Unit 5 SPECIAL PROBLEMS
Pitot static correction for subsonic and supersonic mach numbers	
It is well known that the measurement of both total and static pressure is essential to analyze fluid flows. The flow velocity can be determined using Bernoulli’s equation, if these two pressures are known. Also, we know that both incompressible and compressible forms of the Bernoulli equation are simply relations among the total pressure, static pressure, and flow velocity

Now, let us see some of the popular probes used for measuring these pressures.
From our basic studies on fluid mechanics we know that pitot or total pressure is that pressure which results when a fluid stream is brought to rest isentropically. Also, measurements of total pressure are relatively easier than the static pressure. When a body is placed in a fluid stream and if it is pos- sible to locate the exact point on it where the fluid is brought to rest then the pressure acting at that point will be the total pressure. Hence, this pres- sure can be measured by providing an orifice at that point and connecting it to a manometer. This forms the basis for a pitot or total tube, which is the most popular instrument used for total pressure measurement. It is an exper- imentally established fact that the pressure indicated by a properly aligned open-ended tube facing a flow is exactly equal to the local total pressure, except for viscous effects at very low Reynolds numbers and for supersonic flows where there will be a detached shock positioned ahead of the tube.
Measurement of static pressure requires more attention than the pitot pres- sure measurement. In principle, for measuring static pressure with a probe placed in a flow, the static holes should be drilled at the location where the local pressure is the same as that of freestream static pressure upstream of the probe nose. In reality this condition cannot be achieved exactly, due to the pressure gradients caused by the presence of the probe.
A pitot-static tube is used for measuring the total and static pressures si- multaneously. It is usually a blunt-nosed tube with an opening at its nose to sense the total pressure and a set of holes on the surface of the tube to sense the static pressure. Pitot, static, and pitot-static probes made based on the above basic principles are used extensively in experimental measure- ments. However, it is essential that a researcher uses discretion in applying the appropriate correction to the measured pressure to account for the errors due to compressibility, viscosity, misalignment, and so on.
Dynamic Head Measurement
In any flow field, basically there are three pressures of interest to gas dynamics studies. However, in fluid mechanics, we use yet a fourth one in parallel flow studies, which is termed geometric pressure. This pressure is due only to the gravitational action on a static fluid having the same geometry as the actual flow.
The three pressures of primary interest in fluid dynamics are the total or pitot, static, and dynamic pressures. We saw that the total pressure is that which results when a flow is decelerated to rest isentropically. From this we can infer that at a position in a flow where the flow velocity is zero, the total pressure and the undisturbed static pressure are identical.
The static pressure is that pressure which acts equally in all directions. The third pressure, namely the dynamic pressure, can be associated with the flow conditions at a point (say the Mach number) by taking the difference between the stagnation pressure and undisturbed static pressure.

In modern terminology yet another term, namely, velocity pressure, is used. It is simply half of the product of the fluid density and the square of the speed; also termed kinetic pressure. In incompressible flow it is simply the difference between total and static pressures.

For incompressible flows, the total, static, and dynamic pressures are linked together by Bernoulli’s s equation as
[image: ]

In any flow the total pressure will be the same everywhere when there are no losses. It is seen from the above equation that an increase of flow velocity results in a decrease of static pressure and vice versa. The dynamic pressure q is linked to the kinetic energy of the flow and it has the same direction as that of the flow. Also, we know that the static pressure of a flow is that pressure which is acting normal to the flow direction. Therefore, it follows from Bernoulli’s equation that the total pressure also has a definite direction. Total pressure, as we have seen, is measured by a simple device called a pitot (total) probe. A pitot probe is simply a tube with a blunt-nosed open end facing the gas stream. The tube normally has an inside-to-outside diameter ratio of 1/2 or 3/4, and a length aligned with the gas stream of 15 to 20 tube outer diameters. The pressure hole is formed by the inside diameter of the tube at the blunt end, facing the flow. A typical pitot probe is shown in Figure.
The open-ended tube facing into the flow always measures the stagnation pressure it sees, in subsonic flows. But at supersonic speeds there will be a detached shock formed and positioned in front of the pitot probe nose. It implies that the tube does not measure the actual stagnation pressure but only measures the stagnation pressure behind a normal shock. This new value is called pitot pressure and in modern terminology it refers to a supersonic stream.
This indicated pitot pressure p02, the total pressure behind the normal shock, may be used for calculating the stream Mach number, as follows. For a supersonic stream with Mach number M1, and p1 and p01 as the static and stagnation pressures, respectively, by isentropic and normal shock relations, we have
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Multiplying these two equations, we obtain,
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This relation is known as the Rayleigh supersonic pitot formula. Once the static pressure p1 and pitot pressure p02 are known, M1 can be calculated using this formula.
For a compressible flow, the pressures and the velocity are related by the equation
[image: ]
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Pressures measured by pitot probes are significantly influenced by very low Reynolds numbers based on probe diameter. However, this effect is seldom a problem in supersonic streams because a probe of reasonable size will usually have a Reynolds number well above 500, which is above the range of troublesome Reynolds numbers.
Measurement of static pressure in a supersonic flow is more difficult than in a subsonic flow. Although static pressure probes are not used extensively in supersonic flows, a good amount of study has been done for the development of accurate pressure probes for other applications. The major problem associated with the use of static pressure probes at supersonic speeds is that the probe will have a shock wave at its nose which will cause a “jump” in static pressure.
Now, let us see the measurement of static pressure in subsonic flows. If the probe has a conical nose tip followed by a cylindrical stem shoulder, the flow passing the shoulder will be accelerated to a pressure below the freestream static pressure. However, as the distance from the nose increases, the pressure on the probe will approach the true static pressure of the stream. The sharp-nosed tip of the probe facing the flow is closed and static pressure holes are drilled perpendicular to the tube axis at a specified distance from the nose. The included angle of the nose cone should be small for good results. Also, it is well established that a static pressure hole located beyond eight times the outer diameter (8D) of the probe, from the nose, is good enough for reasonably accurate measurements. A typical L-shaped static probe is shown in Figure.
Static pressure measurements are very sensitive to the inclination of the tube to the flow direction. Inclinations beyond 5◦ result in large errors in the measured pressures. In order to minimize these errors, it is a common practice to have static probes with four holes in mutually perpendicular directions. In subsonic streams, when a static pressure probe is placed in the flow field, flow is accelerated because of the horizontal portion of the probe and decelerated because of the vertical stem. Therefore, the static pressure holes have to be located at such a location that these effects cancel each other and the probe measures the correct pressure. Such an appropriate location found by experimental research is about 8D, from the probe nose, as shown in Figure.
For measurement of static pressures in supersonic flow, the static pressure hole should be located beyond 18D from the nose and the velocity change associated with the presence of the probe should be kept to a minimum. For this the nose should be very sharp with an included angle less than 10◦. Also, it is usual practice to employ a straight probe (without vertical stem) for static pressure measurements in supersonic wind tunnels. The tip of the probe should be located at a subsonic zone of the flow field (for instance, upstream of the throat in a Laval nozzle) and hence there will be no formation of shock because of the probe presence.
The dynamic pressure of a flow can be measured directly by a special probe called a pitot-static probe, which is the combination of pitot and static probes. A typical pitot-static probe is shown in Figure
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Boundary Layer velocity profile on a flat plate by momentum integral:
	The basic equation for this method is obtained by integrating the x direction momentum equation (boundary layer momentum equation) with respect to y from the wall (at y = 0) to a distance which is assumed to be outside the boundary layer. Using this notation, we can rewrite the Karman momentum integral equation as

[image: ]
  The effect of pressure gradient is described by the second term on the left hand side. For pressure gradient surfaces in external flow or for the developing sections in internal flow, this term contributes to the pressure gradient. 
  We assume a velocity profile which is a polynomial of [image: http://nptel.ac.in/courses/112104118/lecture-30/images/30-1_karman_clip_image002_0003.gif]. [image: http://nptel.ac.in/courses/112104118/lecture-30/images/30-1_karman_clip_image002_0004.gif]being a form of similarity variable , implies that with the growth of boundary layer as distance x varies from the leading edge, the velocity profile [image: http://nptel.ac.in/courses/112104118/lecture-30/images/30-1_karman_clip_image002_0005.gif]remains geometrically similar. 
  We choose a velocity profile in the form
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Heating Requirements in Hypersonic Wind tunnels:
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Heaters
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Hypersonic Nozzles:
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Hypersonic Diffuser
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Blow-down Hypersonic Wind Tunnel
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Measurement of wall shear stress:
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-Floating element method
-fence technique
Floating Element method:
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Fence Technique:
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Law of the wall:
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© These requirements willyield a, = 0,a, = 0, +a; =1 and a,+3a;=0 respectively
Finally, we obtain the following values for the coeficients in Eq. (30.2),

ay=0,a,=3/2a,=0 and +a;=~1/2 and the velocity profle becomes

o Forflow over a fat plate, %

dx





image14.png




image15.png
D _ ST,
280 dx 25602

or [&18 W £ e,
13 o0,
o1 _140




image16.png
N

 This is the value of boundary layer thickness on  flat plate. Although, the method is an approximate one, the result is found to be reasonably accurate. The value is slightly lower than the
exact solution of laminar flow over a fiat plate . As such, the accuracy depends on the order of the velocity profile. We could have have used a fourth order polynomial instead —
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 This yields the constants as a, = 0,4, = 2,a; =2 and @, =1 - Finally the velocity profile will be
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Hypersonic flow is a flow for which speeds are much larger than the local speed of
sound. In general hypersonic flow is defined as the flow at Mach 5 or greater at which

physical properties of the flow changes rapidly. A test facility designed or considered

for hypersonic testing should simulate the typical flow features of this flow regime.

These flow features include thin shock layer, entropy layer, viscous interaction and

most importantly high total or stagnation temperature of the flow. This section deals

with most common facilities for hypersonic testing.
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Continuous hypersonic wind tunnel is comprised of a compressor, heater, nozzle, test
section, diffuser, second throat and vacuum chamber as major components. Schematic
of such tunnel is as shown in Fig.31.1 During the experimental testing, continuous
operation can be achieved by providing continuously operating compressors. Such
high pressure air is then heated in the heater so as to reach the desired stagnation

temperature. Valve is then operated if sufficient low pressure is attained in the

vacuum chamber. Expansion of the air through the convergent divergent nozzle sets
the hypersonic flow in the test section. Onwards deceleration of the flow through the

second throat ensures the low speed air at the compressor inlet.
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1. Heater 2.Valve 3.First Throat 4.Test section 5.Diffuser 6.Second throat 7.Valve

8 Vacuum Chamber 9.Vacuum pump 10. Multistage compressor
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Condensation fiee hypersonic expansion of air requires high stagnation temperatures
as per the Mach number attained in the test section. In the conventional hypersonic
tunnels different types of heater are used to provide the appropriate temperature. The
combustion, the electric resistance and the arc-jet type heaters are suitable for
continuous or long duration operation. Industrial heaters where air is heated using
combustion products are generally preferred up to Mach 8. Resistance wire electric
heaters are used to provide for Mach numbers up to 12 to 14. Ceramic materials or
special alloys provide support for the heating elements in this heater. Nitrogen is used
as the working fluid for high stagnation conditions with direct electric resistance
heating because of serious oxidation rates. Direct electric arc heating of the working
fluid is used in arc-jet heaters. The moderate stagnation temperatures (<5500° K) for

nitrogen freestream are obtained with such type of heaters.
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Convergent divergent axi-symmetric nozzles are generally preferred in the hypersonic
tunnels. These nozzles expand the high pressure and high temperature air to the
desired Mach number in the test section. These nozzles can also be equipped contour
to ensure the uniformity of the flow in the test section. The throat of the nozzle needs
to be water-cooled for continuous and also for blow-down hypersonic tunnels
operating at high stagnation temperatures or high enthalpy conditions. Frequent
change of the throat is also encountered for such high enthalpy operations. Beryllium-
copper is often used for the throat liners material to provide strength with high heat
conductivity. In an alternative design, the throat liner, made of titanium, zirconium
and molybdenum alloy, is cooled by working gas (air or nitrogen) before its entry in

to the heater.
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Typical hypersonic tunnel diffuser is comprised of fixed contraction followed by a
constant area diffuser duct. This contraction reduces the flow Mach number. A
complex three dimensional shock pattern executes this Mach number reduction. These
shock waves interact with the boundary layer during the process. This region is
followed by a subsonic flow where deceleration takes place in a divergent section.
Diffuser design is very important for the continuous closed circuit wind tunnels due to
its dependence on compressor characteristics and drive power. However the design of

diffuser for the impulse type facilities is carried out mainly to evaluate the useful test

time.




image26.png
Power requirement of a wind tunnel is directly proportional with the square of the
required velocity in the test section. Hence installation of a continuous closed circuit
wind tunnel remains a costly affair. In view of this, impulsive experimental facilities
like blow-down wind tunnels are designed and installed to simulate the hypersonic
flow. This wind tunnel is comprised of major components viz. multi-stage
compressor, dryer, heater, seftling chamber, nozzle, test section, diffuser and vacuum
tank. Schematic of the typical blow-down type wind tunnel is as shown in Fig. 31.2.
During the operation of the tunnel, air or nitrogen is initially compressed to high
pressure using the multistage compressor as per the stagnation pressure requirement.
This high pressure fluid is then dried in the dryer to remove the moisture content of

the same before it i stored in large tanks. Storage or regenerative type heaters have
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been developed for application m case of such intermittent or blow-down tunnels.
These heaters are essentially insulated pressure vessels. Use of such heaters makes it
possible to increase the temperature of the high pressure air but with lower power
requirement, The pebbles used in the heaters are mostly refiactory ceramic pebbles or
cored bricks which are heated using electrical resistance elements or by products of
combustion. This high pressure fluid is allowed to pass over a large bed of ceramic
pebbles during the experiment. A typical experiment starts after the throttling valve
opening due to which the high pressure air passes through the heater and onwards
towards to the test section. In some cases a settling chamber is built to provide the

high pressure and high temperature reservoir before its expansion in the nozzle.
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Expansion of the gas in the nozzle attains the required hypersonic freestream
conditions in the nozzle. Higher temperature values of the flow in the test section are

preferred to prevent the liquefaction of the air as it expands to very low temperatures

in the nozzle.
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This is a direct method for measuring the wall shear stress. This method is
used for measuring the skin friction directly on a flat plate. A small segment
of the flat plate surface is separated from the remaining portion of the plate by
avery small gap on either side but kept flush by suspending the element from
aset of leaf springs forming a parallelogram linkage, as shown in Figure 10.1.
When there is a flow over the entire plate, the element is subjected to a
shear flow that causes a displacement. The vertical faces of the element being
subjected to the same normal pressure all around, the forces acting on these
faces are canceled. The movement of the element is an indication of the shear
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