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Summary. This Report gives experimental values of Nusselt number as a function of Reynolds number
and surface/gas temperature ratio for three gases, air, helium and carbon dioxide, and shows the effects of
radial variations of fluid properties with temperature. The conditions under which the experiments were
performed were fully developed velocity and temperature profiles and subsonic turbulent flow. These

conditions are typical of those encountered in the cooling passages of a nuclear reactor or a turbine blade.

"~ The experimental results are presented in a form suitable for use in design work and are compared with
existing experimental and theoretical data.

1.0. Introduction. Accurate heat transfer data are required in many aspects of present day design
work. Two particular examples, closely associated with the experimental work described in this
Report, are the cooling by forced convection of turbine blades® with air pumped through spanwise
passages formed in the blade, and the removal of heat by forced convection from gas cooled nuclear
reactors?, In both of these examples it is necessary to be able to predict accurately the surface
temperature distribution in the cooling passages corresponding to any given set of coolant gas
conditions. For the turbine blade, the strength properties of the blade material will be critically
" dependent on temperature. This may be also true of the materials in a nuclear reactor, but in
addition the reactivity of the fissile material tends to fall as its temperature rises, and consequently
the fissile material has to be reprocessed more frequently, with an attendant increase in the cost of
power production. Hence the need for accurate heat transfer data, particularly when the surface
temperature is very much greater than the average or bulk temperature of the gas flowing through
the cooling passages. Under these conditions thereis an appreciable radial variation of gas temperature
from the centre of the passages to the surface and the effects on the rate of heat transfer of variations
in temperature-dependent gas properties cannot be neglected. Previous work®4567 has shown
both theoretically and experimentally for the turbulent flow of air in smooth pipes of circular cross
section that as the ratio of the surface absolute temperature to the air bulk absolute temperature
increases, the Nusselt number? falls, provided that the Réynolds number is kept constant and that
both these last parameters are evaluated with air properties taken at the bulk temperature. There

# Previously issued as N.G.T.E. Report No. R.241—A.R.C. 21,991.
1 For definitions see Appendix I.



is however, little published information* on the behaviour of the other gases such as helium and
carbon dioxide which are more suitable than air for the nuclear reactor application.

The object of the work reported here was to measure the effects of temperature ratio on Nusselt
number for helium and carbon dioxide flowing in smooth pipes of circular cross section in the
bulk Reynolds number range from 4,000 to 60,000. This range of Reynolds numbers appears to
cover the region of greatest interest in reactor design work. In addition measurements were made
during the preliminary testing and development of the apparatus using air and (for a few points)
argon as the working fluids. The technique used to measure Nusselt numbers differed from that
used in previous reported work® and the measured effects of surface/gas temperature ratio for air
are not exactly the same. The reasons for this difference are given later and it is sufficient to state
here that in the present work all the heat transfer measurements were confined to a region where
both the radial velocity and temperature profiles were fully developed and both entrance effects
and end effects were eliminated. Such conditions are likely to be representative of actual applications,
particularly so for the cooling of nuclear reactors where the cooling passages Wﬂl usually have length/
hydraulic diameter ratios of the order of 100 or more.

For all three gases the range of surface/gas temperature ratio at which measurements were made
lies between 1 and 2-2 and most of the measurements were made with the gas bulk temperature
in the range 300 deg K to 400 deg K. Some additional experiments were conducted with air and
helium preheated to 600 deg K. The highest Mach numbers during testing were obtained with
helium as working substance. Efforts were made to avoid average Mach numbers greater than 0-3
with helium by raising the pressure and density levels in the apparatus, so that the low conditions
would be truly representative of the ‘incompressible’ flow generally associated with reactor cooling.

In addition to a description and explanation of the experimental results, a detailed description of

certain parts of the apparatus is included because they embody certain novel features which may
be of interest to other workers in this field.

2.0. Description of Apparatus. Previous work? demonstrated the feasibility of the technique for
measuring Nusselt numbers in the region of the test section where radial velocity and temperature
profiles were fully developed. These experiments were performed on a very simple rig using com-
pressed air from the laboratory supply and discharging the heated air to atmosphere. It was obvious,
however, that such a technique would lead to prohibitively high operating costs if used with helium
as the working substance, and therefore that a closed cycle apparatus would have to be constructed,
with very careful attention paid to the problem of leakage, so that a small quantity of helium could
be circulated repeatedly and only a small make-up supply would be necded to cope with leakage
during operation. Full details of this closed cycle apparatus are given in Appendix II, and a flow
diagram and electrical circuit are included in Figures 1 and 2.

Also in Appendix IT there is a detailed description of the three electrically heated test sections used
for the experiments, and some of the details of their construction are shown on Figure 3. All three
tubes were made of stainless steel and had the following dimensions:

TABLE 1
Test section No. 1 2 3
Tube inside diameter in. 0-247 0-553 0-246
Heated length in. 12 24 12
Starting length in. 14 24 9
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“less than 0-3 for helium: for other gases the Mach numbers never exceeded 0-2. When the tube
~wall temperatures and the gas temperatures became steady for any set of conditions, the current

Most of the testing at gas average bulk temperatures between 300 deg K and 400 deg K was

~ performed with the first test section. The second was used to obtain data at low Reynolds numbers

(up to 10,000) and the third was used with air or helium preheated to about 600 deg K.

3.0. Experimental Procedure. 'The first test of any series using a given test section was conducted
with no gas flowing through the system at a series of low electrical input powers. By this means
the heat losses from the tube to the lagging could be obtained for various tube wall temperatures.
This heat loss information was used in subsequent tests to deduce the net electrical power given
to the gas. For this purpose allowances had to be made for conduction losses axially along the pipe
and radially outwards to the lagging.

During the actual tests with gas flowing through the test section, the mass flow was kept as
constant and as steady as possible, and the electrical power was raised progressively by finite amounts.
The pressure in the test section was kept high enough to maintain the average Mach numbers at

* and voltage drops along the test section were read, together with the orifice readings and the gas

and wall temperatures. As explained in Appendix II, the heater power at the exit end of the test
section was adjusted so that the thermocouples embedded in the piece of the test section were
recording temperatures as nearly as possible equal to that recorded by the gas exit thermocouple.
Generally one set of readings took about five minutes and the time required for the rig to settle
down varied considerably from times as short as five minutes when running with helium at high
mass flows to one hour when initially warming up the third (high temperature) test section and
its mixing chambers. During the experiments the pump unit and its controls required little attention
apart from small changes in the settings of the by-pass and make-up valves. '

4.0. Reduction of Data. From the readings taken it was possible to compute the enthalpy
received by the gas, using the measured mass flow and temperature rise and the specific heat of the
gas at constant pressure, evaluated at the arithmetic mean of the inlet and outlet temperatures.
Also it was possible to allow for heat losses and to obtain the net electrical power given to the gas,
and compare this with the measured enthalpy rise. For tests without preheating of the gas these
heat balances usually agreed to within 3 per cent for helium and the corresponding maximum
discrepancies for air and carbon dioxide were 5 and 6 per cent respectively at Reynolds numbers
above 8,000. Below this Reynolds number, the heat balances became progressively worse, and for
the few tests performed with air and helium at around 1,000, the error was as great as 15 per cent
in isolated cases. It is believed that the errors lay chiefly in the measurement of the gas outlet
temperature, so that the electrical measurements were regarded as more reliable. The reason for
this belief arose from experience in the use of a guard heater wound on a brass cylinder around,
but separated from, the thermocouple used to measure the gas exit bulk total temperature. It was
intended that the power supply to this heater would be adjusted to minimise heat losses by
conduction from the gas mixer to the rest of the mixing chamber body. This mixer was connected
to the cylinder of the guard heater by a thin brass disc containing two thermocouples at different
radii (see Fig. 3). The adjustment of the power supply was to be regarded as satisfactory when the
disc temperatures were themselves equal and agreed as closely as possible with the reading of the
gas exit thermocouple. In tests at the higher Reynolds numbers it was found that the reading of
the gas exit thermocouple was relatively insensitive to changes in the disc temperatures arising from
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changes in the power supply to the guard heater. However, as the Reynolds number was reduced,
the readings of the gas exit thermocouple became more sensitive to changes in the disc temperatures.
It was then difficult to maintain a steady reading of the gas exit thermocouple because of the slow
response of the disc temperatures to changes in power supply. With preheated gas, considerable
difficulty was experienced in obtaining steady conditions and for many of the results heat balances
differed by 10 per cent, and in some instances, even more.
In addition to obtaining a heat balance, the measured values of the electrical energy given to the
gas along the four equal sections of the heated length were used to calculate the distribution of gas
‘bulk total temperature along the tube (see Fig. 2). This distribution was not exactly linear, so that
the average gas bulk temperature over the middle 6 in. of the tube was not exactly equal to the
arithmetic mean of the measured temperatures. The former average gas bulk temperature deduced
from the calculated distribution was used to find the average heat transfer coefficient for the middle
6 in., and the gas properties were based on this temperature in the calculation of Nusselt, Reynolds
and Prandt]l numbers.

The average wall temperature for the middle 6 in. was obtained by plotting the wall temperature -

distribution as in Fig. 2 and finding the area underneath this part of the curve. From this, the
average surface temperature in the middle 6 in. was calculated using the formula

7T H [log& (Fol7s) 1}

- L (1)
(1= (@/ny] 2

The Notation is given in Appendix I. The heat transfer coefficient for this section was computed
using the difference between the average surface temperature and the average gas bulk total
temperature, viz.,

v =555

H
27TV.LL( TS —_ Tb)
Then the Nusselt number was obtained from
hD ‘
Nu, = N (3)
and the corresponding Reynolds number from
} 40 . :

The gas properties used in the evaluation of these parameters are shown in Fig. 4, for air, helium
and carbon dioxide. They are based on Ref. 8. (The tests with argon were done primarily to prove
the rig before using the helium supplies and although the few results obtained have been included,
the argon properties have not been shown. They were obtained from Ref. 10.) A short discussion
of gas properties is included in Appendix I. '

During any given test at constant mass flow, the Reynolds number tended to fall as T, p (and p)
increased with increasing heat input. In order to be able to plot the Nusselt numbers against surface/
gas temperature ratio T/ T, at any given Reynolds number (Figs. 5, 6 and 7) the Nusselt numbers
were corrected to a constant value of Reynolds number for any given test by assuming

Nu, o< Re," (Re, > 9,000)
or (5)
Nu, oc Re,®® (4,000 < Re, < 9,000).
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The Reynolds number variation throughout a given test was not large, so that the correction
amounted to only 2 or 3 per cent. Some results were obtained also for Re, values less than 4,000.
These were not plotted but were used in the construction of Figs. 9 and 10. y

The reason for computing the average Nusselt number over only the middle 6 in. of the test
section is that ‘end effects’ are eliminated. When the gas bulk temperature and the surface
temperature both increase axially in the same manner, e.g., linearly or nearly so in these experiments,.
the temperature profile is fully established. The velocity profile has also been allowed to develop
suﬂicienﬂy to be regarded as fully established so that the conditions under which the Nusselt number
has been measured can be stated emphatically to be

(1) fully developéd velocity profile,
(it) fully developed temperature prdﬁle, and
(iii) essentially low subsonic turbulent flow conditions (M < 0-3).

This means that the measured temperature ratio effects produced by radial variation of fluid
properties with temperature will be the same as those occurring in a reactor cooling passage of large
length/hydraulic diameter ratio (> 100) where end effects are small.

It has been demonstrated that if the wall temperature is rising more quickly than the gas bulk
temperature along the pipe, then the rate of heat transfer is greater than for equal rates of axial
temperature rise and vice versa®. It might be thought that effects due to large positive and negative
axial wall temperature gradients at the inlet and outlet ends of the test section respectively may tend
to be substantially equal and opposite, hence cancelling each other out: this may be so but it is
obviously much better to eliminate these effects completely if at all possible. Other reasons why
these end effects should be eliminated will be given later (Section 6.2).

The reasons for basing the fluid properties on the gas bulk fotal temperature and for expressing
the temperature ratio effects using this temperature are that in-design work total temperatures are
much more likely to be known than static values, which depend on the mass flow in any given
passage and on the passage cross-section area, both of which may be unknowns?,

5.0. Test Results. In Figs. 5 to 12 the parameter Nu,/Pr,** is plotted as a function of Re, and
T./T,. This method of plotting the results facilitates comparison with the well established
relationship used when there is negligible variation of gas properties with temperature in the radial
plane. This relationship is often expressed as

Nu = (constant) ReV® Prt4 (6)
Re > 8,000.

The value of the constant used in this equation depends on the pipe geometry (length/diameter
ratio) and also on the distribution of wall temperature. For the length/diameter ratios used and the
wall temperature distributions obtained in this work, the constant can be assumed equal to 0-023.
The experimentally observed values of the parameter Nuy/Re,"8 Pr,%* should approach 0-023 as
T,/ T, approaches unity. '

As described in Section 4.0, the experimentally obtained Nusselt numbers were corrected for
slight variations in Reynolds number so that sets of points could be plotted for various constant
values of Reynolds number, in order to find the effect of T/T,. This is done in Fig. 5 for air, at
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Reynolds numbers exceeding 4,000, with bulk air temperatures in the range 300 deg K to 400 deg K.
The few test points obtained at lower Reynolds numbers were not very accurate and it was felt that
no useful purpose would be served in trying to extract any data from them on the effects of temperature
ratio. The data for Re, > 9,000 in Fig. 5 were obtained from Test Section No. 1. For Re, < 9,000,
Test Section No. 2 was used and the two sets of points for Re, = 9,000 provide a useful confirmation
that the results from the two sections can be considered together. When plotted on logarithmic
paper as in Fig. 5 the experimental points indicate that for design purposes at any given Reynolds
number the effect of surface/gas temperature ratio can be expressed conveniently as

T \m
Nuy, = C Re, 08 Pr,>* (J) (6a)
T,

where m is the slope of the line drawn through test points for that Reynolds number. Also points
are shown at T/ T, = 1 which are calculated from Equation (6) and it is seen that for Re, > 10,000,
Equation (6) does indeed apply to the experimental data extrapolated to 7T,/ T, = 1. At temperature
ratios less than 1-1, the actual difference between surface and gas temperature which is used to
calculate the Nusselt number becomes small compared with the temperature rise experienced by
the gas and any errors in the bulk temperature values cause scatter, especially at the lower Reynolds
numbers.

In Fig. 6 the helium results for Re, > 4,000 are presented, again for gas bulk temperatures
between 300 deg K and 400 deg K. All the results for Re, > 6,000 were obtained using Test
Section No. 1, and those below 6,000 were obtained with Test Section No. 2. The two sets of
points at Rey = 6,000 again confirm that experimental results from the two test sections can be
considered together. The results are generally similar to those obtained for air. T'wo differences
are that the effect of temperature ratio does not appear to be as great for helium as it is for air and
Equation (6) would appear to apply at Reynolds numbers as low as 6,000 when T,/T), approaches
unity.

The results obtained for carbon dioxide are shown in Fig. 7. All except the points for Re, = 8,000
were obtained with Test Section No. 1. The results show a temperature ratio effect similar to the
other gases and also that Equation (6) applies when T,/T} tends to unity.

Similarly in Fig. 8, some heat transfer results for argon are shown. They were obtained during
the final development of the rig, prior to testing with helium.

The straight lines through the test points in Figs. 5, 6 and 7 were drawn in order to cross plot
the test results in Figs. 9, 10 and 11 where Nu,/Pr,®* is plotted against Re, for values of T,/ T,
equal to 1-2, 1-4, 1-6, 1-8 and 2-0. In addition, a straight line corresponding to Equation (6) is
shown in each figure. For clarity, test points have not been recorded in any of these three figures
which are regarded as being the most convenient way of presenting the heat transfer data for use
in design work. ,

In Fig. 12, the test results obtained with Test Section No. 3 are recorded. Considerable trouble
was experienced in obtaining steady conditions and satisfactory heat balances during these tests;
hence the scatter. All that can be concluded from these results is that if they are expressed in the
form of Equation (6a), then the values of the constants C and m deduced from the tests without
preheated gas give Nusselt numbers which are in moderate agreement with the observed results.
For all four gases, the values of C can be assumed to be 0-023, plus or minus 3 per cent. The average
values of m over the Reynolds number range considered are given in the following table.
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TABLE 2

Gas Average slope of lines shown on
Fics. 5, 6, 7 and 8 ‘w’.
Air .. —0-40
Helium .. —0-185
co, .. 02
Argon .. —0-43 \.‘

6.0. Discussion. 6.1. Observed Effects of Surface]Gas Temperature Ratio and Comparison with
Theory. When the bulk Reynolds number is kept constant it is seen that for all three gases, the
Nusselt number (Nu,) falls as the surface/gas temperature ratio (T/T3) is increased. It is believed
that this effect of temperature ratio can be explained by considering the changes which occur in
the fully developed temperature profile at any chosen axial position in a tube when the mass flow
and bulk gas total temperature (and hence Re,) are kept constant and the surface temperature is
allowed to rise. The tubes used for the experimental work are too small to permit accurate temperature
traversing so recourse must be made to the theoretical work of Refs. 5 and 6, which are described
in Appendix III. This theoretical approach is to obtain velocity and temperature profiles in non-
dimensional forms by simultaneous integration of the equations for radial transfer of heat and
momentum. In order to perform these integrations it is assumed that the transfer of heat and
momentum in the turbulent region of the flow occurs in the same manner. Also data must be used
which are derived from experimental measurements of velocity profiles at a temperature ratio of
unity. The assumptions which are made for the variation of gas properties with temperature
correspond most nearly to helium.

The results of the integrations are that profiles of non-dimensional velocity, u*, and temperature,
tt, can be plotted as functions of 3+, a non-dimensional distance from the walls of a circular pipe,
for various values of a heat loading parameter 8, which is positive for heat addition to the gas and
vice versa. The definitions of u*, ¢+, y* and B are given in Appendix III.

In this Appendix the method is described whereby unique values of Nu,, T/T,, and Re, are
deduced from integrations of the non-dimensional velocity and temperature profiles with previously
chosen values of 8 and 7, corresponding to the tube radius in non-dimensional form. Some trial
and error is involved in the choice of B and #* if particular values of T/T; and Re, are specified.
If Re, is fixed, the required values of #* decrease as 7/ T}, is increased, so that any fixed value of y+
corresponds to an increasing distance from the pipe wall. Since it can be deduced® 8 that 4+ and #+
vary linearly with y* near the wall (0.< y* < 5), this implies that the slopes of the velocity and
relative temperature profiles become less steep relative to the pipe radius as T,/ T, rises and Re, is
kept constant. This is illustrated in Fig.. 13 where relative temperature profiles (in terms of
(T,— T)/(T,— T})) are plotted for a bulk Reynolds number of 11,800 and values of T,/7, equal to
1-0 and 1-58 respectively. Fig. 14 shows exactly similar data for a bulk Reynolds number of
221,000 and temperature ratios of 1-0 and 1-59 respectively. From both figures it will be seen that
there is little change in the overall profile as T/ T, is altered, but the lower diagram on each figure
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indicates that there is an appreciable reduction in the relative temperature gradient near the wall
as T,/ T, rises. Since by definition all the heat transfer in the laminar sub-layer near the wall must
be by conduction, it is possible to express the heat flux at the pipe surface in terms of the thermal
conductivity and the temperature gradient in the laminar sub-layer, and therefore to deduce
expressions for the heat transfer coefficient and Nusselt number. This is done in Appendix III
and shows that when the surface/gas temperature ratio is increased, and the gas bulk Reynolds
number is kept constant, the Nusselt number falls because of the reduction in the relative
temperature gradient within the laminar sub-layer. As the pipe surface temperature rises, the
thermal conductivity in the laminar sub-layer also rises, but not at a rate which is great enough to
counteract the effect of the reduced relative temperature gradient. »

The results of some of these calculations are plotted in Fig. 15. Comparison of Figs. 9 and 15
shows that the actual values of Nu,/(Pr,)** do not agree closely, except at Re, = 15,000. At high
Reynolds numbers the calculated values of Nuy/(Pr,)* are too small and the method predicts
temperature ratio effects which are apparently too great. No definite reason can be given to explain
why the calculations should show a temperature ratio effect which increases with Reynolds number,
when the opposite is observed experimentally for three of the gases tested. It would appear that this

particular theoretical approach is only of value in giving a reasonable qualitative explanatwn of the
fall in Nu, as T/ T, rises and Re, is kept constant.

It must be emphasized that all the theoretical work in Refs. 5 and 6 is based on measurements
made for velocity profiles at a temperature ratio of unity and that heat and momentum transfer
in the turbulent region of the flow are assumed to occur in exactly the same manner. There is little
information available at present to permit a different approach: all one can do is to alter certain
basic assumptions and try more realistic expressions for variations of gas properties with temperature
and for the variation of heat flux across the pipe, in the hope that better agreement will result.

Better agreement has been obtained between theory and experiment in Ref. 13, where more
realistic transverse distributions of heat flux and shear stress have been assumed. Different variations
of fluid properties with temperature were incorporated to allow comparisons for helium and carbon
dioxide as well as air. However, it was still necessary to employ data deduced almost exclusively
from isothermal velocity and temperature profiles, and it is emphasised!® that more information is
desirable concerning the transfer of heat and momentum, under non-isothermal conditions over a
wide range of Reynolds number. It is believed therefore that satisfactory agreement may not be
obtained until detailed measurements are available for velocity and temperature profiles, especially
in the vicinity of the tube surface, with surface/gas temperature ratios appreciably different from
unity. It is also concluded in Ref. 13 that the radial variations of density and specific heat in the
terms describing the turbulent transfer of heat and momentum are the main cause of the changes
in the shapes of the velocity and temperature profiles, as the surface/gas temperature ratio is increased
at constant bulk Reynolds number. Over most of the flow the effects of these turbulent transport
terms are shown to dominate completely any influence of viscosity and thermal conductivity on the
shapes of the velocity and temperature profiles. (This could also be deduced from an inspection of

Equations (5) and (6) of Appendix III, using the variations of shear stress, heat flux and diffusivities
specified in Ref. 6.) ‘

Fig. 16 shows the theoretical temperature, density and viscosity profiles for helium plotted as
T[Ty, plpy and pfuy, at Reynolds numbers of 11,800 and 221,000 and at a value of T,/ 7T} approximately.
equal to 1-6. It will be seen that the deviation of properties from the bulk values is smaller at the
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higher Reynolds number, suggesting in a purely qualitative manner that when gas properties are
evaluated at the bulk temperature, the effect of temperature ratio should become smaller as the

Reynolds number increases.

6.2. Comparison of Present Experimental Work with Other Published Experimental Data. As
previously stated in Section 4.0, the portion of the tube in which heat transfer coefficients and
Nusselt numbers were measured was where the temperature and velocity profiles could be assumed
to be fully developed, and the effects of rapid axial changes of surface temperature on the heat transfer
rate were avoided.

Referring to the temperature distribution drawn in Fig. 2, which is for a relatively modest
surface/gas temperature ratio, theoretical calculations based on Ref. 9 show that in the first quarter
of the test section the average heat transfer coefficient is approximately 4 per cent greater than the
average value for the middle 6 in. of the section, where the actual measurements were made.
Similarly, over the final quarter, the average coefficient is (theoretically) 6 per cent lower than the
- measured average value, and what is more important, the theory predicts that heat is actually
transferred from the gas to the wall in the final region where the wall temperature is falling steeply.
" The reason for this last effect is that, although the bulk gas temperature may be less than the wall
temperature, the latter is falling sufficiently steeply for only the outer gas layers to be affected, with
the result that the temperature profile near the wall suffers a reversal. Obviously the gas temperature
adjacent to the wall must be equal to the wall temperature itself to maintain finite rates of heat
transfer. (See Fig. 17 and Ref. 9.)-Much of the existing experimental data for heat transfer from the
inside walls of a tube to air under conditions of turbulent flow is based on measurements made over
the whole of the heated section. In view of the very steep axial temperature gradients which can
occur at each end of the heated section (see, for example, Ref. 3) it is not unreasonable to suspect
that heat can be lost from the air to the tube walls in the section immediately upstream of the
thermocouples measuring the air exit temperature. It must be remembered that even with a satis-
factory heat balance between the electrical energy supplied to, and the heat received by the air,
such an effect could escape unnoticed unless measurements are made of the distribution of energy
supplied to the air over various sections of the tube.

The steep axial wall temperature gradients therefore cause the gas bulk total temperature to rise
in a non-linear manner from the inlet to the outlet of the heated section, so that the arithmetic mean
of the measured inlet and outlet gas temperatures does not coincide with the deduced gas bulk
total temperature at the mid point of the tube. As the surface/gas temperature ratio is increased, the
difference between the arithmetic mean of the measured temperatures and the deduced bulk
temperature at the mid point is also increased. Heat transfer data deduced from measurements
over the whole of the heated section, using gas properties and heat transfer coefficients based on the
arithmetic mean temperature, cannot therefore be expected to agree with data based on measurements
made over the mid-section of the tube, as in the present investigation, especially at large surface/gas
temperature ratios. '

The difference between the measured effects of surface/air temperature ratio in Ref. 3 and
those in this Report is appreciable. In fact the data given in Ref. 3 suggest an effect of the form
(T,/ T,)~"%5, whereas the present work for air results in an average index of — 04 in Equation (6a)
rather than — 0-55, and it is believed that the explanation for this difference lies in the phenomena
described in the preceding paragraphs of this section.
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The boundary conditions of the experiments described in the present Report have been clearly
defined (Section 4.0) and are held to be much more representative of coolant conditions in a nuclear
reactor where the passages are likely to be of large length/diameter ratio (> 100) and end effects
are of little importance. A second minor point is that for theoretical calculations it is very much
easier to compare theory with experiment when the velocity and temperature profiles are fully
developed.

Very limited data are available for heat transfer from a hot surface to gases other than air, especially
helium. Ref. 4 contains some information on the heating and cooling of carbon dioxide and on the
cooling of helium. The data for the heating of carbon dioxide is unfortunately confined to a
Reynolds number range above 80,000, where the general conclusion is that the surface/gas
temperature ratio effect is similar to that measured in this work and that theory (similar to Ref. 6)
underestimates the Nusselt number values.

In Ref. 12, experimental values of Nusselt number, based on local heat transfer coefficients
from the surface of a hot tube to helium, are presented for surface/gas temperature ratios from 1-8
to 3-9. All the helium properties are evaluated either at the surface temperature or at a film
temperature which is the arithmetic mean of the surface and the gas bulk total temperatures, but
it is possible to convert the results to values based on bulk temperature. When this is done, the one
point for T /T, = 1-8 is Nug/(Pr,)** = 57-6 at Re, = 22,300, and this agrees very well with
Fig. 10. For T,/T, = 1-9, there are three points, all of which lie within the limits of experimental
error when compared with extrapolated values from Fig. 10. At higher values of T,/T}, the
experimental results usually follow the expected trend, but without exception they fall well below
the values predicted by Equation (6a). There are also some anomalies, which cannot be explained
away satisfactorily as rounding off errors in the presentation and subsequent conversion of the data:
some points for T,/ T, = 2-8 lie above those for smaller values of surface/gas temperature ratio.

At higher levels of temperature, the results of different investigators cannot be compared with
each other unless a critical comparison of the gas properties used to evaluate Nusselt, Reynolds and
Prandtl numbers is made at the same time. It is well known that, of the gas properties needed in
this field, the thermal conductivity is the most difficult to measure accurately, and quoted values
may vary considerably, especially at temperatures above 500 deg K, where in some instances it
has been necessary to rely on extrapolations. In Ref. 3, where extrapolated values of thermal
conductivity were used, the measured Nusselt numbers fell as the gas temperature rose, with
Reynolds number and surface/gas temperature ratio constant. The air properties used in the work
described in this Report do not agree exactly with those in Ref. 3, especially the thermal conductivity
values. However, even when the quoted results from Ref. 3 are altered (as far as is possible with the
data given) so that they are based on the air properties of Ref. 8, the general conclusion remains that
the Nusselt number falls with increased temperature, other parameters being kept constant.

The data obtained in the present work at 600 deg K gas temperature are so scanty and of such
poor quality that it is not possible to support or disprove this conclusion, and regrettably, the need
for more accurate heat transfer data at higher temperature levels must still remain.

As stated in Appendix II, on two of the test sections static pressure tappings were provided,
primarily to enable estimates to be made of the mean density and Mach number in the tubes.
Attempts were made to obtain friction factor data from these pressure measurements, but there
was considerable scatter on the results, and to have improved them would have required the
provision of a series of static pressure tappings along the heated portion and the use of a sensitive
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manometer to measure pressure differences. Since the primary object of the test was to obtain heat
transfer data, it was thought that this extra complication would not be worthwhile and, further,
the tubes from the pressure tappings might constitute another source of heat loss.

6.3. Correlation of Heat Transfer Data on a Film Temperature Basis. In order to eliminate
terms of the form (7/ 7)™ from the modified version of Equation (6), it has become usual for
many investigators to define gas properties at some arbitrary film temperature T} such that

T; =Ty + o(Ts—Tp) (7)

where x usually has some value between zero and unity. When measured values of the index m are
available, it is possible to deduce values for x if the gas properties are assumed to be proportional
to some power of the absolute temperature. It is shown in Appendix IV that if Equation (6) can be
expressed with no temperature ratio term and all the gas properties evaluated at some film
temperature, then when the gas properties are converted to the bulk values, the following equation
results

Nuy = C Re, Pryo (%’) ®)

b

where 7 depends upon the rate at which the gas properties vary with temperature and C is a
constant, usually 0-023. Since the experimental results are expressed in the form

Nuy, = C Rey"® Pry* (%) 9)

b
Ts m Tf_ n : Ts n
=1 =) =11 — .
(7) = () = el o
The values of m and 7 are obtained from the experiments and the known variations of gas properties

respectively, so that x can be calculated from Equation (10). The values of z are deduced in Appendix
IV, so that the following table is obtained

if follows that

TABLE 3
Gas m* n x
Air .. —0-40 —0-56 0-7
Helium —0-185 —0-73 0-25
CO, —0-27 —0-252 1-0
Argon —0-43 —0-65 0-65

1t is obvious that the definition of film temperature varies considerably from one gas to another
and this seems to detract from the usefulness of the film temperature concept.

# Since m varies with Reynolds number, an average value is taken for the range of Reynolds numbers above

10,000.
11



6.4. Correlation of the Heat Transfer on a Film Temperature and a Film Velocity Basis. It is
possible to carry the analysis one stage further and to define the Reynolds number with the velocity

at the point where the fluid temperature is T}, whence, from Appendix IV, the heat transfer equation
becomes

n 08 . ‘
Nuy = C Re,® Pr,o4 (%) (%) . (11)

For turbulent flow, with Prandtl numbers near unity, the temperature profile (expressed in terms
of (Ty— T)[(T,— 1)) is very similar to the velocity profile (expressed in terms of U/U,).

TA™ (T, — T,\08 -
= 0-8 (T N s /
Nu, = C Re,*s Pr, (Tb) ( T Tb) (12)
T n
— C R Pr,os (1—|—x'<~fs—1)) (1— )05, (13)
b

Once again the experimental results can be used to obtain values for x. Inspection of Equation (13)

shows that x itself must vary with T,/T}, and must have a value of zero at unity temperature ratio.
Table 4 gives the values of x at T/ T, = 2.

TABLE 4
Gas " Nu, at temperature rat%o =2 x
Nub‘ at temperature ratio = 1
Air .. —0:56 0-758 0-2
Helium —0-73 0-88 0-08
CO, —0-252 0-83 0-17
Argon —0-65 0-743 0-2

The agreement between the values of x is better, and as a first approximation, & could be expressed
in terms of T/T} as

X

0-2 (%_ 1) (14)

so that Equation (13) becomes

Nuy,

Il

T 2\ n T 0-8
C Re, Pr0 (1 +0-2 <_s - 1) ) (1 —02 (-—S - 1)) (1)
T, Ty

It seems reasonable that x should vary with T,/ T3 and that the chosen film conditions should approach
those at the surface as 7/T} is increased because of the changes described in the temperature
profiles, which also apply to the velocity profiles. The formula given as Equation (15) is cumbersome,
but if Cis put equalto 0-023, it does correlate the data reasonably well, even for helium at temperature
ratios up to 1-5, as shown by comparison of Figs. 5, 6, 7 and 8 with Table 5.
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o Nuy=0-023Re98 Py (;.) |

TABLE 5

% S 1 g5 |o1s PR R
Air W]Z%,“ 0-023 0-0219 0-0205 0-0190 0-0174
Helium Fbo{vé%gr?; 0023 0-0219 | 0-0204 — —

Co, Reb+l‘l£7bo'4 0-023 0-022 0-0209 0-0196 0-0183
Argon 1?,,01-“:7127,,0-4 0-023 0-0219 0-0205 0-0188 0-0171

This sort of treatment can be continued, with more sophisticated expressions for x in terms of
T,/ T, in order to obtain better agreement. However the whole approach remains empirical and
any correlation can only apply to a fairly narrow band of Reynolds numbers (because the experi-
mental index m appears to vary with Reg,).

It is felt that a sounder method is to disregard film temperature correlations and to use data in
graphical form, wherever possible, or to use a form of Equation (6a), especially for design work,

“with the values of the constant C and the index m specially chosen to suit the Reynolds number

range under consideration.

7.0. Conclusions. 1. The effect on surface to gas heat transfer rates of the radial variation of
gas properties has been measured for the turbulent flow at low Mach numbers of air, helium,
carbon dioxide and argon in smooth circular tubes under conditions of fully developed velocity
and temperature profiles.

2. For air, helium and carbon dioxide, the results are presented in a graphical form suitable for
design work: alternatively in the Reynolds number range from 10,000 to 20,000 an equation of the
following form can be used with all gas properties evaluated at the gas bulk total temperature:

b
where 7 has the values — 0-4, — 0-185 and — 0-27 for air, helium and carbon dioxide respectively,

in the gas temperature range from 300 deg K to 400 deg K.

3. The reduction in heat transfer coeflicient under conditions of constant bulk Reynolds number
and gas bulk temperature as the surface temperature rises is probably caused by a reduction of the

. relative temperature gradient in the ‘thermal’ laminar sub-layer, which is not fully compensated by

the increased thermal conductivity in the laminar sub-layer region.

4. It is concluded that correlation of heat transfer data on a film temperature basis is unsound
and that it is better to use data in a graphical form if possible, or in the form of an equation such
as is given in Conclusion (2).

13




A!”l\

5. It cannot be definitely stated whether the constant ‘0-023’ in Conclusion (2) is invariant with
temperature level or not. Tests with gases preheated to 600 deg K indicate that it does not deviate
very appreciably, if at all, at that temperature.
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APPENDIX I

Notation and Discussion of Gas Properties
Constant in Equation (6)
Gas specific heat at constant pressure
Diameter of pipe
Heat energy dissipated per second
in a length of the pipe wall
Length of pipe
Mach number

Nusselt number with thermal conductivity evaluated
at the bulk temperature

Prandtl number with gas properties evaluated at
the bulk temperature

Gas mass flow

Reynolds number based on mass flow and viscosity
at the bulk temperature

Gas total temperature

1 "t Bulk gas total temperature
—_ 7
OCp f 0 2mrpCpUTdr . (‘bulk temperature’)

Film temperature

Surface temperature on the inside of the pipe wall
Outside temperature of the pipe wall

Velocity

Heat transfer coefficient

Thermal conductivity of pipe wall material

~ Experimental index used in Equation (6a)

Theoretical index defined in Appendix IV
Heat flux

Pipe radius

16

Ch.u.jlb deg C

ft

C.h.u.fsec

ft

Ib/sec

deg K
deg K
deg K
deg K
deg K

ft/sec

C.h.u.[sec deg C ft?

C.h.u.fsec deg C ft

C.h.u./ft? sec

ft
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APPENDIX I—continued

Inside radius of pipe wall

Outside radius of pipe wall

Dimensionless pipe radius defined in Appendix ITI
Dimensionless gas temperature (Appendix III)

Dimensionless velocity (Appendix III)

Fraction defined in Equation (7)

Distance from the pipe wall

Dimensionless distance (Appendix I11)
Index for variation of viscosity with temperature

Index for variation of thermal conductivity with

temperature or

Heat loading parameter defined in Appendix III

Ratio of gas specific heats at constant pressure and

constant volume

Index for variation of specific heat with temperature

Mechanical diffusivity
Thermal diffusivity

Gas thermal conductivity
Gas viscosity

Kinematic viscosity

Gas density

Shear stress

Bulk value,or -

Evaluated at bulk conditions

Film value or

Evaluated at film conditions

Surface value or

Evaluated at surface conditions
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ft
ft

ft

ft2/sec

{t?/sec

C.h.u./ft sec deg C
Ib/ft sec

ft?/sec \

Ib/ft®

poundals/ft?



APPENDIX I—continued

Gas Properties

Nicklin® surveys the properties of some commonly used gases and gives graphs showing the
variations of these properties with temperatures up to about 1,000 deg K.

Hilsentath and Toloukian!® have carried out what appears to be the most complete and up to
date survey of gas properties and this includes tables of values and an extensive discussion of previous
work and the reliability of the results. Comparison of Refs. 8 and 10 for properties of air, helium
and carbon dioxide shows that the agreement between the two sets of data is very good. Ref. 8
happened to be a convenient source of data for computation of heat transfer results and was therefore
used for these three gases. For argon, Ref. 10 had to be used in the absence of any other data.
The gas properties used in Ref. 3 are based on Keenan and Kaye' up to 500 deg K, and for higher
temperatures extrapolated values of thermal conductivity are quoted. At 500 deg K the values of
Ref. 11 are about 1} per cent higher than the more recent values of Ref. 10. At 1,000 deg K, the
extrapolated thermal conductivity values of Ref. 3 are 5 per cent higher than those quoted in Ref. 10.
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APPENDIX II

Description of Apparatus

General. Previous work? had demonstrated the feasibility of the technique for measuring
Nusselt numbers in the region of the test section where radial velocity and temperature profiles
were fully developed. These experiments were performed on a very simple rig using compressed
air from the laboratory supply and discharging the heated air to atmosphere. It was obvious however
that such a technique would lead to prohibitively high operating costs if used with helium as the
~ working substance, and therefore that a closed cycle apparatus would have to be constructed, with
very careful attention paid to the problem of leakage, so that a small quantity of helium could be
circulated repeatedly, and only a minute make -up supply would be needed to cope with leakage
during operation.

In Fig. 1 a flow diagram of the rig is shown. During normal operation the gas was compressed
and passed through a cooler to a receiver. A by-pass control then regulated the proportions of gas
passing either via an orifice measuring section to the heat transfer test section and/or back to the
inlet receiver of the circulating pump. Gas which had been heated in the test section was cooled
and passed through a silica gel drier before rejoining the by-pass flow at inlet to the reciprocating
compressor, which was a twin cylinder ‘oil free’ type. The pistons of this compressor had self-
lubricating carbon rings and were operated by piston rods which passed through glands. On the
other (lower) side of these glands, the piston rods were actuated by normal oil lubricated pistons,
and provided the pressure in the chambers above the glands exceeded the atmospheric value by a
small amount ( Ib/in.2) no air or oil could pass up through the glands from the crankcase. Normally
any gas which leaked past the pistons would have been allowed to escape, but in this apparatus the
compressor was modified to allow most of the leakage to be pumped back through a small diaphragm
type compressor to the inlet receiver. The pressure in the chambers above the glands was kept at
about % 1b/in? gauge by means of a throttle valve and also by a pressure sensitive switch controlling
the motor of the scavenge compressor. Operating the apparatus in this manner and taking care to
maintain all the joints between various parts of the rig in as leak-free a condition as possible,
experiments were conducted for over thirty hours with a total consumption of 200 cu ft of helium
(at N.'T.P.). This included having to evacuate and refill the r1g on four occasions after changes of
orifice plates or test sections.

In order to fill the rig with gas, the scavenge compressor could be made to evacuate the apparatus

(excluding the main compressor) by altering certain valves. The rig could then be refilled from the
gas supply and the process was repeated, usually three times, when the proportion of contaminant
was less than 1 per cent. After each filling, the gas was passed into the main compressor and allowed
to discharge to atmosphere through the glands. Special precautions were taken to prevent contamina-
tion by water and mercury vapour from manometers during evacuation.
- The make-up supply was controlled by a small valve in parallel with the main supply valve which
was too coarse for any operation except filling the rig with gas. The total capacity of the rig was
approximately 1 cu ft. Also the pressure and density levels in the rig could be altered, so that the
average Mach number of the flow in this section could be chosen at the discretion of the operator,
provided the pressure did not exceed 100 Ib/in.? gauge (the maximum working pressure of the
main compressor).

The test section itself was heated electrically, using an alternating current up to 480 amperes,
at a potential difference up to 6 volts. The main circuit for this is shown at the top of Fig. 2.
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Test Sections. 'Three test sections were used for the experiments described in this Report, and
all three were the same in principle. A detailed description of the first will be given; this section
was used for most of the experiments and only the differences between it and subsequent test
sections will be mentioned.

Test Section No. 1 consisted of a stainless steel tube, 28 in. long and of § in. outside diameter.
Its bore was 0-247 in. and was polished. The heated section was 12 in. (48-6 diameters) long and
the outside diameter of this portion was turned down to 0-333 in. to give the required electrical
resistance. A starting section of approximately 14 in. (57 diameters) was provided and the entry
to the tube was sharp edged so that the beginning of the heated section, the velocity profile would
be well established. Copper connectors were brazed at each end of the heated portion and two
static pressure tappings were welded to the tube, 13 in. apart and on either side of the heated
section. The temperatures along the outside of the tube wall were measured by chromel/alumel
thermocouples made from 33 S.W.G. wires calibrated at the N.P.L. The thermocouples were fixed
to the tube by a resistance welding technique and care was taken to ensure that the wires of any
one thermocouple were not connected to the tube at different axial positions. This precaution avoided
spurious A.C. voltages from being superimposed on the thermocouple reading. In order to give the
thermocouple adequate mechanical strength they were sleeved in woven silica braid and bound by
silica thread to the tube as shown in Fig. 3. The thermocouples were connected via switches to a
calibrated potentiometer. The positions of the thermocouples over the whole of the heated portion
are shown on the lower diagram on Fig. 2, where a specimen temperature distribution is plotted.
The close spacing of the thermocouples at each end of the heated section (Fig. 3) enabled conduction
losses to be assessed accurately.

The electric current supplied to the tube was measured using an A.C. milliameter and current
transformers of 2,000/1 and 4,000/1 ratios, permitting the measurement of currents up to 240 and
480 amperes respectively. The two transformers and the milliameter were checked against a
sub-standard instrument. In order to be able to measure the electric power dissipated in various
sections of the tube, five chromel voltage tappings were spaced at 3 in. intervals along the tube
and a switching arrangement (Fig. 2) enabled the potential difference to be measured between
adjacent tappings using a calibrated valve millivoltmeter. This last instrument was chosen because
it consumed no current, so that there was no error caused by voltage drops in the leads from the
voltage tappings to the instrument.

The static pressure tappings were connected to either a water or a mercury manometer and the
upstream tapping was also connected to a pressure gauge. By this means the mean pressure and
hence the mean Mach number in the tube could be calculated, if necessary.

The whole tube was placed in a box filled with mica insulation material to' minimize heat losses.
At each end of the tube a disc of asbestos/cement material was fixed to insulate electrically the test
section from the rest of the rig which would otherwise have provided an alternative path for the
current. It was necessary to insulate both ends of the tube, otherwise the valve millivoltmeter
would have measured a potential relative to earth instead of the potential difference between two
points on the tube. The insulating discs were impregnated to render them non-porous and were
bolted as shown in Fig. 3a to mixing chambers, which were connected to the rest of the rig by
stainless steel piping. The drawing in Fig. 3a shows the outlet end of Test Section No. 1. In order
to measure the outlet gas bulk temperature accurately, the mixing device, consisting essentially of
a cone with its apex pointing upstream and ventilated by three holes, was located as near as possible
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to the end of the heated section. With the small bore tube used for this test section it was evident
that with helium the exit Mach numbers would be approaching unity at the upper end of the
Reynolds number range so that some means for diffusing the gas would have to be provided before
mixing occurred. Fig. 3a shows the device finally evolved. It was made from brass and the diffuser
wall thicknesses were made as thin as possible to minimize its thermal capacity. Provision was also
made to allow the gas, after its temperature had been measured with the thermocouple, to circulate
over the outside walls of the diffusing section. Also a small 150 watt heating element was made from
30 S.W.G. Nichrome wire, sleeved in silica braid and wound upon a brass former. This element
was a push fit inside the threaded portion of the brass end piece used to clamp the insulating disc
and served to heat the clamping nut which had an unavoidably large thermal capacity. Thermo-
couples were buried in the brass end piece and the radial wall between the tube and the threaded
section was turned down to - in. thickness to minimize heat flow either to or from the tube
walls. The current to the heater was adjusted by means of a variable auto-transformer so that
the two thermocouples embedded in the brass end piece gave readings as close as possible to
the observed reading of the thermocouple measuring the gas outlet total temperature. It was found
that generally the latter thermocouple responded slowly to changes in the wall temperatures, so
that a clear cut reading where all three thermocouples agreed was usually possible. Under
steady conditions the power needed to maintain the end piece at constant temperature was very
small. .

The measurement of the inlet gas temperature was made by a thermocouple situated in a similar
mixing chamber upstream of the sharp edged entry. This temperature was rarely more than
1 deg C different from the room temperature for Test Section No. 1.

The electrically heated portion of Test Section No. 2 was exactly twice as long as that of Test
Section No. 1. The outside diameter of this tube was § in. and the bore was 0-553 in., giving a
length/diameter ratio of 43-4 for the heated section. An entry length of approximately equal length
was provided, with a sharp entry as before. This tube was used for tests at Reynolds numbers
up to 10,000 because it permitted larger mass flows to be used, thus easing the two problems of
ineasuring the small electrical powers which would have been needed with the first test section
and of measuring the exit gas temperature. It was no longer necessary to diffuse the gas at the exit;
on the contrary it was possible to situate the mixing cone in the bore of the tube itself and at the
same time provide a stream of high velqcity gas to heat the thermocouple to its equilibrium value.
As before, a 150 watt heater was used to maintain the clamping nut and threaded portion at the
equilibrium temperature. These two test sections were used to obtain all the data given in the
range 300 deg K to 400 deg K.

The third test section was the same size as the first as regards the heated portion, but the
connectors were made from stainless steel to reduce conduction losses from the tube to the supply
leads. No static pressure tapping was provided. The wall thermocouples and voltage tappings were
situated in exactly the same positions as on No. 1 and in addition one wall thermocouple was
fixed to the entry section which was situated in a special entry mixing chamber. This allowed the
incoming gas from the preheaters to flow over the outside of the entry section before passing the
gas inlet thermocouple and flowing into the tube. The entry mixing chamber itself was heated by a
1 kW electrical heater controlled by a variable auto-transformer and thermocouples were situated
on the mixing chamber walls. By this means it was possible to adjust conditions so that the inlet
section temperature and the inlet gas temperature were in agreement.
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At the exit end of the heated section, no diffuser was provided because the helium flow range
was restricted to Reynolds numbers around 10,000, and the exit Mach numbers were less than 0-5.
Instead there was a sudden enlargement in flow cross section, with the mixing cone fitted in the
enlarged portion. The parts for this end piece were made in stainless steel and the discs at either
end were also made from 5 in. stainless steel sheet, after many unsuccessful attempts to render
the insulating material non-porous at the elevated temperatures (greater than 300 deg C). In order
to insulate the heated portion, insulating gaskets were used between the flanges of joints upstream
and downstream of the test section and specially bushed bolts with insulating end washers were
used. Attempts to use @ 150 watt heating element on the exit of the test section were also unsuccessful,
because the temperatures involved (greater than 500 deg C) caused failure of the windings. Instead
a 500 watt element was wound on the outside of the mixing chamber. In practice it was found
that this was needed only during warming up of the rig.

The gas itself was preheated by passing it through four tubes connected in series. In each tube
there was a 1 kW electric fire element, again controlled by a variable auto-transformer. The maximum
power available was sufficient to preheat helium to a temperature of 600 deg K with a test section
Reynolds number of 10,000. The flow connections to the heaters were connected in series for two
reasons, in spite of the high pressure loss caused thereby. The first reason was that the overall
temperature variation from one end of the heating element to the other was minimized, thus reducing
the possibility of failure by thermal stress and the second was that in the event of electrical failure
of one or more heaters, the others would not be starved of gas and become overheated. (With
heaters in parallel, a sudden electrical failure causes an increase in mass flow through the failed
heater because there is no pressure loss due to heat addition, coupled with a fall in mass flow
through the remainder, which therefore become hotter.)
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APPENDIX III

The Assumptions used in the Derivation of Temperature and Velocity Profiles and their use
to deduce Nusselt Numbers as Functions of Reynolds Number and Surface/Gas Temperature Ratio

In Ref. 6, a non-dimensional velocity »* and a non-dimensional temperature ¢+ are plotted as
functions of ¥+, a non-dimensional distance from the surface of a pipe of circular cross section, for
various values of a heat loading factor 8, which is positive for heat addition and negative for heat
extraction from the gas. These non-dimensional parameters are defined as

LT
4= ey M
yt = M )
1 T
=511 ©)
gs'\/(Ts/Ps) '
T | @

The velocity and temperature profiles are obtained by converting the following equations for
heat and momentum transfer into dimensionless form and integrating them
Heat flux ‘

i ol
g = — (A+pe,Cp) E) (5)

Momentum flux

f

U :

7= (p+pe) % (6)

Having converted Equations (5) and (6) into dimensionless form it is necessary to specify the
variations of shear stress = and heat flux ¢ across the pipe and to specify the variation of ¢ and ¢,
with distance from the pipe wall, as well as the boundary conditions. It is also necessary to make
assumptions for the variations of gas properties with temperature. These are dealt with in detail
in Ref. 6; it is sufficient to state here that shear stress and heat flux were maintained constant and
that the variations of € and ¢, (assumed equal) were based on experimental data for flow in pipes
at Ty/T, = 1. (Also in the analysis it was assumed that the difference between total and static
temperatures could be neglected, 7.e., low subsonic flow prevailed.) ‘

The data are presented as graphs of u* and #+ plotted against y+ for constant values of 8. For any
chosen values of #* (the dimensionless quantity corresponding to the pipe radius) and B it is possible
to perform integrations by numerical methods to obtain #,t and #,*

where »

wy* = (i) [[Twtre =y )
and s ot — y;r) |
. e

23

(8)

%y



Having obtained #,* and #,%, it is shown in Ref. 5 that

2r+ Pr [ T,\068
- 0
and '
T\ 168 :
Re, — 2utrt (w) (10)
T
where
T, 1
s - 11
T, = =B t

(viscosity and thermal conductivity are both assumed to be proportional to (7')*%). The definition
of Re, given above is consistent with that used in the experimental work, viz.,
10

= 12

Reb 7T-D[v('b ( )

It follows that having chosen 7+ and 8, the values of Nu,, T,/ T} and Re, follow as a result of the

calculation so that some trial and error is necessary if particular values of T/ T}, and Re, are specified.

This is why the quantities in Figs. 13, 14 and 16 have the values quoted. Having obtained the

conditions which give the desired Re, and T/T}, the velocity profiles can be obtained easily as
functions of y/r using the following equations

y+
-}; e @)
U ut |
[T G
T,— T t+ -
T~ T, &' - ®

As an alternative approach to deducing values of N, as functions of Re, and T,/T, from the
Equations (9), (10) and (11), it is interesting to consider the heat flux in the laminar sub-layer, where,
by definition

oT
%=fa(@L (16)
or
A\ /@
0= +%(5) (5 @-D) (17)
S0 that.
2rg A a (T,— T
Ny — — 19 =2(_3)r(_ (7 _)> 18
=71y~ 2 \5) B T =), (18)
or s
TN\ p+ 7 gt
Ny =2(7) = (55 (184)

By re-writing Equation (16) in dimensionless form it is possible to show, for the region near
the wall, e, (0 < y* < 5),
that

(g;)s=Pr - | | (19)
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Substituting from Equation (19) into Equation (18a) and using the fact that Pr is assumed to be
0-73, we obtain a relation which is identical with Equation (9) (as would be expected) i.e.,

068 -
Nuy = 1-46 (E) ’

~ 20
T,) 4" (20)

However, this second method of deducing Nu, provides a physical explanation of the observed
and calculated temperature ratio effects at a constant bulk Reynolds number. Nu, falls because the
temperature profiles in the laminar sub-layer as shown on Figs. 13 and 14 become less steep,
relative to the pipe radius, as T/ T} is increased. This reduction in gradient is counteracted to some
extent by the increase in thermal conductivity near the wall, relative to the bulk value. It is reasonable
to expect that, for different gases, there will be different changes of sub-layer temperature profile
and thermal conductivity and therefore the influence of changes in surface/gas temperature ratio will
not be the same. - '

The assumptions made in Ref. 6 apply most closely to helium, and from Fig. 9 as T/ Ty is increased
from 1 to 1-6, at Re, = 11,800, Nu/(Pr,)"* falls from 42 to 37, so that the ratio of the respective
Nusselt numbers is 37/42, i.e., 0-88, neglecting any small change in (Pr,)™* (Fig. 4).

From Fig. 13, for Re, = 11,800, ot = 200 at T,/T;, = 1-58, and at y* = 5, y/r = 0-025

T,— T
T " 0-295,
SO
3 (T,— T 0-295 :
(5lz=7)), = oo = 118
Similarly at T,/ T, = 1, 7+ =360, andatyt =35, (y/r = 0-0139)
R_Tzom&
s~ *b
SO
3 (T,— T 0-248
(5 (2 =), ~goms = 7

The ratio of the respective Nusselt numbers is therefore, using Equation (18)

Nu,  (1-58)0% x 11-8

Nu, 17-85
~ 1-365 x 066

= 0-90 which is in fair agreement with the experimental value.
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APPENDIX IV

Correlation of Heat Transfer Data at an Arbitrary Film Temperature

Suppose that the Nusselt number, Reynolds number and Prandtl number in Equation (6)

(Section 5.0) are defined with gas properties taken at some arbitrarily selected temperature so that
no temperature ratio term need be included; 7.e.,

0-8 0-4
Ny =" _ ¢ (”f UD) (“f Cpf) (1) -
Ay Ky Ay
Then

| rD kD A,

Nub Ab = )\—j)\—b
~ 08 04 A 06 CP 04 )
= C Re,"8 Pr,04 <&) (@) (J) (—f) (2 :
b * \ps Iz Ay Cpy ) -

when the bulk values are used to define the dimensionless parameters.
If it is assumed that

IR T L

poc. IT71

pooc I

Aoc T4
Cpoc T z
then 7
Nuy, = C Re,%8 Pr,** (—]lf)n, ' , 3) ‘ -
T, -
where 7
#= — 08— 0-4a+ 0-68 + 0-45. “) -

For the four gases considered the following table gives the values of «, 8, & and #.

Gas o B .8 n
Air 0-6924 0-7954 0-0875 —0-565
Helium 0-6822 0-5775 0 —0-726
Co, 0-8214 1-2440 0-3250 _0-252
Argon 07265 0-7320 0 —0-651

The above data are based on Ref. 10, over the range 300 deg K to 900 deg K. Ref. 8, on which the
experimental data are based, agrees well with Ref. 10 in the temperature range 300 deg K to

600 deg K.
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When the Reynolds number is based on a film velocity also, 7.e.,

U;D
Re, = 21 )
s
and it is assumed that an equation of the form
Nuj = C.Refo's Prf0.4 (6)

is independent of temperature ratio effects, conversion of this Equation (6) to bulk values gives

T n U 08
= 8 P04 [ 1 el
Nu, = C Re,¥ Pr, ( Tz,) ( Ub) )
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