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Results are presented of a generalization of the data of an experimen~
tal investigation of convective heat transfer for a gas moving in-the
initial section of a tube at subsonic and supersonic velocities,

In spite of the quite large number of experimental
papers [1, 3, 4~6] devoted to investigation of convective
heat transfer for air moving in a cylindrical tube at
subsonic and supersonic tube inlet velocities, a num-
ber of questions have not been sufficiently elucidated.
In the majority of the investigations, the usual para-
metric reduction of the test data was used, bringing in
the supplementary parameter x/D. This method gives
satisfactory results, however, only for the region of
relatively low heating intensity [1]. Under intense
heat flux the velocity of the gas in the potential flow
core may be appreciably altered, the law of velocity
change along the length being dependent on the heat
flux intensity and the law of heat supply. In this case
the introduction of the single supplementary parameter
x/D will not be enough to allow calculation of the de-
velopment of the thermal boundary layer along the
channel [5]. An even greater difficulty arises in gen-
eralizing the test data for supersonic gas velocity at
the tube inlet. In these conditions it is also necessary
to take account of the influence of compressibility on
the heat transfer coefficient,

In [3, 4, 6], devoted to an experimental investiga-
tion of heat transfer in tubes with supersonic gas
velocities at the tube inlet, the temperature factor
Ty < 1. This stabilizes the boundary layer, as is
known [9], and so some of the experimental points
in these papers are located in the transition zone.

In order to exclude the stabilizing influence of
cooling on the boundary layer, the present investigation
was carried ot with temperature factor Ty, > 1.

Reduction of the test data was carried out according
to the method described in [7,11]. An advantage of
the method used, in comparison with others [5, 6], is
the possibility of excluding the influence of the param-
eter x/D, which mainly determines the distribution
of heat transfer coefficients along the tube, and there-
by of establishing the influence of the nonisothermal
state and of compressibility on the heat transfer in
pure form. Knowing the heat transfer law, we may
calculate the distribution of heat transfer coefficients
along the initial section of the tube, by the method
described in [10].

The experimental investigations were conducted on
the setup shown schematically in Fig. 1. Air from a
compressor passes through a metering disk 7 and
filter 8, reaches the experimental section 13, and,
being cooled in the coolers 17, is pumped out by

vacuum pumps 19 to the atmosphere, Flowrate con-
trol is accomplished by valve 3.

The experimental section consisted of a stainless
steel tube of external diameter 34, internal diameter
24.3, and length 1052 mm, For technical reasons the
section was made of two identical tubes of length
500 mm each, joined by a transition tube, A detach-
able nozzle was fastened to the front end of the tube
by means of a bushing. The subsonic nozzle had a
conical inlet, and the supersonic nozzle was contoured
for a Mach number of M = 3, To measure the static
pressure distribution along the tube there were 33
orifices of diameter 0.75 mm, 30 mm apart in the
direction of the longitudinal axis. Each successive
tapping was displaced relative to the preceding one
by an angle of 22° 30' (around the tube), Lead-out
of pressures from the tube was effected by means of
steel fittings screwed into the main tube. The tappings
were connected to a manometer by brass tubes brazed
to the fittings. Measurement of pressure was done on
a multitube water manometer, with tubes of diameter
10 mm and length 2200 mm.

Measurement of absolute stafic pressures was
performed on mercury manometers, at the same time
as the measurement on the water manometer, The
stagnation pressure ahead of the working section was
measured on a reference manometer,

The tube was heated by an alternating electric
current passing through a nichrome ribbon of width
5 mm and thickness 0.5 mm, wound on the tube. To
avoid possible contact between the nichrome ribbon
and the tube surface, a reliable gap was maintained.
For this purpose eight porcelain tubes of diameter
3 mm were laid alongthe tube, andthe nichrome ribbon
was wound on these. To reduce heat loss to the sur-
rounding medium, the working section was enclosed
in a steel jacket of diameter 280 mm, supported on
flanges mounted at the ends of the experimental sec-
tion.

To avoid thermal gradients in the jacket, two
thermal compensators were provided, The jacket was
pumped down, which reduced heat leakage to the sur-
rounding medium, To take account of heat loss in the
calculations, a calibration of the equipment without
air flow was performed.

The maximum value of the losses was 6%. Measure-
ment of tube wall temperature was done with chromel-
kopel thermocouples located inannular grooves machined
on the outer surface of the tube. The hot thermocouple
junctions were welded electrically to the tube, To
monitor the uniformity of temperature distribution
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Fig. 1. Schematic of experimental setup: 1) tubing;
2) manometers; 3) valves; 4) thermometers; 5) mea-
suring disks; 6) mercury manometers; 7) measuring
disk; 8) filter; 9) EPP-09 potentiometers; 10) PPTV-1
potentiometer; 11) switches; 12) thermostat; 13) ex-
perimental section; 14) motor; 15) vacuum pump; 16}
compensator; 17) cooler; 18) collector; 19) VN-6 pump;
20) mesh.
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Fig. 2. Heat transfer law for the initial section of a
cylindrical tube at (a) subsonic and (b) supersonic
speeds at the tube entrance: I — St; = 0.914/Pely?*Pro?;
II—Sty = 0.22/Peg Pr'/? for a laminar boundary layer
according to [13]; 1) according to the authors! data;

2) from [14]; 3) from [5].
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around the tube, two or three equally spaced thermo-~
couples were placed in each groove. The thermo-
couple leads were led into a common thermostat, con-
sisting of a massive copper cover fastened to a wooden
support. The junctions located in the thermostat were
joined by copper wires to the switches of a PPTV po-
tentiometer. The simultaneous readings of the 24
thermocouples were recorded on electronic 12-point
EPP-~09 potentiometers. Lead-out of the thermocouples,
pressures, and electrical wires was effected through
the rear flange of the section by means of special
fittings. Before the tests were conducted, the system
wasg pressurized both in the cold and in the hot condi~-
tion.

All the measurements were taken after the system
had reached a steady state. Tests were done with
three M values at the tube entrance: 0,28, 0.36, and 3,
The temperature factor Ty, was varied from 1 to 2.05
with g, = const.

During the tests the following parameters were
measured: pg—the stagnation pressure at the tube
entrance; p—the distribution of static pressure along
the tube; Ty,~the wall temperature distribution along
the tube; Ty—the stagnation temperature at the tube
entrance; G—the mass flowrate; Q—the power supplied
to the experimental section.

The original test data are shown in Tables 1 and 2,

As preliminary tests showed, the chief error in
wall temperature measurement arose from possible
unsteadinesss in conditions during the test. The
steadiness of conditions during the measurement was
controlled from the readings of the 12-point EPP-09
potentiometric recorders, towhich the 24 thermocouples
were connected.

The magnitude of the specific thermal flux was
determined from the formula

G = {Q—Q)/nDi. (1)

Subsequent processing of the test data was carried
out according to the method described in [11]. Local
values of the Stanton number were calculated from the
formula

St = g,V To/mpoq ()¢, Ty —T). 2)

where m = 0.3965 (for air), Values of g(A) were found
from the static pressure distribution 7 = p/py, accord-
ing to a table of gasdynamic functions [12]. The Peclet
number, based on energy thickness, was determined
from the equation

Pe, = q,, /Ao (T\y —T). (3)

Figure 2a shows the results of generalizing the
test data in the subsonic velocity region. The Stanton
number is referred to thermally insulated conditions
according to Kutateladze's formula [2]. It may be seen
from the graph that the test points fall on a single
curve which may be described by the formula [11}

St, = 0.014 Peg " # Pr"° . (4)
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The same graph shows the test data of [6] and [5],
reduced according to the method described. These
tests also confirm formula (4). It was shown in [7]
that in Lel'chuk's tests at a distance of about x/D < 86,
the channel entrance conditions had an appreciable
influence on the heat transfer, and these points are
therefore not shown in Fig, 2a.
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Fig. 8. Comparison of theoreti-~
cal calculation of Ty, distribution
along the tube with ¢y, = const ac~
cording to the method described

in [10], with the authors' test data:
1 and II) theoretical calculation [10}
according to the original data of the
first (Table 2) and third regimes,
respectively; a and b) test data of

the first and third regimes.

Figure 2b presents the test data on heat transfer
for supersonic gas flow in the tube. The test values
of Stanton number are reduced to incompressible
fluid flow conditions according to the limit formula
[8]. For a small range of variation of M and Ty, the
relative influence of compressibility andnonisothermal
state may be represented approximately by the formula

St/Sty = (1 — BT, 1. 5

It may be seen from the graph that the test points in
reduced form are located around curve I, Therefore,
the general heat transfer law which describes turbulent
transfer of heat in the boundary layer of the initial
section of the tube has the form [11]

__. 22 \0.5
st 0014 (é——@—) : )
Peg T, Pr

The heat transfer law obtained (68) was used for
solving the integral energy equation. The resulf is a
comparatively simple and quite effective method of
calculating heat transfer in the initial section of a
tube [10]. Figure 3 shows a comparison of the results
of a calculation of wall temperature by the method
described in [10} with the authors® test data.

NOTATION

x—coordinate along tube; D=—internal diameter of tube; —fw =
= T,,/Ty—temperature coefficient; T  —wall temperature; Tq—
stagnation temperature outside boundary layer; Q'—power, equivalent
to heat losses 1o surrounding medium; [ —length of heated section
of tube; q,~specific heat flux; q(\)—gasdynamic function; Ty ~
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adiabatic wall temperature [6]; cp—specific heat at constant pres-
sure; Ap~thermal conductivity at stagnation temperature; 8—di-
mensionless velocity in the relation p/py = (1 — Bz)k/ (k4), g
adiabatic exponent.
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