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Summary.

The compressible turbulent boundary layer on a flat plate with air injection has been investigated
experimentally. Boundary-layer developments were measured at Mach numbers of 2-5 and 3-5 for the
case of zero injection and each of three different injection rates, with and without heat transfer. The free
stream Reynolds numbers were 5 x 107 per meter for a Mach number of 2-5 and 4-7 x 107 per meter
for a Mach number of 3-5. All the more interesting boundary-layer parameters like momentum thickness,
displacement thickness, boundary-layer thickness, boundary-layer shape parameter and the skin-friction
coefficient were determined from the measured profiles and are given in this Report.

1. Introduction. ,

The use of fluid injection into the compressible turbulent boundary layer has wide engineering applica-
tions and a considerable number of papers on this topic have appeared in recent years. A critical survey
of this previous work is given by Jeromin®. However, most of the experimental investigations at supersonic
speeds have concentrated on overall drag and heat-transfer measurements and there is a marked lack
of detailed measurements of velocity and temperature profile developments. Only one experimental
investigation by Danberg has concentrated on detailed local quantities. The present Report describes
an experimental investigation of the boundary layer development on a flat plate at Mach numbers of
2-5 and 35, with and without injection of air through the porous surface. The influence of heat transfer
on the development was studied by pre-cooling the injected air so that the wall temperature could be
varied from below recovery temperature to just above it.

This work was undertaken in conjunction with a theoretical investigation®* in which the boundary-
layer transformation proposed by Coles' has been extended to boundary layers with injection. The
limited knowledge of turbulence means that a general theory of the turbulent boundary layer contains
at least one element of arbitrariness. This means in practice that every theory is subject to certain inte-
gration constants which have to be evaluated empirically from available experimental data. Even
boundary-layer transformations like those mentioned above can only be applied when the whole flow
field, in at least the transformed flow, is known. These arguments make it clear that experimental studies
of the transpired boundary layer are very valuable, especially when they cover a wide Mach number
and Reynolds number range. ‘

2.1. Experimental Equipment.
The investigation was carried out in the supersonic wind tunnel of the Cambridge University Engineer-
ing Department which operates as an intermittent blowdown tunnel. A brief description of the tunnel
is given by Jeromin®. No steady state condition for the wall temperature can be obtained due to the short

*Replaces A.R.C. 28 549,



running time and to the slight changes of the total temperature; thus the influence of fluid injection on
the Stanton number could not be investigated as intended at the beginning of the research.

The Mach number in the wind tunnel can be varied by changing the two solid nozzle liner blocks:
two sets of nozzle liners are available, one each for a Mach number of 2-5 and 3-5. The working section
is rectangular with the dimensions 0-165 m x 0-114 m. It was decided to halve the working section for
the flat plate investigations by using only one nozzle liner. This has the advantage that the running time
will be doubled. The lower half of the test section was then used for the injection apparatus.

2.1.1. The injection apparatus. The main parts of the apparatus are:

(i) a subsonic nozzle to blend the step from the wall of the settling chamber to the height of the centre-
line of the test section which is now identical to the height of the flat plate;

(ii) a solid flat plate for the subsonic region and the region where the flow accelerates to supersonic
flow;

(iii) a porous flat plate with a plenum chamber underneath it;

(iv) a traverse gear;

(v) equipment for bringing the injection air into the wind tunnel and for dividing it uniformly throughout
the injection area;

(vi) equipment for bringing measuying devices out of the wind tunnel, such as flexible tubes connected
to static pressure holes, thermocouple wires, electrical contacts, and the driving device for the traverse
gear.

Nearly all the parts were made from mild steel and plated afterwards. The whole injection apparatus
is screwed to a mounting plate which sits on the front and back beam of the test section so that it can
be removed as a whole from the wind tunnel. The mounting plate rests on small distance pieces so that
the slope of the flat plate can be adjusted as necessary to correct the Mach number distribution and to
take into account the influence of the boundary-layer development on the expansion of the flow.

The porous section consists of the porous flat plate and the plenum chamber underneath it. The
porous plate itself is fixed with small countersunk machine screws to a frame which rests on top of the
plenum chamber. O-ring seals between the plenum chamber and the frame and between the frame and
the porous flat plate have been used to guarantee an air-tight construction. The dimensions of the frame
were made as small as possible, so that the injection area extends as near as possible to the side wall
of the wind tunnel in order to minimise three-dimensional effects. The junctions between the front solid
plate and the porous plate, and those between the frame and the porous plate, were filled with Cataloy
paste and ground afterwards so that a very smooth surface without any steps was obtained. A solid flat
plate has been built having exactly the same external dimensions as the frame, so that solid flat plate
boundary-layer measurements can be carried out replacing the porous plate by the solid one.

A few more words must be said about the porous plate itself and porous materials in general. Photo-
graphs of various porous materials are shown in Figure 2 together with diagrams of their surface
roughness. As is well known, the surface roughness has a considerable influence on the skin friction, so
this effect must be taken into consideration when a porous material is selected. Another important
factor is the uniformity of the porosity along the surface. Consequently a sintered bronze, ‘Porosint’
(manufactured by Sintered Products Ltd.), was chosen which can be obtained in sheets up to a thickness
of 6:35 mm in five different grades depending on the particle diameter allowed to pass, which ranges
from 21 microns for Grade A to 374 microns for Grade E.

Sintered Products Ltd. provide Porosint Bronze sheets with unfinished or rolled surfaces. The un-
finished one is probably a little too rough for an investigation of turbulent boundary layers along
permeable surfaces, so that porous plates with rolled surfaces were mainly used in the experiments (see
diagrams of surface roughness in Figure 2). The porosity of Porosint Bronze and rigid mesh materials
is badly impaired if any milling, grinding, or polishing operations are carried out on them. The rolling
process must be considered as the best way of ensuring a minimum change of prosity together with a
smooth surface. Before the design of the injection apparatus was started an investigation was made of
the variation of the porosity within the sheets. Samples were taken from several sheets at various arbitrary
positions and turned to a diameter of 63-5 mm. They were then investigated by measuring the pressure




drop Ap across the porous plate in a filtered dry air flow. The mass flow could be varied within a certain
range and was measured by the pressure drop at an orifice. The measurements were carried out for
samples of Grade A and Grade B both with unfinished or rolled surfaces. The results are shown in Figure
3. There is scatter of the porosity of the order of 435 per cent around a mean value so that one must
expect a variation of the injection mass flow in the same order of magnitude. It is also apparent from
Figure 3 that the rolling process leads to an increase of the pressure drop across the porous surface.

Four porous plates were constructed, together with a solid one, namely :

Plate A made from Porosint of Grade A (maximum particle diameter to pass: 21 microns) with a

‘rolled surface; injection area: 859 mm x 396 mm, 32 thermocouples were fitted into the surface;

Plate B made from Porosint of Grade A with a rough, unfinished surface ; injection area: 864 mm x 396
mm, 32 static pressure holes were inserted into the surface (only used for static pressure measurements);

Plate C made from Porosint of Grade B (maximum particle diameter to pass: 5 microns) with a rolled
surfacg ; injection area: 86-2 mm x 396 mm, 11 thermocouples were fitted into the surface in the region
investigated ;

Plate D made from Porosint of Grade B with a rough unfinished surface ; injection area : 86:6 mm x 395
mm, 11 thermocouples were fitted into the surface in the region investigated.

The wall temperature must be known in order to evaluate the velocity profile from the Mach number
profile, as will be shown later. For this purpose thermocouples were installed every half inch along the
centreline of the porous plates (for Plate C and Plate D only in the region where boundary-layer traverses
have been carried out). The problem was to ensure that only the wall temperature, and not a mean
temperature between that in the plenum chamber and the actual wall temperature will be measured.
This condition was fulfilled by using the arrangement shown in the sketch on the next page.

Copper-constantan thermocouple wire was chosen for its small dimensions and low price. Each wire
was 0173 mm thick and the overall diameter of both wires with insulation was approximately 0-508 mm.
The thermocouple junction was obtained by hard-soldering the thermocouple wire to a small piece of
copper wire in order to get an efficierit heat conducting contact. The copper contact together with the
thermocouple wire was fitted with ‘Araldite’ into a small ceramic tube of 0-992 mm outside diameter
and with a length of approximately 5-08 mm. The ceramic tube was then fitted into the porous plate so
that the end with the copper contact protruded slightly above the surface. To avoid any local disturbance
of the flow the ceramic tube was finally ground down with a tiny dental grinding machine until it was
level with the surface. It was assumed that the thermocouple inserts were small enough not to have any
significant influence on the injection mass flow distribution and hence on the boundary-layer develop-
ment.

The plenum chamber is practically a box with removable ends so that changes inside the chamber
can be made easily. Four beams are fixed to the side-wall of the plenum chamber; the upper beams
(plate holder) support the frame with the porous plate, and the lower beams {plenum chamber holder)
are screwed to the mounting plate. Moreover the four beams are screwed to the front and back supports
to give the whole construction more strength and to make it less sensitive to vibration. Inside the plenum
chamber rests a second porous plate (filter plate) which is supported by slots in the side walls, and in
the removable front and back walls (see Figure 4). The purpose of this plate is to divide the injection
air uniformly over the surface and to absorb small particles which might have passed the main filter
outside the wind tunnel.t Two air inlets in the bottom of the plenum chamber were installed for better
diffusion of the injected air. Another reason for this choice was the prospect of further research in the
interaction region of turbulent boundary layers with fluid injection and shock waves; here it might be
interesting to influence the mass flow behind the shock wave independently of that in front of it. This
can be achieved without excessive changes by putting a wall inside the plenum chamber at the position
where the shock wave hits the wall. Opposite every air inlet a reflection plate was placed to improve the
air distribution. With all these precautions an excellent constant mass flow along the surface was esta-
blished as shown in Figure 5. The pressure measured by a pitot probe at a height of 0-10 mm above the

" tCompressed air was used as injection air so that the dimensions of the air supply lines into the tunnel
could be held small.
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porous surface is plotted in Figure 5 against the actual distance along the porous plate; the zero point
coincides with the beginning of the injection at the front part of the apparatus. The overall variation of
the mass flow along the surface is of the same order of magnitude as the one found for the test samples.
Every point drawn in Figure 5 must be regarded as a mean value evaluated from several readings taken
at the same position. This procedure was necessary because the pitot pressure was found to be very
sensitive to small deviations in height and to the angle between the pitot probe and the surface.

The back plate with the traverse gear rests on top of the back support (see Figure 4). This arrangement
was preferred to a traverse gear fixed to the side-wall of the wind tunnel since the latter would probably
have become too large and might have caused difficulties in starting the wind tunnel. A special probe and
probe holder were designed to cover a large distance along the plate in order to get a reasonable boundary-
layer development. Each probe was provided with three fins to strengthen it and to avoid vibrations
during the run. It was possible to conduct measurements in its extreme position as shown in Figure 4.
The probe with its fins slides in the probe holder and can be fixed with nine screws every quarter of an
inch so that boundary-layer traverses in these intervals are possible. The probe holder, as well as the
probe itself, was designed so as to give the equipment the necessary strength as well as to keep its drag
as low as possible, to avoid difficulties in starting the wind tunnel. This condition was established by
turning and milling the probe holder to its final form as shown on Figure 4 (for more details see Section
2.13). The probe holder is supported by two shafts in order to reduce any movement of the probe in the
flow direction to a minimum. The shafts slide in bronze guide bushes which are fitted in the top and
bottom of the box surrounding the traverse gear mechanism. The two shafts are connected by a bridge
with a driving shaft at its centre which is joined to the traverse gear drive. The traverse gear drive consists
of two universal joints and two small shafts which are connected by a joining part which is used to adjust
the length of the traverse gear drive and to correct for small angles between the different parts. The
traverse gear drive is connected to a micrometer which can be operated from outside the wind tunnel
(see Figure 4). The whole traverse gear can be set back and mounted below the second set of two holes
in the back plate (see Figure 4), should boundary-layer measurements be needed in regions which cannot
be covered by the traverse gear in the forward position.



It was decided not to measure the movement of the probe by means of the micrometer, because of
possible errors due to any play within the drive. Instead a wiper sliding along a resistor was attached
to the bridge and the resistor was connected as a potentiometer. It was found that there is a linear relation
between the position of the probe and the voltage picked up by the wiper so that the movement of the
probe can be calibrated quite easily by knowing two points of a calibration curve.

The pitot pressure was measured by a pressure transducer with a measuring range from 0 to 527
atm absolute. The pressure transducer was screwed to the back of the traverse gear box. It was insulated
with a thick layer of paraffin wax in order to prevent spurious pressure fluctuations caused by temperature
changes in the surroundings (see Green'°).

Before the experiments were started the whole injection apparatus was checked for leakages by placing
the porous plate with the frame against a solid one of identical shape and pumping the apparatus up
with air. The pressure inside the chamber stayed constant for at least an hour.

2.1.2. The air supply. In addition to the injection apparatus a complete air supply for the injection
mass flow was designed. The air for the injection was taken from the tunnel high pressure supply. The
system contained the following equipment:

(i) an air filter;

(ii) a heat exchanger to pre-cool the air if wanted and to vary the air temperature within a certain
range;

(iii) equipment to measure and control the mass flow.

Photographs of the air supply together with the wind tunnel and the injection apparatus are presented
on Figure 1. A schematic diagram of the air supply is shown on Figure 6.

The injection air enters the filter at a temperature of about 295°K and a constant pressure of 13-70
atm. The filter was essential to protect the porous plates inside the injection apparatus against blockages
which might be caused by small dust and oil particles produced by the compressors which feed the wind
tunnel 68-5 atm supply pipe and which have passed through the main tunnel filters. The pressure is then
reduced downstream of the filter by a reducing valve to the pressure necessary to inject a given mass
flow through the porous surface. This pressure, indicated by a manometer gauge for easy adjustment,
is a function of the pressure lost in the whole air supply system and the injection apparatus, hence of the
mass flow itself, as well as the static pressure inside the wind tunnel.

In order to investigate the influence of heat transfer on the boundary-layer development it was necessary
to vary the temperature of the injection mass flow within a certain range. Only the possibilities of pre-
cooling the air have been investigated since it is more useful to investigate the influence of heat transfer
from the flow to the wall. This case corresponds to the practical application of transpiration cooling.
Considering the short running time of the wind tunnel a charge system was chosen instead of a continuous
cooling process. It was decided to use a shell and tube heat exchanger, with the air to be cooled inside
the pipes and the cooling medium around it. A suitable cooling medium was found in a dry ice-acetone
mixture. The dry ice (solid CO,) sublimates at a constant temperature of T, = —78-5°C and p, = 1 atm.
The acetone is used as a medium to increase the heat transfer to the pipe since the free convection of
gaseous CO, developed by the sublimation process would result in a very small heat-transfer coefficient
and hence a very large heat exchanger.

It is useful to be able to vary the temperature between T, and T (see Figure 6). This was achieved by
attaching a mixing chamber to the heat exchanger in which uncooled and cooled air can be mixed. The
mass flow was divided behind the reducing valve, one part (m,) passes through the heat exchanger and
the rest (m,) by-passes it. The mass flow can be varied in each direction by means of two needle valves.
To give an example, the mass flow through the by-pass can be increased by opening needle valve II
and closing simultaneously needle valve I by about the same amount so that the total mass flow
m = m +m, remains constant. The pressure loss of the air supply will be slightly changed by this pro-
cedure so that the total mass flow must be adjusted with the reducing valve. Thermocouples were installed
to measure the inlet temperature T, the temperature inside the heat exchanger T,, the temperature
inside the mixing chamber T, and the outlet temperature. The whole apparatus was insulated with
glass wool.



The injection mass flow was measured by means of an orifice through which the flow passes after leaving
the mixing chamber. At the orifice the differential pressure Ap, and the pressure p, and the temperature
T, can be recorded. The differential pressure was measured by means of a manometer calibrated in mm
of alcohol and designed to stand high pressures, whereas the pressure p, was read from an accurate
manometer gauge. The temperature T, was assumed to be the same as T which is a reasonable approxi-
mation because of the short distance between Ts and T, and the insulation. The mass flow was now
divided between the two air inlets on the bottom of the injection apparatus inside the wind tunnel. The
mass flow in each line can be determined by means of an orifice in the line; and varied, with the help
of two needle valves connected to either line. The two lines end in a flexible Nylon tube with a joining
part fitted to their end which can be connected to the wind tunnel.

In view of the short running time of the wind tunnel it was necessary to make reading of the various
experimental data as quickly as possible by using automatic devices like thermocouple switches and
X-Y plotters to record the temperatures and pressures. Parts of the instrumentation can be seen in
Figure 1. The details of the test programme will be described later.

2.1.3. The boundary-layer probes.Three boundary-layer probes were designed: one pitot probe
for the determination of the pitot pressure profiles along the centreline of the wind tunnel, a second for
the region one inch to one side of the centreline, and a temperature probe for the evaluation of the
boundary-layer temperature profiles along the centreline. A picture of the probes is shown on Figure 7.

The pitot probes were fabricated from hypodermic tubing of 1:068 mm outside diameter which was
flattened at the tip to a height of 0-204 mm. Structural stiffness was obtained by soldering the tube into
a slightly bigger one of 165 mm outside diameter which was fixed to a brass tube of 625 mm outside
diameter. This brass tube was fitted with three fins, and is the main support of the probe as already
described in Section 2.1.1. In view of the overall length of the probe of 292 mm, it was necessary to make
the effective volume inside the probe as small as possible in order to keep the time lag in the system
within reasonable limits. This condition was fulfilled by using only the hypodermic tubing with the
smallest diameter of 1067 mm as working space all along the probe. The end of the probe was connected
with plastic tubing (its length depends on the position of the probe) to the transducer. The response
time of the whole system in its extreme position as shown on Figure 4 was found satisfactory when the
pressure was changed rapidly and the response time checked on the X-Y plotter.

The most promising methods for determining the temperature variation through the boundary layer
are the total temperature probes proposed by Goldstein and Scherrer® and Langworthy® and those
used for example by Danberg’, Winkler® and Bradfield et al.®. The principle of a total temperature
probe is the practical application of the adiabatic compression of a flow when passing through a normal
shock wave. The flow then moves at a low velocity past a thermocouple fitted to the inside of the probe.
But as the size of the probe becomes smaller the thermocouple tends to indicate the external surface
temperature, and the measurements become rather doubtful. Static temperature measurements within
boundary layers require a small design of probe for predicting local temperatures. For these purposes,
a different kind of probe seems to be more reliable. Their application is based on the known flow pattern
around small obstacles of well-defined geometrical shape, (such as wedges (Bradfield®) or cones
(Danberg’)), in supersonic flow by measuring the temperature of the obstacle. The static temperature
in front of the obstacle with its oblique shock wave can be evaluated in a simple way from the temperature
indicated by a thermocouple soldered to the wedge or cone, with the aid of oblique shock tables when the
Mach number is known. }

A temperature probe very similar to that proposed by Danberg was used for the temperature measure-
ments. A stainless steel cone with an angle of 10°, a maximum diameter of 1-527 mm and approximately
890 mm long was fitted with Araldite to a ceramic tube with an outside diameter of 1-577 mm and a
length of about 25-4 mm. A copper-constantan thermocouple was hard-soldered to the cone to indicate
its temperature. The ceramic tube was fitted to a wedge which was soldered to a brass tube with three
fins to give the necessary strength to the probe. The dimensions of the brass tube and the fins are identical
with those of the pitot probe. A ceramic tube was selected to support the cone in order to reduce the
heat conduction from the wedge to the cone. Moreover, a second thermocouple was installed into the



wedge to correct the temperature indicated by the cone for possible heat conduction effects. These
effects were found to be negligible, at least in the temperature range investigated.

2.2. Test Procedure.

From earlier investigations (see Green !°) it was known that the boundary layer is turbulent for zero
injection in the region investigated. The experiments were carried out at two Mach numbers, namely
at M, = 25 and M_ = 3-5. A stagnation pressure of P, = 5225 atm was chosen for the tests at
M, = 2:5. The tests at a nominal Mach number of 3-5 were carried out at a stagnation pressure of 8-30
atm, because it was impossible to start the wind tunnel below this pressure. The nominal working section
Reynolds number per unit length was approximately 5 x 107 (1/m) for M, = 2:5 and 475 x 107 (1/m)
for M, = 3-5. It was the aim of the experiments to obtain Mach number and temperature profiles at
various positions along the plate. A distance of 0-110 (m) along the plate can be covered with the pitot
and temperature probe. Ten boundary-layer traverses were made within this distance so that a momentum
thickness development could be evaluated from the measured profiles, which was essential to find the
skin-friction coefficient with reasonable accuracy. The Mach number profiles were obtained by con-
necting the pitot probe to the pressure transducer and by putting the output of the transducer on the
first . ¥-channel of the two-channel X-Y recorder. The wall temperature was recorded on the second
Y-chahnel. The output of the potentiometer, which indicates the position of the probe within the boundary
layer, was used as the X-input for the X-Y recorder. With this arrangement it was possible to measure
a whole pitot pressure profile within 30 to 45 seconds depending on its thickness. The stagnation tem-
perature was read every ten seconds on a ‘Scalamp’ galvanometer during every boundary-layer traverse
so that any irregularity could be taken into account when the profiles were analysed. All the experiments
can be divided into four categories:

(i) Mach number profile along solid flat plates T,, > T,

(ii) Mach number profiles along porous plates with T,, > T,

(iii) Mach number profiles along porous plates with T, ~ T,

(iv) Mach number profiles along porous plates with T, < T,.

Various porous plates have been used for the transpired boundary layers.

The solid flat-plate boundary-layer measurements were conducted by replacing the porous plate by
a solid plate as described in Section 2.1:1. Its wall temperature was indicated by a thermocouple which
was fitted into the plate. Static pressure holes of 0-25 (mm) outside diameter were drilled into the surface
to measure the static pressure variation along the plate; but it was found to be more reliable to evaluate
the static pressure from the stagnation and pitot pressure outside the boundary layer which could be
measured with more accuracy, especially for flow with fluid injection. The pressure transducer, as well
as the potentiometer of the traverse gear, were calibrated before every run.

Three sets of tests were carried out with fluid injection using three different porous plates: two plates
with different grades and a smooth surface, and one plate with a rough surface (see Section 2.1.1). The
wall temperature was changed from T,, = 250°K to T, = 286°K for every set of Mach number profiles
along the plate, so that profiles with and without heat transfer were obtained. Calibrated thermocouples
were installed along the centreline of the porous plate half an inch apart in the region investigated. Mach
number profiles were measured at a position half way between two thermocouples. The temperature
indicated by these thermocouples was recorded during the run on X-Y recorders. Both thermocouples
indicated virtually the same temperature. Two typical examples of pitot pressure profiles are shown on
Figure 8 (zero injection, M, = 3-5) and Figure 9 (F ~ 2 x 1073, M, = 3-5).

The injection mass flow was measured by means of an orifice which was calibrated by means of a gas
meter under exactly the same conditions as they occur during the experiments in order to suppress
possible Reynolds number effects on the calibration. It must be stressed here that all the quantities
necessary to determine a boundary-layer profile were recorded every ten seconds, and were virtually
constant. They were mainly recorded at these intervals to consider unforeseen irregularities during a run.
The run was always repeated when big deviations were bbserved during a run.

When pre-cooled air was injected through the porous plate to obtain a wall temperature at recovery
conditions, or below, the measurements were started only when a steady wall temperature was reached



along the plate. The wall temperature could be measured for Plate A also one inch on either side of the
centreline. These temperatures were virtually the same as those indicated for the centreline. For low
wall temperatures in the order of 250°K the steady state condition was reached after about half an hour.
Some pitot pressure profiles were measured one inch off the centreline to investigate three-dimensional
effects on the boundary-layer growth. The experimental procedure was the same as that used to measure
along the centreline.

The temperature profiles were measured with the temperature probe described in Section 2.1.3. All
the thermocouples mentioned above were calibrated inside the wind tunnel after the wind tunnel had
not been used for at least two days and one could be assured that the temperature inside was constant
and identical to the room temperature.

2.3. Data Reduction.

The experimental data were analysed by the Titan computer in the Mathematical Laboratory of the
University of Cambridge. For this purpose a programme was written in Autocode language which

y
evaluated the velocity profilet, Y, = L dy, and the boundary-layer parameters 6, * and H from
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the co-ordinates of the pitot pressure profile (as they were read from the X-Y recorder and punched on
tapes). One boundary-layer profile could be analysed with this programme in two seconds. Moreover
the skin-friction coefficient ¢, and co-ordinates in the transformed planes using Coles’* and Jeromin’s?
boundary-layer transformations (see Appendix A) were evaluated simultaneously by feeding trans-
formation parameters into the computer. The calculations were carried out as follows. The static pressure
was evaluated from the pitot pressure outside the boundary layer and the stagnation pressure because
of the uncertainty of static pressure measurements with fluid injections. The free stream velocity u,
follows from p,, and T . The Mach number profile was then calculated from the co-ordinates on the
X-Y recorder graph using Raleigh’s formula for supersonic flow and the corresponding formula for
subsonic flow, '

The static temperature has to be known in order to evaluate the velocity from the Mach number.
Some static temperature profiles were calculated from measured stagnation temperature profiles for
various injection rates and are compared in Figures 10 to 13 with the temperature formula

u
Up 0,
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TNo correction for possible displacement effects was considered, since it is rather doubtful whether the
displacement effects in their usual form for measurements with pitot probes in incompressible flow,
still holds for compressible supersonic flow with a shock wave in front of the pitot probe. Green3®
investigated the effect of different opening diameters for the pitot probes in the same wind tunnel at
similar stagnation conditions. He found no effect of the size of the pitot probe on the Mach number
profile for the range of probe sizes investigated. But it cannot be concluded if there is a displacement
effect or not. This must be the subject of a separate investigation.

v

Static-pressure measurements with fluid injection were carried out measuring the static pressure along
the plate by means of static pressure holes in the surface. The static pressure holes were obtained by
drilling small holes into the porous plate and fitting hypodermic tubing with Araldite into them.
Unfortunately it was found that the measurements were not accurate enough because of the difficulties
of making the edge of the tubing level with the surface of the plate which could not be realised with the
necessary accuracy for all the 32 pressure holes.



which was proposed by Spence'?, Crocco!® and Van Driest!#t. The agreement in Figures 10 to 13 for
various injection rates between experiment and Eq. (2.1) can be regarded as satisfactory, so that the
Spence formula was used for the further analysis of all the boundary-layer profiles, instead of measuring
the temperature profile for each profile. Similar satisfactory agreement was found by Danberg'® for
transpired compressible boundary layers at a Mach number of 6-2. The only difficulty in the application
of the temperature formula is how the recovery factor is affected by fluid injection. There is scarcely any
reasonable theoretical information available, so Bartle and Leadon’s experimental data'® for Mach
numbers of 2:0 and 3-2 were used instead. Their data were analysed by plotting r/r, (r, is the recovery
factor without injection) against F in Figure 14 and so extrapolating and interpolating their experi-
mental results linearly to the two Mach numbers investigated.

The local velocity within the boundary layer was then calculated from the Mach number. When the
temperature and velocity variations were known, the co-ordinate

y yT
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(which will be used in a similar form by all boundary-layer transformations), the momentum thickness
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the boundary-layer shape parameter

the displacement thickness

H = 6%/6, (2.5)

and the boundary-layer thickness d for u/u,, = 0995 were evaluated simultaneously by the same pro-
gramme. The integrations were performed numerically using small step lengths. The Reynolds number
R was calculated using Sutherland’s formula for the viscosity, namely

T.+117 { T\??
= s . 2.6
# T+117 (Ts) He (2.6)

with reference value at standard conditions of u, = 6:178 x 10”2 (kg/m.h) at T, = 273-15°K. There
were slight changes of the Reynolds number along the plate due to very small pressure gradients and
unavoidable changes of the stagnation conditions, so that a mean value R was evaluated for each
boundary-layer development. The further calculations to determine R, and R, are based on R. Another
problem was the determination of the virtual origin of the turbulent flow. For boundary layers with

+Spence’s formula was derived for compressible boundary layers without injection, and it was necessary
to check whether Eq. (2.1) holds for flow with fluid injection as well. The static temperature profiles
were evaluated from the measured local total temperature which was indicated by the cone. The Mach
number distribution through the boundary layer was known from pitot pressure measurements.
Hence the local Mach number behind the oblique shock wave of the cone can easily be determined
with the help of graphs for conical flow (see for example Rosenhead et al?3). The static temperature
can then be calculated from the local Mach number and local temperature using isentropic flow
tables.



zero mass transfer the mean slope method proposed by Rubesin, Maydew and Varga!” was applied for
both Mach numbers (see Figure 15). With fluid injection a plot 8 against x (see Figures 16 and 17) was
used to estimate the virtual origin by extrapolating the curves to 6 = 0.f This method is certainly not
highly accurate and must rather be considered as an approximate approach in the absence of a more
reliable method. Calculations were made to determine the skin friction coefficients at M, = 25 and
M, = 35 using several theories for boundary layers without injection. Mager’s and Spence’s boundary-
layer transformations were applied to Ludwieg/Tillmann’s skin-friction law!® (see Appendix A) for
incompressible flow. Finally Sommer and Short’s T'-method?! has been used to predict the variation
of ¢, with R, or x for the two Mach numbers investigated. These results are presented in Figures 20 and
21 where theoretlcél and experimental skin-friction coefficients are compared for the case of zero injection.

All the data are presented in the form of tables to facilitate further analysis since the existing experi-
mental data were found to be much less easy to use when published only as graphs. The contents of the
tables are explained in Appendix A. The summary tables containing the main boundary-layer parameters
are included in this Report whereas the tables of the boundary-layer profiles themselves can be obtained
from the Department of Engineering, University of Cambridge (Dr. L. C. Squire).

24, Accuracy.

A calculation to determine the errors for all the data given in the tables becomes rather difficult in
view of the complexity of the measuring technique, and the amount of analysis performed on the data
itself. The possible errors for the momentum and displacement thickness were evaluated by feeding
into the computer the possible deviations from a measured mean value for every quantity necessary
to calculate 8 and 6*. These deviations were changed systematically until the worst configuration was
obtained, which predicted an error of about + 1 per cent for # and +1-5 per cent for 6* so that the quoted
values for the boundary-layer shape parameter H might be subject to an error of the order of +4 per
cent. It is even more difficult to predict an error for the skin-friction coefficient when it is evaluated
from the momentum equation because of the evaluated error for 8 itself and slight changes of the injection
mass flow as well as the Reynolds number per unit length which might influence the 6 development in
an unknown order of magnitudet. A reasonable estimate might be an error of +8 per cent for ¢, up
to a value of F >~ 1-2 x 1072 for both Mach numbers. The error is certainly much bigger for the highest
injection rate of F ~ 2 x 1072 for M, = 3-5. For the last case, an error of +50 per cent for the skin-
friction coefficient is not impossible in view of the scatter for the momentum thickness. Even the pressure
gradient term becomes dominant here for the evaluation of the skin-friction coefficient from the
momentum equation. The error in the injection mass flow parameter F is about 1 per cent.

In estimating potential errors for the boundary-layer parameters, a most important factor is the
possibility of three-dimensional effects such as cross-flows on the boundary-layer growth. Several
boundary-layer profiles were measured, one inch on either side of the centreline of the wind tunnel
along the porous plates, for a Mach number of 3-5. The momentum thickness and displacement thickness
evaluated from these boundary-layer profiles deviate only minutely from those obtained along the
centreline. The differences are only of the order of +2 per cent for 8 and 6*, so that the more or less
expected three-dimensional effects seem to be in reasonable proportions to treat the boundary layer as
two-dimensional (see also the next Section).

By considering the accuracy of the transducer and the X-Y recorder, and by allowing for reading
errors, it is estimated that the non-dimensional velocities in the boundary layer (i.e. w/u ) are accurate

tFigures 16 and 17 suggest for the case of zero injection that the curves have to be bent in order to
obtain the same virtual origin as predicted by Rubesin’s et al method. This is the only justification
why the curves are bent for the case of air injection as well.

1This second source of error has a considerable effect on the #-development and hence on the skin-
friction coefficient itself.
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to F0001. However, the tabulated values were taken directly from the computer output and are quoted
to more decimal places than is strictly justified.

3. Discussion of Results.

3.1. Experimental Results.

Typical velocity profiles u/u,, against y/d are plotted in Figures 22 and 23 for the two Mach numbers
investigated and various injection rates. These diagrams were mainly drawn to give some idea of the
influence of air injection on the velocity profiles. The velocity profiles drawn on each diagram were
measured at the same station. Three different injection rates are always compared with a boundary
layer measured on a solid flat plate. The injection process deforms the boundary layer similarly to the
effect of adverse pressure gradients on boundary layers without transpiration. The deformation of the
profile results in a reduction of the skin-friction coefficient and the reduction increases with increasing
injection mass flow parameter F, as is apparent from the shape of the boundary-layer profile in Figures
-22 and 23.

The influence of air injection on the boundary-layer profile seems to be less significant for a Mach
number of 2-5 than for a Mach number of 3-5 when comparing Figure 22 with Figure 23. First of all a
far bigger injection range is investigated at M, = 3-5 so that bigger deformations of the profile have to
‘be expected. Other parameters influencing the shape of the profile apart from the mass transfer at the
wall are the wall and free stream temperature and pressure gradients. Adverse pressure gradients, cooling
of the wall and fluid injection shift the profiles to the left in Figures 22 and 23 whereas favourable pressure
gradients, heating of the wall, and suction, create shifts of the profiles to the right hand side in the diagrams.
The unavoidable slight pressure gradients are mainly responsible for the fact that the outer part of the
profileat M, = 2:5, F ~ 07 x 10 and F ~ 1-2 x 1073 (see Figure 22) lic much closer together than one
would expect. As one can see in Figure 24 the profiles with F ~ 04 x 1073 and F ~0-7 x 10 lie in an
adverse pressure gradient (shift to the left in Figure 22) whereas the profile with F ~1-2 x 1073 lies in
a favourable pressure gradient (shift to the right). These different pressure gradientst cause deformations
such that the outer part of the profiles with the two highest injection rates measured at station 60 to 90
(see Appendix A) even overlap each other. On the other hand all profiles at M, = 3-5 are measured in
a region of adverse pressure gradient. The order of magnitude of this adverse pressure gradient is barely
affected by the process of fluid injection.

For the highest injection rate of F = 2:111 x 10~ % at a Mach number of 3-5 the deformation has reached
a point where it is difficult at the measuring stations further downstream to determine, with sufficient
accuracy, the point where the pitot probe touches the wall, because the Mach number variation close
to the wall has become extremely small, causing fluctuation of the pitot pressure (see Figure 25). It could
not be decided whether the boundary layer has separated at the station 100 for the Run 3-5—2.1 —1.100
(see Appendix A) since the boundary-layer slope at the wall could not be measured. It seems as if the
boundary layer is blown off at this point. Scott et al’? found from their experiments that turbulent
-separation occurs at F R} = 0-06 for a Mach number of M, = 3-0, but unfortunately they did not specify
how they defined their point of separation. Evaluating the product FRE for Run 3-5—2-1—1-100 (see
Appendix A) would result in a value of 0061 ; a value very close to the one predicted by Scott et al?2.
But it must be stressed here that it cannot be decided from the present measurements whether separation
occurs or not. It is quite possible that the skin-friction coefficient has a finite value and that it is difficult
to measure the Mach number profile close to the wall because of the fluctuating pitot pressure. An argu-
ment for this interpretation of the measured data is the momentum thickness development up to Station
70 (Run 3-5—21-1-70) which predicts a finite skin-friction coefficient, with reasonable credibility. It
seems very unlikely that the skin friction coefficient would suddenly drop to zero without a blending
region between. More experimental information must be obtained before a final conclusion can be drawn.

TThe measurements with injection rates F~1.2 x 10”% were carried out under slightly modified
conditions by changing the slope of the porous flat plate and so influencing the expansion in the
supersonic nozzle.
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The most important boundary-layer parameters 6, 6* and H are plotted in Figures 26 to 31 against
the co-ordinate x for all measurements with and without heat transfer.

There is only a slight scatter for the values of the momentum and displacement thickness, whereas
the values for the boundary-layer shape factor H sometimes indicate larger deviations from a mean
value. As for the case of zero injection the momentum and displacement-thickness increase roughly
linearly with x, but the slopes df/dx, do*/dx increase with increasing injection rate. The boundary-layer
shape parameter H decreases with x.

Cooling of the wall (experiments with T, ~ T, and T, < T,) reduces the displacement thickness and
the boundary-layer shape parameter (compared with the experiments at T, > T,) but increases the
momentum thickness in a much smaller degree. But it must be stressed here that the heat-transfer effect
is fairly small, since the wall temperature does not deviate very much from the recovery temperature
T, because the temperature of the injection mass flow could be only varied in the range (T, —30) < T,
(°C) < (T, +30). Danberg'® had facilities for investigating the influence of heat transfer on the transpired
boundary layer at a hypersonic Mach number of 6-7, by changing the ratio of the wall to free stream
temperature T,/T . from 41 to 76 (for comparison the value T,/T ., = 8 for his investigation). He
found the same tendencies for 6* and H when the wall was cooled, with the momentum thickness in-
creased for decreasing T ,,/T.

Plate A and Plate C are almost interchangeable, as shown in Figures 26 to 28. The slight differences
between 0, 6* and H measured along Plate A and Plate C are mainly due to slight changes in the stagnation
temperature and the stagnation pressure, and are not caused by the differences of porosity, (expressed
by the different grades) of the plates. The influence is also small for the rough plate (Plate D) as demon-
strated on Figures 29 to 31, especially for high injection rates. The insignificant disagreements are also
caused by slightly higher injection rates F for the experiments with Plate D.

Finally the skin-friction coefficient was evaluated from the momentum development using the
momentum equation for compressible flow

cpy  do

L - _F-P 1
2 dx 3-1)
with

6 dp
P = - _Af2 .
0 dx 24+H-M3) (3.1.1)

The calculations were carried out by plotting # against the actual distance along the plate measured
from the critical dimension of the nozzle and evaluating the slope gg . Only typical examples will be pre-
sented here (see Figures 18 and 19). The static pressure and Mach number variation along the region of
the plate investigated were plotted on the same figures so that their influence on the 6-development can
be studied. The slight scatter for € is caused mainly by the variations of the static pressure, as one can
see in these diagrams. No correction for the effect of static pressure gradients was made for the skin-
friction calculation for the experiments at a Mach number of 2-5, as only those points of the 6-development
were considered where the static pressure was virtually constant. A slightly adverse pressure gradient
(see Figure 19) could not be avoided for the experiments at the Mach number of 3-5 so that all the skin-
friction values derived from the momentum equation are corrected for the effect of the pressure gradient

do , .
term (3.1.1). This correction term P is quite small compared to the term ( a—F) and is approximately

—0:05 x 1073} for all momentum-thickness developments.

+The pressure gradient term P of the momentum equation is negative for an adverse pressure gradient
since M2 > 2+H.



Evaluating the skin-friction coefficient for M, = 3-5 from the momentum equation, including the
adverse pressure gradient term, results in a value for the case of zero injection which is about
D = 002 x 1073 too high compared with other experimental investigations (see Figure 21), whereas
for a Mach number of 2'5 the skin-friction coefficient evaluated from the momentum equation agrees
very well with other experimental investigations (see Figure 20). The most likely explanation for the
discrepancy at M, = 3-5 is a slightly three-dimensional effect. The good agreement between the experi-
mental data for the skin-friction coefficient at a Mach number of 2-5 suggests that the three-dimensional
effect at M, = 3-5 is probably caused by the continuous adverse pressure gradient at that Mach number.
Consequently the skin friction coefficient for all the boundary-layer developments at M = 3-5 must be
corrected for the three-dimensional influence. This correction term has been determined assuming that
the contribution of the three-dimensional effect to the momentum balance is unaffected by fluid injection
and hence is the same as for zero injection, namely the difference D = 0-02 x 102 between the value
of the skin-friction coefficient determined from the momentum equation and the value measured by
Matting et al*®, which is very accurate since it was measured by the floating element technique. It follows,
then, that the skin-friction coefficient at M, = 3'5, including the three-dimensional effect, is given by

¢rp_d0 o , D
2 dx F-p 27

. . . . do
The pressure gradient term P as well as the three-dimensional term is very small compared to Ix and

do
F. Unfortunately I and F are of the same order of magnitude so that the relatively small terms P and

D have a significant influence on the value of the skin-friction coefficient. All the skin-friction values
¢y derived from the momentum equation are summarised in column 26 of the Tables II to XVI. The
value for the skin-friction coefficient at a Mach number of 3-5 uncorrected for three-dimensional effects
has been tabulated in brackets underneath the corrected value (see column 26).

From the results for the skin-friction coefficient it can be deduced that the boundary layer is virtually
the same whether Plate A (Porosint of Grade A) or Plate C (Porosint of Grade B) were used during the
experiments, since the skin-friction coefficients are about the same within the accuracy of the measure-
ments (see column 26 in Table V-0 and Tables XVI-0 and Figure 32). The use of a plate with a rough
surface (Plate D) has some influence on the skin-friction coefficient for smaller injection rates. Comparing
the values for ¢y, in column 26 in the Tables VII-0, IX-0 and XIV-0, XV-0, respectively (see Figure 32)
one realises that the skin-friction coefficient has increased in the order of 15 per cent for the boundary
layer measured along Plate D (Grade B, rough surface) compared to that obtained for a smooth surface.
This increase of ¢, is also partially caused by a slightly smaller injection rate F for the experiments
with Plate D. At higher injection rates (see Figure 32) the choice of the plate becomes unimportant,
since the skin-friction coefficients evaluated from a boundary layer measured along a smooth porous
plate (Plate C, Table IX-0, Figure 32) and along a rough porous plate (Plate D, Table XV-0, F igure 32)
are approximately the same. No well defined influence of heat transfer on the skin-friction coefficient
can be deduced from the 0-developments for the boundary layers with a cooled wall. The influence of
heat transfer on df/dx is negligible, at least for the temperature range investigated, as can be found
comparing the skin-friction coefficients in column 26 of the Tables I1-0 to XIII-0 (see Figure 32). This
result is not very surprising in view of the small overall change of the wall temperature (in the order of
50°C). Skin-friction measurements along solid flat plates with heat transfer have shown that only severe
heating or cooling have significant effects on the skin-friction coefficient ; so that only further experiments,
where the wall temperature can be changed through a much bigger range than was possible with the
experimental facilities used in the present investigation would clarify the situation. Danberg!® measured
skin-friction coefficients under the influence of heat transfer. Unfortunately his data for ¢ + show such a
scatter that no final conclusion can be drawn from them.
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3.2. The Application of Bou/hdary-layer Transformations to the Measured Profiles.
The main features of Coles’ and Jeromin’s transformations are described in Ref. 1 and Refs. 2 and 4
respectively. These two transformations have been used to analyse the measured compressible boundary

layers by comparing them with well-established formulae for incompressible flow like the ‘law of the
wall’

* 1 L Pt
E—z;lny Z*P +C (3.2)

uy

for boundary layers along smooth solid walls and Stevenson’s law'® for transpired layers.

2uk viu® 1, y*u*p*
1 -1l =- .
o [ +u;"2 ] Kln e +C (3.3)

with x and C constant. The ‘law of the wall’ and Stevenson’s law can be considered as formulae defining
u¥ and hence c* for a given boundary-layer profile. The concept was used to determine the skin-friction
coefficient for the compressible boundary layers by transforming the measured quantities v and y into
their corresponding incompressible form and evaluating u* from Eq. (3.2) or Eq. (3.3) respectively. The
friction velocity u* is constant where the ‘law of the wall’ holds. Its value was used to determine the skin-
friction coefficient from the definition equation writing

2ur)?
o = L“z) _ (34)

o«

The compressible skin-friction coefficient follows from the incompressible one, again using the trans-
formation.

A problem was the choice of the constants k and C in (3.2) and (3.3) since there is a considerable amount
of disagreement in the literature regarding their actual value. Coles’ values k¥ = 0-410 and C = 5-00
were chosen mainly because they are good mean values (for the scatter in the literature see, for example,
Black and Sarnecki?*). '

Measured boundary-layer profiles at Mach numbers of 2-5 and 3-5 and each of three different injection
rates are plotted in the transformed stage in Figure 33 in Stevenson’s co-ordinates. The skin-friction
coefficient used in this diagram is ¢, and not ¢, (which was evaluated from the momentum equation).
The skin-friction coefficient ¢, was determined as the best fit to Stevenson’s law and is tabulated in
column 27 of the Tables II to XVI. The fully turbulent part of the compressible boundary-layer profile
with air injection has been reduced to Stevenson’s ‘law of the wall’ for incompressible flow. This collapse is
not as good for the highest injection rate at M, = 3-5. But this profile is nearly separating (blown-off).
so that it is rather surprising that it could be reduced at all. A collapse for the outer part of of the com-
pressible profile cannot be expected from a plot like the one presented in Figure 33 since the transformed
flows correspond to different Reynolds numbers R¥ and Rj.

Finally the values for the skin-friction coefficients c;; (determined from the momentum equation),
¢y, (determined from the ‘law of the wall’ in connection with Coles” and Jeromin’s transformation) and
¢;3 (determined from an empirical relation in connection with Jeromin’s transformation, see Appendix
A) will be compared with each other (see Table I, the values for ¢, and c,; are mean values evaluated
from those tabulated in the columns 27 and 28 of the Tables I1-0 to XVI-0). The agreement between the
skin-friction coefficient predicted by the transformation and those calculated directly from the momentum
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equation is very good for all injection rates investigated.t There is also an excellent agreement for the
skin-friction coefficients at M, = 3-5 when the comparison is based on those values which are calculated
from the momentum equation taking into consideration the correction for the slight three-dimensional
effect as already described. Moreover, one has to consider that the error for the skin-friction coefficient
determined from the momentum equation increases with increasing injection rate because the difference
between d6/dx and F becomes very small. The estimated error Ac,, for the skin-friction coefficient ¢,
is included in Table 1. The possible error is considerable, especially for the highest injection rate at a
Mach number of 3-5 where the boundary layer is nearly blown off. As mentioned before there is a slight
adverse pressure gradient along the test section for the experiments at a Mach number of 3-5 so that the
‘law of the wall’ would probably predict a slightly smaller value for the skin-friction coefficient than for
zero pressure gradient. The pressure gradient is probably responsible for the fact that Stevenson’s ‘law
of the wall’ predicts a slightly lower skin-friction coefficient than Eq. (A.1). Finally c ¢/cg, is plotted
against 2F/¢;, on “Figuié 34, showing that the data of the present experimental analysis are consistent
with the results of other investigations. It can be deduced from this Figure that the author’s boundary-
layer transformation in connection with Stevenson’s law is the only theoretical approach which predicts
the correct order of magnitude of the Mach number influence on the skin-friction coefficient.

4. Conclusions.
4.1. Compressible boundary layers with air injection have been measured at Mach numoers of

25 and 3-5 with free stream Reynolds numbers of 5 x 107 and 47 x 107 per meter respectively. The

stagnation temperature was about 295°K whereas the wall temperature varied from 240°K to 285°K.

‘ 4.2. The boundary-layer parameters 6, 6*, 8, H, R,, R, have been evaluated for these profiles and

~ are tabulated. Tables of the boundary-layer profiles can be obtained from the Engineering Department,
University of Cambridge. ‘

43, It was shown that the fu]ly turbulent part of a compressible boundary-layer profile can be
reduced to a corresponding incompressible flow in the region where the ‘law of the wall’ applies.

, 4.4. The skin-friction coefficient ¢, evaluated from the momentum equation was compared with one
determined from the ‘law of the wall’ for transpired boundary layers as well as the one for boundary
layers along solid walls applying Jeromin’s and Coles’ transformations to the measured compressible
boundary-layer profiles. The agreement is excellent. It can be said that the boundary-layer transformation
in connection with the ‘law of the wall’ is the most reliable method for the time being to evaluate the
skin-friction coefficient from a measured compressible boundary-layer profile.
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tThere is a slight inconsistency for the case of zero injection for M, = 25 between the skin-friction
coefficient evaluated from the ‘law of the wall’ and the one determmed from Ludwieg/Tillmann’s law,
‘both laws used in conjunction with Coles’ transformation. The ‘law of the wall’ predicts higher skin-
friction coefficients (in the order of 10 per cent) than the momentum equation and Ludwieg/Tillmann’s
law. The reason for this discrepancy might be the sublayer hypothesis since slight changes of the trans-
formation parameter ¢ have a significant influence on the skin-friction coefficient determined from ‘law
of the wall’ whereas ¢, determined from Ludwieg/Tillmann’s law is affected only very little. The reason
for this discrepancy for the zero injection case has not been investigated in more detail since the present
analysis was mainly concentrating on transpired boundary layers where, fortunately, the concept of the
sublayer hypothesis need not be used, Ref. 2.
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Constant in law of the wall

Local skin-friction coefficient
Injection parameter

Boundary-layer shape parameter
Mach number

Pressure term in momentum equation

Static pressure
Reynolds number per unit length

Reynolds number based on x
Reynolds number based on @
Recovery factor

Absolute temperature

Velocity in x-direction
Skin-friction velocity

Velocity, normal to the wall (y-direction)
Co-ordinate along the plate
Co-ordinate normal to the wall
Transformed co-ordinate
Boundary-layer thickness
Displacement thickness
Momentum thickness
Mixing-length constant
Viscosity

Density

Zero injection and stagnation conditions
Recovery condition

Sublimation condition and standard condition
Wall condition

Free stream condition

Transformed flow (incompressible)
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APPENDIX A

The Contents of the Tables.

Every table is labelled with a Roman and an Arabic number. The Roman number is introduced to
distinguish between boundary-layer developments measured at different Mach numbers, injection
mass flows and wall temperatures.

There are fifteen different sets of boundary-layer developments:

Table 11
Table 11T
Table IV
Table V
Table VI
Table VII
Table VIII :
Table IX
Table X
Table XI
Table XII
Table XIII :
Table XIV
Table XV
Table XVI :

: F=0M,=25T,>1, solid plate

c F=057Tx10"3 M =25T,> T, plate C

: F=0895x10"3 M, =25T,>T, plate C

c F=1211x103,M, =25T,>T, plate A

: F=0M_,=35T,>1T, solid plate

c F=0653x10"% M, =35,T, > T, plate C
F=1172x10"3M_ =35,T, > T, plate C

c F=2111x10"3 M, =35, T, > T, plate C

P 04<Fx10° <13, M, =25T,~T, plate A

12 <Fx10° <22, M, =35T,~T, plate C

04 < Fx10° <13, M, =25T,<T, plate A and plate C
12 <Fx10° <23, M, =35 T, < T, plate C

: F=0636x10"3, M, =35T,> T, plate D (rough surface)

: F=2060x10"3 M, =35T, >T, plate D (rough surface)
F=1340x10"3 M, =25"T,> T, plate C

For each set of tables there is a summary of all the interesting boundary-layer parameters ; this summary
is labelled with a Roman numeral followed by a zero (for example Table 11-0), and the boundary-layer
profiles themselves are labelled by the same Roman numeral plus an Arabic one (for example 1I-8), to
distinguish between the various boundary-layer profiles measured at different positions along the plate:
thus, for example, the boundary-layer parameters of the profiles II-1 to II-10 are summarised in Table

11-0.

The following quantities describing the boundary layer are summarised in the tables ‘zero’ at the end
of this Report: '

column 1

column 2 :

column 3 :

. the serial number of the run consisting of three numbers: the first gives the Mach number

(for example 2'5) the second the approximate mass flow parameter F x 103 (for example
0-8) the third the running number of the experiment (for example 1) (to distinguish between
runs measured at the same station for the same Mach number and injection mass flow but
at different wall temperatures) followed by a number defining the measuring station along
the plate (for example 50); hence a run would be defined completely for example by 2-5 —
0-8 — 1-50. The boundary-layer profiles measured along plate D (rough surface} are marked
‘R’: ,

plate used for the experiment (see Section 2.1.1);

distance X' (m) along the plate where the measurement was carried out (this distance was
measured from the critical dimension of the nozzle);
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column
column
column

column

0 3 SN A

column

column 9 :
co'lumn 10 :
column 11 :
column 12 :
column 13 :
column 14 :
column 15 :

column 16 :

column 17 :
column 18 :
column 19 :
column 20 :
column 21 :

column 22 :

column 23 :

column 24 :
column 25 :

column 26 :

: stangation pressure p, (at);

: injection mass flow pwuw [kg/m?.s];

: free stream stagnation temperature T, , (°K);
: wall temperature T, (°K);

: recovery temperature T, (°K)

(the recovery temperature was evaluated using a recovery factor of r = 0-890 for the zero
injection case; with injection the information according to Ref. 16 has been accepted (see
Figure 14));

free stream temperature T, (°K);

ratio of wall temperature to free stream temperature ;

free stream static pressure p, (at);

free stream Mach number M ;

free stream velocity u_, (m/s);

Reynolds number R (1/m);

Reynolds number R, based on distance from the critical dimension of the nozzle;

virtual origin Ax, (m) of the flow measured from the critical dimension of the nozzle (a
negative value means that the virtual origin is situated upstream; a positive one means a
shift downstream);

Reynolds number R, based on distance from the virtual origin of the turbulent flow (a
mean value for R has been used)

free stream mass flow p, u,, [kg/m?.s];

injection mass flow parameter F = p,, 0,,/p,, U,, (based on a mean value for p u,);
momentum thickness 8 (mm);
displacement thickness é* (mm);

boundary-layer thickness & (mm) for u/u,, = 0:995;

s
Yr = J p/p,, dy (mm) which will be used for boundary-layer transformation, to transform,

for exam(])ple, the displacement thickness;

boundary-layer shape parameter H :

Reynolds number R, based on momentum thickness 8 (a mean value for R has been used);
skin-friction coefficient ¢, evaluated from the momentum thickness development 6 = f (x)

and the momentum equation (typical examples for both Mach numbers are presented on
Figures 18 and 19).1

TAt M, = 35 the value for ¢, is corrected for three-dimensional effects whereas the value in brackets
is not corrected. :
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column 27 : (i) with injection
skin-friction coefficient c,, evaluated from Stevenson’s law'® for incompressible flow

* ki Ky, k
2”‘[ 1+”u“—1] = lpy”+c

*
vW T l"

(with Coles’ constants k = 0410 and C = 5:00) and Jeromin’s transformation®*;

(i) without injection
skin-friction coefficient ¢, evaluated from the ‘law of the wall’ for incompressible flow

w* 1 p¥ytul
—=-In

+C
uf K uF

(x = 0410 and C = 5-00) and Coles’ transformation® (superscript* refers to incompressible
flow)

column 28 : (i) with injection
skin-friction coefficient ¢ ;3 evaluated from an empirical relationship for the skin-friction
coefficient for transpired incompressible boundary layers (see Jeromin®*) with the help of
Jeromin’s transformation. The empirical relationship defining c,* is of the form

c* 2F* 2F*\ 2 2F* 3 2F*\ 4

I = 1+a )+ﬁ +7(==) +o|— (A1)
o Cro’ Cfo Cro

where c¢,,* is the skin-friction coefficient without injection and «, B, y, 6 are constants
evaluated from experimental data. The skin-friction coefficients ¢ /* and c,* are compared
with each other in the empirical relationship at R,* = const. The skin-friction coefficient

without injection was determined from Ludwieg/Tillmann’s'® formula
fo* = 0246 x 10—0-678!1* Reo**0-268

(ii) with injection
skin-friction coefficient ¢, evaluated from Ludwieg/Tillmann’s law for incompressible
flow and Coles’ transformation’.

The tables for the boundary-layer profiles (not included in this péper)
column 1 : distance y (mm) normal to the plate
column 2 : ratio of distance y (mm) over momentum thickness 6 (mm)

column 3 : local Mach number M

column 4 : ratio of local velocity u (m/s) over free stream velocity u,, (m/s)

column 5 : ratio of local temperature T°K over free stream temperature T .°K

y
column 6 : Y, = J p/p,, dy (mm) which in this, or a similar form, form part of all the transformations

for the y-co-ordinate
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column 7 :

column 8 :

(i) with injection

) 2u¥ v, *u® , 18 . L
y-co-ordinate - [+—5—1 for Stevenson’s law'® applying Jeromin’s trans-
UW u'ﬂ

formation? to the compressible turbulent boundary-layer profile

(i) without injection ;
y-co-ordinate u*/u¥ for the ‘law of the wall’’ applying Coles’ transformation! to the
compressible boundary- layer profile

(i) with injection

Kok
T

- for Stevenson’s law'® applying Jeromin’s transformation? to the
v

x-co-ordinate In Y
compressible boundary-layer profile
(ii) without injection

E L 3
yvzr for the “law of the wall’! applying Coles’ transformation’ to the

x-co-ordinate In

compressible boundary-layer profile

TABLE 1
T,>T,

M Fx10® | ¢;,.10° | Acyy10° | ¢p5.10° c;3.10°
2:55 0 160 +0-10 1-87 1-62
253 0-57 1-12 +0-12 1-08 1-18
2-53 0-895 0-95 +0-15 0-95 0-95
2:54 1-27 0725 +0-20 0-72 073
3-58 0 1-18 +0-10 1-27 1-27
3-56 0-65 0-79 +0-12 071 0-77
355 . 1-17 0-56 +0-15 0-47 0-56 |
352 2-11 0-37 +020 0-23 0-35
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TABLE II-0

RUN PLATE X P 8.V, T, T, T. T, Tw/qw
tm] | [at] |ke/m-g [°1| [°k]| [°x] | [°x] | [-]
2,5=0,0- 0.334 {5.208 0 295 285.5 | 276 127.9 | 2.334
2,500~ 0.3465|5.208 0 292 284.5 | 273 127.5 | 2.334
2.5=0,0- solid |0.3595(5.208 0 293 283.5 | 274 127.5 | 2.225
2,5=0,0- 0.372 |5.209 0 296.5 | 284.5 | 277.5 | 129 2,207
2.5=0,0-1.50 0.3845|5.209 0 294 286 275 127.5 | 2.244
2.5=0,0- 0.3975}5.210 0 294.5 | 284 275.5 | 127.5 | 2.227
2.5=0,0~ 0.4103(5.210 0 295 284 276 127.5 | 2.226
2,5-0.0- solid [0.422 [5.210 0 296 284.5 | 277 128 2,223
2.5-0,0- 0.43% [5.210 0 292.5 | 285 273.5 | 126 2.265
2.50,0= 0.4485]5.210 0 294 285.5 | 275 127 2.244
RUN P, Mo U R-1b'7 3;10'7 A.xv Ri10-7 Sl | F 107
(at] [-1 |Iln/s] |[1/m] | [-] [m] [-] lxg/ms]l] [-]
2,5=0,0~ 0.2792]2.557 [579.8 |4.933 |1.646 1.953 1 432.2 | ©
2.5-0,0- 0.286112.541 [575.1 {5.053 | 1,751 2,015 {441.1 | ©
205=0,0= 0.282312.550 |577.1 |{5.003 |1.797 | -0.06 [2.078 | 436.7| ©
2,5-0,0- 0.2815]2,551 |580.7 |4.912 [1.827 2,14 |433.4| ©
2.5<0,0~ 0.2808|2,.553 |578.1 |4.978 |1.914 2,203 | 434.9| ©
2,5-0.0- 0.27942.556 |579.0 {4.955 |1.968 2.268 | 433.1 | ©
2,5=0,0= 0.277912.560 |579.9 |4.931 |2.024 2,333 1431.2| O
2.5-0,0- 0.276412.563 |581.5 |4.893 [2.066 |-0.06 |[2.387 | 428.9| ©
2.5=0,0- 0.2719]2.574 |578.9 |4.956 |2.158 2,455 | 427.3 | ©
2,5=0,0~ 0.2749]2.567 [579.4 [4.944 |2.218 2.519 1429.5] O
% J d
RUN e § SleY =® Ry |0;10° | 0s10° |0 10°
3 ! 2 3
[mm] | (mn] | [wm] | [om] | [-] (-1 (-1 -] £-1
2.5=0,0- 0.315 |1.327 |4.153 |7.32 4.21 |15630 1.80 |1.63
2,5-0,0- 0.326 |1.363 14.275 |7.495 | 4.18 |16170 1.80 |1.625
2,5-0,0=- 0.3355(1.401 [4.380 |7.685 | 4.175|16640 1.80 |[1.62
2,5=0,0=1.40 |0.347 [1.435 |4.475 |7.755 | 4.143{17200 1.85 |1.62
2.5=0,0~ 0.351511.467 [4.570 [8.015 | 4.17 {17430 | 1.60 |[1.87 |1.615
2.,5-0,0- 0.366 [1.520 }4.697 |8.150 | 4.155|18150 1.87 |1.61
2.5=0,0- 0.3765(1.558 |4.963 |8.70 4.14 |18670 1.90 [1.605
2,5=0.0~- 0.37451.543 [4.970 (8.T1 4.12 |18570 1.92 |1.60
2.5-0.0-1,90 [0.389 [1.632 [5.085 [8.995 | 4.095|19280 1.91 |1.60
2.5=0,0. 0,397 [1.652 |5.205 [9.22 4.08 |19580 1.90 [1.595
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TABLE III-O

RUN PLATE X P ‘ngw T, T, T. 7, Tw/xm
m) | fat] |feg/uts]| [%k] | [%] | [°%] | [°%] | [-]
0.5-1,10 0.341 |[5.217 | 0.2525 | 291 |281 271 127 |2.213
0.5 1.20 0.354 |5.192 |0.2516 | 291 280 271 128 [2.195
0.5-1,30 ¢ ]0.3%3665]5,190 |0.2535 | 293.5]285.5 | 273 128 |2.22
051,40 0.3793(5.190 |0.2529 | 293.5]|281 2753 129 [2.185
0.5-1.60 0.404 |5.179 10.2520 | 293 |[282 272.5| 127.5]2.21
0.5-1.70 0.4165(5.178 |0.2528 | 293.5]|282 273 126.5]2.225
0.5-1,80 ¢ [0.429 [5.186 |0.2515 | 294.5)278 274 127.5(2.185
0.5-1.90 0.442 [5.199 10.2533 | 291.5(279 271 126 |2.215
0.5-1.100 0.455 {5.200 |0.2525 | 292 |280 272 127 |2.205
RUN Bo | Mo | Uw [RO10TTR10TTI AX fe:107T| g u,| Fo10°
[at]| [-1 | (w/s]]| (1/m]| [-] | [m] [-] |keg/w'el] [-]
-0,5-1.10 |0.2873%|2.539 [574.0 |5.088 |1.736 1.808(443.1 |0.570
-0.5-1.20 |0.2923%(2.525 |572.3 |5.108 | 1.810 1.873|447.2 |0.563
-0.5-1.30 |0.2867[2.537 |576.0 |5.0%11 | 1.837]|-0.02 | 1.937|440.0 |0.575
0.5-1.40 }j0.2911|2.527 |575.0 |5.035 | 1.908 2.0001444.0 |0.570
-0.5-1.50 |0.2915[2.527 {574.9 |5.036 | 1.970 2.063|444.4 [0.571
-0.5-1.60 10.2826[2.545 |576.5 [4.988 | 2.017 2.125436.1 {0,577
-0.5-1.70 |0.2738|2.565 |578.8 |4.928 | 2.055 2.187{427.5 {0.592
=0.5=1.,80 |0.2752(2.653 [579.8 [4.910 |2.108|-0.02 | 2.248)428.2 |0.587
.5=-0.5-1.90 {0.2775[2.558 [576.3 |5.001 | 2.208 2.3151432.5 }0.585
.5=0.5-1,1000.2820 |2.548 }575.9 {5.014 | 2.282 2.3801436.5 0.579 |
* 103 |a 1a3 1nd
RUN e § $ !f?/fde H Rg | e f'1 0’ |e f; 07 |c f31 0
[oo] | [om]| [om)| fwe] | (-]} [-3| (-2} [-] | [-]
0.5=1.10 10.449 [|1.923 [5.14 8.15 | 4.305 |23830 1.00 | 1.21
0.5-1.20 (0.477 |2.028 |5.46 9.04 {4.25 23880 1.01 | 1.20
0.5-1.30 |0.476512.047 |5.447 9.065| 4.293 (23850 1,05 | 1.20
0.5-1.40 [0.500 |2.107 [5.613 9.195] 4.215 {25050 1,07 | 1.18
0.5=1.60 [0.528 [2.215 [6.15 10.30 | 4.195 {26450 1.15 | 1.17
0.5-1.70 [0.537 |2.264 |6.37 10.72 |4.21 |26880 1.22 | 1.16
0.5-1.80 [0.5715 [2.405 |6.64 11.00 [4.20 |28630 1.15 | 1.15
0.5-1.90 |0.580 [2.45C |6.86 11.54 |4.223 {29070 1.13 | 1.14
0.5-1.100]0.600 [2.535 [7.0% 11.73 | 4.223 {30050 1,11 1,13
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TABLE IV-0

' ]

RUN PLATE X P18y, T, T, T, To |T,/To

[m] | [at] rLkg/mz-s] [°] | [°%k] [OK] [ %] [-]

05-03 «1,10 0.341 |5.218 |0.4005]| 292 |281.5 | 271.5{127.5 | 2,205
0.9-1.20 0.354 |5.192 |0.3945 | 292.5(281.5 | 272 |128 2,195
0,9=1.30 c 0.3665]5.190 |0,3930 | 294.5|282.5 | 274 |128.5 |2.195
0.9-1.40 0.3793(5.189 |0.3945 | 292.5(281 272 |128.5 [ 2.195
0.9-1.50 0.3915(5.181 10.3940 | 292.5|281 272 |128 2,195
0.9-1.60 0.404 {5.179 [0.3945 | 293.5|282.5 | 272.5]127.5 | 2.215
0.9-1.70 0.4165]5.179 {03940 | 294.51282 274 |[128.5 | 2.20

0.9-1.80 c 0.429 15,188 [0.39%5 | 291 281 270.5( 126 2.23
0.9-1.90 0.442 15,189 0.3935 | 292.51{280.5 | 272 [127 2,205
0.9-1.100 0.455 {5.190 [0.3945 | 294 [281,.5 | 273 |128 2,20
RUN Po | M,| Uw [R107T|RI107T| AR |R107T| g 1, Fo10
fatl| [-1 | [m/s]]|[1/m] [-1 [m] [-] r[k_g/mz.d_! [-]

0.9-1.10 {0.2881 12.537 1574.9 [5.066 {1.729 1.670 |443.1 [0.903
0.9=-1.20 |0,2892 |2,532 |574.6 [5.049 [1.789 1.773 |443.1 | 0.890
0.9 -1.30 |[0.2851 [2.541 {577.7 [4.969 [1.820 0 1.835 [437.5 |0.899
0.9=1.40 |[0,2894 [2.531 1574.8 [5.040 |1.862 1,898 |442.9 |0.892
0.9=-1.50 [0.2881 [2.533 |575.0 |5.027 {1.968 1,960 |442.4 |0.891
0.9-1.60 [0.2809 | 2.549|577.2 [4.970 {2.007 2,023 [434.2 (0,910
0.9-1.70 |0,2824 | 2.545]578.1 |4.946 |2.060 2.085 |434.7 |0.909
0.9-1.80 [0.2764 | 2.560(576.1 [5.005 |2.145 0 2,147 1431.9 0,915
0.9-1.90 |0,2811 | 2.550(576.4 |5.000 [2.210 2,213 |435.4 |0.905
0.9 =1.100{0.2844 | 2.542(577.0 |4.985 J2.270 2.278 1437.5 |0.903

* 2 103 3 3

RUN o] S 'y afflgwdy H Rg [og10” |e fz1 0’ e, 31 0
[mm] [mm] | [mm] (mm] -] [-] [-] [-] [-]

5-0,9-1.10 [0.490 | 2.135(5.455 8.93 | 4.36 | 24530 0.85 | 0.99
50,9-1.20 [0.513 | 2.217(5.765 9.45 | 4.32 | 25670 0.89 | 0,98
5-0.9~1.30 [0.528 | 2,28%5.85 9.55 | 4.32 | 26400 0.905! 0.965
«5-0.9-1.40 |0.543 | 2.523[5,98 9.71 | 4.28| 27180 0.94 | 0.955
5-0.9-1.50 |0.564 | 2.407(6.235 | 10.18 | 4.27 | 28200] 0.9 0.93 | 0.945
5=0.9-1.60 [0.581 |2.48316.628 | 11.0%3| 4.275 29070 0.99 | 0,935
5=0,9-1.70 [0.590 | 2.510]7.48 12,55 | 4.245| 29550 0.97 | 0,925
5-0,9~1.80 [0.622 |2.653|7.21 12.08 | 4.27 | 31130 0.98 | 0.915
+5=0,9=1,90 |0.648 |2.76 |7.45 12,40 { 4.26 | 32430 0.98 | 0,905
¢5=0.9-1,100|0,670 |2.85817.548 | 12.40 | 4.265| 33530 0.93 | 0,89
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TABLE V-0

" 1
RUN PLATE | X Pl o T, T T | T/T
m) | ra4] peeyetof | [°] | [°%] | [°] | [°]]| [-]
1.2-1.10 0.335 |5.216 [0.5510 [299 [288 |270 |131.7]2.19
1.2-1,20 0.3475/5.216 [0.5500 |298.5 | 287 | 271 | 130.5 | 2.205
1,2-1.30 A |0.360 |5.216 [0.5505 | 298.5 | 287.5 [ 271 | 130.5 | 2.205
1,2-1,40 0.373 |5.204 [0.5545 [ 295 ~ | 292.5 | 270 | 128.5 | 2.275
1.2-1,50 0.3855|5.204 [0.5545 {295 |291.5] 272 |128.5 | 2.265
2-1.60 0.398 |5.203 [0.5515 |296.5 | 290.5 | 272|129 |=2.255
2-1.70 0.4105|5.204 [0.552° 297 ~ | 290.5 | 273 | 128 | 2.265
2-1.80 A 10.4235|5.204 [0.551 |297.5 |290.5 | 271 |128 | 2.27
2-1.90 0.436 |5.204 [0.5505 |297.5 |290 ~ | 270 |129 |2.25
2-1,100 0.4495/5.204 10.551" |297.5 | 290.5 | 270 | 129.5 [ 2.24
RUN Po | My | Uo |R-107T|R:107TI Ax, R}-{ﬂ#’" ¢, Uy | P10
fat] | [1 | (w/sl{[/m) | [~ | ([m] | [-] ke/w's]] [-]
1,2-1.10 |0.2967}2.518 |579.5 | 4.946 |1.656 1.570 | 445.9 | 1.270
1.2-1.20 |0.2857|2.543 |581.8 | 4.888 [1.700 1.630 | 435.9 | 1.268
1.2-1,30 |0.2887|2.536 [581.1 | 4.907 |1.769 |+0.015( 1.693 | 436.4 | 1.269
1,2-1.40 |0.2841(2.545 |578.6 | 4.957 [1.850 1.757 | 436.7 | 1.277
1.2-1.50 |0.2839[2.545 |578.7 | 4.955 [1.912 1.817 | 436.4 | 1.277
1.2-1.60 10.2814]2,551 |580.6 | 4.907 |1.954 1.878 | 433.1 [ 1.271
1,2-1.70 {0.2744|2.567 [582.7 | 4.855 |1.995 1.940 | 426.2 | 1.272
1,2-1,80 |[0.2722|2.572 |583.4 | 4.837 |2.050 |+0.015| 2,005 | 424.0 | 1.270
1,2-1.90 |0.2791[2.556 |582.1 | 4.870 [2.124 2.067 | 430.2 | 1.269
1,2-1,100 [0.2851|2.542 [580.6 | 4.908 |2.203 2.133 | 435.9 [1.270
* 4 107 | 2103 | 0103
RUN 0 S § Jy/s,wdy H Ry [0410° |e410° [og0
[mm] | [mo] | [om] | [mm] [-] {-1 [-] {-] [-]
1.2-1.10 |0.547 |2.390 [5.935 | 9.54 | 4.37|27300 0.70 | 0.78
1.2-1.20 [0.573 |2.515 |6.35 [10.33 | 4.39]|28130 0.71 | 0.77
1.2-1,30 [0.584 |2.563 [6.515 [10.59 | 4.385|28650 0.72 | 0.755
1.2-1,40 0,605 |2.695 |6.703 | 11.175] 4.455|29650 0.75 | 0.74
1.2-1,50 [0.622 |2.758 |6.905 [11.45 | 4.44 |30500 |0.725 | 0.72 | 0.73
1.2-1.60 [0.645 |2.817 [7.275 |12.17 | 4.37 |31630 0.77 | 0.725
1.2-1.80 |0.702 |3.060 [8.200 |13.94 | 4.355|34400 0.78 | 0.71
1.2-1.90 [0.723 |3.145 [8.220 |13.77 | 4,345|35450 0.72 | 0.70
1.2-1.100 |0.744 |3.220 [8.470 |14.15 | 4.33 |36470 0.70 | 0.69

27



TABLE VI-Q

RUN PLATE x'| p eV T T T Tw |T /T,
o] W W o] w r w
[m] | [at] [ke/mtd| [°k] | [ | [°] | [%]] [-]
3.5=0,0-1,10 0.334 |8.284 0 297 288 273 82.4 | 3,495
3,5=0,0-1,20 0.3468|8,284 0 296 287.5 | 272 82.4 | 3.491
3.5-0,0-1.30 |solid [0.359 |8.283 0 297 286.5 [272.5 | 83.0 | 3,471
3,5=0,0-1.40 0.372 |8.282 0 294.5 |289.5 | 270 82,2 {3,525
3,5-0,0-1,50 0.3845(8.282 0 294.5 |286,5 |270.5 | 82.8 |3.460
3,5«0,0-1.60 0.397 [8.282 0 295.5 | 286 271.5 | 83.1 | 3,443
3.5-0.0-1.70 0.410 |8.281 0 296 285.5 |271.5 | B83.3 | 3,427
3,5-0,0-1.80 |solida [0.423 {8.281 0 297 286 272.5 | 84.2 | 3.397
3,5-0,0-1.90 0.435 |8.281 0 297.5 |285.5 | 273 84.5 |3.377
3,5-0,0-1.100 0.448 |8,281 0 297.5 |286.5 | 273 84.4 |3.393
RUN i P, M, U, | -107 3410'7 Ax, Ri10_7 ngMJF-1o3
[at] -1 | [m/s]|[1/u] [-1 {m] [-1 |kg/u [-]
305‘000-1010 000935 3.606 656"4 40571 10526 10832 254'4 0
3.5=0,0~1.20 |0.0942| 3.601| 655.5| 4.597] 1.594 1.892 [255,9 0
3¢5-0,0-1,30 10,0959 | 3.588 | 655.5} 4.610| 1.656|-0.06 |1.948 |258.6 0
305=0,0-1,40 [0,0954 | 3.592| 653 4,661 1,732 2,010 |258.8 0
3.5-0,0-1.50 [0.0972]| 3,578 652.7| 4.685] 1,802 2,065 |261,9 0
3.5=0,0-1,60 |0.0974 | 3.577 | 653.5| 4.665| 1,853 2,125 1261.8 0
3.5=0,0¢1.70 {0,0980| 3.572| 653.7| 4.668| 1,913 2,185 |262.8 0
3¢5-0.0-1.80 |0.1008 | 3,553 | 653.7| 4.690| 1,982|-0.06 |2.245 |267.2 0
3.5=0,0-1.90 |0.1011| 3.550 | 654.2| 4.681| 2,038 2,303 |267.5 0
3.5-0,0-1.1000.1007 | 3.553 | 654.4 | 4.675| 2.096 2.36% |266.8 0
% ]
103 PN 403
RUN ) § s off/fw“'Y H Rg |og10% |og107 |egt0
[mm] | [mm] [mm] | [mm] [-1 [-] [-1 [-] [-]
3.5-0.0-1.10 [0.305 | 2,135 4.935 | 11,22]| 7.00 (14180 1,33 | 1,30
505=0,0-1.20 10,3155 | 2,197 | 5.07 | 11.53| 6.96 (14770 1,32 | 1.29
3.5-0,0-1.30 (0,329 | 2.275| 5.175| 11.58| 6.92 [15300 1,28 | 1.28
3.5-0,0-1.40 [0.336 | 2.350( 5,355 | 12,20 6.995|15630 1,27 | 1.27
3.5=0,0-1.50 [0.344 | 2.370| 5.435]| 12.24] 6.89 |16000 (1.18) 1.27 | 1.27
1.3%8
3.5-0.0-1.60 |0.3505 | 2,406 | 5.505 | 12.29 | 6.86 16300 1.26 | 1.265
3.5-0,0=1.70 |0.3585 | 2.445 | 5.67 | 12.70| 6.82 (16680 1,26 | 1.26
3.5«0.,0-1,80 [0.3695 | 2.500 | 5.75 | 12.72]| 6.76 |17180 1.23 | 1.25
305=0.0=1.90 10,3745 | 2,545 | 5.995 [ 12.90 6,76 17430 1,21 | 1.24
3.5-0,0-1.100 ({0,385 | 2,602 |5.97 | 13.19| 6.75 17910 1.21 | 1.23
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TABLE VII-O

PLATE| X P S Vul T T T, | Tw | T,/T
(m1 | rat) eeyatel] 1%] | [ | [%] | [%] | (-1

3 0.340518.289 [0,1734 | 298.5 | 292 270 83.5 [3.495
3 0.3535[8.289 {0.1739 | 296.5 | 288 268 83.5 {3.45
3 C |0.365318.289 |0.1770| 297 | 289.5| 269 | 83.8 |3.455
345=0.6=1.40 0.378518.289 |0.1757 | 297.5 | 288.5| 269 | 84.0 |3.433
3 0.391 8,305 |[0.1747 | 293.5| 288 | 265.5| 83.2 |3.463
3 0.404 |8.319 |0.1747 | 293 288 | 265 | 83,0 |3.47
3 0.4165 (8,315 |0.1752 | 295.5 | 285.5| 267.5| 84.3 |3.39
3 ¢ |0.429 [8.301 [0.1752| 291.5 | 291 264 | 83,3 [3.49
3 0.442 |8.301 |0.1779 | 295 290.5 | 266.5| 84.2 |3.45
3 0.450 |8.297 |0.1728 | 294.5 | 289.5| 267 | 84.2 |3.44
Bo | Mo | T |R107|RI107T A [R:107T| g,Ue| F-107
fatl| [-] | (m/sl| [1/m]| (-1 [ml [-]1 fkg/m*s)] [-]
3.5-0.6-1,10 [0,0964|3.585 | 657.1(4 582 | 1.560 1,611 |258.9 [0.6475
3.5-0.6-1.20 |0.0983|3.571 | 654.3|4.660 | 1.646 1.673 |263.0 [0.6485
345=0.6-1,30 |0,0988]3,568 | 654.8(4.653 | 1.701 0 [1.728 [263.6 0,661
345-0.6-1.40 |0.0994|3.563 | 654.814.659 | 1,762 1.792 [264.7 [0.6555
345-0,6-1.50 |0,10083.555 | 649.9(4.787 | 1.873 1.850 |269.0 [0.652
3.5-0.6-1.60 [0,1002(3.559 | 649.9|4.783 | 1.932 1.912 [268.1 [0.652
3.5-0,6-1.70 |0,10323.537 | 651.214.777 | 1,990 1.973 [272.4 10.654
3.5-0,6-1.80 [0,1031]3,538 | 647.3/|4.868 |2,090| O (2,030 |273.9 |0.654
345=0.6=1,90 |0,1037[3.534 | 650,1]4.806 | 2,124 2,093 1273.6 |0.664
3.5-0.6-1.100{0.1028[3.539 | 651.0]4.772 | 2.146 2,130 |272.7 |0.645
* 10> 10° e s103
RUN o] $ § f/?wd” H Ry [eg10” | cg]O cf310
(mw] | [mm] | (o) | (mm] [-] [-] [-] [-1 | f-]
345-0.0-1,10 |0.4035| 2.925| 5.965| 12,70 | 7.25 | 19100 0.75 | v.80
3.5-0.6-1.20 |0.4285] 3.060 | 6.286 | 13.26 | 7.14 | 20270 0.74 | 0.795
3.5-0.6~1.30 10.4455| 3.200| 6.475 | 13.57 | 7.18 | 21130 0.72 | 0,785
345-0.6-1.40 10,454 | 3.240| 6.58 | 13.76 | 7.13 | 21500 0.72 | 0.78
3.5-U.6-1.50 [0.466 | 3.354 | 6.70 | 13.94 | 7.19 | 22070 (00953 0.69 | 0.77
3.5-0.6-1.60 |0,477 | 3.435| 6.90 | 14.44 ] 7.19 | 22600 0.71 | 0.765
3.5-0.6-1.70 |0,5045| 3.534 | 7.155 | 14,75 | 7.01 | 23870 0,70 | 0.76
3.5-0.6-1.80 [0,5075 | 3.580 | 7.38 | 15.62 | 7.17 | 24030 0.70 | 0.75
3.5-0,6-1,90 {0,5215] 3,668 | 7.51 | 15.82 | 7.03 | 24730 0.72 | 0.75
3+5-0.6-1.100{0.538 | 3.813| 7.85 | 16,55 | 7.08 | 25500 0.70 | 0.74%
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TABLE VIII-O

RUN PLATE ; Pl oSl T, T T, T | 7,/%
(n] | (at] ke/etsl| [ | [°%1] [%%]| [%]| [-]
3.5-1.2-1.10 0.343 |8.289 (10,3160 | 296 290,5 | 266.5 | 83.3| 3.49
3.5=1,2=1,20 0.358 |8.289]0.3157 |296.5 | 292 267 83.8| 3.48
3.5-1.2-1.30 C 0.368 |8.289(0.3174 |297.5 | 290 268 84.4 | 3.42
305=142-1,40 003805 |8.289 |0,3157 | 297.5 | 291 267.5 | 84.6| 3.44
3.5=142=1,50 0.394 |8.305[0.3195 |293.5 | 288.5 | 264.5 | 83.6| 3.47
305=1,2=1,60 0,4065 [8.316 [U.3157 | 293.5 | 386 264.5 | 83.4| 3.43
3.5-1.2-1.70 0.4195 {8.31810.3175 | 295.5 | 287 266 84.6| 3.39
3.5-1.2-1,80 ¢ P.432 |8.301[0.3187 |292.5 | 291 263.5 | 84.0( 3.46
3.5=1,2-1,90 0,445 |8.301[0.3185 |294.5 [ 289.5 | 265.5 | 84.6| 3.42
3.5=1,2=1,100 0,453 | 8.301[0.3187 | 292.5 | 292.5 [ 263.5 | 83.7] 3.49
RUN P, M, T | R-1077 3;10'7 Ax Rx1o‘7L 8, Voo P10
[at] 1 |im/s)| [1/m) | [-] | [m] (-1 kkg/m*s}l [-]
3.5-1.2-1,10 10,0977 3.575 |654.2( 4.659 | 1.586 1,537 [ 262.3 | 1,167
3.5-1,2-1.20 |0.0996| 3,561 |653.8| 4.682 |1.654 1,608 | 265.4 | 1,165
3.5-1.2-1,30 {0.1001[ 3,558 |655.2| 4,655 |1,702 | +0,02 | 1.657 | 265.7| 1.172
3,5-1.2-1.40 10,1018| 3,546 |653.9 | 4.698 |1.777 1,716 | 268,9 | 1.165
305-1.2-1,50 |0,1021f 3,545 |649.7| 4.802 |1.878 1,780 | 271.3 | 1,179
305-1.2-1,60 10,1015 3.549[650.0| 4,793 {1.936 1.840 | 270.2 | 1,165
3.5-1.2=1.70 |0,1043| 3.530|651.1| 4.788 |1.995 1,903 | 274.1 | 1,172
3.5-1.2-1,80 10,1052 3.524|647.5| 4.878 | 2,094 |+0,02 [ 1,962 | 277.1| 1.177
305-1.2-1.90 [0,1051] 3.525|649.9 | 4.821 |2.131 2,023 | 275.9 | 1.176
3:5-1.2=1,100]0,1039] 3.532(647.9| 4,852 |2.181 2,062 | 274.6 | 1.177
* S 109 109 100
RUN 0 Iy § Jf/gwdy B Ry |o410 | 04107 | og10
fom] | fmwo]| [mw]| [mn] -1 | (11621 I-1] [-]
305=1.2-1,10 |0.480 | 3.578 |6.82 13,80 7.46 | 22830 0,53 | 0,61
3.5=1.2=1.20 [0,503 | 3.734 |7.141| 14.50| 7.42 [ 23950 0.53 | 0,59
305=1.2=1.30 [0.5285| 3.928 [7.435| 14.81| 7.43 |25150 0.50 | 0,59
3.5-102-1.40 |0.5415| 4,023 |7.585| 15.13| 7.43-|25780 0.48 | 0,58
305=102=1.50 (0,559 | 4,150 [7.75 15.43| T.43 | 26600 ( o,ig 0.47 | 0.565
0.7
3.5=1.2=1,60 |0.578 | 4.253 |8.05 16.00| 7.36 |27530 0.47 | 0.56
3.5-1,2=1,70 0,604 | 4.445 |8.45 16.62| 7.35 |28750 0.45 | 0,55
3.5-1,2-1.80 (0,625 [ 4.605 |8.705]| 17.42] 7.35 | 29750 0.44 | 0,54
3.5-1.2-1,90 [0.6425[ 4.705 (8.99 17.97| 7.34 | 30580 0.47 | 0,535
3.5=1.2=1,1000.6478} 4. 770 {9.15 18.74} 7.35 |30850 0.47 | 0.53
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TABLE IX-O

RUN PLATE X' P, 3.7 T, T, T, To |T,/T0

m] | rat] fe/mdsll [%k] | [°x] | [°x] | [°x] | [-]

3.5-2.1-1.10 0.341 |8.299 [0.588 | 293 [289.5 | 261 83.7 | 3.46
3,5-2,1=1,20 0.3535(8.299 |0.589 | 293.5{289.5 | 261.5/| 83.8 | 3.455
3,5-2,1=1,30 C [0.3655(8.299 [0.584 | 294.5 289 262.5| 84.4 | 3.425
3.5-2.1=1,40 0.3785(8.307 |0.587 | 292 ~ |291 261 84.1 | 3.46
3.5-2,1=1.50 0,391 [8.306 |0.5847| 292.5[291.5 | 261.5| 83.9 | 3.475
3.5-2.1-1,60 0,404 {8.317 |0.585 | 295.5|288.5 | 263 | 85.1 | 3.39
3.5-2,1=1.70 ¢ |0+4165(8.317 10,584 | 296 |287.1 | 263.5| 85.6 | 3.355
3.5-2,1=1.80 0.4295 [8.301 |0.588 | 293.5(292.5 | 261.5| 84.6 | 3.455
3.5-2,1=1.90 0.44158.300 |0.584 | 296 [291.5 | 264 | 85.3 | 3.42
RON Po My | U [R-107TIRE107T| A R:107T| 9,0, | F-10?

latl| (-] | (mw/s]|[t/m] | [-] | [w] | [~] [ke/m]| [-]

3.5-2.1-1.10 [0.1031|3.538 |648.8 |4.829 | 1.646 1.410 | 273.1(2.115
3.5-2.1-1.20 [0.1029 (3,539 |649.5 [4.813 | 1,702 1.470 | 272.6|2.120
3.5-2,1-1,30 [0.1042(3.530 |650.2 |4.807 | 1.758|+0,05 |1.528 | 274.4|2.110
3.5-2,1-1.40 [0.1064|3.516 |646.6 |4.911 | 1.859 1.592 | 279.4]2.113
3,5-2,1-1.50 |0.1049 |3.526 |647.6 [4.873 | 1.906 1.652 | 276.5|2.104
3.5-2,1-1,60 |0.1067|3.514 [|650.0 |4.832 | 1.952 1.716 | 278.4]2.105
3.5-2.1-1.70 10.108113.505 |650.2 14.838 | 2,016 | . o |1.776 | 260.5[2.110
3,5-2,1-1.80 |0.1066(3.514 [647.9 |4.879 | 2.095 [*7° 1.838 | 279.1]2.115
3.5-2,1-1.90 [0.1065]3.515 [651.0 [4.804 | 2,123 1.897 | 277.5(2.110
RON 0 5" § j?; dy| = R, [e10° |es107 [cz103

J78E e |{°f £ °fy

[mn] | [mm] | [mm] | [mm] [-] (-] [-] [-] [-]

3.5-2,1-1,10 [0.630 [5.033 | 8.64 | 16.22| 7.98 |30500 0.25 | 0.39
3.5-2,1-1,20 [0.6645(5.355 | 9.08 | 16.86 | 8.06 |32170 0.25 | 0.38
3.5-2.1=1,30 ]0.6905|5.485 | 9.36 | 17.33| 7.94 {33450 0.23 | 0.37
3.5-2,1=1.40 [0.722 {5.720 | 9.89 | 18.33| 7.92 (34900 0.20 | 0.36
3.5-2.1-1,50 [0.749 {5.94 10.19] 18.97 | 7.95 |36270 (0.37 0.21 | 0.35

0.57)

3.5-2.1-1.60 [0.794 |6.271 | 10.76| 19.80| 7.89 |38450 0.20 | 0.34
3,5-2.1=1,70 [0.817 [6.292 | 11,00| 20.40{ 7.70 |39550 0.23 | 0.335
3.5-2.1-1.80 |0.805 |6.263 | 11,08 21.19| 7.78 |39000 0.25 | 0.33
3.5-2,1-1.90 [0.8175(6.271 | 11.13| 21.40] 7.68 (39600 0.28 | 0.325
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TABLE X-0
RUN PLATE b ¢ Po AN 2, T, T. T Tw/q,
] | (at) fig/a’d [l (o] | [°] | [°%)]] [-]
2.5=0.4=2.70 0.4113|5.241 |0.1837|294.5 [273.5 |274 127.5 | 2.145
2,5=0.4-2,100 0.4493|5.221 |0.1856|297 274 276,5 | 129.5 | 2.115
2,5-0,8-2,70 | A  [0.411 [5.239 |0.3420|295 275.5 |273.5 | 127.5 | 2.16
2.521,2=-2,10 0.335 |5.249 |0.545 |294 275 272.5 | 130 [ 2.115
2,51,2=2,30 0.3605|5.249 [0.563 |292 271.5 {270.5 [ 128 |2.12
2.5-1,2-2,50 0.3855[5.252 [0,5675|293 271 271 128 |2.115
2,5-1,2-2,70 |, |0.411 |5,251 |0.5695/293.5 |271.5 |271.5 | 126.5 | 2.145
2,5-1,2-2,90 0.4%65[5.253 [0.5697|294.5 |274.5 [272.5 | 127.5 [2.15
2,5=1.2-2,100 0.4495|5.250 |0,5705(295 274.5 |273 129 2,125
RUN Po | My | Us [R-1077 R;1O-7 AX, |R:1077| §,0, |F-10°
[at] | [-] |[m/s] |[t/m] | [-] (] | []1 |ke/m’g [-]
2.5-0,4=2.70 |0.2769|2.564 |580 |4.944 |2.034 {-0,02 [2.130 | 431 0.416
2.5=0,4= 0.2863(2,542 |580 |4.934 |2.218 |-0.02 [2.317 | 438 0.415
205-008- 0.2791 20559 57905 40949 20036 o 20036 433 00790
2,51, 2« 0.2927]2.518 |575 5,079 |1.701 |+0.015|1.553 | 450.5 | 1.230
2.5-1,2-2,30 [0.2911(2.532 [574.5 |5.089 |1.835 |+0.015|1,730 | 446 1.270
2.5=1,2- 0.2878/2.539 |576 5,045 |1.948 |+0.015|1.856 |442.5 |1.281
2.5-1,2- 0.2737|2.572 |579.5 |4.953 [2.038 | +0,015[1.984 | 429 1.285
2,521,2- 0.2804|2.556 |579 4,965 12,165 |+0.015|2.113 | 434.5 | 1.285
2,51,2- 0.2893|2.536 |577.5 |5.003 |2.249 |+0.015]2.177 | 442 1,287
* PPN N,
RUN ] § § f&aw H Ry | o4107|egr0
fmm] | [mm] (mm] | [mm] [-] [-] [-] [-]
2.5-0.4-2.70 0.5298|2.175 (6.325 | 10.50| 4,10 (26200 | , .o |1.22
2,5<0,4-2,100/0.5805{2.223 [6,375 | 10.37| 4.19 | 26250 ° 1,20
2.5-0,8-2,70 10,5796|2.448 [6.96 11.51| 4.15 |29200 | 1.03 |1.08
2,5-1.2-2.10 |0.562" |2.435 |5.85 9.04| 4.33 | 28500 | 0.72 |0.71
2.5-1.2-2,30 |0.5965|2.540 [6.40 10,07| 4.26 | 30400 | 0.72 |0.74
2,5=1,2-2,50 |0.659 |2.805 |6.89 10.73| 4.26 | 33250 0.71
2,5=1,2-2,70 |0.698 |2.935 [7.88 12.75| 4.20 35000 | o ., |0.79
2.5-1,2-2,90 [0.759 |3.213 [8.38 13,48| 4.23 | 37680 . 0.74
2,5-1,2-2,100/0,7695|3.237 |8.55 13,72| 4.20 | 28530 0.71
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TABLE XI-0

RUN PLATE X P sV, T, T, T, T rv/q,
[m] [at] |[kg/u" 4 [OK] [°K] [oK] [OK] [-]
3,5=1,2-2,30 0.368 | 8.298 | 0,3325| 267.5 | 276 268 84.8{ 3.255
3.,5-1.2-2,40 c 0.3805| 8.298 | 0,3287] 293 267.5 | 264 83.5| 3.205
3.5-1,2-2,90 0.445 | 8.3050.3295| 292.5 | 272 263.5| 84.0| 3.235
3,5-1.2,2.100 0.453% | 8.305}0.3333| 295 273 265.5| 84.8]| 3.22
3.5-2,2-2,30 0.3655| 8.298 | 0,624 |297.5 | 267.5 | 265 85.7] 3.12
3.5=2,2-2,40 o 0.378 | 8.300]0.6195| 292 269,5 | 263 84.0| 3.21
3.5-2,2-2,60 _ 0.4045| 8.301 10,609 | 292 275.5 | 264 84.5| 3.26
3,5-2,2-2,90 0.4415| 8.305 | 0.644 [291.5 | 274 {262 84.0]| 3.27
RUN Ba | Mo | o [R107T|RI107T| A X R:1071| ¢,Up| P 107
[et] | [-] | [m/s] | [1/m] | [-] | (m] [-]1 |[xg/ns)] [-]
3.5-1,2-2,30 |0,1021|3.544 | 654 4,695 |1.716 1,658 | 269.5| 1.223
3,5=1,2-2,40 |0.1022|3,543 | 649 4,811 [1.820 +0.02 | 1+ AT | 2T1.5 1.204
3.5-1.2-2.90 |0,1051{3.524 [647.5 |4.874 |2.154 ’ 2,025 | 277 1,212
3,5=-1,2=-2.100 {0,1055]3.521 | 650 4.817 |2,166 2,065 | 276.5 | 1.225
3.5=2.2-2.30 |0.1063|3.515 [652.5 |4.766 |1.742 1.530 | 276.5| 2.240
3.5=2,2-2.40 [0.1057|3.520 | 647 4.894 |1.851 +0.05 1,592 | 278 2,220
3.5=2.2-2,60 |0,1079|3.505 | 646 4.929 [1,992 * 1.720 | 282 2.185
3.5-2,2-2,90 [0,1065|3.514 |645.5 [4.929 |2.278 1.898 | 280 2,310
*
RUN e § é ﬁ"{/s,w dy[ =® By [04107 [ e 10
] f 2
[pm] | [mm] | [mm] | [mm] [-] [1 [-] [-]
3.5-1.2-2.30 10,5385 3.91 |7.44 |14.30 | 7.26 | 25680 0.45
3¢5=1.2-2.40 |0.565 | 4.00 |7.575 |14.30 | 7.08 | 26950 0.47
3.5-1,2-2,90 |0.679 | 4.81 |9.20 |17.60 | 7.09 | 27600 (8:?§) 0.44
3.5-1,2-2.100 |0,680 | 4.79 [9.235 {17.62 | 7.06 | 27600 0.44
345=2,2=-2.30 [0.716 | 5.575|9,43 |16.16 | 7.78 | 34750 0.15
3¢5=2,2-2.40 |0.761 | 5.905/10,07 {17.68 | 7.76 | 36930 0.29 0.20
3.5-2.2-2,90 [0,881 | 6,615/11.83 [21.87 | 7.51 | 42750 * 0.22
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TABLE XII-O

RUN pate | x' | » [ e v | T S I T R WO | 9. %
(m] | [at] fke/m's]| (%] | [°%] | [°] |[%] | [“]

2.5-0.4=3.10 | 4 0.3353 5.223 | 0.1878/ 293 | 269 | 213 | 129 |2.085
2.5-0.8-3.10 | A 0.335 | 5.241 | 0.362 |294 | 256.5| 273 |130 [1.975
2.5-0,9-3.11 | C 0.335 | 5.218 | 0.4300| 295.5 | 264 | 274.5 | 130.5|2.02
2.5-0,8-3.100 | 4 0.4495| 5.221 | 0.346 | 295.5 | 263 | 274 ~ | 129 ~|2.04
2,5-1,2-3,10 | A 0.335 | 5.240 | 0.5915| 294.5 | 264 | 272 | 130.5]2.02
2.5-1.4-3,11 | ¢ 0.335 | 5.218 | 0,6635(293.5 | 258 | 271 [130 ~|1.985
2.5-1.2-5.100| & | 0.4495 5.221 | 0.590 | 296 ~ | 262.5 | 274.5 | 130 |2.02

RUN P, My, | U, |R-1077 3;10’7 Ax, | B107T) g u,| P10

fet] | [-1 |fwsl | [/m]| [-] | [m] [-]1 ke/ms]| [-]

2.5=0,4-3.10 [0,2964 | 2.520 | 574.2 | 5.090 | 1.707 | -0.02 | 1.807 | 450.2(0.4195
2.5-0,8-3,10 [0.2979 | 2.517 | 574.8 | 5.075 | 1.702 1.702 | 451 |0.803
2.5-0.9-3.11 [0.2967 | 2.518 | 576.5 | 5.027 | 1.683 | © 1,683 | 448.5]0.960
2.5-0.8-3.100{0.2878 | 2,539 | 578.2 | 4,985 | 2,241 2.241 | 440.5|0.787
2,5-1,2-3,10 [0,3018 { 2,508 | 574.5 | 5.086 | 1,705 1.756 | 454 [1.310
2.5=1.4-3.11 [|0,3022 | 2.507 | 573 5,113 [1,712 | +0,015 1.583 | 455 |1.460
2.5-1.2-3,100(0.2946 | 2,524 | 577.5 | 5.005 | 2,250 2,175 | 446 [1.306
* 102 3
RUN 0 § § J%hdy H Ry | 05107 | egl0
[om] | [mm] | [mm] | [om] | [-] [-] [-] [-]
2,5=0,4-3,10 [0.4195 | 1.710 | 4.84 7.77 | 4.08121350 | 1.19 | 1,20
2,5-0.8-3.10 [0.4925 | 1.983% {5.245 | 7.885| 4,03 (25000 0.99
2.5-0,9-3,11 [0,4927 | 2.033 | 5.055 | T7.64 | 4.12[24830 | 1.03 | 1,11
2,5-0,8-3.10010.6715 | 2.690 | 7.25 | 11,27 | 4.00 |33500 1,06
2.5-1.2-3.10 10.5625 | 2.355 | 6.045 | 8.70 | 4.19 (28550 0.75
2,5=1.4-3.11 10.589 {2.445 |5.75 8.35 | 4.15 (30070 | 0.725] 0.70
2.5-1.2-3.100(0.788 | 3.163 | 8.44 | 12.91 | 4.01 |39450 0.76
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PABLE XIII-O

!
RUN PLATE | X Po | 8| T T, | T | T/%
[m] | [at]fea/m®s])| [°k] | [%]| [°k] | [°%] | (-]
3.,5-1,2-3.10 0.343 {8.298 [0.328 | 296 |265.5 | 266.5| 83.6| 3.175
3.5=1,2-3.20 0.359 [8.298 10,3335 | 297 |264.5 | 267 84.6] 3.125
3.5=1,2-3.60 ¢ | 0.4065|8.300 [0.3295 | 296.5 [264 267 84.5| 3.125
3.5-1.2-3,70 0.4195(8.300 [0.3377 | 297.5 [256 268 85.9| 2.98
3.5-1,2-3.80 0.432 | 8.300 [0.3345 | 297.5 261 268 86.0| 3.035
3,5-2,2-3.10 0.3405|8.298 [0.622 | 294.5 [265.5 | 262 84.2| 3.155
3,522, 223,20 ¢ |0.353 |8.298 [0.6435 | 296.5 [255.5 | 263 85.3| 2.99
3.5-2,2-3.50 0.3907(8.300 [0.619 | 293.5 {256 263 84.8| 3.02
3.5-2,2-3,70 0.4165|8.301 [0.646 |297 ~ |247.5 | 265 86.5| 2.86
- L -
RUN Bo | Mu | U |[R107TR407] Ax tB1077 g u,| Fo10
[at] | [-] [[m/s] | [1/m]] [-] | [m] | [-] |lxg/usll [-]
3.5-1.2-3,10 | 0.09903| 3.566 | 653.5 | 4.682 | 1.594 | 1.540 | 264.5| 1.207
3.5-1,2-3,20 [0,1025 | 3,541 | 653 | 4.721 | 1.667 1.617 | 270.5| 1.227
3.5-1,2-3,60 |0.1023 [3.543 | 653 |4.721 {1.908 +0.020 | 1.843 | 270 | 1.212
3.5-1,2-3,70 [ 0.1075 | 3.508 [ 652 | 4.789 | 1.995 1.904 | 278.5| 1,241
3.5-1.2-3.80 | 0.1075 |3.508 | 652 | 4.78% |2.053 1.964 | 278.5| 1.230
3.5-2,2-3.10 [ 0,1039 [3.532 |650 |4.807 |1.636 1.408 | 2714 | 2.230
3.5-2.2-3.20 [0.1060 |3.518 |651.5 | 4.784 [1.689 0,050 | 1.470 | 276.5| 2.307
3.5-2,2-3,50 [0,1071 |3.510 |648 | 4.877 |1.907 1.653 | 279.5| 2.220
3,5-2,2-3.70 [ 0,1104 | 3.489 | 650.5 | 4.838 | 2.015 1.778 | 283.5| 2.320
*
) 103 107
RUN 2] § ) f s dY| H Rg | 0410 | eglo
[wm] | [wm] | fom] | [mm] | [-] (1 | [-] []
3.5-1,2-3,10 | 0.5105 |3.655 | 6.94 |12.98 | 7.15 | 24350 0.47
5.5-1,2-3,20 |0.543 |3.847 | 7.275/13.44 | 7.08 | 25930 0.46
3.5-1.2-3.60 |0.612 |4.315 | 8.20 |15.18 | 7.05 | 29200 | 0.50 | o0.44
3.5-1.2-3.70 10,669 |4.595 | 8.66 |15.52 | 6.87 | 31850 |(o 70} | 0.40
3,5-1.2-3.80 | 0.673 |4.645 | 8.865|15.80 | 6.89 | 32100 0.40
3.5-2.2-3.10 |0.676 |[5.18 | 8.925{15.62 | 7.67 | 32750 0.21
3.5-2,2-3.20 [0.731 [5.505 | 9.415[15.67 | 7.53 | 35470 0.28 | 0-18
3.5-2.2-3.50 0,834 6.21° [10.627|17.83 | 7.45 | 40400 |( /) | 0.18
3.5-2,2-3,70 {0,923 |6.615 |11.58 |18.82 | 7.18 | 44730 0.16
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TABLE X1V=0

)
RUN PLATE | X Pol SV, | Ty T, T, To |7/ Tw
m) | (o) [me/utol| k] | [%k] | [%]] [°&] | [-]
3.5-0,6-R10 0.3405|8.311 | 0.1730| 294 |290.5 | 266 83.0 | 3,50
3,5=0,6-R20 0.3533]| 8,311 | 0.1708| 295 |291.5 |267 83.1 |3.55
3,5-0.6-R30| D [0.3663]|8.311 | 0.1727] 295.5/290.5 {267.5 | 82.9 |3.545
3.5<0,6-R40 0.3790| 8.311 | 0.1708| 296 |290 ~ |268 83.9 | 3.455
3.5=0,6=R50 0.3917]8,311 | 0.1693| 297.5|291 269 84.3 [3.45
3,5-0,6-R60 0.4043]| 8.310 | 0.1688| 299 |292.5 [270.5 | 84.8 |3.45
3,5=0,6=-RT0 D.4170| 8,311 | 0.1701] 297 |292.5 |269 85.0 | 3.44
3.5-0,6-R80| B [0.4290| 8,310 | 0.1701| 297.5(292.5 |269 85.3 [3.43
3.5-0.6-R90 0.4420| 8,310 | 0.1700| 298 |292  |269.5 | 85.2 |3.425
3,5-0,6-R100 0.4485| 8,310 0.1700| 298.5|293.5 [270.5 | 85.8 [3.42
RUN Po M, | o | B-107| 67| Ax, | R.16T| g U, P10°
[(3t] | [ [[w/e] |[/m] | [-] [(m] | [-1 |kg/u’e] [-]
3,5-0,6-R10| 0,0993| 3.565[651 | 4.749 | 1.616 1,604 [266.0 |0.645
3.5-0,6-R20( 0.0981} 3.573|653 | 4.694 | 1.659 1,663 |263,5 |0.636
3,5-0,6-R30( 0.0971| 3.581|653.5 | 4.700 | 1.710| © 11,725 |261.5 |0.644
3.5-0.6-R40| 0,1004| 3.557|653 |4.708 | 1.784 1.786 [267 |0.636
3.5-0,6-R50| 0,1008| 3,554 |654.5 | 4,683 | 1.834 1.846 {267 |0.631
3.5-0.6-R60| 0. 1006|. 3.555(656.5 | 4.638 | 1.876 1.904 |266 |0.629
3.5-0,6-R70| 0.1042] 3.531(652.5 | 4.753 | 1.982 1.964 |273.5 [0.634
3.5-0.6-R80| 0,1048] 3.526 [652.5 | 4.750 | 2.039] 0 |2.020 |274 |0.634
3.5-0.6-R90| 0.1038f 3.5331654 |4.721 | 2,086 2,083 |272 |0.634
3.5-0,6-R100| 0,1056[ 3.521|654 | 4.730 | 2,120 2,113 [275 |0.634
L $ é . 3 3
RUN ¢] § ;f Sody| ® Rg ¢ f.{o Cg 2I0
[om] |[mm] f[{om] | [em] | {1 | [-] [-1 | [-]
3.5=0.6-R10| 0.4415[ 3.205|6.475 | 13.72 | 7.25 |20800 0,690
3.5-0,6-R20| 0.4495| 3.295/6.500 | 13.57 | 7.33 [21180 0.680
3.5-0,6-R30| 0.4600| 3.325/6.650 | 13.94 | 7.24 {21400 0. 700
3.5-0.6-R40| 0.4760| 3.430|6.880 | 14.28 | 7.20 (22430 0.680
3.5-0.6-R50]| 0.4875| 3.517/6.935 | 14.30 | 7.21 [22970 |0.895 |0.680
3.5-0.6-R60| 0.5050} 3.610(7.100 | 14.78 | 7.15 |23330 |{(1.095D0. 700
3,5-0,6-R70| 0.5285| 3.783{7.550 | 15.70 | 7.16 [24880 0,650
3,5-0.6-R80| 0.5400| 3.847(7.745 | 16.09 | 7.13 |25450 0,660
3.5-0.6-R90| 0.5400| 3.815[7.790 | 16.30 | 7.06 |25450 0, 700
3.5-0.6-R100[ 0.5685| 4.035(8.195 [ 17.02 | 7.09 |26770 0,660
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PABLE XV-0
" 1
PLATE| X P A T, T, T. Te Tw/Tw
[m] lat] fke/misl [%] | [°k] [ox] | [k ] [-]
0.3405| 8,311 § 0.570(293.5 |293 261.5 | 83.6 13,505
0.3535] 8,311 0.570(293.5 [292.5 |26'.5 | B3.9 |3.485
D 0.366 | 8.311] 0.5701294.5 |292.5 |262 84.0 |3.48
0.3787] 8.311 ] 0.570[296 292 264 85.4 [3.42
0.3915] 8.310]0.5675 297 293 264.5 | 85.1 13.44
0.4045| 8.31010.570 1295 293,5 |263 85.1 [3.45
p [0.417 ] 8.31010,5675/296  |294  |263.5 | 85.6 [3.435
0.429 | 8.310[0.567 [297 293.5 |264.5 | 85.9 [3.415
0.4415] 8.310]0.5665[297.5 |294.5 265 | 85.9 [3.425
Bo | M, | W |®107[RN07T| Ax |R:1077| U | Fo10?
{at] | [ |Im/s] |[1/n] | [] [m] | [-] |kg/m*s] [-]
0.102013.546 | 650 [4.797 |1.633 1.394 (271 2.063
0.1036 [3.535 | 649 |4.828 (1,706 1.458 {274 2.063
0.1029 13,540 | 650.5 [4.793 [1.756 }0.050 [1.517 |272 2.063
0.1067|5.514 | 651  |4.808 [1.822 1,578 {278 2,063
0.1049 |3.526 | 652 |4.765 |1.866 1,639 |274.5 {2.055
0.106713.514 | 650 [4.830 [1.953 1.702 {278.5 |2,063
0.1081 3,505 | 650 14.837 [2.017 0.050 1.762 |280.5 |2.055
0.10803.505 | 651.5 |4.805 |2.063 |[~° 1.820 | 280 2,053
0.1073{3.510 | 652 14.786 |2,115 1.879 [278.5 |2.050
:
h d 10°| ¢.102
(0] 6 s [f[fw Y H RG cf’ 0 cf2 0
fmm] | [mm] | [mm] | [mm] [-] [-] [-] [-]
3,52 0.640 [5.11 8.83 | 16.86 | 7.99 130750 0.30
3, 5=2 0.660 I[5,35 9.09 | 17.07{ 8,11 31700 0,27
3,52 0.6845 {5.525 9.37 | 17.46 | 8.08 |32850 0.27
3,5-2 0.721 [5.785 9.905 18.35| 8,02 {34630 0,22
3.5=2 0.744 [5.98 10.15 | 18.80| 8.03 35750 | 0,40 | 0,22
3.5=2 0.784 16,195 | 10.75 | 20.22| 7.90 [37650 (0.60) 0.26
3,52 0.805 [6.31 11.00 | 20,74 7.84 |38650 0.26
3.5-2 0.821 6,375 | 11.18 | 21.20| 7.77 39380 0.27
3,.5=2 0.866 [6.79 11.88 | 22.50| 7.83 41600 0. 26
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TABLE XVI-0

PLATE x! P A T, T,
mi | tat] [ke/m'e] [°k1 | [°%] | [°k] | [°%]]| -

0.335 [5.218 [0 6665 295 |[282.5 |273 129 2.19
0.348 |5.218 |0 666 | 295.5]284 273.5 [129.5 | 2.195
¢ 0.3605(5.218 (0.655 | 296.5{285 274 129 2,21
0.373 |5.218 |0.654 | 297 [284.5 |275 130 2,19
0.3855(5,220 (0.659 | 292 |287.5 |270 128 2,245

0.3985(5.221 [0.6575] 293.5|287 271.5 |128 2,24
0.411 |5.221 |0.6575| 293.5(287.5 [271.5 [126.5 | 2.275
c 0.424 {5.221 |0.658 | 293 |287 271 127 2.26
- |0.43655.221 |0.657 | 294 |[286,5 [272 128 2.24
0.449615.221 |0.656 ! 294.5(286.5 [272.5 {129.5 | 2.21

e o o
[ I )

- e
- s e

NN N
ARG RN RV RN T\ A \JT A
e -

-
L]

P, o | Vo [R-1077|R107T] Ax [R107T| g v, [P107
[at] {1 | [w/s]l| [1/m]| (-1 [m] (] |lkg/mw-d| [-]
0.2899(2.536 [577.5 |5.001 {1,674 1.548 | 442 |1.495
0.2898|2.534 |577.5 |4.994 |1.738 1.663 | 442 1. 495
0.285312.544 1579.5 [4.946 11,784 |0.015 [1.725 | 437.5| 1.499
0.2876|2.539 [580  {4.939 |1.844 1.788 | 439 |1.390
0.290312.533 (574 5.087 [1.964 1,850 | 445.5|1.480
0.285812.543 |577 5,016 [2,000 1.915 | 440 | 1.495
0.27462.569 {579.5 {4.951 |2.037 1.978 | 429.5| 1.495
0.280312.556 |577.5 [4.997 |2.119 |0.015 |2.043 | 435 [1,513
0.283312.549 |578  |4.991 |2.181 2,105 | 437.5|1.502
0.2925|2.528 {576.5 |5.031 |2.226 2.170 | 445.5|1.473
* 4 103 1e.103
0 5 Iy jﬂmdv H Ry [0410% |eg10
fom] | [ma] | fon] [ fwe] | ] | 1 | 00 | (]
-1 0.5405| 2.370| 5.43 | 8.495| 4.38|27000 0.70
-1l 0.564 | 2.458| 5.91 | 9.42 | 4.36|28180 0.725
“1.h 0.5835| 2.568| 6.26 [10.08 | 4.40]|29130 0.68
-1.h 0.6195]| 2.700| 6.54 {10.43 | 4.36|30950 0.70
Tobp

0,646 2.820} 6.97 [11.38 4.37(32250 § 0.75

0.7
0.670 | 2.925] 7.21 [11.82 4.%6|33470 0.71
0.6845| 2.985] 7.39 [12.19 4.36|34200 0.75
0.730 | 3.220| 8.05 [13.30 4.41(35170 0.70
0.749 | 3.290| 8.125|13.28 4.39]36150 0.67
0.789 3.437| 8.78 114.40 4.351359400 0.64
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Microphotograph (Magnification:x 200) Variation of surface roughness

Porosint Grade B (5 microns ,rough surface ,used for Plate D)

. 0002 =

Microphotograph (Magnification: x200) Variation of surface roughness

Porosint Grade B (5 microns , rolled surface ,used for plate C)

FIG. 2. Porosity and surface roughness of several porous materials.
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Microphotograph (Magnification:x200) Variation of surface roughness

Porosint Grade A (2 % microns, rolled surface ,used for plate A)

FIG. 2 (contd.). Porosity and surface roughness of several porous materials.

41

i G " e



iy

0.002

LUV

Microphotograp h (Magnification :x 100)

Variation of surface roughness

Vyon
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NMicrophotograph ( Magnification:x 100)

Variation of surface roughness
Porosint Grade E (37% microns | rolled surface)

F1G. 2 (contd.).

Porosity and surface roughness of several porous materials.
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FIG. 5. Variation of injection mass flow along the centreline of the porous plate (Plate C)

Dry ice magazine

T
Manometer Gauge MixingI chamber
T
T, T, A 5
Heat Exchanger

Reducing Valve Needle Valvel

Needle valvell

Needle valve'A
‘___Mr
T Gt v
° s

Injection Appara-

Orifice’C”

>0

tus Inside of the
..qoo[lq< r5< 2960["] Supersonie Wind AE D
Tunnel (connected . Te
Orifice'B Pe

Apc

to the back dlosing
plote) -« 1 | —
. i+ U
s
pﬂ

Needle valve'B A
p
B
FiG. 6. Air supply for injection mass flow.

45



(for measuring the boundary
loyer along the centre-line
of the plate)

Cfor measuring the boundary
layer [" out of the cenlre--
line of the plate)

(for measuring the boundary loyer along the centre-lne of the plate;

F1G. 7. The boundary layer probes.

T B> Pitot pressure (directly reloted  to Mach number)

I
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RUN 3.5-0.0- /10
+ level of atmaspheric pressure

f———&82 [mmHy. ]

—— Y
FiG. 8. Typical pitot pressure profile as drawn by X-Y plotter (zero injection, M, = 3-5).

46



——

B, + Pitot pressure (directly reloted  to Mach number}
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F16.9. Typical pitot pressure profile as drawn by X-Y plotter (F = 2:111 x 1073, M = 3-5, Station 10).
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Fic. 10. Typicai temperature profile (zero injection, M, = 3-5).
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Fi1G. 11. Typical temperature profile (F = 0-653 x 1073, M_ = 3-5).
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Variation of skin-friction coefficient with distance along plate; (M, = 3-5, F = 0).
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FiG. 22. Velocity profiles (with and without injection).
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Explanation of the Symbols used on Figs. 26 to 31.
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FiG. 26. Variation of the momentum thickness with distance along plate; (M, = 2-5, various injection
rates F).
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FiG. 28. Variation of the boundary-layer parameter H with distance along plate; (M, = 2-5, various
injection rates).
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FiG. 31. Variation of the boundary-layer parameter H with distance along plate; (M, = 3-5, various
injection rates F).
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injection and Stevenson’s ‘law of the wall’ using the ‘exact’ transformation (T, > T.).




Explanation of the Symbols used on Fig. 34.

Symbol Investigator Mach number | Geometry
+ Mickley and Davies?®, 1957 incompressible | flat plate
y Romanenko and Kharchenko?®,

1963 incompressible | flat plate

* McQuaid3!, 1966 incompressible | flat plate
a Rubesin®?, 1956 0;20;27 flat plate

Danberg, 1960 51
[} ]
n Danberg, 1964 62 flat plate
e 25
° Present Investigation, 1966 3.5 flat plate
A 03
3 Pappas and Okano, 1960 g; cone
> 4-5
4 Rubesin??, 1956 0;20;27 cone
) Tendeland and Okuno34, 1956 | 27 cone

Theories :

Stevenson’s law (Eq. (3.3)) + Jeromin’s boundary layer transformation).
Dorrance and Dore??, 1954.
Rubesin3%, 1954.

Spalding et al.®”, 1964
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FiG. 34. Effect of air injection on the skin friction coefficient of a turbulent boundary layer.
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