaving the superheaters the steam is admitted through the control
valves C and O to the receiver L* In this way either No* 1 or No* 2
superheater could be used for raising the supply steam to the desired
temperature* Superheater 2 was found to produce very steady conditions,
but only moderate superheats whereas superheater 1 oould produce muoh
higher suporheats but with relatively unstable conditions* The greater
length of pipe between this superheater and the apparatus meant a delay
in any change in temperature becoming apparent and for this reeson a
thermocouple Q was fitted in the steam pipe at the superheater outlet*
This gave much earlier warning of variations, though control still
proved more difficult than with superheater 2.

The reoeiver L is fitted with a drain and drain valve B while
the part of the receiver immediately before the nozzle is fitted with a
calibrated Bourdon type pressure gauge G, a thermometer T, and & copper-
conetantan thermocouple P. The thermocouple is oarried in a spiral
oopper tube 1/8 in* o*d. The glass fibre insulated copper and
oonstantan wires are passed up through the length and soldered to the
closed end forming the hot junction* The length of copper tube prevents
heat conduction affecting the reading* The mercury thermometer is
retained only as a check on the temperature* As it was found that with
the higher superheats conduction along the wall of the pocket resulted in
low thermometer readings*

Tho nozzle is screwed into the nozzle plate N, and carries on

the inlet side a stirrup with a guide hole for centering the search tube.
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The nozzle is of brass, of convergent divergent form* Details are
shown in Pig* 15*

After expanding through the nozzle, the steam enters the
exhaust chamber M, and from thence passes to an atmospheric condenser*
The pressure in the exhaust chamber is controlled by the valve J and is
recorded on the gauge H* The condensate is oolleoted in a tank
mounted on a platform bal&noe, where it can be weighed*

The search tube is screwed into the end of pipe R which passes
through a stuffing box at the rear of the exhaust chamber. This tube
has an external screw threaded portion and a graduated length forming
part of the micrometer head, the location being adjusted by the
handwheel S. The zero reading on the micrometer is determined by
aligning the search portion with the nozzle inlet*

Setting up operations are facilitated by the whole assembly
from the nozzle back (excluding the exhaust pipe) being mounted on
horizontal elides and moved by a screw and handwheel*

The pressure search tube ia of brass, 1/4" outside diameter.
It is closed at the leading end and connected through the tube H to a
calibrated Bourdon gauge K* At a point near the middle of the tube a
0*03125 in* diam. hole is drilled diametrioally through the tube walls*
The static pressure at any seotion oooupied by this exploring hole is
consequently indicated on the gauge K*

The Temperature Search Tube*

The search tube used in this investigation was developed from

that used by Sorour (92) whioh is shown in Pig. 13a* This consisted of

a 1/4" o.d* copper tube with a small length of Sindanyo inserted near the
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middle of the tube* Copper and constantan thermocouple wires were led
up the tube, through the Sindanyo into a small copper pin inserted
radially in this material, the wires being joined to the pin by silver
solder* The Sindanyo is an asbestos bonded insulating material, and
thus the temperature recorded by the pin is unaffected by conduction of
heat away from the pin, that along the wires being negligible*

The improved form of searoh tube as used in the tests is shown
in Pig* I™b. It is made from I/4Mo*d* brass tube with a similar
arrangement of Sindanyo, although this part is made considerably longer
than in tha tube used by Sorour* A minimumof 4,1/2 in, for the
insulating portion was decided upon for the following reasons* The
friable nature of the Sindanyo and the bonding grain running transversely
across the tube make th3 achievement of a perfectly continuous surface at
the junctions between tha Sindanyo and brass tube impossible. The
length prescribed above ensured that at all positions of the searoh tube
the joint portions were at no time less than 1" outside the nozzle ends,
and in this way any disturbing effects eliminated whioh might otherwise
ooour in the flow owing to a discontinuity on the surface. Moreover,
these junctions are subject to great erosion when exposed to a high
velooity stream*  Secondly, the after junotion is a source of steam
leakage into the tube and so to the thermocouple insulation when
subjected to steam pressures above atmospheric*  When this junotion is
always beyond the nozzle exit it is subjected only to the back pressure
for any particular test, whioh was in most oases atmospheric pressure*
Also the effects of heat transmission along the tube wall on the

temperature of the boundary layer is minimised by having the entire
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length of the boundary layer adjacent to the insulating material#

The thermojunotion is formed by welding the ends of the oopper
and constantan wires and tha brass plug is screwed down on this junotion
as shom#  Any change of temperature on the surface of the plug was
found to be indicated on the reading of the S#M*F* almost instantaneously#
The thermocouple wires were insulated with a normal commercial woven
covering of glass fibre# As a further protection the whole length of
lead within the searoh tube and pipe R up to the junction was coated
with an insulating varnish capable of withstanding high temperatures#
This prevented any moisture present affecting the B*M*F. reading#

All the screw threads and joints were coated when assembling
with "Stag" brand jointing p&Bte, which was allowed to harden before
the exterior surface was finished# This was found to give efficient
steam-tight joints, except that frequent renewal was necessary at parts
exposed to the high speed stream#  The brass plug wes filed flush with
the tube surface and finished with No# O emery cloth#  The whole
assembly was then polished with No# 000 emery paper and no tube was put
into servioe unless the surface was completely free from irregularities
or marks of any kind#

This prooedure usually sufficed for two days working in the
nozzle stream# At the end of that time a small crevice had usually
been created around the plug owing to the removal of the "Stag" paste
by the stream action# If left in this state the crevice became larger
throu”™i erosion of the Sindanyo at the crack edge*  Accordingly the
crevice was immediately filled by a new application of paste and the

surface refinished when this had dried and hardened* This latter
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procedure was then repeated after each subsequent day’s m>rking*  The
total life of & search tube with these precautions was about six working
day8* At the end of this time the whole surface of the Sindanyo portion
began to show signs of erosion, especially at the ends of the boundary
fibres whioh ran transversely across the tube. It was also found that
the material became porous if used beyond this time, and water entered
the tube, with consequent effects on the temperature recorded. A
photograph of a complete search tube and a Sindanyo portion removed from
the brass tube nay be seen in Fig* 13c (both pieces having undergone a
normal period of service). The brass plugs can be seen in each case,
about the middle of the Sindanyo portions. The good degree of surface
finish produced by continuous polishing oan bo seen and it will be
observed that the whole assembly presents & smooth uninterrupted surface
to the flow of the fluid.

The thermocouple wires wore led to a selector switch along with
those for couple p (and also couple Qfor superheater 1) and thence to a
cold junotion. The cold junctions were immersed in a test tube full of
oil and surrounded by melting ice, the whole, together with a thermometer
being enclosed in a thermos flask. A portable potentiometer connected to
the switch leads enabled the e.m.f. generated to be measured in millivolts
to an accuracy of one hundredth part of a millivolt.  The temperatures
were obtained from a calibration chart prepared for these copper
oonstantan thermocouples.

Five search tubes of this type were used in the present tests,
while a greater number was discarded during manufacture on account of

various faults.
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The Braes Temperature Searoh Tube,

A aeoond type of searoh tube was also constructed as shown
in RLg, 14, a brass tube 1/4* outside diameter and 3/I(>* inside
diameter, with a sealed leading end was carefully machined on the
inner diameter for about j/Q* length until the wall thickness was
reduced to about *012", A welded copper constantan thermo-junotion
was then silver soldered to the inside of this thin-walled portion.
On a second length of tube, with the usual type of screwed end for
attachment to pipe R (Fig. 11), a small landing was machined to fit
this new diameter.  The thermocouple leads were threaded through this
second brass portion and the parts mated. The junction was completed
by silver soldering, during which operation extreme care had to be
taken not to disturb the soldered thermocouple. The exterior was then
smoothed and polished in the usual fashion withemery cloth.  The above
construction resulted in the outer join of the brass tube being behind
the thermocouple when in use, and so there wereno potential sources of
disturbance to the flow. The zero position of the searoh tube was
determined by aligning the tube join with the nozzle inlet and adding
the distance between this and the thermojunction as measured from an
X-ray photograph taken of the assembly.

It was thought that the extreme thinness of the wall would
ensure that the actual local surface temperature would be recorded by
the thermocouple and that longitudinal heat conduction would be reduced

to a negligible minimum.
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Procedure and Results of pressure Searches.

The system was first drained, the appropriate valves opened
and the steam allowed to circulate. The system was heated up by
passing steam through at the desired pressure conditions and with the
gas taps of the superheater fully open until the supply temperature was
slightly above the required value. Then the temperature was reduced to
this level by adjusting the flow of gas. This procedure could be
completed for the pressure searches in about two hours. The pressure
and temperature conditions were maintained throughout a test by oonstant
attention to tho various controls.

The searoh hole was set in a position about I/4nin front of
the nozzle entrance and the test commenced by reading the pressure
registered on the gauge K* This was repeated at intervals of .05”
until a point about 1/4Mbehind the nozzle exit was reached. Time was
allowed at each position for a stable pressure reading to be reached,
and the complete searoh lasted about four hours.

The probable reason for the time taken by the pressure to reach
a steady value is seen from the following considerations. The pressure
from the 1/32" diameter search hole is transmitted to the pressure gauge
through a medium, formed partly of water and partly of steam according
to the surrounding temperature whioh fills the tube R. A change in
position of the searoh hole will alter the temperature distribution along
tube R and thus upset the equilibrium between steam and water. Either
a quantity of water will evaporate or a quantity of steam condense. A
change in pressure is thus caused within the system and this altered

pressure may or may not be equal to the pressure in the stream at the
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position of tho search hole.
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I f unequal, equilibrium is attained by

steam passing through tho 1/32' diameter hole until tho pressures are

equalised. Since this hole is small and the pressure difference is

also small, considerable time is taken for the final steady state to

bo reached. It was found when the searoh hole was moved rapidly from

a position behind the nozzle to a position in front, the reading on

gauge K was considerably higher than the supply pressure as read by

gauge 6. This was doubtless caused by the greater length of tube R

being surrounded by steam in the exhaust chamber causing the water to

evaporate and so result in a rise of pressure until steam escaped

sufficiently for equilibrium to be established.

A period of about

10 minutes was found in most oases to be sufficient for tho pressure

to reach the final value.

The results of the pressure searches are plotted in the form

of pressure ratios along the nozzle length in Figs. 16 and 17* The

curves are marked with the serial

shown in Table 2.

Table 2.

Supply Pressure

Letter

PA
PB
PC
PD
PS

20
20
20
30
20

letters which denote conditions as

B_ack Pressure
s,

The results shown were obtained with initial superheats of

12077?., whioh ensured that the entire expansion took place in the
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superheated field. When these results were oheoked using different
initial superheats (low enough in some oases for part of the expansion
to be supersaturated), no appreoiable differences were found in the
pressures. This is in agreement with the findings of Msllanby and
Kerr (75) who showed that little or no pressure changes were apparent
over a temperature range of 150°P.

The only pressure differences reoorded were with initially
wet steam. In these oases the bottom of the pressure ratio ourve was
found to be much flatter and the expansion never attained such low
pressures as in the first oases. The divergence for wet steam is shown
for oases PA and PD by the broken lines marked PA, and pD respectively.
The significance of these results is discussed later.

The ourves are of a well established form in each case. The
tests at 20 Ib./sq.in. supply pressure show reoomprossion ooouring
progressively earlier as the back pressure is increased, while in case
PD only a small reooigpression occurs just before the nozzle exit. Curve
PS, Pig. 16, for 15 Ib./sqg.in. back pressure shows a condition at whioh
the critical pressure ratio is never attained during the expansion and
the pressure ratio ourve is of a rather different form from the others
shown.

Procedure and Results of Temperature Searches.

The initial stages were similar to those in the pressure
searches. It was important, however, to ensure that the supply
temperature was perfectly steady whereas in the pressure tests it was
not important if the temperature varied by a few degrees. For this

reason much more time and care had to be given to the establishment of



a steady supply temperature, the time required usually being about
three hours. Afterwards a limit of 1 1/29?. was maintained by constant
checking and adjustment of the control valves and gas tape. The
maintenance of a steady supply temperature was much more difficult

than the maintenance of a steady supply pressure. While any variation
of pressure could be noticed Immediately on the pressure gauge G and at
onoe checked by adjustment of the valve causing an immediate return of
the correct pressure throughout the system, a variation of heat supplied
to the steam did not immediately become apparent at the thermocouple P,
and an adjustment of the gas took soma time to have the desired effect
on the temperature of the supply steam.

Temperature readings were again taken at intervals of .05 in.
and over the same range, except that in some oases readings were started
1in. in front of the nozzle entrance to investigate irregularities in
the initial readings. The average time taken to make a temperature
search was about three hours, after attainment of steady conditions.
Before a searoh tube reading was taken, the stagnation thermocouple was
checked to ensure that the supply temperature was remaining constant at
the correct value. With supply temperatures of less than and
using superheater 2 the establishment and maintenance of a steady
temperature was achieved by time and care. With higher temperatures
and superheater 1, chance variations were muoh greater and more frequent.
The use of thermocouple Q helped, but though the temperature of the steam
immediately after the superheater could then be maintained constant, the
effects of variable losses in the pipe between tho superheater and the

control valve still remained. These troubles increased with increasing
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supply temperature, and tests attempted with greater superheats than
those recorded had to be discontinued because of the large variations
encountered in the supply temperature.

During each temperature search, the flow quantity was measured,
at least three separate measurements being made, each lasting for about
thirty minutes. The procedure was to measure the time taken for a
known weight of condensate to collect in the tank. Timing commenced
as the balance arm of the weighing machine swung gently upwards through
the central position when set for the first weight andstopped asit
swung upwards when set at the second weight, Tho flowquantities thus
obtained are given for each test in Table 4,

The temperatures obtained, being those of an adiabatic wall,
are shown in Pigs, 18-21, plotted against the distance from the nozzle
inlet. The tests represented are listed in Table 3*

Table 3, - Temperature Searches,

Pressure Supply Search
Conditions. Temp# F* Tube No,

3945
381.75
339.0
306.0
260.0
260.3
394.0
367.0
340.0

PA

PB

397.5

427.5
374.5
347.0

311.25
216.0

274.0
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In Fig* 18 are shown the temperature variations for testa of
the series PA* Tests 1, 2, 3 and 4 exhibit similar oharaoteristiose
The temperature drops from the stagnation value at the nozzle inlet
gradually at first, more steeply in the throat region and then more
gradually again in the divergent portion of the nozzle* Some distance
before the nozzle exit the temperature again drops steeply and then
gradually levels out at the exit* The general shape up to the second
large gradient is as may be expected from consideration of the stream
temperature variation (see Fig* 24). This large drop, however, occurs
as the stream temperature begins to rise as a result of recompression*
It oan be seen to start in these four cases between 0*9 and 0*95" from
the nozzle entrance. Reference to the pressure ratio curve PA, Fig* 15*
shows that recorapression commences in this region i.e. about 0*93" from
the nozzle inlet*

Fig* 19 shows the readings for the four tests of series PB*
Here the temperature variation is the same as in series PA up to between
0*65" and 0*7" from the nozzle inlet, where a second large drop of the
same form as noted above occurs* After this earlier reduction in
temperature the curves tend to rise once more* From Fig. 16 it is
seen that reoompression commences in case PB at a point distant 0*69"
from the nozzle inlet, again corresponding closely with comparatively
large temperature drops*

Fig* 20 shows the only test in aeries PC along with tests PAI
and PB1 plotted to a larger scale* In this case the second tenper&ture
drop starts at 0*52" from the nozzle inlet, corresponding to recompression

at 0*54w. The temperature ourve makes & partial recovery after the
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recompression drop, becoming almost horizontal at the nozzle exit*
These three tests, which have the same supply pressure and approximately
the sama temperature, show clearly the effects of varying the back
pressure on the adiabatio wall temperature* In addition to the
progressively earlier breakdown of normal temperatures, all the
temperature gradients are lessened with inorease in back pressure*

Fig. 21 shows the tests in series PD* Here, with only a
very small amount of recompression just before the nozzle exit, no
effect is visible in the adiabatic wall temperature curves of tests
1, 2 and 3 the moderate temperature gradient of the divergent
part of the nozzle is nearly constant over this whole length.

Temperature measurements wore also attempted at pressure
condition PS. In this case the changes in temperature recorded were
very small and it was difficult to distinguish the smaller gradients
with the method of measurement used. In addition the temperatures
were relatively unsteady from the region of the throat onwards.
Experiments with this pressure distribution were therefore discontinued.

Tests PA5, Pa6, P4, PDJ and PI)6 were all made with steam
initially dry or only slightly superheated. They all exhibit
peculiarities of adiabatio wall temperature variation. In all oases
except PA5, the temperature begins to drop more rapidly than usual after
a part of the nozzle beyond the throat is reached, with incidental
variations in temperature of a size not encountered in the tests
previously discussed. Up to this point, whioh varies from 0*43” to
0*70* from the nozzle inlet the curves are precisely the same as for the

tests already discussed. The portions of the curves thus affected are
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shown in Fig®. 18 and 21 by broken lines. In test PA5f the
tOliterature, after a normal variation up to 0.44" from the nozzle
inlet, rises above the usual type of curve until the stagnation
temperature is almost reached. At this point, having reached the
region of reoompression, the temperature falls steeply through the
remaining part of the nozzle. The reasons for these phenomena depend
on the interpretation of the stream conditions.

In order to study the effects of suspended water partioles in
the steam stream, some tests were made in which initially wet steam was
expanded through the nozzle. In these tests the superheaters were not
used, and the pressure was reduced to a large extent by throttling at
valve A. The steam beoomes gradually wetter in the system owing to
heat losses, and the small pressure drop across valve C necessary for
control does not dry the steam excessively.

Fig. 22 shows the results of three such tests, a and b were
both tests at 20 Ib./sqg.in. gauge supply pressure and atmospheric back
pressure, the former made with a Sindanyo search tube and the latter
using the brass tube. Test o was made at 30 Ib./sq.in. gauge pressure
and atmospheric back pressure using a Sindanyo search tube. In each
case the adiabatio wall temperatures are shown joined by a broken line
and tho corresponding saturated steam temperatures (calculated from
pressure searches PAj and PD?) by a fhll line.

In all oases the temperatures recorded in the inlet portion of
the nozzle were below the saturation values corresponding to the
pressures previously obtained. This difference is as much as 7°?*

case C and persists until more than halfway through the nozzle. In the
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divergent part of the nozzle the temperatures recorded were generally
higher than the saturation values, only falling to them at isolated
parts until after the nozzle exit. Unstable temperature readings were
found to be a feature of this two phase type of flow, and often average
readings had to be taken from the potentiometer.

When the readings below the saturation values in the inlet
portion of the nozzle were obtained, the pressure gauges were checked
while still hot, but no differences from the previous calibrations
were found. The valves G and J were then closed simultaneously, bring-
ing tho steam within the system to rest at a pressure of 20 Ib./sq.in.
When the flow had stopped, the search tube thermocouple recorded the
saturation temperature corresponding to this pressure. Again, the
stagnation thermocouple gave readings below the saturation tengperature
under the same conditions of flow. It was therefore concluded that
these readings were a feature of the flow in the system.
ieadings from the Brass Search Tuba.

In Fig. 23 it is seen,that tho readings from the brass searoh
tube compare closely with those made with the Sindanyo tube, though
there Is evident a reduction in the temperature gradients at all points
throu”out the length. Owing to the erratic results obtained for the
wet steam tests, this comparison was not considered satisfactory, and
therefore a test was made with pressure conditions PB and a supply
ten$>erature of 340°F. The broken line in Fig. 23 shows the readings
obtained in this test, while for comparison is shown test PB3 whioh was
made with the usual Sindanyo tube at the same conditions of temperature

and pressure. In this case the net temperature difference aoross the
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nozzle is greater (70°F*) than in the wet steam test (46°F.) and
conduction from the tube ends might be considered to have more effect.
It will be seen that the resulting variation bears no resemblance to
that obtained by the Sindanyo tube, none of the now familiar effects
being reproduced. It would be difficult to estimate the precise effect
of tube conduction at any point. As well as the obvious amount of
heat transmitted between two points on the tube, there would be heat
transmitted to or from the steam as a result of the higher or lower
wall temperature whioh in turn would affect the temperatures of
succeeding portions of the wall. The use of this tube was discontinued
in view of the difference in results from the Sindanyo type of tube.
It is probable that the conduction effects could be neglected if the
expansion was such that smaller temperature gradients were encountered.
The advantage of such a searoh tube would be that high pressures could
be used and there would be no erosion effects as in the Sindanyo type
of tube.
i

Flow Quantity Measurements.

The flow quantities obtained by weighing the condensate are
tabulated below, both for initially supsrheated and initially wet steam

m

tests . The theoretical values of mass flow, calculated on the assumption
of isentropic expansion, are shown for initially superheated and dry steam.
These calculations are based on the cross-seotional area at the throat.
Since this is near the entrance the boundary layer is thin and has only
a small effect on the calculated flow quantities. In tests employing
initially wet steam, such evaluation is not possible as the fraction of

moiature in tho mixture is unknown* In such oases the flow quantities
/



serve as a qualitative indication only of the steam condition*

Table 4*
Test* m (actual) m (theor.)
Ib./min. Ib ./rain.
Al 1.295 1.316
A2 1.317 1.325
A3 1.332 1.351
Ad 1.386 1.393
1.428 1.430
2 1.410 1.428
Bl 1.309 1.316
B2 1.294 1.338
Ez 1.322 1.360
. 1.392
Cl i%é% 1.314
D1 1.658 1.663
D2 1.732 1.722
03 1.729 1.750
04 1.778 1.802
B3 | .832 1.840
at 1.820 1.840

Wet steam tests

Pig. 2la 1.707
Pig. 21b 1.493
Pig. 2le 2.046

The experimental results for superheated steam are seen to be

of normal order with the coefficient of discharge varying from 0?96/

to 1.005



ANALYSIS M i) DISCUSSION *
Stream Conditions*

The first stage was to calculate the variation of the steam
condition along the nozzle during the expansion* To do so, the stream
temperature was evaluated at ten points throughout the length, the
positions of these, a, b etc., being shonn in Fig* 15 In the
evaluation of the stream conditions for any point, the speoific volume
was first obtained from the solution of the quadratic equation 69, (p. 61)
presented in Part I*

The nozzle diameters at the specified sections were obtained
from the geometry of the profile and the required areas calculated
therefrom, subtracting that occupied by the I/4Mdiameter search tube*

During each test, the barometric pressure was recorded and so
the absolute supply pressure evaluated* FHom this and the pressure
ratio ourves, the absolute pressures at the sections noted were
calculated*

The constant ten”erature recorded by the searoh tube for the
region explored before the nozzle was taken as the temperature of the
steam at rest i*e* the total or stagnation temperature tte Calculation
8hows a typical pipe velooity at this part to be 6*5 ft*/seo* which is
low enough to be neglected* The kinetic energy can be considered
negligible in comparison with the enthalpy for the region before the
nozzle* FHom the supply pressure and temperature, the enthalpy Hwas
obtained by interpolation in the superheated steam tables of reference
59*  The flow quantity m measured during the tests, completes the

data necessary for the solution of the equation*
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When the specific volumes had been obtained by solution of
this equation, the temperatures were evaluated by interpolation at
the calculated pressure in the steam tables* The temperatures were
then plotted against the nozzle length to ensure that they gave a
consistent form for the expansion* Such forms may be seen in fcgs*
24 and 25 It wes found that the stream temperature obtained by this
method was almost the senme as that for isentropic expansion up to the
throat, after which the actual stream temperature rose above that
corresponding to friotionless adiabatic conditions. Accordingly the
procedure was slightly modified in that the temperatures for sections
a, b and the throat were obtained by interpolation for oonstant
entropy in the steam tables, and the others as before*

The methods available for the estimation of the steam
temperatures when the expansion produced supersaturated conditions were
also outlined in Part I*  After trialf and comparison with results for
superheated steam, the Goudie charts were discarded* The temperatures
were then estimated from both the Stodola chart and the equation PV =
85.8T* By plotting all results against the nozzle length the best
estimate was obtained*

The temperatures thus obtained are nean tenperatures over the
cross-section as can be seen from the method of derivation from
equations 66 - 68, and are designated *hiean, free stream".

The Calculated Values of Recovery Factor *
The local value of the recovery factor wes evaluated at the

ten points along the nozzle length previously referred to, using the

equation
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The values of tho adlubfttio vail temperature taw voro taken
from smoothed ourvea of tho experimental data aa shown in Figs. 18 - 21.
The total temperature tt used was the stagnation value measured during
eaoh test. The stream temperature ts vas the mean value obtained for
the free stream calculated as shown above. The recovery factor thus
obtained has been designated the "local-free stream recovery factor” by
Rubesin and Johnson (47) to distinguish it from others obtained on
different bases of temperature evaluation. The method relies on
identical pressure variation in the pressure and teogperature searches.

The temperature differences whioh constitute the ratio above
are shown diagraunatioally in Fig. 24. It oan be seen that small errors
in ta have not nearly so great an effect on the recovery factor as have
errors of the ssm order in taw or tt» In the usual range of
calculations 0.1°?. change in taw produces an effect on the recovery
factor whioh would require about 1*5°F. change in t* to cancel it.

The calculated values of the recovery factor are listed in
Table la in the Appendix, and are shown plotted against the nosale
length for eleven of the tests in Fig. 26. The tests in series PA
show the reoovery factor ourves rising in the convergent portion of the
nossle, flattening out between the throat and seotion dj gradually falling
from d to g) and falling off sharply thence to seotion j, whioh is almost
at the nosale exit. In series PB the variation is similar, with the
ourves falling away very rapidly after section f and reaching the low

value of 0.71 at the nossle outlet. In ourve PC the asoent is hardly
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oompletod before the ourve falls steeply to a similar low value,
recovering slightly thereafter. These ourves reproduoe for the
recovery factor the effect of earlier rocompression previously noted
for the adiabatio wall temperature curves. Series PD has a muh
flatter type of ourve, with the large drop at the exit entirely absent,
whioh again reflects the variation of the adiabatic wall temperature.

The lowered values of recovery factor at reoompression is
doubtless owing to a partial destruction of the boundary layer caused
by the normal shook wave occurring under such conditions.

The more gradual fall of the recovery factor in the latter pert
of the nozzle is probably owing to the one dimensional method of obtaining
the stream temperature. The recovery factor would doubtless rerrlain
constant if the stream temperature was the maxi num temperature t0 and
not the bulk temperature tB. The difference between tfl and tBwill
inorease as the boundary layer thickens along the nozzle length.

The rise in the convergent portion of the nozzle is almost
certainly owing to the build up of the boundary layer at this part.

A more complete examination must wait on the analysis of
boundary layer conditions, and on the evaluation of the physioel
qualities and dynamical conditions whioh may affect the magnitude of the
recovery factor. It is proposed to investigate these factors in the
subsequent seotion of the discussion.

Evaluation of Pr. Mand Re and /nalysls of Boundary Layer Conditions.

A discussion on tho Prandtl number for steam is given in part I,

where it was seen that this could be taken as 1.06 for the range of

conditions encountered in the tests.
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The looal value of Maoh number Mwas calculated at the sections
of the nozzle previously used. The steam velocity was evaluated from
the flow equation 67

V = nv/a and the speed of sound from:

Va= ( fr.gpv)2 ... eccecccccccccecs( /()
where 9 the nean isentropic index,was taken as 1.3 for superheated
and supersaturated steam. The other quantities have been obtained
previously.

In the calculation of Reynolds numbers, the values for
visoosity were those given by Keenan and Keyes (39). The values
listed in Table 6 were plotted on lines of oonstant pressure to a
temperature base, and the resulting diagram extrapolated to the region
of temperature and pleasure required.

For the diameter Reynolds number, Rep, it is necessary to
substitute the equivalent diameter De for Din the equation ReD m

pWjul. This is taken as four times the hydraulic nean depth of the
annulus. the evaluation was mede from the total wetted surface, as is
oustom&ry in the calculation of fluid friotion -

y * D- Dt, where Dis the diameter of the nozzle and Dt that
of the searoh tube.

As the growth and condition of the boundary layer are a function
of the length of the body immersed in the fluid, the Reynolds number
based on this length oust be evaluated.

For the oase of a flat plate, the Reynolds number RC] for any
seotion is equivalent to pW//u, where x is the distance from the leading

edge to the section considered. The thickness of the boundary layer, that



89.
ila the region whioh la affected by visoosity, ia a function of Re so
calculated, while the type of flow in thia region, i.e. laminar or
turbulent, ia dependent on whether Re exoeeda a certain critical value*
In the apparatus used in these teats we are interested in the development
of the boundary layer along the surface of the search tube, on which
surface the adiabatic wall temperature was measured®* The search tube
has no true leading edge aa the front portion lies in the inlet pipe
where flow ia very alow, and the real flow may be considered to commence
only at the nozzle inlet, at whioh point it rapidly assumes very high
velocities* The arrangement possesses the advantage that disturbances
caused in the region of a leading edge are entirely absent in tha
boundary layer along the search tube* The nozzle inlet has been
substituted for the leading edge in the calculation of Rex and x becomes
the distance from the inlet to the seotion under consideration*

Sone development of the boundary layer will ooour before the
inlet, but, on the other hand, a favourable negative pressure gradient
has the effect of retarding the growth of the boundary layer*  Such will
be the oase in the entrance region of the nozzle, where there is a sudden
drop in pressure* It is therefore reasonable to take the nozzle inlet
as equivalent to the leading edge of a flat plate*

Again, a favourable pressure gradient has a stabilising effect on
the flow in the boundary layer*  Thus, tbou”™i a large degree of
turbulence may be expected in the approach pipe, owing to the ri™it angle
turn in the receiver, the thermometer pocket, the ooiled tube containing
the thermocouple and the searoh tube guide, this turbulence will be

damped by the sudden pressure drop at the entrance* The boundary layer
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will therefore start aa laminar aa la usual for flow over a flat plate*
The critical length Reynolds number at which transition from laminar to
turbulent flow takes plaoe is also increased by a negative pressure
gradient* for flat plates the transition to turbulenoe in the boundary
layer occurs between Rel =9 x 10" and 1*1 * 10”, the most usual value
being 3 * 10™ (33)* within a nozzle or pipe will have the sane
order of critical value as for a flat plate, for the entrance region*

In the present case, with the static pressure falling throughout the
length, the critical RCj may be expected to have a value somewhat greater
than this*

In previous heat transfer calculations the visoosity term in the
dimensionless groups Pr and Re has been variously evaluated at the
temperature of the stream, of the boundary film, or the boundary surface*
In these calculations the free stream value of viscosity was used in
evaluating Re, since all other factors in the groups are based on the
free stream, and RJ as a criterion of dynamical similarity is always thus
evaluated*

Pig* 27 shows a typical variation of recovery feotor, length
Reynolds number, and Uach number along the nozzle (for test PAD* The
variation of Rex based on stream visoosity is shown 8, as well as
that obtained from visoosity evaluated at the surface temperature

o \&//jiV8 to show the order of change effected by such a substitution*
The film temperature is usually taken as t8 + 0*3 (tw - t0), where tw is
the wall temperature# As visoosity variation with temperature may be
taken as linear within the range tw to ts the value of Re resulting from

visoosity evaluated at such a frictional layer temperature would be midway
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between the two values shown here*

The Reynolds numbers oaloulated on the basis of the equivalent
diameter of the annulus De do not indicate tho boundary layer conditions
The evaluation for test PAi showed Re Dvarying from JQ,500 at seotion a,
through a mexinum of 62,200 at e to 55#800 at j*

«eoova.rjr..Paotor_fo.r gtftapu

It is apparent from the behaviour of the adiabatio wall
temperature and the value of recovery faotor presented that recovery
factors for steam flow are what may be expected from any normal gas i.e.
the value is approximately unity.

The main variations of the value of r may be accounted for as
far as they are influenced by physical considerations of an obvious
nature .

In Pig. 28a are shown recovery factors plotted against Re -
Values from sections near the noszle exit whioh were judged to be
affected by the shook wave occurring at reoompression have been omitted.
Up to a value of Rex * 1.7 x 10" the results in Pig. 28a show a
considerable amount of scatter. The results in this region all come
from the convergent portion of the noszle. The small temperature
differences between the wall and the stream in this region lower the
accuracy in the calculation of r considerably. Also, it is difficult
to estimate the cross-sectional area in this portion.

For hi™ier Relf the results are seen to be grouped about the
line of r * 0.94. It has been seen that no transition from laminar to
turbulent flow oan be expected for Rex below 3 * 10" but rather that

transition would occur at some higher value. There is no apparent
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discontinuity in tho value of r over the range of Rel showmn in Fig 28a*
It appears therefore that the value of 0*94 would represent the value of
r for laminar flow in the boundary layer*

As soon as reoompression occurs in the divergent portion of the
nozzle, the values of recovery factor were found to drop sharply*  Since
this occurs in all cases at a value of R§® whioh is above the critical
for flow over a flat plate with zero pressure gradient, it is apparent
that the large adverse pressure gradient will cause an immediate
transition to turbulence* In the case of the nozzle, therefore, the
transition to turbulence does not depend on the value of the length
Reynolds number, but rather on the conditions which cause reoompression
to ooour* Lower values of r are therefore found to hold for the
turbulent boundary layer* The values obtained do not assume a constant
value but evidently correspond to a transition region* They cannot be
considered reliable as the normal shook wave occurring at reoompression
is liable to cause separation of the flow* This would probably have the
effeot of further decreasing the value of r* It oan only be stated that
the value of r for turbulent flow is lower than that for laminar flow*

The values of recovery factor were obtained from too restricted
a range of conditions to nmeke further analysis of the results conclusive*
A more extensive range of expansions would have to be used in order to
produoe more variation of Meoh and Reynolds numbers*

In attempting further evaluation of the relationship

r a K(Pr)a (Mb (H*)°
the term (pr)a was assumed constant whioh is the oase for the conditions

encountered in the tests* A value of i'lach number was then chosen at
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whioh reliable values of r were obtained in all oases viz. M= 1*2.
The value of recovery factor and Reynolds number corresponding to M* 1*2
was then obtained for each test (from graphs as in Fig. 27). The results
were so scattered and from such a constricted range of Re  that further
analysis was obviously futile. In the absence of such definite results
as would thereby bo obtained the influence of Maoh and Reynolds numbers
oan only be estimated qualitatively.

Fig. 28b shows the values of recovery factor obtained for laminar
boundary layer conditions plotted against the corresponding Maoh numbers.
The variation of Re is ignored, Pr being assumed constant. The values
oan be seen to lie about the line of r a *94 with a maxinum variation of
2.0n.  As far as can be seen, Maoh number has no influence at all in the
laminar rar™e. The constant value for all Maoh numbers is in agreement
with the results obtained by Eckert and v?eise (26) and Ackermann (1).

It differs from those of Kraus (65) who found higher values whioh varied
with Mand also from those of Kaye, Keenan and McAdanms (54) who found
lower values which varied with M.

In the case of turbulent flow for the sections after reoompression,
a variation of reoovery factors with Meoh number was found. A decreasing
Meoh number produces a rapidly falling recovery factor whioh assumes very
low values. If the values obtained after reoompression tor series PA and
PB are plotted to a base of Maoh number they give the same characteristic
as that obtained in reference (54) for flow in a pipe. This is shown in
Fig. 29. The curve is not of universal application, however, and is only a
phenomenon of the change in Meoh number taking place under these conditions.

The comparable values for series PB where the reversal takes plaoe at a



different value, follow & separate ourve.

The constant value of 0.94 obtained for the recovery factor in
the laminar boundary layer region cannot readily be nade to substantiate
the theroetical value of (Prp* If Pr is taken as 0.78 as given by
MbAdans (72) for steam, then (Pr)?: is 0.883 and the experimental values
are far higher than this. However, latest measurements of the properties
of steam lead to a value of Pr nearly equal to 1. Then values of recovery
factor should also be unity, while both Shirokov's (90) equation;
ral- 455 (1 - PrjRe"0*2, and Ackermsnn's (1) equation of r s (Prp
would also result in a value of unity for the recovery factor for the
turbulent boundary layer. The observed values of recovery factor are
thus seen to be lower than the theoretical values by about 6% for laminar
conditions and even more so for turbulent conditions. Reliable values

for the latter have not however been obtained.
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SUPMSATURATa) STSAM

In several oases the values of recovery factor which have been
referred to in the above discussion have been obtained for expansions
whioh proceded beyond the saturation point into the supersaturated region.
For instance, in tests PA3, PA4, IB3f PB4, pp2 and PD3 the steam condition
changes from superheated to supersaturated at points between the sections
b and 0. There are no changes apparent in the behaviour of the adiabatio
wall temperature, or the recovery factor when the expansion prooeeds into
the supersaturated region. Also for tests whioh start with initially dry
or slightly superheated steam it has been shown that no change from normal
conditions of adiabatio wall temperature occurs until the points in the
expansion whioh are indicated in Figs. 18 and 21 by the start of the
broken lines. Further, they also exhibit normal recovery factors up to
these points (Appendix, Table la, tests PA5, PA6, P4, FD5» FX&)*

The lack of any difference between these states is illustrated
by Figs. 30a and b. Pig. 30a shows the recovery factors calculated for
superheated steam where the amount of superheat varied from zero to ly P P.
plotted against Be and Fig. 30b shows the recovery factor tor super-
saturated steam, where the undercooling ranged from zero to about 80°F.,
plotted to a similar base. In both these oases values of recovery factor
from sections near the nozzle exit whioh were judged to be affected by
reoompression have been omitted.

In both Figs. 30aand 30b the results are seen to be grouped
round the line of r = 0.94.The only difference is in the distribution
around the line.9or the supersaturated steam results the values are

scattered in a broader area around this value. This is nodoubt owing to
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the relative lack in accuracy in determining stream conditions for
supersaturated conditions*

It is thus seen that the recovery factor conception is valid
for steam, superheated, dry and for supersaturated conditions up to
certain limits.

This limit, to whioh supersaturation may extend in the
expansion of steam through nozzles has been the subject of much
theoretical and experimental investigation. Nearly all these
investigations have been concerned with the establishment of a limiting
supersatur&tion ratio. The degree of supersaturation cois defined as
the ratio of the actual pressure of the supersaturated steam to the
saturation pressure corresponding to the undercooled steam temperature and
the amount of supersaturation is commonly referred to as co fold.

The evaluation of stream conditions makes a closer inspection of
the tests with initially dry or slightly superheated steam possible. It
has already been mentioned that the stream temperatures were obtained by
the use of the H- 0 ohart for supersaturated steam prepared by Stodola,
Pig* 31 shows a reproduction of this chart, with lines of constant pressure,
volume and temperature. The expansion for test FA4 is shown plotted.

This yielded a perfectly normal adiabatio wall temperature ourve and the
expansion is of the some shape as one lying entirely in the superheat field.
For tests Pa6, Pi)4 and PD6 ourves are plotted assuming the expansion occurs
normally. On each of these ourves are marked the points at which the
adiabatio wall temperature diverged from the normal shape i,e, points c, f
and c respectively. These divergences are seen to occur at points where

the expanding steam has attained the supersaturotion ratios of 7*5, 8,5 and



8 respectively according to this estimate. When the actual values for
these tests were calculated, however, they were found to coincide with
the assumed ourves up to the region of @ - J to G and than to differ by
rapidly increasing amounts. This is illustrated for test d6 where the
intersections of the pressure and volume values are indicated for the
points o, d and e. The difference between the aotu&l point o and the
estimated point shows that the character of the expansion changes at

@ - 5« Beyond this ratio, the points d and c lie progressively further
to the left. This does not mean that a decrease in entropy has taken
place, which is, of course, impossible, but that the equations for
supersaturated steam are no longer valid for these points. The only
reason for this invalidity is the condensation of part of the steam i,e,
reversion to conditions of thermal equilibrium. The equation H = A ¢ Bpv
whioh is used in the calculation of specific volume only holds for super*
heated and supersaturated steam. It will not apply for steam containing
water droplets and therefore specifio volumes evaluated on a basis of it
are meaningless.

Reduction of the adiabatio wall temperature below normal values
is thus shown to coincide with the breakdown of supersaturated conditions.
The reversion ocours at various extents of supersaturation beyond(x) =6
from plotting of the volume values on this chart, Tho Wilson limit
corresponds to eight-fold supersaturation, while Stodola found reversion
at U) = 3*3 in steam liberally supplied with nuclei. As these tests were
made with precautions against the presence of water droplets in the original
supply, the limiting values are seen to bereasonable.

As expansion proceeds beyond the supersaturation limit,small
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droplets of water are formed in the steam. It is because of these that
a reduction in adiabatic wall temperature is recorded, whereas the
temperature of the stream actually rises with reversion. This has been
demonstrated by tests in which the limit of supersaturation was reached
during expansion, and by those in whioh initially wet steam was expanded
through the nozzle.

An illustration of the effect produced by water in the system
was obtained early in the investigations, before the procedure had been
perfected for tests with initially dry or only slightly superheated steam.
In the oourse of making the first such test attempted, using a normal
Sindanyo tube, the system was drained in the normal manner for high
superheat tests before starting. As the test proceeded the temperatures
reoorded became very unsteady. For positions of the thermocouple after
the throat the potentiometer needle oscillated slowly over a small range,
occasionally dipping violently to a much lower value. In noting the
results these large dips were at all times ignored and the mean of the
prevailing range taken as the best reading. The results obtained are
shown in Fig, 32.

When it was later attempted to measure tgw for dry saturated
inlet conditions 9 these fluctuations had increased to such an extent as to
make accurate readings inpossible. On opening the drain valve afterwards,
a large amount of water was discharged from the receiver. The drain was
then adjusted to discharge steam continuously from the receiver during
tests, and the results already shown were obtained without further trouble.

In Fig, 32 the results of test PA6 are plotted for comparison, along with



the saturation teuper&ture variation. This shows that the wall
temperature in the original test, although starting 7°~* above that in
a6, rapidly fell to 18°F, below it and eventually to nearly 30°?* below
it.

The only conclusion possible is that these low temperatures were
caused by the presence of water particles oarried over from the receiver
despite the small initial superheat. This deduction is substantiated by
the improvement gained in stability and continuity of temperature readings
with continuous draining, while the presence of water in suspension was
proved conclusively by the mass flow readings, the average value being
1.452 Ib ./min. whioh is higher than for dry inlet conditions. This
average value was obtained from four tests, each about thirty minutes
duration, spread over the tost period of three hours « The results were
consecutively 1.425, 1.451, 1.454 and 1.478 Ib ,/min. showing a marked
increase as the test proceeded and water accumulated in the receiver.

For tests with initially wet steam it has been seen that values
near the saturation temperatures are recorded by the searoh tube. It
would seem therefore that the discrepancy between wall tenper&ture
readings and the normal ourve is dependent on the amount of water present
in the stream.

For tests starting with slightly superheated steam the
divergence of the adiabatio wall temperature from the normal distribution
is only gradual at first and temperatures are still far above the
saturation values. This would seem to indicate that only & partial
reversion takes place within the nozzle. Presumably the steam carries

small drops of water in suspension but is still mainly underoooled vapour.
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This type of mixture has been referred to by Keenan (57) has been
deduced to be present after tho supersaturation limit. In it the steam
is in thermal equilibrium with very small drops of condensate and under-
cooled, This "second type” of supersaturated steam is undercooled despite
the presence of water because normal steam table values are evaluated for
an equilibrium mixture of steam with infinitely large drops of water,
Squilibrium oan exist between the steam and the dropletsif the vapour
pressure of the droplets is equal to the pressure of the steam. This
condition has been considered by Kelvin (61) and von-Helmholtz (40) and

leads to the well known equation

~£_ 9&g.y
I°ge P® 3 [P (77)

where p8 is the saturation vapour pressure corresponding to the
temperature T, while cr is the surface tension of water of density p and
R is the usual gas constant. This relationship gives the supersaturation
ratio if a droplet of radius r is to be in equilibrium with the vapour about
it. It is probable, however, that the growth in size of the droplet will
rather depend on the time of expansion than on the above relationship.

As expansion prooeeded beyond the supersaturation limit the
adiabatio wall temperature fell rapidly below normal values corresponding
to the inorease in the amount of condensate present in the steam. It is
likely that both the number of the water droplets and the size will increase.
With this water in suspension the steam temperature must have risen above
the normal fully undercooled values, but its value cannot be estimated.
Recovery factors must therefore be of a very low order; so low, in fact, as
to be meaningless. The reason for the lowering of the wall temperature has

been attributed by Kerr, Soott and Sorour (64) to the re-evaporation of
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water droplets in the boundary layer, whioh is still at & nmuch higher
temperature than the main stream. The provision of latent heat entailed
would lower the film temperature and probably also oause a reduction in
its thermal resistance, through the disruptive effect of such an action.
It could also be due, in these oases considered, to charges wrought in
the physical properties of the fluid by the presence of water particles.

In the tests made with wet steam this second type of super-
saturation seams to have occurred also, despite the initial presence of
moisture in the inlet seotion of the nozzle, since temperatures recorded
were definitely below the saturation values. These low temperatures did
not persist long, however, except in oase C, Towards the exit of the
nozzle the recorded temperatures on the average were slightly above
saturation values. Very little is known about the behaviour of a
mixture of vapour and water drop flowing in a duct. During the expansion
the temperature of the vapour will flail with falling pressure but the
temperature of tho liquid will be reduced mainly by transfer of heat to
the vapour. Temperature equilibrium will not be attained, because the
dzops will always be hotter than the vapour (reference 56 p. 447).

Solution of the states of such non-equilibrium mixtures will depend largely
on the time rate at which transfers of heat and mass occur. In these
oases it is doubtful if a true boundary layer exists at all. Probably
most of it is water at a slightly higher temperature than the stream.

In the expansion of steam through a nozzle, therefore, if a
supersaturation ratio of approximately seven is attained, there will take
place a reversion from the first type of suporsaturation to the second type.

This will be a partial reversion but the number and size of the water droplets
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will rapidly increase. With further expansion there will be a final
reversion with the condensation of the remaining amount of steam necessary
to restore thermal equilibrium.

In the present investigation the expansion did not proceed far
enough for the final reversion to take place. In the report by Sorour (92),
however, tests are described where expansion with the second type of
supersaturation conditions occurred, Adiabatic wall temperatures were
recorded whioh were nearly 20°F# below the saturation temperature.
Towards the exit a sudden jump in the wall temperature readings to the
saturation value was observed, indicating that reversion had occurred.
This reversion was found to ooinoide with reoompression, the shock wave
at this point evidently being the determining factor in causing the
reversion. The shook wave in these circumstances was, however, observed

to be much more severe than when total reversion did not take place.



1Q3.

OQMUUUSIQNS Off THE m 111 ME4AKY INVESTIGATION.

Tha investigation demonstrates that steam is a suitable medium
for experiments on heat transfer at high velocities, and is more oonvenient
than dry air whioh is normally used* Doubts as to the suitability of the
use of steam, raised by the results obtained by previous investigators who
attempted to measure steam temperatures, are removed*

Temperature recovery takes place within the boundary layer in
the same manner as for air, and tho value of the recovery factor is of the
same order as that expected for gases* Experimental results, however,
were lower than the value of unity indicated by theory* For a laminar
boundary layer r was observed equal to 0*94 and lower values were obtained
for a turbulent boundary layer* As indicated by theory the value was
found to be independent of Reynolds and Maoch numbers*

These values are limited to steam whioh is superheated or dry
and also to supersaturated steam which is purely gaseous*

The presence of water in either equilibrium or non-equilibrium
mixtures with any of tho above states renders the oonoopt invalid. The
recovery factor is reduced to very low values, the reduction being
proportional to the amount of water present, and for wet steam the recovery

factor is approximately sero*
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THE Ma&aU&alaT OF sUJOViI&Y F-ACTQHS.

The tests desoribed in this part of the thesis were carried out
in order to obtain values for the recovery factor for steam flowing under
the same conditions as tests for whioh heat transfer coefficients would be
obtained* The apparatus for this purpose was designed to prevent heat
loss from the steam and so enable the expansion to be taken as adiabatio.
APPARATUS*

The general arrangement is the same as that used in the
preliminary investigation and whioh is shown in Fig* 11* After the
receiver, however, the steam passes throu”i a six inch long annular duot
formed by a brass nozzle and a central tube or probe* The arrangement is
shown in Fig. 33* It is seen that the brass nozzle is supported by tie-
bolts between two steel flanges but separated from these by Sindanyo bushes*

After expanding through the nozzle, the steam passes into the
exhaust chanter and through the exhaust pipe to the condenser. The
pressure in the exhaust chamber is again recorded on a calibrated Bourdon
gauge. The search tube passes throu”i a stuffing box at the rear of the
exhaust chamber. Attached to this stuffing box is a rigid scale whioh
supports the end of the searoh tube and pressure gauge if used, the searoh
tube being attached to a steel block* This block has a square hole whioh
fits and slides along the square-sectioned rule, and a vernier inscribed on
the block enables the position of the searoh tube to be observed*

The whole assembly from the flange of tho receiver to the exhaust
pipe is attached to a oast iron bracket* This is mounted on the horizontal
slides attached to the wall at the back of the apparatus e Thus the nozzle

oan be moved horizontally to enable the zero reading for the searoh tube to
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be determined easily*

Fig* 34 shows details of the test length* The entrance is
bell-mouthed to give & smooth entry for the flow of steam* The diameter
of the bore ia 0*413 ina* Provision is made for statio pressure tappings
in the wall at intervals of 1 in*, an additional tapping being situated
at 1/2 in* from the entrance* These tappings were made by drilling
1/32 in* diameter holes from the outside* Copper tubes of 1/8 in* outer
diameter transmitted the pressure to a manifold and thence to a pressure
gauge* By opening the appropriate cook on the manifold the pressure at
any of the tappings could be read on the gauge*

The bore of the nozzle was obtained by first drilling to a

diameter of 13/32 in* The pressure tapping holes were then drilled*
The final diameter was obtained by lapping, using an aluminium lap and
fine oarborundun grinding powder* In this way a smooth parallel bore
was produced, and any burs left by drilling of the 1/ 32" tapping holes
romoved *

The brass pressure search tube is 3/16 in. outside diameter* A
1/32 in. diameter hole drilled diametrically throu”i the walls transmite
the static pressure through the tube to the pressure gauge*

The temperature searoh tube was of similar construction to that
used beforehand in the searches with the short nozzle* Tuftaol was used,
however, as the material for the insulating length, instead of the
Sindanyo* The smaller diameter of 3A& in* caused the manufacture of
this length from Sindanyo to be difficult. The Tufhol is less brittle
and has better maohinability properties being less friable* The Asp

brand of this material was found to be able to withstand the highest
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temperatures encountered* The length of the insulating portion was
again 4-5 in* Fig* 35 ehows the dimensions* The thermojunotion was
again formed by welding the ends of the oopper and constantan wires and a
brass plug screwed down on to the junotion* "Stag" brand jointing paste
was again used for sealing the screwed joints* The whole surface was
made flush and polished with fine emery paper.

Though the Tufhol searoh tubes stood up to conditions better
than the Sindanyo ones, through time the erosion of the steam caused a
roughening of the surfaoe* Since further polishing would have resulted
in & diameter smaller than 3/I(> in* it was necessary to renew the
insulating portion* Four such searoh tubes were used in the tests*

The thermocouples were arranged so that the difference of the
c*m.f* between the stagnation couple and the searoh tube couple was
indicated* A switch also enabled the e*nv¥™f* of the stagnation thermo-
couple to be observed for a circuit in whioh the reference junotion was
immersed in oil surrounded by melting ioe. A portable pontiometer was
used for measuring the e*m?*f* A diagram of the oirouit is shown in Pig*
36* The arrangement simplified the reading of the wall temperatures*
Though readings were never taken unless the stagnation thermocouple
indicated that the supply temperature was steady, there was a slight delay
in changing the position of the switch and in reading the searoh tubs
temperature. In this time there was tha possibility of a sli™it change
in the supply temperature, and so causing on erroneous reading, since it
was observed that a change in supply temperature caused an instantaneous
change of the same magnitude along the length of the test seotion. The

advantage of the above arrangement is that the two temperatures could be
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measured simultaneously. I f any change oocurred in the supply
temperature, the difference whioh is reoorded is still the same.
Naturally, however, the same o&re was taken to maintain the supply
temperature at a constant value. There was also a gain in accuracy by
this arrangement, in that the difference between the total and the
adiabatio wall teoperatures was measured directly. It is in this value
that the greatest accuracy is necessary when computing reoovery factors.

The Sindanyo bushes separating the brass test length from the
steel flanges prevent heat loss by conduction from the test portion to
the surroundings. To prevent further heat loss the nozzle was
surrounded by an immediate layer of insulation consisting of a pad of
magnesia. The whole apparatus was then surrounded by a blanket of
insulation. Photographs (Figs. 48a and b) taken while heat transfer
runs were in progress give an indioation of the arrangement of the

apparatus and show the test length with and without the insulation.
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SXPi&IMagTAL PAQC&XIRa MV RESULTS.
The pressure Searches.

The procedure was similar to that for the searches described
in Part I1. About two hours were required to heat the system and for
steady conditions to be attained. The valve at the foot of the receiver
was adjusted to drain continuously. This ensured that completely dry
steam was supplied to the test section.

Pressure readings were started whan the search hole was set at
1 in. before the entrance and completed after traversing the whole length.
The intervals between the positions at whioh the pressure was observed
varied according to the rate of pressure change. For the first Inch of
the length readings were taken at 0.1 in. intervals and at 1/4 ***. intervals
for the remainder. Time was allowed at each setting for a stable pressure
to be attained. It was observed that this time was much less than that
necessary in the previous investigation. This was doubtless owing to
the smaller diameter of the tube (3716 in. against 1/2 in. diameter)
passing through the exhaust chamber and whioh is exposed to temperature
variations.

The results of the tests are plotted in the form of pressure
ratios along the nozzle length. Table 5 lists the tests and pressure
conditionse

In all oases with atmospherio exhaust pressure, the pressure at
the exit was below the critical for isentropio expansion. Not until the
exhaust pressure was raised to the critical of 0*545 Po> was there a

variation in the pressure distribution.
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Table 5 - pressure Searohee.

Plots of thepressure ratios are shown in Pig*37* *n oases
there is a suddendrop in pressure in the first 1/2 in* corresponding to
the decrease in area in tha bellmouth entrance. Thereafter there is a
more gradual fall in pressure, the gradient being almost constant* In
the oases where the exhaust pressure is atmospheric, towards the exit the
pressure falls increasingly rapidly, and the gradient beyond the exit is
very steep. With the increased back pressure the ourve flattens out to
the final value just at the exit*

For each initial pressure, several tests were oarried out with
varying superheats of from IOGPp. to 250°F* As in the oase of the
previous tests it wasfound that the ourves of pressureratio along the
length were independent of both initial pressure and initial superheat*
For a short nozzle this may be expooted, as it nmay be demonstrated that

the pressure ratio is simply a function of the area as follows:
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w
From Bernoulli's equation &
The meximum flow obtained when the sonic velooity is attained at the

throat is given by:
(79)

From these two equations, there is obtained the relation:

&nis the minimum or throat area.

So long then as the critical pressure is attained at the throat,
the pressure ratio is a function of the area at that seotion only and is
independent of initial conditions*

Obviously the above relationship does not apply to the present
case, since the area remains constant while the pressure decreases* The
reason is that the analysis leading to the above result, being based on
iIsentropic expansion, does not apply to flow whioh is largely affected by
friotion* For the short nozzle the thickness of the boundary layer,
that is the region affected by friotion, is very small and may be
neglected* The above formula cannot, however, be applied in the present
case, even for the core of fluid unaffected by viscosity* Though here
the expansion is isentropic, the continuity equation, on which the analysis
iIs also based, does not hold since the mass of fluid in the core becomes
progressively less*

Values of friotion coefficients, calculated from the data obtained

in the pressure searches, are given later in Part IV.
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During the pressure searches, measurements were taken of the
static pressures obtained by the tappings on the outer wall of the
annulus. At first trouble was encountered in gaining accurate readings.
Any slight leakage at the manifold was found to cause a considerable
pressure drop along the copper tubing, since the bore is only I/lb in.
diameter, and friotion is therefore high* Also there was interference
between the different tappings if any leakage past the oooks occurred.
These were therefore ground into a proper seating, and care taken to
prevent leakage. With these precautions it was found that the pressure
readings then obtained corresponded exactly with those obtained from the
central search tube. This is as expected and is in agreement with the
assumption that the static pressure is constant over any cross-section.
This assumption has also theoretical support. It can be proved from the
basic differential equations for the flow of fluids that the static
pressure throughout the boundary layer is constant perpendicular to the
surface (Goldstein pp 117-118 ref. 33)* When the flow in a parallel duot
is fully developed, therefore, the static pressure will be constant across
any section. Where this is not the case, & core will remain in the flow.
Since this region is unaffected by vieoosity, the velooity is constant,
and the flow being parallel, the statio pressure will also be constant.
Under all circumstances the statio pressure is therefore constant over any
cross-section.

The advantage of obtaining static pressure readings from the wall
tappings was observed when ten$>erature searches were oarried out. At the
same time as the adiabatic wall temperature was recorded, the pressure

distribution could be noted. Thus it oould be ensured that the flow
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conditions were identical for both the pressure and temperature searches.
Any irregularity in the pressure distribution indicated a change in the
stream conditions, most likely caused by an uneveness on the surface of
the insulating portion of the search tube.

In using the pressure gauges every precaution was taken to ensure
that they gave correct readings. They were calibrated by a portable
gauge tester, over the range of pressure encountered in the tests, at
frequent intervals, usually every three of four days. The calibration
was also carried out while the gauges were warm as different temperature
conditions can cause slight differences in the readings. As the pressure
gauges could be read to within 0.2 Ib./sqg.in. and carrying out the above
measures, the pressure measurements could be relied on to have an
accuracy of about Ijj.

The Temperature Searches*

The usual care was taken to establish steady conditions before
starting each search. A period of three hours was normally sufficient
for this purpose.

Temperature readings were taken over the same range as for the
pressure readings, and again at intervals of 0.1 in. for the first inch
and at intervals of 025 thereafter.

A ooraplete search occupied from three to four hours. Superheater
2 was found to be able to maintain the steam at tha required temperature,

A series of 21 tests was carried out, whioh are listed in Table
6, During each test at least three separate measurements of the flow
quantity were made. The statio pressure was also noted at each of the

wall tappings. As stated above, from these readings it could be observed
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whether or not the flow was normal.

Table 0.
Pressure Supply
Conditions. Test. Temp . P .
1 388
2
; 303
RA 4 280
269
260
7 258
38 258
1 S
2
RB 3 382
4 9
; 208
RC 1 369
RD 1 355
RE 1 399
2 393
HP 1 417
2 398
RG 1 375
RH 1 358
The variations of the adiabatio teigperature are shown for all the tests
in Pig. 389p|otted against the distance from the nozzie inlet. AH the

plots show similar characteristics » There is a steep drop from the
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constant value before the inlet in the first 1,2 in. of the length?*

Thereafter there is a more gradual and uniform decrease until about 1in.

before the exit, where the temperature begins to fall more rapidly. This

distribution oan be seen to correspond to the variation in stream

temperature. 'Hie initial drop occurs when the pressure falls with the

decrease of oross-sectional area at the entrance. Thereafter expansion

of the steam occurs more gradually until near the exit.

It oan be observed that as the temperature of the supply steam

is reduced, the magnitude of the initial drop increases, and also the

average gradient is somewhat greater. Tests RA7 and RA8 were oarried

out with initially wet steam. In test RA7 the superheater was lit, but

the gas taps were not opened sufficiently for the stean to be completely

dried, while in test RA8 no heat was supplied at all at the superheater.
In both these tests the readings were unsteady, the variations being
greater in the latter test. It is thus seen again that the presenceof
water particles cause lower temperatures than normal to be recorded. In

some positions near the inlet,temperatures were observed whioh were below

the corresponding saturation temperature indicating supersaturated

conditions.






ANALYSIS AND DISCUSSION.
Stream Conditions.

The first stage in tho calculations was again the lengthy
evaluation of the steam temperatures throughout the expansion. This was
oarried out for eleven positions along the length. These points are at
1/2 in. intervals and are numbered a to 1, the position being shown in
Pig* 34.

The specific volume was first calculated from equation 69 The
calculations were somewhat simpler than those for the investigation
described in part Il, in that at all sections where the speoific volume is
evaluated the cross-sectional area is the same. For each test, then, the
only variable is the value of p.

Slowing the specifio volume and pressure at each section, the
temperatures were then evaluated by interpolation in reference 59. The
temperature so obtained was then plotted against the length to ensure that
a consistent form of variation was obtained. Such a curve is shown in
Pig* 39 for "m typical test (RB2), together with the variation of the
adiabatio wall temperature along the length.

Where the expansion proceeded beyond the saturation line and the
value of the temperature could no longer be found by interpolation in the

steam tables, use was made in this case of Van der Waals equation of state:

o T A N o T AR (74)

The constants a and b were evaluated from known values of p, v and T for
two state points in the superheated field. The expansion was found to

proceed into the supersaturated field in the tests RA4-6 and RB5* Prom






116.

the ourves of adiabatio wall temperatures in Fig# 3® H oan b® Sd9n that
there is no fundamental change of form when supersaturation conditions
are encountered, apart from the fact that the temperature diverges to a
greater extent from the stagnation value# It was seen, however, that
where the expansion is completely in the superheated field the wall
temperature falls more rapidly with decreasing supply temperature# Only
in the case where initially wet steam was expanded, was there any
appreciable difference noticed in the form of the temperature distribution#
Having calculated the stream temperature, the values of the

recovery factor were easily obtained using the equation:

* e -ir-M™ ettt e e eeeeeeeeeeeeeieee —eereeeeeaeeesea e i e—rrrraeaaaaaaas

taw was obtained from the plots in Fig# 38 and t~ was the stagnation
temperature for each test# Sinoe to is the mean stream ten”perature for
each seotion, the recovery factor evaluated thus ia the "local free stream
recovery factor"# The value of r was calculated for each of the eleven
points a to 1# These are listed in the Appendix, Table 2a, and areshown
plotted against length for a few typical tests in Fig# 40# All tha tests
show the recovery factor decreasing rapidly immediately after the inlet,
the rate of decrease becoming more gradual throughout the length# In
most cases a constant value is assumed towards tho outlet, while in a few
tests the recovery factor is still falling slightly at the exit# The
ourves for the tests with the greater mass flows showed the flattening out
occurring earlier, while the tests whioh showed no such flattening out were

generally those where the exhaust pressure was above atmospheric#
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Evaluation of Prf Mand Re and the Characteristics of the glow#

In order to investigate the variation of the recovery factor
the physical quantities of the flow were analysed and the boundary layer
conditions examined#

The Prandtl number oan again be taken as 1.06 for all conditions
of the steam encountered in the tests#

The Maoh number was obtained by dividing the actual velooity
found from equation 67 by the sonic velooity found from equation 76# The
looal value of v was calculated thus for the eleven positions along the
length#

In the calculation of the diameter Reynolds number,the length
dimension is the equivalent diameter De * flg - 07, while for thelength
Reynolds number the length was taken as the distance from the extranoe
to the section considered# Values of Red and Re} were obtained also
for each section# as Je is the same for all these positions, the value
of Red is very nearly constant for each test, since Red a p Vlsnu =
0O0elyuU ,,and G is a constant where theoross-sectional area is constant#
The only variation in Red is caused bya slight changein visoosity with
the steam conditions# Since the viscosity decreases both with fall in
pressure and fall in temperature, the value of Gcpbe~ru increases slightly
as expansion proceeds#

Pig# 41 shows a typioal variation of recovery factor, length
Reynolds number, diameter Reynolds number and Maoh number along the length
(Test RA#

In all cases where the state of maximum entropy wasattained at

the exit, sonic velicity is also reached. Whether such a stateexists
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oan be determined from the pressure at the exit.
The pressure of maximum entropy oan be determined as follows:
for this condition, ds = 0 for small changes of pressure.
Now ds * (du ¢ pdv)/T =0

But dh a du + pdv ¢ vdp

° o (dh - Vdp)/T a O or dh S Vdp 000000000(82)
Since h « A ¢ Bpv
at maximum entropy

dh s B (pdv + vdp) = vdp

e £& a - JL.ii
o e PB-l Vs *(83)

From the energy equation and continuity

oV
h + 29 a ho

- 02
dh 5 g vdv = 0 *+(84)
For maximum entropy (82) and (84) give;
c2
vdp ¢ — —vdv a O cececccccccscccaces(85)
p. - Z 3 * fii 5L. = JL.
and with (}4) pdv g p B -1

Solving for v and substituting this and the h, p, v relation into the

Fanno equation (93)s

A - P« - foe o f e ) 2 ("t 7 ) 2 = ho

where ps = pressure at maximum entropy.
a ~ms . z fma At ... (85)
pP° B V g (2B - 1)

It can further be seen from equation 85 and since Gr V/v that V a”~g £pv
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I .6. the velooity of sound.
Therefore at the state of maxinum entropy, the Maoh number is 1,

This pressure is seen to be no longer the critical for isentropic flow

a
when pgr/po m w -1 )" a 0*545 tor superheated steam. InN most oases
for the present tests it was found to give a pressure ratio of 0.45# This

pressure ratio was calculated by equation 86 for each test and compared
with the actual pressure ratio obtained from the pressure searches. in
all cases except tests oarried out under pressure conditions RE, F, ¢ and
H, it yws found that the state of maximum entropy was attained at the exit.
There is, however, some difficulty in estimating the pressure ratio at the
exit, since the pressure falls very rapidly at this point.

By differentiating the equation of conservation of energy, the
continuity equation and the equation of state, and considering the

equilibrium with frictional forces acting, the following expression is

f (87)

This equation shows that convergence of the stream tube and friction cause

obtained:

acceleration of a subsonic flow and deceleration of a supersonic flow.

Also, in the presence of friotion, sonic flow is reached in a slightly

divergent channel rather than at a throat. This indicates that a Maoh

number of 1 would not be reached in the test seotion, but this would be

obtained immediately afterwards, where the jet is free to expand. In

plotting the variation of Maoh number along the length for the above tests,

it is sufficiently accurate to assume the value is equal to unity at the

exit.
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The above reasoning is again based on a one-dimensional flow
model. Suoh a postulation is to a certain extent anomalous, since in
the actual flow friction acts at the boundaries and destroys the one-
dimensional character. As, however, the flow in the downstream sections
is turbulent, the velooity over the greater part of the cross-sectional
area will be nearly uniform and the above expression w ill give a good
indioation of the characteristics of the flow.

In the calculation of Reynolds number, the visoosity was
evaluated at the average of the wall and the bulk temperatures. This is
the reference temperature normally employed in the calculation of the
dimensionless parameters for heat transfer.

It is interesting to note here that Brainerd and Emmons (7)
studied the effect of variable visoosity on the boundary layer. They
showed analytically that the variation of visoosity with temperature does not
alter the equlibrium temperature of the plate and hence the value of the
recovery factor.

The length Reynolds number was based on the length taken as the

distance from the entrance to the seotion considered. There is some
difficulty in fixing the actual aero for this calculation. The very
rapid pressure decrease in the converging entrance will inhibit the growth

of the boundary layer and a truer value for the Reynolds number might have

been obtained by basing the length as that from the end of the converging

portion. The error involved will be small, however, and within the

aocuraoy of the data relating to the boundary layer based on the Reynolds

number. The zero was retained as being at the entrance as the o&loul&tion

was somewhat sim plified by doing so.
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Tha favourable pressura gradient continues along the whole test
length. The effect of this will be to stabilise the boundary layer and
to delay the point of transition. The critical Reynolds number is likely
to be much above the value of 3 * 1c» taken for flow over a flat plate with
zero pressure gradient. There are no disturbances in the cbot liable to
favour transition since both the outer and inner walls of the annulus are
straight and smooth. Any turbulence in the free stream w ill also be
damped out in the sudden convergence at the entrance.

The Recovery Factor.

The recovery factor is mainly influenced by the condition of the
boundary layer. Now the type of flow in the boundary layer 1s dependent
on the value of the length Reynolds number, since transition occurs before
the flow becomes fully developed. The recovery factor was therefore
plotted against length Reynolds number for all the tests oarried out.
These plots are shown in Fig. 42.

Whereas before the ourves for the reoovery factor versus length
from the entrance showed much variation, the ourves of r plotted against
length Reynolds number are all of one pattern. The initial decrease is
found to extend over the same range and the shape of curve for this decrease
is similar in each oaso. For all values of of 20 x 10™ and over the
value of r is substantially constant.

It is evident that the steady value of the recovery factor
corresponds to that for a turbulent boundary layer. The value of Ee”™ «
20 x 105 is that at whioh it would be expected turbulence would be
attainedf under the flow conditions.

The initial decrease of r may be owing to the build up of the
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laminar boundary layer, but is probably caused by a gradual transition to

turbulent flow. It has been observed before in the previous investigation

that the recovery factor for a turbulent boundary layer is lower than that

for laminar flow. This is confirmed by the present tests. There will

always exist a short section at the entranoe where flow is laminar, and it

is seen that the higher values of r occur at this region. There is,

however, no indication of a constant value for the recovery factor for any

position near the entranoe as was obtained for the short nozzle. This is

probably owing to the fact that stream conditions and recovery factors were

only calculated at 1/2* intervals, whereas previously these were calculated

for every 0.1 in. of length. A true laminar boundary layer probably exists

only for a short distance. There will then take plaoe a transition to

turbulence, indicated by the recovery factor gradually assuming a constant

value. Since there are no disturbing influences in the stream, the
transition will be gradual, taking a considerable length of the testsection
to be completed. So long as tho laminar layer exists only a small area of
the cross-section will be affected by visoosity. lilven after the transition
to turbulence, the boundary layer will not completely fill the cross-section,
fully developed flow probably being attained only near the exit, if at all.

The thickening of the turbulent boundary layer therefore does not appearto

have an effect on the value of the recovery factor.

In this manner the variation in the value of the recovery factor

oan be explained in the light of the nature of the boundary layer. There
still remain, however, variations in the value of r which are not explained
by the above. It can be observed that values of r for tests with higher

initial superheats are higher than those for tests with lower steam supply
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temperatures, In order to be able to predict recovery factors for future
tests with heat transfer it is neoessary to obtain a law governing this
temperature offeot.

Plotting r against the stream temperature for any one value of
length Reynolds number gave an almost linear variation for eaoh set of
tests under tho same pressure conditions, but there was no correspondence
for all the tests™ The controlling feature was evidently the degree of
superheat* The ratio of the absolute steam tauperature to the absolute
saturation temperature corresponding to the pressure was therefore
calculated and plotted against Re”™ for eaoh test* The recovery factor was
then plotted against Ts/Taat. on a logarithmio scale* This was oarried out
for values of length Reynolds numbers of multiples of 5 * 10~ from 5 to
40 x lo5f values of r and Ts/Taat. being picked off from the plots vs* Rex*
The plots are shown in Rig* 43* In eaoh case the variation of r with

TsAsat* oan be represented by a straight line of the form

®3)

The value of n was found to be 1/2 for all values of Rex*  Fbr positions
where Rex is equal to or greater than 20 x 10~ the value of k is 0.827
while for R« equal to 5% 10 15 * 10/,\the values of k are 0.879# 0*85
and 0.834 respectively. Values Of r and Ts/Tsat. are tabulated in the
Appendix (Table 3a).

It is also seen that the relationship between r and Ta/Taat. holds
for values of Ta/TSat* both greater and less than unity i.e. in both the
superheated and the supersaturated fields* This is in agreement with the

findings of the investigation with the short nozzle, in that there is no
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fundamental difference between the superheated and supersaturated states
Oof steam in the temperature recovery in the boundary layer* In the
present ease, the problem of the lim it of supersaturation d>es not arise*
Owing to the reheating effect of friction, the degree of supersaturation
in the most extreme case was not greater than 2*3* This is much less
than the limiting value as observed in any previous investigation* To
obtain & greater degree of supersaturation, a much more rapid expansion
Oof the steam would be necessary*

A relationship is therefore obtained from whioh values for the
recovery factor oan be predicted onoe the stream conditions are known*
These conditions oan be calculated from a knowledge of the initial steam
condition, the pressure variation along the length and the mass flow, which
all oan be readily measured*

The formulae for the recovery factor thus derived are striotly
emperioal and are in no way derived from or in support of theory whioh
demonstrates that r is only dependent on the Prandtl number and w ill have
a value very nearly equal to 1* The use of the equations must therefore
be limited to the same range of conditions as those of the tests i*e* to
the flow of steamin the entranoe region of an annular duct* The supply
pressure varied from 20 to 50 Ib*/eq*in. gauge, while the supply
temperature ranged from saturation values to Jsoce?*, or rather the upper
lim it is given by Ta/Taat. ®qual to 1*25f0r any point in the test length*
The equations for recovery factor cannot be extrapolated beyond these
limits with assurance*

With increasing stream temperatures the formulae for r indicate

that the value would also inorease indefinitely. As this seems rather
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unlikely it was later decided to undertake tests with as high an initial

superheat ada could be maintained* Two tests were oarried out, one with

a supply pressure of 20 Ib./sg*in. gauge and the other 30 Ib./sqg*in* The

supply temperature was approximately 60.0-r+ in each case* The apparatus

was the same as in previous tests* Additional lagging was however applied

to the supply pips between the superheater and the receiver9 while larger

gas jots were fitted to the superheater burners* This enabled the higher

temperatures to be obtained, together with the required uniformity.

In Fig* 44a, are shown plots of the adiabatio wall temperature

against length along the duot. It is seen that in the entranoe region, for

a length of about 1/2 in*, the wall temperature is slightly above the total

temperature* Thereafter there is a gradual decrease throughout the length,

the distribution being the same as for the tests with lower temperatures.

The fall in tenperature is, however, more gradual than in the previous tests*
Recovery factors were calculated in the usual manner* These are
shown plotted versus length Reynolds number in Rig. 44b. The ourves are

of similar shape to the previous ones, with an initial decrease and
flattening out at a value of Re”™ between 15 and 20 x lIO~"* At first the
value of r is greater than unity corresponding to the region in whioh the
adiabatio wall temperature is above the total or stagnation temperature.
The ratio of steam temperature to the corresponding saturation

pressure was then calculated and the recovery factor plotted against this

ratio for the seleotedvalues of length Reynolds number. These points are
shown in Fig* 43 wherethey are indicated by crosses* It is seen that for
all values of Re~ they lie considerably below the strai”it line r =

K(Ts/Taat.) which represents the values obtained from tests with lower



temperaturese
It would indeed be unreasonable to expeet this equation to hold
for all values of temperature, since by increasing the ratio the

value of r obtained by this formula could be also increased indefinitely.

Such behaviour of the recovery factor is improbable. It is possible that
the value of r for the turbulent region w ill approach the theoretical value
of unity asymptotically as the temperature increases. This would be

supported by the values obtained in the tests with higher supply temperatures.
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DISCUSSION ON THS KSSULTS OF THii SBGQVNRY FASTOR MSASURISMtNTS.

Values of reoovery factor measured in the investigations

described in Farts Il and I1l of the thesis are of the same order as those
for air. They are, however, considerably lower than those predicted by
theory. For both laminar and turbulent boundary layers# the theoretical

value is unity, since Pr is very nearly equal to 1 for the range of steam
conditions encountered in the tests. Only in a few instances were reoovery
factors as high as this obtained.

For the laminar boundary layer a value of 0*94 was recorded for
r, and no temperature variations was observed for the range of temperatures
employed. This is 6”2 below the theoretical, whioh is generally agreed to
be equal to (Pr)2.

Results for the turbulent boundary layer showed values of recovery
factor lower than for laminar flow, and further, that the value varied with
the difference between the stream temperature and the saturation temperature.
There ia less agreement as to what the oorreot value should be for the
turbulent boundary layer. It is more difficult therefore to compare the
values obtained in the present investigations for steam with those which
may be expected for turbulent flow.

For both laminar and turbulent flow, however, it appears that the
value of the reoovery factor for steam is lower than that which is based on
the theoretical expressions and on the measurements for air.

Three reasons may be put forward to account for these low valuest
(i) Radiation (ii) Steam near the saturation level does not behave as a
pure gas and (iii) The theory is not couplets but predicts values which

happen to be approximately true in the case of air.



(i) Radiation. Water vapour is one of the gases which absorb and radiate
heat, unlike elementary gases, suoh as hydrogen, oxygen and nitrogen whioh
radiate no heat and are perfectly transparent to heat radiation. Now in
the present adiabatio test runs, the wall assumes with frictional heating
a higher temperature than the free stream. There will therefore be a
certain exchange of heat by radiation between the walls and the steam whioh
does not occur with a transparent gas such as air. There is, of course,
no net exohange of heat between the outer and inner walls of the annulus
since they are both at the same temperature.

To oalculate the temperature assumed by the wall when radiation
takes place, the boundary conditions for the convective equations (22-214
for laminar flow) must be modified. w ill no longer be zero for y * O,
but such that heat transferred at the boundary equals heat transmitted by
radiation. A general equation for gq*, tho heat transferred by radiation,
cannot be given, as this depends on the shape of the gaseous volume, and
the pressure, besides being dependent on the final tenperature assumed by
the wall, whioh is not known. The solution of the partial differential
equations under these circumstances would be difficult if not impossible.

The amount of heat transferred by radiation is, however, very
small. Later in the method of calculation for heat transfer results in
part IV, it is shown how the correction for heat transferred by radiation
is calculated. It is seen there that this quantity is negligible compared
with the amount of heat transferred by other means.

A correction oan be calculated and applied to the measured wall
temperature, to enable the temperature to be found which the wall would

assume if there were no heat transfer by radiation. It is assumed that
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the modified law, q * hA (tw - taw) holds. Here taw is the temperature
whioh is to be found, tw is that measured, and q is the heat transferred
by radiation.

g May be o&loulated from the formula given in Part 1V. In this
oase, sinoe bott walls of the annulus are at the same temperature, the

formula siogplifies to

m -(jfc)4 <si } <ey

20r a typical test, say RB2, Tw 3 849°R and Tg * 800°R« Since the
temperature measured is that of the brass pin inserted in the insulating

portion, the value of £ 'w ts taken as that for brass at Tw, and in this
oase £ fw = 0525

Taking € g = 0.094 and c* L, m 0.0928, then:

FA"I3 X173 x 485 [ W | X -(100) 4 * .094)
=8.67 B.T.U.Z/hr.ft.2

Then St = 3 A6l 3 °»°33°p

It oan therefore be seen that the effect of radiation will not

appreciably affect tha temperature measured at the insulated wall of the

annulus.
(ii) It is well known that vapours near the saturation conditions in many
respeots do not behave as true gases. Thus the perfect gas law, pv « RT,

no longer holds true even approximately, and the deviation from this law

increases as the saturation line is approached. The theoretical relation-

ships for heat trasnfer and more especially the recovery factor are derived

assuming that the perfeet gas law holds true or rather that the variation of



130.
the internal energy with respect to temperature is a pure temperature
function - & property of the ideal gaa. When there ia a departure from
the ideal state it may be expected therefore that the normal equations,
suoh as that giving the value of the recovery factor, will no longer hold
exactly.

It has already been observed that the presence of water particles
in the steam results in lower adiabatio wall temperatures being recorded.
Though it is not to be expected that any water droplets can exist in steam
whioh is dry or superheated, yet similar effects may be oaused by water
droplets on a molecular scale and become apparent as the saturation line
is approached. It also has already been noted that steam in the first
type of the supersaturated state proceeds into the second type as expansion
takes place, without the occurrence of any sudden discontinuity of the
characteristics. Thus the growth of water droplets in the second type of
supersaturated state results in only a gradual divergence of the adiabatio
wall readings from the normal. It is probable that there is a similar
merging from the state of the perfect gas reached at high temperatures and
low pressures, to conditions near the saturation values, and so on to the
supersaturated conditions and the gradual reversion to the second type of
supersaturatione

That the above considerations may account for the low values of
recovery factor is supported by the teigporature dependency observed. For
conditions near the saturation line, and for the supersaturated states,
low values of reoovery factor were obtained, while with increasing temperature
the recovery factor also inoreased and appeared to approach asymptotically

the theoretical value of unity. It would be interesting to carry out tests



131.
at high tenper&turee in order to discover whether the theoretical value
is attained. Such tests, however, would not be easy to accomplish as,
many of the insulating materials suitable for the construction of the
searoh probe are not capable of withstanding high temperatures, and also
the obtaining, and maintaining at a steady value, of the steam temperature
is difficult.
(iii) The theoretical relationships for the recovery factor in general
show that the value is a function only of the prandtl number. In order
to verify this experimentally it would be necessary to carry out experiments
with gases having a range of prandtl numbers. 50 far the only investigations

have used air as the working fluid, and thus the range of Prandtl number for

which values of r have been obtained is striotly limited. To confirm
beyond doubt that the theoretical relationships are correct it will be
necessary to investigate over a much wider range of Prandtl number. In

view of the discrepancies between theory and experiment so far observed,

the theoretical relationships can in no way be taken as verified. It

appears that a good deal of experimental work has yet to be undertaken.

In the meantime the measured values w ill be accepted and these will be

used in the measurement of heat transfer coefficients.

It is a point of interest that while the heat transfer coefficient

is dependent on the thickness of the boundary layer, the recovery factor is

independent of this thickness. In the entranoe region of a pipe and near

the leading edge of a flat plate, where tho boundary layer has only started

to grow, the heat transfer coefficient has a higher value than in the down-

stream regions. The dependence of the coefficient on the thickness of the

boundary layer is allowed for in the equations foi*“jhoat transfer by the
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inclusion of the Reynolds number, since the growth of the boundary layer
is dependent on the value of this parameter.

The generally accepted equations for the reoovery factor do not
contain the Reynolds number, showing that r is independent of the thickness
of the boundary layer. In the experiments with flow along the 6 in. long
annular duot, it was observed that once the turbulent flow was fully
established in the boundary layer, the value of the recovery factor
remained unchanged. Yet after the transition to turbulence the boundary
layer still continues to increase in thickness since the evidence indicates
that fully developed flow is only attained at a point very near the exit
if at all. In the oase of laminar flow through the short nozzle it was
also noted that tha values of r obtained were independent of the length
Reynolds number and the growth of the boundary layer (Fig. 28a). The
results of the present investigations therefore support the theoretical
relationships in that the Reynolds number should not appear in the

expression for the recovery factor.
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THB MKASUHtafcWT OP HiiUT TRANSFiiK COKPPICISNTS
m > FRICTION CQIiSPFICIigITS.

In this part of tha thesis are desoribed the experiments
undertaken to obtain values of heat transfer coefficients for the high
velooity flow of steam and to compare them with values for low velocities,
For these tests, yalues of recovery factor obtained previously for flow
under similar conditions were employed in estimating the adiabatio wall
temperature required in the calculation of heat transfer coefficients.
Friction coefficients were also evaluated from previous measurements of the
pressure distribution, and the results are examined in relation to the

analogy between momentum and heat transfer,

APPARATUS.

The arrangement of the apparatus in so far as the flow of steam
is concerned is identical with that desoribed in Part I11, Steam from
the boiler passes throu”i the superheater and so to tho receiver. From
there it passes throu”i the annular test seotion of exactly similar
dimensions. The outer wall of the annulus is formed by the same brass
nozzle as before, but the inner surface is the outside wall of a /1o in,
diam ster brass tube. The steam thence passes through the exhaust pipe to
the condenser.

It was the intention in these experiments to study heat transfer
fxom the steam to the inner surface of the annulus. To do so, heat is
abstracted from the steam by passing & cooling fluid throu”i the inner tube.
Since the fluid must have a continuous path, the 3/1& in. diameter brass
tube is passed right through the receiver and out the opposite side through

a stuffing box. This stuffing box is fitted to a fl&nge on this side of
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the receiver. On the exhaust side the tube passes throu”i the same
stuffing box as was used for the temperature and pressure searoh tubes,
Tho gircu ltj

The choice for the cooling medium lay between the most consnonly
used fluids; water and air, AS it was intended to investigate the
coefficient of heat transfer when the wall tendersture was near to the
adiabatio or natural wall temperature, only small amounts of heat could
be abstracted. For this reason air is most suitable,

A further advantage in the use of air is that the direction of
heat transfer could be reversed by heating the air to a sufficiently high
temperature before passing it through the test seotion.

The air not only served as a coolant, but by measuring the
temperature rise and tho flow, the quantity of heat transferred could be
calculated, A means of metering the air was therefore included in the
air circuit,

Air is supplied by a tvo-stage compressor driven by a double
acting steam engine. The compressor discharges to a large storage tank,
the pressure in whioh oan be maintained at any desired value by altering
the compressor speed. This pressure was kept at 10 Ib,/sq,in, gauge
throughout the tests. Pressure variations owing to the reciprocating
nature of the compressor are damped out in this tank and also a certain
proportion of the moisture contained in the air is condensed and oan be
drained from the foot of the tank, A stop valve placed conveniently
near was used for fine adjustment of the pressure.

Some difficulty was encountered in obtaining a suitable maens of

measuring the flow of air. The most convenient method of measuring air
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flow is to reoord the pressure drop across an orifioe plate or nozzle

placed in the air stream. In the present oase the air flows along a tube
whioh io approximately 1/8 in, inner diameter and about 4 ft, long. In
this length the pressure drop is only a few inches of water. To obtain a

reasonable pressure drop across a nozzle plate for such a flow, the orifice

must be of such small dimensions that it is doubtful if the published

discharge coefficients would apply. Furthermore, it would be very difficult

to manufacture a standard orifioe or nozzle of such small size. If, on the

other hand, a non-standard orifioe were used, calibration would be difficult.

The standard method of calibration such as describod in reference 8linvolves

the use of a calibrating pipe traversed by a total head tube. It oanbe
realised how difficult this would be on the soale of these tests.

For the quantities of air used in the experiments the most
suitable method of measurement is the use of a gas meter. Gas meters are
of two types - the dry meter and the wet meter. The latter is much more
aoourate than the former, having an accuracy of the order of 0,1% when
carefully calibrated. However, a wet meter of su fficient capacity was not
easily obtainable, while several of the dry type were. The maximum
capacity of the wet meter in the laboratory was 6 ou ,ft, per hour, whereas
tho flow of air to be measured was approximately 30 ou ,ft, per hour, A
wet meter for such flows would be inconveniently large. The procedure
adopted therefore was to calibrate the dry meter against the wet meter by
passing air in series throu”i both at an hourly rate of somewhat less than
6 ou, ft. The percentage error in the readings of volume obtained was then
assumed to be the same for the higher rates of flow. The accuracy of the

wet mater was in turn checked by passing a known volume, obtained by



S1S3d1 "d3ddSNVHl 1vdH 8 SNLvdvddv O INIFINIONVHAEY 1Vd3INIO vl b1



| # .
displacing a standard volume of air by water, through the meter. By
opening and closing the appropriate cooks, repetition of this operation
enabled an accumulative reading to be obtained. Ho error could be
observed for the meter reading when this oheck was oarried out.

The dry meter is not a precision instrument, the usual guaranteed

accuracy being about 3;J. A certain proportion of the inaccuracy is owing
to tho stretching of tho flexible bellows. For this reason, after a period
of service a calibrated meter oan no longer be considered reliable. As two

meters were available, this difficulty was overcome by calibrating one
against the wet meter while the other was being used for the tests. The
two meters were then interchanged frequently, usually after eaoh day*s
testing. In this way the accuracy of the meter could be taken as
considerably increased.

In Fig. 45 the air circuit is shown in diagrammatic form in

relation to the steam circuit. From the stop valve 1 the air is led
directly to the gas meter B. A tee pieoe tapping is inserted in the
rubber tubing immediately before the meter. This is connected to a water
manometer C enabling the inlet air pressure to be noted. By maintaining

this pressure constant (usually somewhat below so in. water) by manipulation
of valve A, a steady flow of air is ensured. A knowledge of the pressure
is also necessary, together with the temperature, to calculate the mass rate
of flow of air from the volume recorded by the meter.

From the meter the air is led to the silica gel air drier D. This
oonsista singly of a length of 2 in. conduit tubing of sufficient length to
contain 1 Ib. of silioa gel. Suitable end connections for attachment of

7
the rubber tubing are sorewed onto the ends. A fine mesh brass gauge
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retains the silica gel* The amount of silica gel contained in the drier
was based on the following considerations*

Air under atmospheric pressure and at room temperature and at 80"
relative humidity contains 64 grains of water per pound* This moisture

is oarried with the air in its passage through the compressor to the storage

tank* Here the temperature will revert to that of the zoom* Under the
conditions here - absolute pressure 235 Ib./sqg.in. and temperature 65°P*,
say - the air will become saturated. The moisture content calculated from
S * 0.622 pe/(p - ps)f is then 53 grains per Ib. The excess water vapour

is condensed and oan be drained o ff at the foot of the tank.

The rate of flow of air is approximately 3 Ib* per hour. In a
test lasting 8 hours, therefore, 24 Ibs. will be passed and this will
contain 24 x 33/3000 « 0.18 Ib. of water. For 100,1 effioienoy of removal

of water vapour, the silioa gel should not absorb more than 20s of its
weight of moisture. Therefore 1 Ib. of gel will completely dry sufficient

air for one day’'s testing.

Two such air driers were therefore constructed. W hile one was
in use, the other wasreactivated by passing air throu”i at approximately
300"F. This removes all moisture from the silioa gel and the operation
is completed within a few hours. Between eaoh test the driers were then

interchanged.

The air drier is included in the circuit after the gas meter
because very dry air should not be passed through this type of meter.
The bellows are coated with a thin layer of grease, and this will be
removed unless the air or gas contains a certain amount of moisture. The

moisture oarried in the air before drying is sufficient to ensure that the
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efficiency of the meter will not be impaired*

Prom the drier the air passes to the air heater £- This again
is oonstruoted from 2 in. conduit tubing. A 1 KW commercial spiral heater
is supported axially in the centre of the tube by means of Sindanyo end
pieces, the terminals passing through these Sindanyo discs. The heater is
mounted vertically, air being passed in at the top and lea out at the bottom.
A suitable arrangement of baffle plates in the heater and also in the outlet
tube prevents convection currents in the heater and ensures a steady outlet
air temperature. This temperature is measured by a eopper-oonstantan
thermocouple P placed in the outlet tube. The thermocouple wires, together
with the insulation are passed throu”i 1/8 in. o.d. copper tubing and the
junction brazed to the closed end. A considerable length of the tubing is
then exposed to the air stream to avoid conduction effects. Current is
supplied to the heater from the 250 voit A.C. mains, the voltage being
regulated by a "Variao" auto-transformer. In this way the temperature of
the air entering the tost seotion oan be varied over a wide range.

The air drier and the air heater are shown in Pigs. 46a and b.
Both were checked for leaks by immersing in water and applying air pressure
to the inside. Any leaks then became apparent immediately. No difficulty
was encountered on account of air escaping from the rubber tubing connections.

The air heater is directly connected to the searoh tube through
the steel block which slides on the scale. The weight of the heater was,
however, taken by a bracket which was attached to the slides on the wall
behind the apparatus and vrhioh could be moved horizontally with the searoh
tube.

After passing through the search tube, the air is allowed to
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escape to atmosphere* It is seen that, with this arrangement, the air
flows in counterflow to the steam. Qountorflow normally results in a more
uniform distribution of temperature difference?* In the present oase it

is the adiabatic wall temperature for the steam side which decreases as
the steam passes through the test section, while tho temperature of the
air passing in the opposite direction rises in passing through. This
results in a much more even distribution of difference between the
adiabatic wall temperature and the actual wall temperature* With parallel
flow this difference would be very large at tho entranoe and would diminish
rapidly towards the exit* This would make the measurement of local heat
transfer coefficients more difficult.
Tho Search Tube.

In caloulating the heat transfer coefficients from the steam to

the inner wall of the annulus, the formula

h - _—— AT . .*0.*«000«...**...*___..*..(90)

A (taw - t%) e

is employed* The value of A is obtained from the geometry of the system
and is the area of the surface of the inner tube through which the amount
of heat q is transferred. The heat transferred over a certain length of
tube can be calculated from a knowledge of the rise in air temperature over
this length and the rate of air flow?* Tho temperature tRW oan be found
from the results of the previous experiments but must be measured* It
is therefore necessary to measure the distribution of air temperature
throughout tho length and the wall temperature. These measurements, made
by thermocouple, are achieved by constructing the search tube as shown in

47* Brass tubing s3/1p in. o.d. was used, the wall thickness being
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24 SW.G. and the inner diameter 0.144 in.
In the first euoh tube constructed, shown in Fig* 47a, two such
pieoes of tubing were joined together by drilling the end of one seotion

until half the thlo&iess of the tube wall was removed for a length of

1.1/2 ins., and reducing the outer diameter of tho other piece to an
appropriate push fit diamster. The thermocouple wires were brought along
the inside of the tube from the air flow outlet. The thermocouple for

measurement of the air temperature was wrapped round a small wooden pillar
supported by the inside shoulder and held in pl&oe by the mating of the
other portion of tube. The few turns round the support provide protection
against breakage of the thermocouple joint and minimise the effects of heat
conduction along the wires, since a length of insulated wire is maintained
at constant temperature. The wall temperature is measured by the ends of
the two wires being j&nrced at diametrioally opposite points between the

two walls of the mating tubes.

On assembly of the searoh tube, the external joint was brassed,
the exoess braxing being filed o ff and the whole polished to 3/16 in.
diameter. The overlapping of the two tubes was such that this external
junotion was downstream on the steaan side from the point of measurement
of wall and air temperatures. However, every care was taken to obtain
a smooth finish to the tube, since with interference of the boundary layer
by any roughness, the heat transferred to the air before the point of
measurement would be influenced.

By this arrangement the air and tube wall temperature oan be
recorded at the same point. By moving the tube longitudinally throughout

the length, a complete distribution of both wall and air temperature could
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be obtained. The position of the thermocouples are indicated by the
reading of the vernier attached to the steel block at the end of the search
tube on the scale attached to the stuffing box at the exhaust side of the
apparatus. From the measurements of wall temperature and the rise in air
temperature whioh can be obtained for any length from the measured air
temperature distribution, the heat transfer coefficient can be calculated.
Tho coefficients so calculated are true local heat transfer coefficients,
since the heat transferred per unit area is not taken as a mean over a
certain length but is found from the actual gradient at the position
oonoernede

Using this set-up, a series of 21 tests was oarried out. The
results from these tests, however, proved to be unsatisfactory. When the
coefficients were plotted against Reynolds numbers A wide scatter of points
was obtained. The values were also somewhat lower than expected. It was
observed, too, that tests in whioh the inlet air was heated to a higher
temperature yielded values of heat transfer coefficients which were higher
than those with lower inlet air temperatures.

The failure of these tests was evidently due to the assumption
made that the temperature of the air entering the test seotion was constant
during any one test for all positions of the search tube. It oan be Seen,
however, that the exposed length of searoh tube between the heater and the
entranoe into the exhaust section of the apparatus varies throughout an
axial traverse. The length marked X in Fig. is a source of heat loss
from the air flow inside when high temperatures are employed, or heat gain
when the air is at a lower temperature than the surrounding atmosphere.

This would result in a lower temperature being recorded for the air in the
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latter part of the nozzle when a greater length of tube ia exposed for
tests with high air temperatures. Thus the gradient of the temperature
distribution ourve would appear to be greater than in reality. This
apparently larger gradient explains why higher heat transfer coefficients
were obtained for such tests, since the coefficients as calculated are
directly proportional to this gradient. In order to reduce the heat
losses or gains for the length X of the tube, an attempt was nnde to
insulate this section. Several cylindrical bloofcE of magnesia insulation
were made up, eaoh 1" diameter and 1" long, with a jZ/16 in. diameter hole
for the search tube. These were split axially and could be clipped onto
the search tube as the exposed length increased during a traverse. Though
this step was taken early on in this series of tests, the results were as
indicated above.

A second type of search tube was therefore constructed as shown in
Fig. 47b whereby the rise of air temperature over a certain distance could
be measured. Two thermocouples are supported in the airstream, spaced 1 in.
apart, while the wall temperature is measured by thermocouple midway between
these positions.The construction is somewhat similar to the previous type,
again being of 3/1& In. o.d. brass tubing and 24 S.W.G.wall thickness. The
inner diameter of the first portion of tubing was, however, drilled out for
a length of 4.3/72 in. Care was taken to ensure that the inner hole was
drilled concentric with the outer surfaoe since any variation in thickness
of the wall would affect theheat transfer. The outer diameter of the
other portion was reduced totho corresponding push fit diameter for a
length of 1.1/2 in. Sections of this same reduced diameter were also

produced; 4 of 1/2 in. length and 1 of 1 in. length. These sections were
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inserted into the enlarged diameter of the first portion of tube and
between the ends of these, the thermocouples were supported, as shown in
Big. 47b. Suitable grooves were made in the ends of these sections, so
that they could be pushed together to form a flush inner surface while
leaving room for the wooden pillars and thermocouple wires. When the two
portions of tubing were finally assembled together, the outer joint was
brazed and finished to form a smooth surface as before. Again it was
arranged that this joint was downstream from the points where wall and air
temperatures were measured. With this method of construction the wall
temperature can be measured at two points 2 in. apart while the air
temperature is measured at positions 1,2 in. on either side of these points.
It is then no longer necessary to assume that the air temperature at tho
point of entry to the test seotion is constant, as the quantity of heat
transferred oan be measured for whatever conditions exist at each setting of
the search tube. It was with this type of search tube that the experiments
described subsequently were oarried out.

The thermocouples used for measurement of air and wall temperatures
are copper oonstantan, the wires being 40 S.W.G. As for the 30 S.W.G.
braided thermocouples used in the previous investigations and for other
purposes in the present tests, these wires were calibrated against
standardised 38 S.W.G. copper oonstantan wires.

This arrangement of thermocouples results in twelve separate wires
being brou”it up the searoh tube from the air outlet. The wires were all
separately insulated with woven cotton. Being of such small dimeter they
did not interfere with the flow of air.

In measuring the quantity of heat transferred through the walls of



Fig.4Q a photograph of apparatus

DURING TEST
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the tube by observing the rise of air temper*turn over tho corresponding
length9 It is assumed that th# hast added to tho air results In a rise in
temperature throughout tho arose seotion. This one-iimsnsional atrcplifioa-
tion will apP”y nord scour*tely when tho air flow is turbulent than when
laminar flow prevails# Tho turbulent cdxing proosss results in a more
uniform temperature distribution, Calculation of tho Esynelds nwsher
b soJ on tho msrmarsd air flow showed that this wrs above tho critical
value *or transition from laminar to turbulent flow, usually being about
6,000, while tho critical v luo is taken aa 3*000# in order, however, to
ensure that the flow was fully turbulent, oortuin obstruction# wore
inserted as turbulsnos promoters upstretsi from the points of tsBtsrrture
nattsuroasnt. The obstructions aal wires of the thermocouples would, of
course, ensure that the strn.a remained turbulent, with these precautions
it may bo assumed that the temperatures of the air nersured nonr tho®
centre of th ' tuts at two points will give a true indication of the amount
of hoot transferred to the etrmm in this length*

The cold junctions of the 40 3,*>,C, thermocouples as well as those
o tha 30 S,vi«Ex» couples used for mcnsurornwnt of the supply temperatures of
sterma and air were maintained st 32°F# by immersing themin oil contained in
a glass test tube* This teat tube is surrounded with melting ios contained
in a thermos flash (g fig* 433, The copiesr wires of sash circuit are led
to an oi*dit position tvo pole selector switch H which connects eaoh thermo-
couple in tarn to a Clfcetorls e portable potentiometer.

The photograph in % 9 48* was taken while toate were In progress,
while Fig, 40b shows a close up of the test section with the insulation

removed.
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KXPAHIMbUA~TAL PrfOCBDUftB.
Tha procedure for the heat transfer tests was similar to that
for the previous investigations in the establishing and maintaining a
flow of stown with constant supply pressure and temperature. A period

of two to three hours was usually allowed for steady conditions to be

assumed. In this time the air compressor was run up and the storage
tank charged to the normal working pressure of 10 Ib./sqg.in. By
opening valve A (Pig. 45) air was admitted to the system. By adjustment

of this valve suitable throttling was obtained to maintain a pressure high

enough to ensure that the flow of air in the search tube was turbulent but

not too high for the efficient working of the gas meter. Thou”i the meter

was actually calibrated under the seme pressure as that in the tests, the

bellows of the meter are not able to withstand any great pressure.

The amount of heat abstracted from the steam was controlled by

varying the temperature of the air at inlet. With the highest inlet air

temperatures a suitable choice of voltage on the "Variac" resulted in the

temperature required being attained within thirty minutes. Lower
temperatures could be obtained in less time. Once the required value was
reached, the temperature was found to remain nearly constant. Good

control could, however, be obtained by use of the "Variao" whioh was
capable of fine adjustment. The air supply pressure was also found to
remain very steady throughout a test. Pine adjustment could again be
made by means of valve A.

The test was started when the searoh tube was in such a position
that the thermocouple for measuring the wall temperature was opposite the

noszle inlet. Headings of wall and air temperatures were then noted by
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the appropriate settings of the potentiometer, The searoh tube was then
moved 1/2 in. and the tenperatures again noted. This was repeated until
a complete distribution for wall and air temperatures throughout the test
length was obtained.

After each setting of the search tube sufficient time was allowed
for the temperatures to attain steady values. After about fifteen minutes
no further change in either wall or air temperatures could be observed in
any case. This interval was always allowed therefore before noting the
readings. The usual care was taken to ensure that the supply temperatures
of the air and the steam were remaining steady before readings were taken.
If any variation did occur it was often necessary to wait for longer
periods than the above fifteen minutes until the supply temperatures
returned to the correct value and had remained long enough at that value
for conditions to settle. A ooraplete test with the measurement of wall
and air temperatures for thirteen different positions of the search tube
usually oocupied from four to five hours.

As the test proceeded, a greater length of search tube was exposed
to the surrounding atmosphere between the heater and the stuffing box.

This section was insulated by clipping on the blocks of insulating material
mentioned above, as the length increased. It was not necessary, of oourse,
to maintain a constant temperature at the inlet to the test seotion,but in
the tests with higher air temperature it was important to reduce theheat
loss to as small a value as possible. Especially was this the casewhen
the air was at a higher temperature than the steam and heat loss could not
be prevented from the saction of the tube passing through the stuffing box

and the exhaust chamber.
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As the dimensions of the annular duot were exactly the seme as
for the previous investigation, the pressure distribution throughout the
length was also similar for tests with corresponding initial conditions.
As & check that flow conditions were the same for the heat transfer rune,
the pressure was noted at each of the six wall tappings during testing.
These observations confirmed that the pressure distribution was identical
to that found previously, and also showed that the surface of the searoh
tube had the desired degree of finish. Any irregularities would result
in a variation of pressure from the normal.

IAiring eaoh run the mass flow of steam was measured by observing
the time taken for a known weight of condensate to collect in the tank
placed on the platform balance. The air flow was measured by noting the
reading indicated on the gas meter at half-hourly intervals.

The pressure gauges were calibrated at frequent intervals during
the investigation.

A total of 22 tests was carried out under the same pressure
conditions as had been used in the pressure searches and tests for
measuring adiabatio wall temperatures, except in the last case, HJ1, when
a supply pressure of 60 Ib./sqg.in. gauge was used. Since the adiabatio
wall temperature had not been measured for any tests with such a high
pressure, the values for recovery factor had to be extrapolated in the
calculation of heat transfer coefficients. The results for this test
therefore cannot be considered reliable. In all the tests the exhaust
pressure was atmospheric, the valve J (Fig* 11) being fully opened.

Table 7 shows a list of the tssts oarried out. The letters A, B

etc. indicate the pressure conditions, which are listed in Table 5 while
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the initial letter H indicates heat transfer runs. The air tengperetures
indicated in the table are those measured by the thermocouple F (Pig. 45)
placed in the air stream immediately after the heater. The temperature
of the air entering the test section in generai has a different value from
that indicated here.

It oan be seen that to obtain larger quantities of heat transfer
from the steam to air, tests were oarried out with the steam supplied at a
high ten”~erature while the air was supplied at a little above room
temperature. In all oases a small voltage was supplied to the air heater
by means of the "Variao" in order to have a measure of control should the

air temperature rise.

Table 7.
Pressure ftipply A*r
Conditions. Test. Ten®. F. Temo. P.

1 485

2 403 89

HA 3 353 89

4 318

318 407

1 318 586

1 601 89

> 4625 9

3 462 89

H3 4 390 30

5 332 89

6 332 420

7 332 586

1 446 30

2 397 89

HC 3 346 89

4 346 407

5 346 586

1 353 39

HD 2 353 420

3 353 631

HJ I 360 89






149.

Smaller amounts of heat transfer were obtained by decreasing the initial
superheat until further decrease would result in the expansion proceeding
into the supersaturated field* With this lowest steam supply pressure for
each pressure condition tests were then carried out with the air heated*
In the teats with the air heated to the higher temperatures it was observed
from readings of air temperature in the test section that the air stream was
being cooled on the way through the search tube and heat was therefore being
transferred from the air to the steam?*

The runs in which higher temperatures were encountered (HD3 and
HB1l) were oarried out last* After completion of the tests, the searoh
tube was carefully taken apart and the thermocouples examined* It was
found that the supports for the air temperature thermocouples had begun
to char slightly, but all thermocouples were in the oorreot positions*

In Pig* 49 are shown the recorded wall temperatures tw plotted

against length throughout the test section* Also shown are the adiabatic
wall temperatures taw for the corresponding conditions* The method of
obtaining taw is given later under the method of calculation* For tests

where the steam supply conditions are the same, the adiabatio wall
temperature distribution is also identical and the corresponding tests are
grouped together e.g* HA4, 5 and 6*

The readings of the air temperature thermocouples are not
tabulated since it is the difference between the readings which is wused in
the calculation*

The rise or fall in air temperature for the 1 in. length was found
to change only gradually as the search tube was traversed throughout the

length. For a typioal test HB5* the difference for the searoh tube
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positioned at the start of the run was 1*Pf. and for the final position
was 20°F. Sinoe this value remains nearly constant, it is the difference
between the wall temperature and the adiabatic wall temperature which is
significant. Curves of these temperatures (Fig. 49) are seen to approach
most closely at a point 2 to 3 Ins. from the entrance and from then on the
distance between gradually increases towards the exit. The wall
temperatures have been shown in Fig. 49 as a fair curve. This is not
necessarily so, sinoe the readings represent separate conditions, the air
temperature at the entranoe to the test section not being constant. In
the calculations the actual readings of wall temperature and the corresponding
rise in air temperature were employed to obtain the heat transfer
coefficient for each point.

In tests HA5, HB6, Id4 and KD2 it is seen that the measured wall
temperature is very near to the adiabatic wall temperature. The
differences in air temperature correspondingly approach zero. For tests
Ha6, HB7, HC5 and HD3 the wall temperature is above the adiabatic wall
temperature. Here the air temperature difference is reversed, that is the
air was cooled in the passage through the test length.

The tests therefore confirm in a qualitative way that the
temperature gradient in the heat transfer equation g * hA. At, should be
based on the adiabatio wall temperature. Any other temperature would
result in negative coefficients, or coefficients dependent on the

temperature.






MIffliQj) OF CALCULATICM.

It has already been seen that the heat transfer coefficients are

to be oaloulated from the equation:

h - —3L. 1-—-
h * av - taw

All the quantities in this equation can be readily obtained from
the results of the heat transfer tests except the value of taw# the
adiabatic wall temperature. This oould probably be obtained with a fair
degree of accuracy from measurements of the adiabatic wall temperature
carried out previously for runs having approximately the same supply
conditions. A greater degree of accuracy can be obtained, however, by use
of the generalised relationships previously found for the recovery factor
for flow under similar conditions. This involves the lengthy calculation
of the stream temperature, but this would have to be carried out in any
oase in order to obtain values for the Heynolds number and other physical
properties of the flow. Also conditions are not exactly the same as in
the adiabatic runs, sinoe a certain amount of heat is abstracted from the
stream.

The stream temperature oan be calculated directly on a one-
dimensional basis sinoe the heat transferred up to any section is known
from the rise in air temperature. The adiabatic wall temperature can then
be found for the condition of flow at each section. It can be seen that
this method of obtaining taw is also only approximate owing to the definition
of the recovery factor as the "local free stream value” and to the one-
dimensional basis of the calculations™* Since the thermal and hydrodynamic

boundary layers may be taken as having the same thickness, heat abstracted
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at the walls will not alter the stream temperature in the core until the
flow becomes fully developed hydrodynamioally. Heat transfer calculations
are based on considerations of temperature distribution across the boundary
layer. If the stream temperature outside the boundary layer is unaltered
by the amount of heat transferred, then the adiabatio wall tem. jrature to
be used in calculating the coefficient will also remain the same. The
difficulty arises, however, in determining when the boundary layer completely
fills the cross-section. In fact the amount of heat transferred is very
small compared with the other guantities of heat involved in the calculations
and the difference in the final value obtained for the wall temperature S
negligiblese

The method of calculating the stream temperature is similar to
that used previously, the specifio volume being first found and the
temperature interpolated from steam tables. The quadratic equation, which
is to be solved for the volume has an extra term, however, as the energy

equation now has the form

Ho * H * 2gJ * QX (71)

where Qx is the amount of heat transferred up to the section considered.

In a typical teat, say HB5, the rise in air temperature over the
6 in. length of the test section was 60°F. The flow of air was 3.2 Ib ./hr.
The heat transferred per hour is then 3*2 x.241 X 60 B.T.U. As the steam
mass flow was 3*595 * 060 to ./hr., the qguantity Qx which is the heat trans-
ferred per pound of steam is 3.2 x .241/3.595 * 0.215 B%W.U./Ib. a the
value of Ho - 851.1 is 351*3 B.T.U./Ib. it can be seen how small an effect

the amount of heat transferred has on the result of the calculations,

The stream temperature was found for the elever points a to 1
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throughout the length, so that the complete distribution oould be obtained
from the o&loul&ted points. The adiabatic wall temperature oould then be
calculated from the equation taw - to ¢r (tt - ta), sinoe thestream
temperature ta and the total temperature tt ere both known*

The value of r was obtained by employing the relationship
r a K(Ta/Taat.)2 found as described in Part 111. Ta and Tt. were
obtained from the calculations of the stream conditions and Kwas taken
for the appropriate value of Re™.

In Fig. 50 are shown a set of typio&l curves used in the

calculation of adiabatic wall temperature « The shape of the graphof r

Versus Rex is the same as those plotted from experimental results. From

this curve the values canbe read off for the points a, b, o etc.

In this way the curves for taW shown in Fig. 49 were obtained.
The adiabatic wall temperature is shown as one curve for tests HAA4f 5 and
i>1 HBB5, 6 and 7> HC3, 4 and 5# and HDI, 2 and 3# sinoe the heat transferred
has no appreciable effect on the stream conditions.

Once the adiabatic wall temperature had been found9the values of
the terms in equation <o oould be inserted and the coefficient so obtained.

Consider an inch length of the inner tube.

Let AT a T2 - T~, the rise in air teaperature over the length.
Then the amount of heat9q9transferred to the air is CpB”™. AT, where m* is

the flow of air in Ib./lir.

, _a_ 1 Cpi% .at
Therefore n a A taw - tw « N taw - tw
Sit. - e
= A — N -t (91)

The value of Op/A is constant for all the tests, sinoe the specific heat
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of air oan be taken as constant over the range of temperatures encountered
in the tests* Moreover the value of }Yo is constant for any one test*
Therefore to oaloulate the heat transfer ooeffioient for any point in a
test it is only necessary to multiply the ratio of rise in air temperature
to difference between wall and adiabatic wall temperatures by a constant*
The values of A and AT refer to a length of X in* of tube while
the value taw - W is that for a point in the centre of this length?* The
ratio At/a, which ooours in the equation, is equal to AT/ it Dj. Ah,
where is the diameter and AL is 1 in* It has already been seen that
the air temperature rise AT as observed during the tests changes only very

gradually throughout the test length* Because of this

. = 1 BRI

TT AL tt dL

and h e .m e AL . m )
A *aw - tw tt 7> tew - W

As dL approaches zero, the value of h becomes the heat transfer coefficient
fora point. On account, therefore, of the fact that the rise of air
temperature is nearly constant for all positions of the search tube, the
heat transfer ooeffioient evaluated in the above manner oan be taken as the
local ooeffioient for the point where taw - t* is measured*

There remains two effects for which it may be necessary to apply
corrections; the temperature gradient through the wall of the tube and the
effect of radiation*

The Temperature Gradient through Tube W all,

It oan be seen from the method of constructing the search tube

that the temperature recorded by thermocouple during the tests is that of

the inner surface* The wall temperature tf to be used in the calculation
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of the heat transfer coefficients is that of the outer surface, sinoe it
is the transfer of heat between steam and metal whioh is of interest*

The temperature gradient across the wall is easily calculated sinoe the
amount of heat conducted through the metal is known*

Fbr a tube of length 1 of metal whose thermal conductivity is kt
the amount of heat g conducted when the temperature gradient is At* is

given by:

O = K G LA % e, <92)

log w rt

where r2and r, are the inner and outer radii*
For a brass tube of the dimensions used in the tests and for a
length of 1 in*, the relation between temperature gradient and heat

transmitted is then:
At, = 006907 q.

The heat transmitted can be observed from the rise in temperature

of the air passing inside the tube: q * niaPp (Tg - T*)

o * ¥ tf s *001664 m *~ - Ti)sinoe Cp *0*241*

In the runs carried out,thelargestdifferencesbetween the two
air measurement thermocouples were observed for test H21 while the flow of
air, ma, was nearly constant for all the tests* In test HC1, for a section
near the exit, a rise in air temperature of 32° ?e was recorded, while the
value of ma was 3*4 I|b ./ZAir* Substituting these values in the above
relationship, it is seen that the temperature gradient At* a 0*181°?*
This is within the degree of accuracy of the temperature measurement by
thermocouple » The gradient across the walls for the othGr tests will in

most cases be much less than this, since the rise in air temperature for
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the 1 in. length is considerably less. The effect on the temperature
readings caused by the conduction of heat through the walls of the tube
may therefore be neglected, and the wall temperatures which were observed
were taken as that desired in the calculations.

Radiation.

The present investigation is concerned with the transfer of heat
by the combined mechanism of conduction and convection and the heat
transfer coefficient to be determined is for such a case. A certain
amount of heat, however, will be transmitted by radiation from the steam
to the metal or vice versa, since steam is one of the gases which absorb
and emit radiant heat. An estimate must therefore be made for the
radiation and a correction applied. In heat transfer between a gas and
a wall exohanging heat by radiation and convection, some interference
between both methods of heat exchange occurs and it is very difficult to
calculate this effect. Therefore usually both parts of the total heat
flow are calculated separately and summed up. Sinoe the heat flow by
convection is expressed by a film heat transfer ooeffioient, it is usual
to build a heat transfer coefficient hr for the radiated heat in the sens
way, by dividing the heat flow per unit area by the temperature difference.
Such a coefficient, of course, depends very much on the temperature. In
the present oase the heat transferred by radiation (qj/Z/A) from the steam to
the metal is to be subtracted from the total flux (qt/A) - The heat
transfer ooeffioient is then

_at_ _ _ar_ qc

(93)

Aaw e *&W
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An equation, suitable for calculating (qj/A) in the present oase is

given in the Appendix of reference 73* This equation was derived from
an exaot solution by the method of Hottel and Egbert for calculating the
hest transfer by radiation in tests of similar conditions to the present*
In these experiments radiation took place from the central heating
element to steam flowing in the annulus and to the outer walls* In the

present tests the surface of the inner tube is also at a higher temperature

than the steam, though in this case the outer wall is at the highest
temperature* The equation w ill, however, give the net heat exchanged by
radiation* The sim plified form is:

where

oc = gas absorptivity for specified beam length and pressure

£g » emissivity of steam for specified beam length and pressure
€0 a emissivity of outer wall

£i a emissivity of inner wall at Ti

£* x effective emissivity of inner wall equal to (1 ¢ e:)2

Ti, To, Tg a absolute temperatures of heating element, jacket and
steam respectively in deg* Hankine*

x effective beam length forgas radiation from innerwall to gas
Lp = effective beam length forgas radiation from gas to innerwall
Beam lengths and Lp are assumed equal to 1*4 times the clearance between

inner and outer walls*

In the application of the equation, values of emissivity £Oond Niotor
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the brass walls of the annulus were taken from Table XXII in the
Appendix of reference 2+ Htoisaivities and absorptivities for gas
radiation reduced to zero pressure were taken from Big* 29 of the same
reference and were multiplied by the correction factor entrapoiated
from Pig. 30*

A calculation is given below, taking test HB4 and section e as
representative® Prom the calculation of stream conditions the

temperatures oen be obtained as

Ti - 88%a{ T0 » 845°s } and Tg * 808°3.

TO is taken as the adiabatic wall temperatureat the corresponding
section*

£i = = 0.05 M i = (1 & .051/72 = .525.
The product PwL = X 1,4 X = *°2815 ft* atm.

£g = 0.0475 x

= 0.0475 x 2 = 0.095 end cx * 0.0935.

* 523 { (IS) 4 [ -“333 » 11 - .0933) x .05]

S (f» )4 °*0511 - mw s i-jfi)s x .093
= 173 x 525 «x 164 B. T.Uhr. ft.*~
For lin. length of tube the heat radiated isthen

qi. * *173 x *©25 x 16.4 x .00409 n *00609 B«T*U*/hr*

The total heat transferred over this section oan be caloulated from

qt * maCp* AT for the air flow

e o = 3*54 x .241 x 22 = 18.8 B.T*U*/hr*

The amount of heat transferred by radiation is therefore 0.032/1 of the
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total heat transferred* Calculation for other sections and different
conditions showed the amounts of heat radiated to be of the same order
as above*

Sinoe the heat transmitted by radiation was such a small
percentage of the total, it oould be negleoted and no correction was
neoessary* The heat transfer coefficients oould therefore be calculated

directly by use of equation 91
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analysis mo uiscussigm.

Heat transfer coefficients were calculated by the method outlined
in the previous section for the eleven points throughout the length of the
test section and for all the tests carried out* The values obtained are
listed in Table 4a in the Appendix* Plots of h versuslength are shown
for a few tests in Fig* 51*

In order to compare the coefficients with thosefor low velocity
flow, it is necessary to find a correlation in terms of the factors
influencing the value* It is usual to present such correlations in
dimensionless form, the heat transfer ooeffioient being included in one
dimensionless group, another dimensionless group representing the flow
conditions and another the fluid properties eto* Therefore for each
point considered, the diameter Reynolds number p vVDe/™u , the length
Reynolds number p Vx/?u and the Stanton number h/CpG were calculated.
The Prandtl number Cp yix 1k oould be taken as constant and nearly equal
to 1 for the steam under the range of conditions encountered in the tests*

The Reynolds numbers were o&loul&ted in exactly the same manner as

indicated in part II1*
In P&rt | a discussion was given on the temperature at which
property values should be evaluated* It was seen there that most

investigations pointed to a reference temperature taken as the average of
the wall and the bulk temperature* In computing the Stanton and Reynolds
numbers for the present investigation, the properties were therefore
evaluated at such a temperature* Since the temperature differences were
small, the effect of inserting values at the bulk temperature or at the

wall temperature does not greatly affect the final correlation, especially
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as the Reynolds number appears with the power 0*2*

The equivalent diameter De s Dg - was used in thecalculation
of the diameter Reynolds number, while the length dimension, X, wastaken
as the dist&noe from the entrance of the test sectiontothe point

considered for the case of the length Reynolds number*

In calculating the Stanton number, the value of the specific
heat at constant pressure, Cp, was taken from Pig* 6of referenoe 59*
The value of G, the mass flow, is constant for any one test sinoe the
cross-sectional area is the some for all the points throughout the length
for which calculations were made* Values of St, Re and Re”™ are also
listed in Table 4a in the appendix*

The Stanton number is employed in the presentation of the heat
transfer results rather than the more popular Nuseelt number, Nu = hil/k.
This is the method of representing heat convection data recommended by
Colburn (13)* The usual method is to plot NuCPr)" 78 against Re* It
can be easily shown that NulPr)"~ is equal to [st(Pr)~5] # Re m jRe*
Thus plotting Nu(Pr)~'A versus Re almost means plotting a function against
itself, whereas plotting the factor j versus Re shows the characteristic
variation in a olearer form=*

Further, the Stanton number allows a comparison with the friction
factor* It has been seen in Part | that for a fluid for which Pr = 1,
St m /2. In the case where Pr = 1, a relationship oan be found between
the Stanton number and the friotion factor.

An important consideration in the present tests is that the
Stanton number oan be used in the comparison of the heat transfer results

with either flow over a flat plate, or fully developed flow in a pipe*
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If the Nusselt number were used, this would have to be built up with the
length dimension x equal to the distance from the start of the test length
when comparison is made with heat transfer for a flat plate, while the
diameter would be employed in building up this group when comparison is
made with fhlly developed flow in & duct. Thus it would be neoessary to
calculate two numbers hx/k and hb/k for many of the points*

Prom the method of calculating the Stanton number, it oan be seen
that the variation for any one test will correspond to the variation of
the heat transfer coefficient throughout the length* The only difference
is caused by the value of the specific heat, and this only alters slightly
over the length* Plots of Stanton number against length throughout the
test section therefore would show the same characteristics as plots of
the heat transfer coefficients shown in Pig* J 1.

In order to examine the hoot transfer results in relation to the
boundary layer development, the Stanton numbers were plotted against the
length Reynolds numbers for each test separately, as in the case of
recovery factors* These plots are shown in Pig* 52.

All these curves show the Stanton number rising quite steeply at
first to a maximum and then falling more gradually towards the exit* The
maximum, which in most oases is a definite peak, occurs at a length
Reynolds number of between 15 and 20 x 10°'. The variation of the Stanton
number oan only be acoounted for by the transition of the type of flow in
the boundary layer at this point* The heat transfer ooeffioient always
has a higher value for turbulent flow, and turbulence would be expected
at a corresponding value of length Reynolds number. Such was observed to

be the case in the investigation on recovery factors described in Part |11






163.
of the thesis* The rising value of Stanton number up to this point
would indicate a gradual transition from laminar to turbulent flow and
correspond to the falling value of recovery factor in this region and
finally flattening out to a constant value of Rs”™ above 20 X 10"

The gradual fall of Stanton number after the maximum is owing to the
increase in thickness of the turbulent boundary layer and indicates that
the flow is not fully developed™* An initial fall would also be expected
at the entrance to the test length owing to the build up of the laminar
boundary layer, and corresponding to the case for flow over a flat plate~*
As in the case of the recovery factor, however, there is no evidence of
laminar flow at the entrance, except for a few tests with the smaller
mass flow s* The length Reynolds number at the first few stations in
these tests is small enough for the flow to be purely laminar*

Since the thiokness of the laminar boundary layer at the entrance
is very small compared with the radius of curvature, the heat transfer
coefficients may be compared with those for flow over a flat plate* The
Pohlhausen equation whioh gives the local heat transfer ooeffioient is

St = 0332 (Prf2A  (RX)-,/2 i (29)
The curve for this equation is shown by a broken line in Pig* 52. It is
seen that this drops very steeply from the entrance, and in only a few
tests do the Stanton numbers calculated from the observed data for the
first stations fall on this curve.

Since only a few points correspond to laminar flow, and no
satisfactory correlations exist for heat transfer for the transition

region, attention was concentrated on the results for the turbulent
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boundary layer* Heat transfer coefficients considered as those for
fully turbulent flow were those taken from points where the curve had
reached the maximum and thereafter* An attempt was therefore made to
correlate the results in the same form as for low velooity flow?* Also
the results were compared with those predicted by suitable formulae for
low velocity flow in annul!*

It is evident that the heat transfer law which holds in this
region is no longer that for flow over & flat plate* In that case the
Stanton number would be dependent only on the length Reynolds number,
while it oan be observed that for one value of Re”, the Stanton number is
no longer oonstant* The reason is that the boundary layer nolonger
increases in thickness in the seme way as for a flat plate but the growth
is impeded both by the falling pressure and interference owing to the
boundary layer growing on the opposite wall of the duct. The heat

transfer is then mere similar to that for fully developed flow in a pipe

or duct. However, the falling values for the heat transfer coefficient
indicate that the boundary layer is still increasing in thiokness, though
more slowly than in natural growth* In similar oases, such as are

encountered in the starting lengths of duots, it is usually considered

that the length to diameter ratio (x/D) is the controlling factor in the
boundary layer growth and the term(D/x) raised to a suitable power is
included in the equations for heat transfer. As X increases, the flow
becomes fully developed and the influence of the (lI)/x) term diminishes,
the Stanton number then being only dependent on the diameter Reynolds
number*

In the present case the value of 1) was taken as that of the
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equivalent diameter, De » 2 - Ej* The value of x/l)o was then taken a»
the distance to each section considered from the entrance divided by the
equivalent diameter. The maximum value of x/De was 26.6 at the exit of
the nofczle.

The formulae for heat transfer for flow in annuli have already
been given in Part I|. It was also seen that the equation whioh seemed
most applicable to the present circumstances was that developed by McAdams#
Kennel and Addams (73) flow of superheated steam in an armulus. The
Nusselt number b uilt up from the local ooeffioient of heat transfer is

given by

Converting into the relationship for the Stanton number and taking Pr = 1,
this equation is then
(95)

Stanton numbers were calculated from this equation for all the points
throughout the length for each test. The resulting curves are shown in
Pig. 52 for comparison with the points obtained from the experimental
resultse

Also indicated at the ri~ it hand side of this figure ape the
values for fully developed flow derived from the formulae of Monrad and
pelton and of Davis for annuli and from the McAdams equation for pipe flow
with the substitution of the equivalent diameter in the Reynolds nunfoer.

It oan be seen from this figure that the values of Stanton numbers
obtained from the results of the present investigation are somewhat lower
than those obtained from formulae derived in previous investigations for

low velocity flow. This point w ill be discussed later and an explanation
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given for this apparent discrepancy,
To obtain a correlation of the results in dimensionless form the
following procedure was adopted. Local Stanton numbers were plotted

against the diameter Reynolds number for x/De equal to 8868 11085

13*302, -24*387 corresponding to points d, e, f etc. These plots on
a logarithmic scale are shown in Pig* 53* The best strai”it line was
but sinoe pr = 1, the term (Cp/U/k) oan be omitted. This fact thus

eliminates any uncertainty as to the correct power to which this term
should be raised. The diameter Reynolds number Red is the X co-ordinate.
Prom the gradient of the straight line on the logarithmic scale of
Pig. 53 it was found that the value of m was -0.2. This agrees with the
conventional power on the Reynolds number. To obtain & fadeaway function
for x/le similar to that in the revised correlation given in the Addendum
of reference 73 the values obtained for k were plotted against x/pe on a

linear soale as shown in Pig. 54 (a). This yielded the equation:

(96)
To obtain a correlation including the conventional term (I/ac)”, the value

of K was plotted against (De/x) on a logarithmic soale (Pig. ) e This
led to the equation:

K = 0.0269 (Oe/x)'T5 (97)
The final oorrelation involving the local coefficients of heat transfer

are given in Pigs. 55(*) an<i (b)* These correspond to the equations:

(98)
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and

It oan be seen that equation 99 represents the experimental
results somewhat better than equation 98* The scatter of points
obtained in both oases and which is rather greater than in some other
investigations on heat transfer is owing to the fact that measurements
were taken with small temperature differences between wall and adiabatic
wall. Because of this, the results are of more value in that they throw
light on the mechanism of heat transfer when skin friction plays a
considerable part. By the use of large temperature differences more
accurate results oould be obtained and the soatter would be expected to
be less, but the temperature distribution across a section of the armulus
would be little different from that existing in low velocity flow, not
being greatly influenced by frictional heating.

A justification is necessary for taking the distance x as that
from the entrance of the test section to the point considered. It might
be thought that a better correlation would be obtained by measuring this
distanoe from the start of turbulent flow or that at least it would be

dependent in some way on the position of the point at which turbulence

started. The x/p term, however, is introduced to allow for the variable
thickness of the boundary layer. The turbulent layer already has a
certain thickness as it originates from the laminar layer. However,

according to prandtl (82), calculations from formulae giving the thiokness
of the turbulent layer in terras of the length Reynolds number agree

satisfactorily with measurements if the thickness of the boundary layer is
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determined as if it began direotly from the start as fully turbulent and
zero thickness. Newer measurements indicate that this is not quite
oorreot but this simple assumption is sufficiently exact for the present
purpose. It oan be seen then, that the thickness of the boundary layer
In the present case will be a funotion of the distance from the entrance
of the test section, and so the value of the heat transfer coefficient
will be dependent on this distance, other factors being equal.

Before finally comparing the experimental results with those
obtained from the well known relationships for low speed flow, one point
remains to be discussed.

Comparison of Heat Transfer for H”h and low
Velocity Flows in Ducts.

The theoretical analyses for heat transfer with high velocity
flow have all been concerned with the flow over a flat plate. The
results of the theory indicate that the temperature difference in the
heat transfer law should be redefined as that between the adiabatio wall
and the actual wall temperatures. The heat transfer coefficient is then
equal to that for low velocity flow under similar conditions, when the
temperature difference is that between the surface and the stream
temperature at an infinite distance from the wall. This latter temperature
ts is, of course, constant outside the thermal and hydrodynamic boundary
layers.

In fully developed flow in a tube, the boundary layers have met
at the axis. The temperature at the tube axis then corresponds to the
temperature ta of the stream outside the boundary layer for the flat plate

flow. It is usual, however, to establish the heat transfer with the bulk
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temperature t instead of the temperature tg at the axis. Suoh a
procedure is not quite oorreot, but the resultant error is small. The
heat transfer ooeffioient will, however, have a value appreciably

different from that based on the temperature of the Ffluid at the axis.

When velocities become high for flow in a tube and frictional
heating becomes appreciable, then it is to be expected that the heat
transfer coefficient based on the difference between adiabatic wall and
actual wall temperatures w ill have the same value as for low velocities.
But the temperature difference on which heat transfer coefficients are
based in the latter case must be that between the actual wall and the
fluid at the axis of the tube tocorrespond with the fluid temperature
at an infinite distance from the surface for flow over a flat plate - the
case considered by theory. The coefficients that are obtained for high
speed flow are therefore not thesame as those given in the literature
for fully developed pipe flow. This point has been overlooked by
investigations of heat transfer at high velocities in pipes and the
experimental values of coefficients obtained appeared to be lower than
expected.

A relationship between the two types of ooeffioient of heat
transfer may, however, be obtained. Denoting the ooeffioient baaed on
the bulk temperature of the fluid as he and that based on the temperature

at the axis as hs, then:

tw - ta
The temperature ratio tw - ta is denoted by s
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For laminar flow 6 m 0*583* while for turbulent flow the value ie
considerably higher and is a function of both the Reynolds numbers*
Boelter, Martinalli and Jonassen obtained values for 9 in this range
and these are presented in graphical form in reference 5*

Investigations concerned with heat transfer for hi”i velocity
flow in pipes have been carried out by McAdams* Nicolai and Keenan (74)#
Lelchuck (69) and Guohman, Illjuohin, Taassowa and Warschawski (36) for
subsonic flows and Kaye* Keenan and McAdams (54) for supersonic flow?*
The data for all the subsonic flows are presented in reference 74, the
heat transfer coefficients being recalculated where they had not previously
been based on the difference between the actual and the adiabatic wall
temperatures. These values, which are all shown in Fig* 2, were fbund

to vary from 4% to 14}£ below the equation*

= 0.025 (1)

The generally accepted equation for fully developed turbulent flow

of air in a tube is, however,

(101)
which is represented by the topmost line in Fig* 2. This would yield
values higher by 9$ than equation 1* The experimental values therefore

average 1s8jz below those derived from the normal equations for heat transfer
in pipe flow. The latter, being based on the bulk temperature of the
fluid, should, however, be multiplied by the temperature ratio o for
comparison with the experimental values* For Re~ m 100,000 arid Pr = 0*74,
the values holding for these investigations, 6 according to reference 5

is 0*83* It is seen therefore that the experimental values will agree well
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with those usually taken for low speed flow when corrected for the
different basis of evaluating the temperature gradient*

The experimental results for heat transfer coefficients for
supersonic flows are presented in Pigs. 12 and 13 of reference 57* Tk®
coefficients in the form of Stanton numbers are plotted against the length
Reynolds number in the one figure and against the diameter Reynolds number
in the other. Since at the entrance of the pipe, coefficients correspond
to those for flat plate laminar flow neither method of representation is
satisfactory for ell the points. A wide soatter is therefore obtained in
these figures. For the tests at higher Reynolds numbers, however, the
coefficients rise slowly towards the downstream end and seem to approach
a limiting curve when plotted against diameter Reynolds number, which is
presumed to be the curve for fully developed flow. The curve for the
ompirio&l equation of McAdams for fully developed turbulent incompressible
flow is shown in Pig. 139 * reproduction of which is shown (Pig. 5&)* It
is stated in the paper that this seems to lie a little above where the
limiting line of the data would be. Once again, however, the usual pipe
flow equations result in higher values sinoe they are based on bulk fluid
temperatures. The value of 0 , the temperature ratio for the correspond-
ing values of Prandtl and Reynolds number is again 0.83* The Stanton
number should therefore be correspondingly reduced by multiplying by this
ratio. The resulting line is shown in Pig. 56 it oan be observed
that this represents the limiting value of the Stanton numbers more closely.
The Sxperimontal values of Heat Transfer Ooeffioient.

We are now in a position to discuss the experimental values for

heat transfer obtained in the present investigation and to oompare the
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results for the high velocity flow with those generally accepted for low
velocities,

For a short length after the entrance the coefficients correspond
to those for laminar flow over a flat plate, the boundary layer being thin
compared with the tube radius. Laminar flow persists for such a short
length, however, that only a few values were observed for this region.

With increasing distance from the entrance, a gradual transition
to turbulence ooours. Comparison with other values is therefore not
possible for this region. Available data for the transition zone as
given by Seider and Tate (91) and Colburn (14) refer to the transition
from laminar to turbulent flow when the flow is fully developed and which
is dependent on the diameter Reynolds number and is therefore not
applicable to the present case where turbulence occurs before the boundary
layer completely fills the cross-section and is dependent on the length
Reynolds number.

After turbulence has been attained, it has been seen that
coefficients correspond to those for fully developed flow in an annulus,
allowance being made for the starting effects by the inclusion of a (d/xJ
terra. It appears that the best equations for heat transfer in an annulus
are obtained by the substituting of the equivalent diameter De in the
normal equations for pipe flow. It would indeed be difficult to apply
the formulae for annuli to the present oase, sinoe they would need to be
oorreoted to give a ooeffioient based on the difference between the wall
temperature and the temperature at some position in the cross-section of
the annulus where it remains constant and corresponds to the temperature

at an infinite distance from a flat plate. No data are available,
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however, for 6 , the ratio of difference between wall and bulk

temperatures to the difference between wall and maximum temperature for

flow in an annulus*
From equation 98# it oan be seen that, by taking x as infinite,
the equation for fully developed flow in the annular section will be

obtained as:
ot m GRS (+xuy - 1102)

This may be compared with the well known MoAdBins equation

(equation 40 p. 168 reference w92) for fully developed turbulent flow in
a pipe:

JL . .023 (*E£ £ .)* (f) ° 1 ,103,

Coefficients in this equation, being based on bulk temperature

of the stream, should be multiplied by 0 to obtain the more logical

coefficient. For Pr » 1 and the Heynolds numbers encountered in the
experiments, O = 0*85 from the graph of reference 5+ The equation
containing this ooeffioient will then be:

r @
c*o [ i104°

The percentage difference between the ooeffioients obtained from
equations 102 and 104 is therefore 7/»% which is within the accuracy of
most experimental investigations on heat transfer.

In order to compare equations 98 and 99 with existing equations
for heat transfer in starting regions, an attempt was made to put them in

the form containing the average value of heat transfer ooeffioient over
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the length x from the entrance. It was seen in Part | that this can be
carried out by integrating the equation

69 = CAA AT ) (56)
where hj is the looal coefficient.

It oan be observed from Pig. 49 that AT, which in this case is
the difference between the wall temperature and the adiabatic wall
temperature, remains substantially constant for the region of turbulent
flow .

Equation 99 1® ot tha same form as equation 62 which was
considered previously. Here i is 1/13 an® At can be taken as constant.

Equation 64 may then be integrated directly giving:

g= 0 - i hj.A.At = ha. A.AT oo (105)

and so 1% = 13/12 hj

Thus equation 99 PI1I* into the form containing the average value
of heat transfer ooeffioient is:

St = 0.0291 (Prf25 . (Hedr° 2 (DelL)7T* .......... (106}

For equation 98# where the equation for the local heat transfer
ooeffioient includes the term (1 + 2.5/-8-), the integration maybe
carried out in two parts. Per the second part, i « 1. This w ill result
in an infinite value for the average coefficient. It is doubtful there-
fore if the variation of the local heat transfer coefficient oan be
represented by such a term, and it would appear that the inclusion of a
(D/x) term w ill be more satisfactory for allowing for the variation in the
starting region. The advantage of the inclusion of the term (1

is that the coefficient assumes a definite value with increasing Xx.
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It oan be seen that equation 95* derived by McAdams, Kennel
and Addoms and whioh is of this form, predicts the variation of the heat
transfer ooeffioient with length reasonably well for turbulent flow™*

This is seen in Fig* 52 where the equation is represented by the upper
broken line* This curve is, of course, higher than the measured
coefficients for the reasons mentioned above* The average difference

is approximately 10,£Whi0h oould probably be aooounted for by assuming a
value of 0*9 for 0O for flow in an annulus* The value of 0O will, of
course, be higher for an annular than for a circular cross-section since
sinoe the distribution is more uniform?*

It is difficult to compare an equation of the form of equation
106 with existing ones for heat transfer in the starting region* Unless
the power to which the (D/X) term is raised is the same, the value of the
constant may vary considerably. Tet a large variation in this power may
mean quite a small variation in the actual curve of the coefficient versus
length. The equation was therefore represented in graphical form by
plotting Y :(St)(Pr) against x/D as shown in Fig, 57* Shown for
comparison are the variations of Y with length obtained from other
equations for the starting region* The constants in these equations were
m ultiplied by 0*85 the value of O for the conditions in the present
tests*

The measurements of heat transfer coefficients made in the
present investigation are therefore in line with other previous
investigations on heat transfer at high velocities?* The fundamental
theory is confirmed, that, to allow for frictional heating, the temperature

potential in the beet transfer equation should be redefined as the difference
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between the actual wall and the adiabatic wall temperatures and the
value of the coefficient will then be the sanme as for low velocity flow.

Previous investigations confirming this theory have been oarried
out with large temperature differences, where the effect of frictional
heating is small compared with the total heat transferred. In the
present investigation the actual wall temperature was not greatly
different from the adiabatic wall temperature, and therefore the frictional
heating would have a considerable influence on the temperature distribution
throughout the boundary layer. The results are therefore of greater
value in confirming that the redefined temperature potential results in a
heat transfer coefficient independent of temperature difference.

It is interesting to note that most readings were obtained when
the wall temperature was less than the adiabatic wall temperature but
greater than the bulk stream temperature. From the normal heat transfer
equations it would be expected that heat would be transferred from the
metal to the steam, whereas heat transfer actually took place in the
opposite direction. To have based the calculation of the coefficient on
the normal temperature difference would have resulted in negative values.
It was also shown that coefficients obtained from runs where heat was
transferred from metal to steam had the same values as for heat transfer
in the other direction. The coefficient based on this definition of
temperature potential is therefore independent of the temperature
difference.

Sinoe true 1ocal coefficients of heat transfer were measured,
these showed a variation with length seldom observed in previous

investigations for starting regions in pipes. In the case of supersonic
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flow, Kaye, Keenan and MoAdams (54) attributed the initial fall in
values of the heat transfer ooeffioient to a thickening laminar boundary
layer™* Afterwards the coefficients increased as transition to
turbulence took place* There was little evidence of a second decrease
with thickening of the turbulent boundary layer.

The sia&lar variation observed by Cholette (12) for low speed
flow has already been noted in Part |, though here the dependence of the
coefficient on the boundary layer was not realised®* The smaller length
Reynolds numbers (approx* 2x ICp) at whioh transition occurred, compared
with those observed for the present tests, was doubtless due to the sharp-

edged entrance to the tubes in the heat exchanger.
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gHIOTIQM.
Method of Computation«

The friotion ooeffioients wore obtained from observations of
the pressure distribution throughout the length of the duct for the
adiabatic runs. The method is similar to that en”~loyed by Keenan (58)
in order to evaluate friotion factors for the compressible flow of steam,
The theory, adapted for flow in an annulus, is outlined below -

By consideration of the pressure and frictional forces acting
on a seotion of the duct of length dx, the equation is obtained:

2 adp - AF = = L o AV e, (107)
(0]

where dF * frictional force at the walle

The friotion coefficient is defined as:

f= (108)

where + * frictional force per unitarea of wall surface
", dF > T IT(Dg + 0]) dx * ¢ V2 e P.1)2*

Then substituting in (107)

+ _fi_ dv+ s o .1 -p i2 . JL12z-LJLi
\Y gvVv 2 \ V / a.g.
where G * _—— 3 —SL.
a \Y%
M ¢ Jou M ¢ -£ g2 .3 u 2 i+ M rg a*-8
. \Y g \Y 2 “ tr/74(D2 - )g “ -
+ . s + S OX @ O
L \% 6 v i)«g

This is the dynamic equation of flow through an annulus and it
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can be seen that the equivalent diameter to be used is * Dg -

Assuming J» constant between stations 1 and 2f then (109) becomes:

A lok* “7T & fcrf (*2-+ 30 (HO)

In order to obtain the value of the first term, the relationship
between pressure and specific volume along the path must be known. Such
a relationship can be obtained from the three equations employed in the

evaluation of stream conditions:

These three equations give

2 y2
A ¢ Bpv ¥ Kkpg a Fog*kx ** eeeesssccccecc*r (]|]])
* N B | _ Ifo - A ~dv
\Y 2gB Y B v5 112

Integrating and substituting in equation 110

fii /!'. 1 \Vloe JU + Hg- A/ 1 . 1V 2gg(*&al, 0
g \ 2B » v, 2B 1 gs
. 2
f = jfflL— IHa - a _1 1. _ G_m — 1_\lo ...1113)
J 217~*~) L 2B V3 w2 g 2 * ® v,

If measurements are therefore made of the initial state, rate of
flow and pressure at different points along the length, the specific
volume can be calculated and the ooeffioient of friotion then found from
(113).

for the conditions for which friction coefficients were computed,

the specific volume had already been obtained for each station while
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evaluating the stream conditions* There only remained to substitute
these values of specific volume in equation 113 I”iorder to obtain the
value of The value of friction ooeffioient obtained in this way
is then the average for the length between any two stations, a, b etc.

The coefficients thus found correspond to adi&batio flow. for
runs with heat transfer, no chaise in pressure distribution oould be
observed. The amount of heat transferred could be @IIowed for in the

X
calculations by the inclusion of a torn Qx in equation 66. It has
already been seen, however, that this term is negligible compared with
the values of the other terms sinoe only small quantities of heat were
abstracted. The same values of ooeffioient oould therefore be taken as
holding for all tests having the some initial conditions.

The oaloulated values are listed in Table 5* 1** th® Appendix
and are shown in Fig. 58 plotted against the length Reynolds number.
Some of these curves show the coefficients for several tests where the
initial conditions were the same. The values of j are then identical
sinoe the exhaust pressure was in all oases below the pressure of maximum
entropy and therefore the pressure distribution was always the same.

The coefficients found in the manner indicated above are termed
apparent friotion coefficients. The true friction ooeffioient at any
oross-section of the stream is 2T / p v”~, where T is the shear stress
at the duot wall, p the mean density and V the mean velocity. The true
and the apparent coefficients are identical only if the velocity across
each seotion is so nearly uniform that the mean velooity found from the
flux of kinetic energy is identical with that found from the flux of

momentum, or if the flux of momentum and the flux of kinetic energy do not
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change from section to seotion (60). Since the velooity distribution
changes considerably from seotion to section, particularly in the region
of transition from laminar to turbulent flow, the apparent ooeffioients
will differ from the true friotion ooeffioients, The flow of A
compressible fluid actually satisfies neither condition, though it is
probable that the first is nearly satisfied at a great distance downstream
from the entrance.

The measurement of true friotion coefficients is, however, very
difficu lt. To do so by observing the actual shear stress at the wall
would involve great experimental difficulties while analytical
difficulties would be involved in deducting values from pressure
measurements.

The above considerations must be borne in mind while discussing
the measured friction coefficients and comparing them with theoretical
values. It is as apparent coefficients, however, that the results of
previous experimental investigations have been presented, suoh as those
of Frossel (32), Keenan (58), Keenan and Neumann (60) and Kaye, Keenan
and McAdams (54).

All the curves of friction coefficients shown in Fig* 5® <||’9
similar shape. The coefficient falls rapidly at first and then more
gradually towards the exit of the test length. It would be expected
that, for a short length at the entranoe wherea thin laminar boundary
layer exists, the friotion coefficients would correspond to those for
flow over a flat plate. Such values were calculated from the formula.

toom 0.6647RELs e, (114)

and these are indicated in Fig* 5®* It is seen that theexperimental
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values are well above the theoretical curve. This is, of course, owing
to the rapid growth of the boundary layer in the entrance region, the
changing velooity resulting in a high apparent friction ooeffioient.

Langhaar (66) subjected the laminar flow in the entrance region
of a straight pipe to a complete analysis. Starting from the Navier-
Stokes equations, he obtained a relationship for the pressure drop, and
from this the apparent friotion ooeffioient may be obtained. Unfortunate-
ly it would be very difficult to adapt Langhaares analysis to flow in the
entrance region of an annulus.

As the boundary layer continues to increase in thiokness nore
gradually the effect of the changing velooity profile will boosts less
pronounced and the apparent friotion coefficient will approach the value
of the true ooeffioient. This results in a nore rapid fall of the
apparent coefficient than would result only from the effect of increasing
boundary layer thiokness on the wall shearing stress. However, it has
been seen that a gradual transition to turbulence takes place only a short
distance from the entrance and this would result in higher values for the
friotion ooeffioient. It is doubtful whether maeximurs whioh occur in the
curves of friotion coefficients for values of Re® about 15 x 10"
correspond to the start of the fully turbulent boundary layer. The
calculated value for £ was found to be very sensitive to small variations
of statio pressure. Small variations in the friotion ooeffioient nmay not
therefore be of much significance. It is probable that nore accurate
pressure measurements than oan be obtained by the use of the standard
pressure gouge would result in curves of friction coefficients whioh

would throw nore liit on the type of flow.



Red x 10 5

FIG. 59- Tw EWXRIATION OF THE COEFFICIEN
OF FRICTION WITH REYNOLDS NUMBERS. THE

SOLID LINE REPRESENTS von KARM'AN’S
EQUATION FOR INCOMPRESSIBLE FLUIDS



183,

Onoe the boundary Xayar becomes turbulent, the flow resembles
fully developed pipe flow more olosely than that over a flat plate.

The variation with length is then dependent on the L/D ratio. No
information is available, however, on the effect of I/D on either the
apparent or the true ooeffioient of friotion for either the incompressible
or compressible flow of fluids. The fact that in this region the
ooeffioient deoreases only gradually indicates that the velooity
distribution only changes slowly and this in turn means that the apparent
ooeffioient will not be very far from the true coefficient.

The value of ¢+ will continue to decrease until the boundary
layer completely fills the cross-section and the flow is fully developed.
The coefficients for such conditions NMBAY then be compared with those
obtained from the well established formulae. The usual equation is the

Karman-Nikur&dse which holds for high values of Hen

= -0.8 ¢ 2 log (Re . ) (115)

The value of + obtained from this equation for the value of Reynolds

number at the exit is indicated at the right-hand side of Pig. 58* In
calculating Re”™ , the equivalent diameter De a was used. The
formulae for pipe flow then apply to the annular cross-section. It oan

be seen that in most oases the curves appear to approach this value of
j asym ptotically.

In Pig. 59 values of J which each curve appears to approach for
fully developed flow are plotted against Reynolds number. The line
representing the Karraan-Nikuradse equation is shown for comparison.

The results of the calculations for friction are therefore, in so



far as they go, in line with previous investigations on friotion in
compressible fluids. Values of the ooeffioient are the sane as those
for incompressible flow under similar conditionse For fully developed
flow the coefficients are in line with the Karman-Nikurad8e equation.
No conclusion oan be drawn from the data for other regions owing to the

difference between apparent and true values.
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COMPIVRISGN 07? Hii*AT TRANSFER WITH FRICTION

It is well known that an analogy exists between heat transfer
and friotion* When the Prandtl number of the fluid is unity, whioh is
the ease for steam under the range of conditions for whioh the experiments
were carried out, the relationship between the coefficients of heat
transfer and friotion become greatly sim plified and is that first derived
by Reynolds (85)* This is owing to the faot that, for Pr - 1, the heat
transfer in laminar and turbulent flow are oonnected in the same way with
the shearing stress. The ratio of the temperature difference in the
laminar sublayer to that in the turbulent zone equals the ratio of the
corresponding velooity differences, and the profiles of both temperature
and velocity are similar. The question arises, therefore, whether this
relationship will hold for hi-~i velocity flow.

Some care is necessary, however, in applying these relationships
to the present circumstances. Starting with the general equation derived
by Von Karman, giving the relationship between the heat transferred and
the wall shearing stress, the relationship between the ooeffioient of heat
transfer and the ooeffioient of friotion may be obtained easily. Vbn

Karmen*s equation is:

o B w/P Us2
us (WIf - ta) A 5Pr ¢ 1
1+ 7™ 5pr . 1) s 5l0g* 6

V Pu's

The subscript s refers to conditions outside the thermal and
hydrodynamic boundary layers.

For a flat plate 'Tw/pu/ = j~/2 and q/&CpU8 (t* - tg) = 5t.

In adapting the equation to a tube, it must be kept in mind that

the heat transfer ooeffioient is usually built with the bulk temperature
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tB , and the relationship between friotion ooeffioient and the sheering

stress at the tube wall also contains the average velooity Urn. Then
j/2 m 'TVpHa2 and St m q/&CpUm (t* - tB )e If the velocity ratio
a (j mand the temperature ratio t* - tB/t* - ts « 0 9then
Stll Lim f.e, .U ..J |2z
. t..A
<5(Pr - 1) ¢ 5 loge ..(117)
If Pr = 1 approximately, then there is no great inaoouraoy involved
in neglecting the tense | mand s in this relationshipgsince < and
0 are usually very nearly equal and so the ratio m /6 very nearly
equals 1. This, in faot, is often done in presenting the results of

comparison between heat transfer and friotion measurements*

In the present investigation, for flow in an annular duot, the
subscripts refers to the conditions at some position of the cross-section
where the rate of change of velooity and temperature with distance from
the wall is zero* This, of course, will be the oase for a circle

concentric with the walls, probably not far from the mid-way point between

them* The friotion ooeffioient, as calculated in the manner shown in the
2

previous seotion, is again given by 2 m IW/ p Un , where H0 the

average velocity™* As for the Stanton number, St a h/CpG, G was taken

in the oaloulations as based on the mean values of velooity and specific
volume i.e. G a $.UAN. It has been shown that the heat transfer
ooeffioient is based on a temperature difference whioh corresponds to

t* - tfl in low speed flow, and so St s q/

relationship that would be expected between the Stanton number evaluated

from the tests and the friotion ooeffioient is them






SEr*J."
1 5(Pr - 1) ¢ 5 log,
And sinoe Pr a 1
st = ool 2 e, (119)
The value of <) = Ug/U, for flow in an annulua oan be obtained

by assuming that the turbulent velooity distribution foliowb the usual
8eventh-root law and also that tho maximum velooity ooours midway between
the walls. Integrating over such a velooity profile in order to obtain
the average velocity # it was found that the ratio (; was independent of
the relative diameter and was cjual to 0875*

However, Rothfus, ioonr d and Seneoal (86) discussed the velooity
distribution in annuli in detail and obtained the radius of maximum

velooity for fully developed turbulent flow as:

Pd = {(r2 - 10z) 7 2109, r /re } & oo, (120,
From this, and the Karman-Prandtl seventh rootlaw, theratio
U was oaloulated by Mizushina (76) who foundi
d = & . * + rQ ... 2D
- * * *
7 1*,* Fo*"m
Substituting into this equation the values of the inner and
outer radii r, and rO, and the radius of maximum velooity rE from
Xty *
equation 131 the value of (i) for the dimensions oftheannulus for

whioh flow was investigated was found to be 0,874#

The friotion coefficients, computed from the pressure
distribution, were therefore divided by 2 and multiplied by 0,874 and
plotted against length Reynolds numbers for each heat transfer test.

Superimposed in the same ordinates were plotted the values of the measured
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Stanton numbers. The curves so obtained are shown INn Fig, 60,

It oan be seen that, while there is a wide divergence between
the values in the entrance region, the agreement between the two ourves
is very good once turbulence is established. The reason for the
divergence at the start is, of course, owing to the fact that the
apparent friotion coefficients whioh are measured are much higher than

the true coefficients in the starting region where the velooity

distribution is changing rapidly. Also, the value of was based on
fully developed turbulent flow and will not hold for regions where a
laminar boundary layer is building up. The fact that there is good

agreement between friotion and heat transfer measurements in the turbulent
zone indicates that, while the boundary layer is evidently still gradually
increasing in thiokness, the change in the velocity distribution from
seotion to seotion is so slinit that there is no substantial difference
between the apparent and true values of friotion ooeffioient.

These measurements indicate therefore that the same relationship
holds between heat transfer and friction for high velooity flow when the
heat transfer ooeffioient is based on the temperature difference between
the wall and adiabatic wall temperatures as exists between these values at
low velooity, the normal definition for temperature potential being used
for obtaining the heat transfer coefficient. This is, of course, to be
expected sinoe all investigations on friotion at high velocities indicate
the friotion coefficients have the same value as for low velooity flow,
and values of heat transfer coefficients are also the same as for low
velocities, so long as the appropriate temperature difference is employed.
Such is also indicated by the theoretical analysis of Sokert and Drewitz

(25).
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RUKTHSft ANALYSIS OF FU)tt CONDITIONS*

It is now possible to examine further the nature of the flow in
the parallel annular duot in the light of measurements of friction and
heat transfer* It has been demonstrated that a Maoh number of 1 is
attained at the position of maximum entropy* This pressure was observed
at the exit of the duot in tests where the exhaust pressure was
atmospheric which was the case for all the heat transfer runs*

The reasoning which leads to this conclusion is based on a one
dimensional flow modal and the Maoh number is that obtained from the mean
value of velocity and of sonic velocity at the section?* It is known,

however, that owing to viscous effects the stream velocity is greatest

at mid-stream and decreases to zero at the boundaries of the flow. The

variation of Maoh number across each section will be similar to that of

velocity and in most oases the profile will be slightly more exaggerated
\

since the higher temperature at the boundaries results in a higher sonic
velocity in these regions than in mid-stream?* Since then the average
Maoh number is unity and there are regions where this number is less than
1, there must therefore be regions where it is greater than 1* It would
then appear that supersonic flow occurs over a port of the cross-section
at the exit of the duot.

This fact may be demonstrated from a different viewpoint and in
a more quantitative way* It has been seen that values of both the heat
transfer coefficient and the friction coefficient decrease from maximum
values at first rapidly but always continue to fall up to the exit* This
decrease can only be explained by the growth of the boundary layer, sinoe

all other factors influencing heat transfer and friction are constant along
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the length* This continuing growth in turn means that there is a core
outwith the boundary layer unaffected by visoosity™* To the isentropio
flow in this core Bemoullis theorem may therefore be applied and a
relationship found between the velocity and the statio pressure at any
seotion* It may be noted that this relationship is derived from the
laws of motion and assumes the absence of fluid shear and adiabatic flow
(there is, of course, no heat exchange to the core)* The continuity
equation is not required and could not readily be applied since the area
of the core is not known and also fluid is exchanged between the isentropic
core and the boundary layers*

The Maoh number was calculated from the equations

{ ( A - ) 11221

assuming 8 , the ratio of specific heats to be constant and equal to
1*31~* In Fig. O is shown the distribution of the Maoh number in the
core along the length, for test HBS3. The distribution for other tests
will be very nearly the same since the pressure ratio was observed to vary

but slightly for different supply conditions.

It oan be seen therefore that over a length of nearly 1 in. before
the exit supersonic flow ooours in the central regions of the duot. As
may be expeoted, there is no discontinuity in the values of heat transfer
or friction coefficients as the Maoh number reaches and exoeeds unity.
Discontinuities normally only occur at supersonic velocities with
decelerating flow when shook waves are liable to ooour* The effect of
compressibility cannot, of course, be examined with velocities only slightly
exceeding the acoustic value, but previous investigations lead to the

conclusion that such an effect is small for Maoh numbers around 1.
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The results obtained in those investigations indicate that
superheated steam is a suitable fluid for studying heat transfer at high
velocities* It was found to be convenient in use and the apparatus was
much simpler than that used in experimental investigations with air*

Measurements of heat transfer coefficients and recovery factors
showed that these values were in lino with deta relating to air and
indicate the advantage of undertaking a programme of research using
superheated steam as a gas having different property values™*

The one-dimensional method employed in the solution of the stream
conditions was found satisfactory in analysing the characteristics of the
flow *

In the flow through the short convergent-divergent nozzle a Maoh
number of unity is attained at the throat* Thereafter the flow proceeds
into the supersonic region until recompression e

A laminar boundary layer is established at the walls and persists
until reoompression, when the sudden adverse pressure gradient causes a
transition to turbulence and probably separation of the flow™*

ft>r the laminar region, the recovery factor, obtained by
recording the surface temperature of the central insulated probe, was
0*94 and was independent of Beynolds and Maoh numbers*

lower values were observed for the turbulent region, though the
results cannot be considered accurate as the probable separation of flow
would render the calculation of stream conditions erroneous*

In the flow through the 6 in* long parallel annular duot, there

is little evidence of a laminar boundary layer at the entrance* A fully
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developed turbulent boundary layer is attained at a length Beynolds
number of between 15 and 20 x 107, The gradual transition in the type
of flow up to this point usually occupies nearly half the test length?*

Considering mean values, the Maoh number is unity at the exit*
Since the boundary layers do not completely fill the cross-section,
however, isentropic flow persists within a oentral core; here sonic
velocity is attained about 1lin* from the exit*

The value of the recovery factor was observed to fall throughout
the transition zone but becomes constant for fully turbulent flow?* This
value can be represented by the equationz

r = 0.827 (T,/T8at.)*
where Ta is the absolute steam temperature and Taa” the absolute
saturation temperature for the corresponding pressure. Fbr fully
turbulent flow r is again independent of Beynolds and Mach numbers*

The heat transfer coefficient was observed to rise in the
transition zone, a maximum being reached at the point where the boundary
layer becomes fully turbulent* Thereafter the coefficient gradually
decreases as the turbulent layer continues to increase in thickness. Fbr
this region h can best be represented by the equation:

* N *
B (*n*r

Values obtained for the recovery factor are below the value of
unity indicated by theory for both the laminar and turbulent boundary
layers. Vhether the discrepancy is due to the inadequacy of the theory
or a peculiarity of steam as not being a true gas is not determined. The

dependency of the recovery factor on temperature points to the latter

conclusion.
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The values of heat transfer coefficient correspond to those for
laminar flow over a flat plate for positions near the entrance when length
Reynolds number is sufficiently small* In the turbulent region
coefficients agree with those obtained from formulae for flow in the entry
region of pipes* In these formulae the equivalent diameter, De « Dp - D%,
is to be substituted for the pipe diameter, and a correction must be applied
to allow for the fact that the heat transfer coefficients for pipes is built
up with the bulk fluid temperature.

In order to overcome the effect of frictional heating, the
temperature difference which is to be employed in the heat transfer
equation must be taken as that between the actual wall temperature and the
adiabatic wall temperature. The experimental results show that the heat
transfer coefficient is then independent of temperature difference and is
the same as that for low velocity flow under similar conditions, the
temperature difference being that between the wall and the stream in the
region uninfluenced by heat transfer.

Friction coefficients, calculated from pressure observations,
approaoh5for downstream sections of the test length, those for fully
developed turbulent low velocity flow.

Since the Prendtl number can be taken as 1, the Reynolds equation
connecting Stanton number and friction coefficient holds, the Stanton
number being calculated from the heat transfer coefficient based on the
redefined temperature gradient.

Steam, initially near the saturation temperature, when expanding
through a nozzle, first passes into the first type of supersaturation in

which the steam is dry and obeys exactly the same laws as for superheated
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steam, and then into the second state of supersaturation in which small
water droplets exist though the steam is still undercooled. With
continuous expansion there is & gradual transition from the first to the
second type.

For the first type of supersaturation, observation of the
adiabatic wall temperature yields the same values of recovery factor as
for superheated steam. The presence of water droplets, however, causes
lower wall temperatures to be recorded and the recovery factor for very

wet steam is nearly zero.
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Table la - Calculated values of Recovery Feotor - Results of Part 11

Nozzle Section,
Tost a b  Throat 0 d 0 f 9 h
PAI .863 902 921 .933 .937 .938 <937 <935 922 .867
PA2 913 927 944 944 CIAA 941 936 931 .914  .856
PA3 916 .921 941 945 943 .939 .936 .930 .918  g57
PA4 840 .890 921 926 .928 .926 923 .918 909 .862
PA5  .882 904  .932 - - ) ] ] ) )

pa6 ' .870 .898 919 - - - - - - -

PB1 .887 926 <937 .940 943 943 .940 .898 .848 722
PB2 .876 921 .940 QA? 942 .940 .936 .886 .820 .7X6
pB3  .920 926 947 950 <951 951 .939 .885  .832  +710

FB4  gs5 877 934 936 .933 927 915 887  .810 708
Pcl  .861 931 .955 <952 o947 916 gs5 718 701 730

PDI 926 938 941 .944 944 942 938 o933 926 913
PD2 937 944 946  g57 .948 .944 940 935 .928 915
poz 900 926 930 943 941 937 .932 926 920 -908
PD4 936 .942 944 939 932  .930 - - - -

PD5  .928 931 .928 - - - - - - .

pd6 915 931 916 - - - - - - -



Table 2& - Calculated values of Recovery Factor, Diameter Reynolds

Test

Section

a

>0 O

xh-

number and Length Reynolds number - Results of Part I11.

r

.969

*059

.929
914

914

91

.907

*007

.904

*903

901

&R

825
822
818
817

.820
817
.813
<799

Sid
Red

1.028

1.032
1.038
1.041
1.05
1.037
1.06
1.07
1.08
1.098

1.12

raA

1.298

1.307

1.312

1.317
1.326

1.335
1.344

1.354
1.369

1.389
1411

r

2.281 932
4.58 912
6.91 .894
9.24 886
11.64 .8,
14.07 872
16.46 . .865
18.99 863
21.56 .864
24.35 865
217.3 862

.
2879 .872
5.79 844
8.73 .833
11.68 824
14.69 SX0)
17.76 814
20.86 81
24.04 .809
27.34 .808
30.85 807
34.4 .802

RA2

1.213
1.226
1.23

1.238
1.242
1.251
1.26

1.268
1.281

1.299

1.337

Red
1.322
1.327

1.331

1.34

1.35
1.36

1.37

1.38

1.395
1.411

1.438

K»i
2.69

5.435

8.179

10.97
13.76
16.63

19.54
22.48
25.55
28.79

32.57

Re!

2.93
5.88

8.85
11.89

14.97

18.1
21.25

24.47

27.85

31.3
35.08

r

922

-903
.89

.884

-8

869
863
.861
854
850
850

.863

.825

817
813
812

.807

794

.186

RA3
Red
1.259
1.267
1.272
1.277
1.285
1.294
1.299
1.308
1.322

1.345

1.375

rab

Red

1.349
1.349

1.353
1.364

1.374

1.384

1.394

1.404
1.420

1.437
1471

**1
2.793
5.62

8.46
11.32
14.25
17.21
20.15
23.2
26.37

29.83

33.52

2.99
5.98
9.0

12.09

15.21

18.4

21.63

24.9

28.32
31.84
35.82



Table 2a (Gontd.)

PXRL 0O m0® QO ®TQO

PXW oSQ "0 0 OT W

973
953
.938
926
91*

.903
.898

.898

.896
.891

.887

916
893
“Oht
855
845
838

.833
.832
.834

.842

in
H«d

1.078
1.089
1.094

1.1

1.107
1.113
1.118

1.127

1.137
1.133

1.176

BB4

R«d

1.464

1.473
1.483
1.492

1.498

1.507
1.517
1.527
1.542
1.563
1.597

2.39
4.83
7.28

9.76
12.27
14.80
17.36
19.99
22.68

25.55
28.65

8#1

3.247
6.53
9.86

13.17

16.6

20.05

23.55
27.07

30.77
34.47

38.92

930
916
.90

.887
.88

.87

.867
.865
.868
.873
872

.889

.857

.839
827

.824
.822
.822
.814
.806

.803
817

Red

1.27
1.28

1.284
1.288
1 .296
1.303
1.312
1.323

1.337
1.352

1.383

1813
1.618
1.623

1.635
1.646

1.658
1.670
1.68

1.712
1.743

Re.

3.54

1676

14.41

18.13
21.92

25.74
29.63
33.56

1588

945

913
.898

.882
.879
874
.864
.S60
.864

867
869

917
g7
.876

.857
.849

.845
.849
.850
847
.849

Red

1.33
1.335
1.342
1.347
1.362
1.367
1.372
1.379

1.397
1.41

1.438

RC1

875

1.68
1.684

1708

1.717
1.732
1.749
1.778
1.812

8*1

2.945

591

8.915
11.92

15.08
18.17
21.25
24.45
27.85
31.24
35-00

Rei

3.69

7.43
11.18
14.94

18.79
22.68
26.64

30.74

34.9

39«4
44.15



Table 2a (Opntd.)

JQ - ® 00T

= AN

X 30 "D 0 OT o

.887
.852
.834
822
.815
.81

.809
81

812
817
.822

977
955
945

917
.904

90
801
.887

.884
.884

Ria

R«d

2.008
2.025

2.033
2.045

2.057
2.07

2.09
2.11

2.136

2.163
2.208

BF2

R*d

.8875
.89
.8925
.895

.895
.898

90
903

903
908

914

Rel

4.456

8.985

13.52
18.14

22.82
27.55
32.45
37.46
42.65
48.00

53.9

H1

1.967
3.945
5.93
7.935
9.915
11.93
13.96
16.01
18.0
20.12
22.25

973
961
949

*039
.928

*9a
912
.908

.903
897
.893

.938

<911
.896

.889
.883
.878
872
.867
.868
.868
.868

Hd

972
978

983
907
+989

993
.998
1.004

1.011
1.013
1.023

RQ1

1.287

1.295
1.299
1.303
1.311
1.316
1.319
1.328

1.336
1.344

1.357

BOi

2.853
5.74

8.635
11.54

14.53

2647
5884

29.78
33.07

972
955
94

925

913
902

892
.886
.882
.878
.873

978
934
899
.883
.867
.856
847
.84

.838
.834

.833

v

872
872
874
874

877

.879
.882

.884
.887
.889

.895

R»d

1.236
1.236
1.236

1.236
1.24

1.24

1.244
1.247
17251
1.255
1.259

S*1

1.932
3.865
5.a
7.75

9.715
11.68

13.68
15.68
17.69

19.72
21.8

B«1

2.743

5.485
8.225

10.97

13.75
16.52

19.32

5506

28.74
31.7



Table 2a (Qontd.)

RXGL IO 0D 00T Q®

RXQ SO 0 000 X

.887
.852
.834
.822
.815

.81
.809
.81

812

817
.822

RDI

K»d

2.003
2.025

2.033
2.045

2.057
2.07
2.09
2.11
2.136

2.163
2.208

914

Sel

4.456

8.985
13.52
18.14
22.82
27.55
32.45
37.46
42.65
48.00
53.9

Hen

1.967
3.945
5.93
7.935
9.915
11.93
13.96
16.01
18.0

20.12
22.25

973
961
.949

.939
.928

921
912
.908
.903
.897
.893

-938
911
.896
.889
.883
.878
872
.867
.868
.868
.868

SKIi

K«d

972
978
.983
.987
.989

«003
.998
1.004

1.011

1.013
1.023

8®d

1.287
1.295
1.299
1.303
1.311
1.316

1.319
1.328

1.336
1.344

1.357

*01

2.157
4.34

8.76
10.97
13.21

15.49
17.83
20.17
22.48
24.96

2.853

5.74

8.635
11.54

14.53

26:47

23.53
26.64

29.78
33.07

972
.955
.94

925

913
902

892
.886
.882
.878

873

978
.934
.899

.883
.867

.856
847
.84

.838
.834

.833

8*d

872
872
874
874

877

.879
.882

.884
.887
.889

.895

R«d

1.236
1.236
1.236
1.236
1.24

1.24

1.244
1.247
1.251
1.255
1.259

Rei

1.932
3.865

5.81
7.75

9.715
11.68

13.68
15.68
17.69

19.72
21.8

2.7143
5.485
8.225

10.97

1843

19.32

5506

28.74
31.7



Table 3ae Values of Recovery Factor and Ratio of Stream Temperature
to Saturation Temperature - Results of Part I11.

soj=5* 100 Re™alOx 10" RJ=15* 10~ =+ =20 x 105

Tost r T A * r TsA * r Vo r V t,
RAI ons  1.14 92 1(]5543 o1 1.127 906 1.121
Ri2 o913 1038 887 1. 872 1.03 867 1.026
HA3 907 1019 885 1016 872 1013 865 1.01

RAA .857 993 833 99 .82 987 817 981
RAS .853 97s .829 973 818 969 .81 .965
RAD 846 962 822 T 812 958 .81 953
RBI o053 1258 go3 1252 904 1249 898 1.246
SB? o19 1127 go3 1126 874 1.124 <804 1.12

R3 924 1.106 892 1103 g5 1.1 865 1.097
RB4 oo3 1049 876 1.046 % 1.044 845 1.042
RBJ 877 <09 .844 089 826 .903 .87 -.087
SClI 908 1068 881 1069 856 1068 g53 1.067
RO1 889 1037 85 1.037 838 1036 .88 1.033
SSI 055 1.157 933 1156 913 1.154 899 1.149
RP1 945 1192 909 1.191 .888 875 1185
KP2 94 117 907 1168 891 13686 885 1.163
SGI 916 1102 891 1.1 882 1099 873 1.098
EH1 o038 1082 888 1083 ggg 1.085 .843 1.086
KAO 08 1.427 <93 1.418 92 1405 92 1.375

SBO o981 1.416 941 1413 921 1.405 913 1.397



Rol=25 x 10~
Tost r vVt
RAI 1.112
RA2 Zggg 1.022
RA3 gs7 1.007
Ra4 .82 976
RAS .809 961
Rab .801 946
RBI .894 1.235
RB2 .866 1.115
RB3 861 1.093
RB4 833 1.039
RB5 .822 983
RO1 849 1.064
HD1 823 1.030
RSI .894 1.144
RR1 - -
RB2 - .
RG1 867 1.094
- 838 1.085
n/o

RBO 910 1.363

Rel“30 x 307
ooVt
m _

864 1.01

.85 .99*

815 97

.807 .

794 -823

873 1.105

864 1.09

831 1.033

814 98

849 1.06

.82 1.027

867 1.09

834  1.083

r=»35 * 10~

r Vot
.8b5 .9&4
786 <935
869 1076
836 1.026
803 977
849 1.055
819 1.024
867 1 .02_36

«87=40 x 105
r V X
.808 967
.848 1.048
82

1.02



Table 4a,
Seotion e>TuI;]h rftwr
a 92.8
b 99
0 120.5
d 153
e 190
f 203
198
R 197
3 193
k 189
1 186

Values of Heat Transfer Coefficient, Stanton Number,

Length and Diameter Reynolds Numbers*- Results of Part IV*

Test HAI

Teat HA2

St X 102 Redxio'f Re,x 10'5 g1y /mpe Stx102 RedXIO™ Re,x D'5

0927

.885
0989 39
1214 892
A>* .895
193 .899
207 .905
202 91
.200 «Q2
196 93
192 .94
.189 959

Test HA3

1.963
3.W
3.94
7.935

9.97
12.03
14.11

16.31

18.57
20.84

23.38

111
116
164
204
234

235
234
228
230
221
162

Seotion RTIJhrfev St x i02 Re™XIO* RejX i0O"5 exolft-

R Xo IO "0 o000TW®

88.3

9.5
138

174
204

211
211
198
190

163

.084
.0945

131
165
196
202

202
192
184

191
.188

1.118
1.126
1.128

1.136
1.14

1.147

1.155
1.165

1.177
1.192
1.218

2.48
4.99
7.51

10.07

12.63

15.25

17.91
20.68

23.5
26.45

29.7

114
142.3
19f
2#
256
247
234
2>t
226
221
219

.108 1.019
113 1.028
«159 1.033
.198 1.038
227 1.044
231 1.047
229 1053
224 1.063
.228 1.073
219 1.089
161 1.107
Teat HAM

2.26

4.53
6.885
9.21

11.57

13.93
16.36

18.87
21.42

24.16
27

SfcX102 RedxiO5 Re”™ 10'5

1043
1302
1814
2525
234
228
216
219
211
209
207

1.213
1.221
1.229

1.237
1.242
1.25
1.258
1.267
1.28

1.297
1.326

2.69

5.415

8.175
10.98

13.77
16.63

233

25.55
28.8

32.35



T*bla 4a (Contg.l

_ h .
Seotion gryush<ir StX 102 RejxXio5 RejX I0Setusnrir T

P 2AXm J3JJQQ —=h ¢ OOT QD

72
988
757

-319

-395
- /6b

-575
1026

681
1214

1778

Teat HAS

066 1.213
oo7 1.221
-694 1.229
-292 1237
-35 1.242
-71 1.25
-53 1.258
96 1.267
64 1.28
1.15 1.297
1.68 1.326
Teat HBL

2.69

5415
8.175
10.98

13.77
16.63

19.53
22A1

25.55
28.8

32.35

73.5
0

218

177
209

184
196

193
183

175

Test HAG6

Voiii

six id2 Redx 105 Re,x 105

0674 1.213
0825 1.221
1007 1.229
1996 1237
162 1.242
193 1.25

J.70 1.258
183 1.267
180 1.28

73 1.297
165 1.326

Test HR

2.69

5415

8.175
10.98

1564

19.53
22.47

25.55
28.8

32.35

Seotion er}wi(/ St x i02 Redxio5RejXiQ'56TU/trft°E StxiO2 Redxio5 RejXIO5

122
116

133
160

174
205
200
197
14
187

173

.101
.096

1103

133
144

170
166
163
161
155
145

937
943
45
95

954
.959
965
973
983

997
1.017

2.076
4.18

6.3

8.43
10.57
12.76

15.0
17.27
19.63
22.1
24.8

129.5
150.5
205
261
273
274

0978
1133
156

199
.208

.2085

1.183
1.188

1.19

1.193
1.2

1.207

2.625

5.265
7.91
10.59

13.3
16.06



IX

Table 4a (Contd.)

Test HE3 Teat HBE4

. h N .
Saotion g StKid R~al05Re]MOBRTAHFT 6txioz Redx10srejxto s

a 120 o093 1.183 2625 46 033 1.321 2925
b 142 eill 1.188 5265 151 .1005 1.328 5.88
0 328 144 119 791 212 154 1337 889
d 194 1193 1059 248 .180 1.34 11.89
e 262 1966 1.2 1(%(8 261 .189% 1.348 14.94
f 2% 197 1207 1&06 259 188 1356 18.04
9 2 «192 1*217 18.9 263 191 1.364 21.16
h 247 185 1.227 5179 258 189 1372 2435
3 245 185 1.242 34.8 248 184 1389 27.73
k

1

235 1775 1256 27.85 230 %678 1.41 31.26

223 1710 1286 3135 221 1.441 35.15

Test HB5 Test H6
Seotion BTl h StxiO* Redx I05Re-,* I05Bni/viiT StxiO* ReNIO5RMXICTS

164.6 115  1.52 337 229 160 152 3.37
180.8 *1256 1529 6.7/8 408 285 1.529 6./8
2825 1972 1534 1021 1976 1.377 1.534 10.21
326 230 1539 13.66 2000 1.390 1539 13.66
3244 229 155 1719 1530 1.08 155  17.19
309+3 .220 1.56 20./6 1090 778 1.56 20.76
326 .232 1.57 24.4 7168 548 157 24.4
304 .ab 1.58 28.05 700 o5 1.58 28.05
320 .228 1.602 31.99 770 55 1.602 31.99
322 229 1.623 38 295 .285 1623 35

287 .207 1.663 40.6 638 .46 1663 40.6

R AXWISQ OO OT D



Table 4a (Oontd.)

Test HB7 Teat HC1
Seotion 6ru/Mw 6t a I0* RejxICly RelxlO5 St xiol Re™x ICT* Retxioy
& 75 0524 152 3.37 148 0896  1.483 3.287
b 109 076 1.529 6.78 185 112 1.491 6.61
0 180 1255 1534 1021 276 169 1.499 9.97
d 223 157 1539 13.66 319 %(238 1.512 13.42
e 270 190 1.55 17.19 370 : 1.516 16.81
f W 247 1.56 20.76 333 206 1.525 20.31
f 317 226 157 244 315 195 1533 238
h 319 226 i.ggz 28.05 %(% .198 {gg? 27.43
: .180 . 31.99 191 : 31.13
|'< 58% 193 1.623 36 298 .186 1.588 35.18
1 245  17p 1663 40.6 214 171 1.62 39.5
Test HC2 Teat HC3
Section e‘uAPfc’\’r StxiO* Redx1l Re,xIO9 St xtO2 Redx10'5 ReXxIO#
a 146 .0845 1.632 3.622 143 .0805 1.795 3.978
b 189 .109 1.643 7.28 i?ﬂ 112 1.806 8.0
c 270 158 1.65 10.98 156 1.818 12.08
d 336 196 1.662 1473 310 176 1.829 16.22
e 322 .189 1.671 1853 327 .186 1.835 2034
f 331 195 1.682 %(2)%7 306 176 1.847  24.53
312 .185 1.692 25 296 I_g 1.859 28.83
R 308 .184 1.702 30.18 285 165 1.871  33.15
3 298 178 1.717 34.27 272 158 1.889 37.67
K 29 77 1.743 387 2b5 155 1921 426
1 282 170 1783 434 244 143 1.967 479



Table 4a (Contd.)

Test B34

Test

®5

Motion ejujrt'r stMcf Redx 101 RtjX 10* Brw/hrffy SIxIO a ffejx1O'* ReXx to-’

RXWIHh *0ad oo

Section BT.UJjrftT

RPX— JO0O 0 0 OT ®

209

905
1647

3360
2230
934
124
851
658
409
147

187
212

403
419

391

3

348
326

309
298

Re,|\1d’ Re XIO"5 BTOAMiT StrMO* Red*»d *

118 1.795
284 1.806
937 1.818
1.910 1.829
1.28 1.835
537 1.847
418 1.859
495 1.871
.382 1.889
239 1.921
.087 1.967
Test HDI
.087 2.093
1263 2.114
.187 2.12
1965 2.133
.183 2.146
.igg 2.16
1665 37103
.156 2.215
.149 2.253
146 2.306

3.978

8.0
12.08
16.22
20.34
24.55
28.83

33.15

37.67
42.6

47.9

4.64
9.37
14.1

18.93

23.77
28.73

33.72
38.93
44.2

49.9
56.15

no
147
400

739
(NN

1295
980

958
1088

2100
640

296
403

558
614

410

372
304

329
241

257
205

062

1.795

.083 1.806
227 1.818
42 1.829
631 1.835
744 1.847
.564 1.859
556 1.871
_ 1.889
1-%2 1.921
376 1.967

Test HD?

<1374
187
259
288
192
176
144
158

115
124

129

2.093
2.114

2.12
2.133
2.146
2.16

2.175
2.193
2.215
2.253
2.306

3.978

8.0
12.08
16.22

20.34

24.55
28.83

33.15

37.67
42.6

47.9

RejMO5

4.64

9.37
14.1

18.93

23.77
28.73

33.72
0y
49.9

56.15



Table 4a (Qontd.)

Teat HD3 Test HI1

h h
Section 6TW/irft‘’F StxiO1l Redx to'5 Re,xIO'5PTovWFT St X 10* Rerfx 105 Rexx to'5

a 157 073 2003 464 155 0623 2365 525
b 207 096 2114 g37 220 .0884 2387 1058
0 393 182  2.12 14.1 286 115 2.402 1597
d 1040 488 2133 1893 313 1258 241 a .38
e 2520 1.18 2146 2377 294 1103 2424 26.88
f 1740 824 2.16 2873 286 .ll6l 2448 3255
g 2550 1.209 2175 33.72 289 1173 2462 38.2
h 3845 1.838 2193 3893 273 1127 2485 44.1
j 1584 sg 2215 442 256 105 2508 0.1
k 2835 1.37 2253 499 o55 .1056 2.556  56.7

1 840 .41 2306 515 224 oo37 2625 641



Table Ma«

Seotion

Ve

HAI

EM

haS

HB2

HB3

HB4

HB7

HDI

HJ1

N\

Values of T * St* Pr™o ———
1l e+ 255

and i)iameter Heynolds Number*

120

155
129
197

156

104

155
A51

.140

179
123

152
153
*137

*153
225
.098

11

.182

235
195
299
236
157

235
226

213
272
186
231
232
208
232
.340

.149

Red*io'5
.895
1.038
1.136
1.237
1.237
.95
1.193
1.193
1.3*
1.539

1.539
1.512

1.662
1.829

2.133

2.133

241

X

158
185
160
191
132
1175
170
159
155
187
155
185
154
152
149
157
.0975

11.085

X1
232
213
236

.281

195
173
.250
232
228
216
229
272
227
224
220
231

.144

X iii

and Y* 3 St* Pr~ (~"cT)

Re’™XICVE X
899 .174
1.044 194
1.14 170
1.242 192
1.242 163
954 143
1.2 1755
1.2 164
1.348  .158
1.55 .185
1.55 208
1516 173
1.671 164
1.835 .148
2.146 158
2.146  .148
2.424  .098

13.302

252
282
247
278
235
207

254
236

229
268
301

251

.238

215
229

215
142

RedXIO"

.905
1.047

1.147

1.25
1.25

-.959
1.207
1.207
1.356
1.56

1.56

1.525

1.682
1.847
2.16
2.16

2.448



EflfriMm* >

ootion

X/m

HAP

HA?

hab

tmi

HJ1

AN

197

ATA
.186

146

a43

163

164
.20

195
160

159
146

145

124

101

15.519
vl

.249
283

249

.267

.710

203

232
236

,;'ab
279
241
228
210
207
178

.145

RdxiO'5

91
1.053
1.155

1.258
1.238

963

1.217
1.364
1.57

1.37

1.533
1.692
1.859
2.175

?.175
2.462

Y

75
.196

a be
192
160

.143

160
.166
184

.198

173
161

143
146
139

.099

17.736
Yl
249

279

.240

273
228

.203

226
236
«261

.232

247

.229

.208

197
141

RecXICr*
92
1.063

1067
1.267
1 .267

973

1.227

1.372

1.38
1.58

1.547
1.702

1.871
2.193

2.193
2.483

Y
74

.203
164

188
160

.143

a 62
164
203
a6bo
170
.158

141

a39
102

«093

Xiv

19.953
vl
247
287
232
.266
227

.203

328
232

207

227
241

324
199
a96

145
132

RedXio5
.93

1.073

1.177

1.28

1.28

.983

1.242

1.389
1.602

1.602
1.36

1.717
1.889
2.215

2.215
2.500



Table 5a (Oontd.)

Seotion

x/Da

T

HAI 72
HA2 197
had 172
HA4 .188
hab *155
HB1 139
HB3 142
HB4 154
HB5 .206
HB/ 173
HC1 167
HG2 159
HG3 139
HDL 134
HD? 111

HJl 095

22.17
T
244
218
242
265

.a9

197
200

0217
290
245
.236
225

197
189

137

134

Redx 109
94
1.089
1.192
1.297
1.297

.997
1 .256

1.41
1.623
1.623
1.588
1.743
1.9

2.253
2.253

2.556

T

170
146
171
188
150
132

136

151
.188

160

153

154
130
133

117
.003

24.387

241
.206
240

264
211

.185
192

J212

.264

225
219
217
183
187
165
120

Redxio”
.94
1.107
1.218
1.326
1.326
1.017
1.286
1.441
1 .663
1.663
1.62

1.783
1.967
2.306
2.306
2.625

XV



Table 6a. Values of Friction Factors - f X 10*#

Seotion HAI HA2 HA3 H4,5,6 HB1 HB2,3 HB4
a-b 621 620 613 707 612 .682 546
b-c 601 519 465 456 488 ANA 445
o-d 553 551 58 574 = 537 492
d- e 482 521 511 426 493 466
o- f 412 466 461 445 432 .38
r-g 446 453 43 452 436 406 395
g-h .ﬁ%g 486 44 sjgg -ﬁgg 378 308
h- | . 498 _ . : . 367
5- k 429 470 .Z%g 458 458 ﬂ&é .378
k-1 347 375 347 344 .392 367 296
Section HB5.6.7 HOI HC2 HC3.45 Ha,2,3 HJ1

a-b 596 643 671 72 .645 671

b-0 468 498 482 524 502 515

0-d 582 511 545 567 496 508

d- e 519 525 521 475 236 473

6 - f 421 497 441 403 462 508

f - s 437 .398 383 425 .387 .369

g- h 418 401 422 A41b 411 381

h- 3 418 431 416 445 421 415

i - K 45 471 AQ B 429 439

k- 1 373 .368 .359 .345 334 .318



SYNOPSIS

1. Introduction

The aim and_ the nature of the work stated*  The
present day crisis of the individual* The need for the
existential decision for God* The failure of the
""conceptualist” theological thinking to offer adequate
categories for the formulation of the theology to a man
In_existential crisis. The search for the personalistic
thinking, iIn theology, which is also the quest for the
Christian Doctrine of the Holy Spirit.

PART I

2 The New Testament Doctrine of the Holy Spirit

a The teachiqgeof the Synoptics concerning the
problem Jesus and Holy Spirit®  The understanding
of the person of Jesus The Christ.  The unitue
possession of the Holy Spirit by Jesus. This reveals
that his human existence veils within itself the
Incarnate Word of God, with whom the Father through the
Holy Spirit reveals the one-ness of Being. This is not
the Incarnation of the Holy Spirit in Jesus, but the
revelation of the Word in Jesus by the Ho*Ly Spirit, who
also reveals Jesus to Himself as the Christ.

() The teaching of the IVth Evangelist concernin
the Comforter. The Johannine contribution towards
understanding of the relationship of Jesus the Christ
and the Holy Spirit. This iIn turn reveals the nature
and character of God which implicitly destroys the
Jewish Unitarian conception of Him.

0) _The teaching of the Acts of the Apostles, the
Pauline Epistles and the other New Testament writings
concerning the Holy Spirit. The Revelation of the Holy
%ﬁlrlt as the present heality in the Church according to

e Promise of Christ- The revelation of Christ through
and iIn the Holy Spirit as the Lord (Kyrios) who is and
who 1s still to come. (The words Maranatha spoken in

the Church reveal that Christ is present in the Holy
Spirit _iIn the_ Church*  Other aspects of the Doctrine of
e Holy opirit expounded.

The/



The data of the New Testament doctrine of the
Holy Spirit present themselves as the quest for the
understanding of the Christian Doctrine of God and
serve as the Prolegomena of this uoctrine.

PART II.
The Christian Doctrine of God*

Chanter One.

The problem stated. The Birth of Christianity
inside Judaism. The parting of the ways between
Jewish Unitarianism and Christian Triniterianism. Two
different conceptions of Monotheism.

@) The development of the Christian Doctrine of
God from the New Testament period onwards until the
IVth century. Tertullian and Origen. St. Athanasius
and the Cappadocian Fathers.

() A re-statement of the Christian Doctrine of
God in terms of Analogia amoris.

Chanter Two.

The jJustification of the Christian Doctrine of God
on the basis of the structure of personality.
Personality, Divine and Human.

Chanter Three.

The Doctrine of Filioque. A conceptualistjc
theological thinking engenders this Doctrine while a
personalistic (existential) theological thinking denies
the Doctrine of Filioque.

PART 111.

Eastern Orthodox, Roman Catholic and Reformed
teaching concerning the Holy Spirit.

The Concept ofthe Juridical Mission of Christ
in Roman Catholicism.

The concept ofthe qgcripture as the sole norm
of the Church, 1ts faith and life in the
Reformer Church.

%g The Concept of sobornost in £. Orthodoxy.
L (8



APPENDIX A.

The old Testament ideas concerning the Spirit of
God. The problem stated in relation to the ureation,
moral order and history rfhich i1s the stage of God"s
action in the world.

APPENDIX B-

Some theological, historical sketches of the _
German theology In connection with the problems raised
in the theology of Rudolf Bultmann.



