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(ABSTRACT)

This thesis documents the experimental research conducted on a transonic turbine
U

cascade. The cascade was a two-dimensional model of a jet-engine turbine with an, approxl-

mately, 1.2 design, exit Mach number, and was tested in a blow·down type wind-tunnel. The

primary goal of the research was to examlne the effect of trailing edge thickness on aero-

dynamic Iosses. The original cascade was tested and, then, the blades were cut-back at the

trailing edge to make the trailing edge thicker. The ratlos of the trailing edge thickness to

axlal chord length for the two cascades were 1.27 and 2.00 percent; therefore, the ratio of the

two trailing edge thicknesses was 1.57. To simulate the blade cooling method that lnvolves

33
trailing edge coolant ejectlon, and to examlne the effect of that on aerodynamic losses, CO,

was ejected from slots near the trailing edge in the direction of the flow. Two different blowing

rates were used, in addition to tests without CO,. A coefficient, L, was used to quantify aero-

Ü dynamic losses, and this was the mass-averaged total pressure drop, normalized by dlviding

with the total pressure upstream of the cascade. The traversing, downstream total pressure

probe was stationed at one of three different locations, in order to investigate the loss devel-

opment downstream of the cascade. The two cascades were tested for an exit Mach number

ranging from 0.60 to 1.36. The research suggested that the main influence of the trailing edge

thickness on losses is through affecting the strength of the trailing edge shock system, since

L was almost the same for the two cascades in the subsonic Mach number region. The Iosses

mainly ditfered (larger for the cut-back cascade) in the Mach number region of 1.0 to 1.2. ln

this region, the difference in loss maximized, showing a loss for the cut-back cascade 20 to

30 percent more than the original cascade. The CO, was found to have no signilicant effect for



high Mach numbers; for low Mach numbers, the high blowing rate slightly decreased the loss.

Finally, the loss, nearly, stopped to increase after one axial chord length downstream of the

cascade.
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1 .0 Introduction

The gas turbine emerged during the second world war, with its first use in aircraft

propulsion. Since that time it has found rapid expansion in its applications, which included

electric power generation, marine propulsion, and numerous applications in industry.

Considering this large scale dependence on gas turbines for deliverlng power, the

demand on improving their efticiency has been very strong. Gostelow, 1981 [1] states that a

one percent change in turbine efticiency of a 1000 MW machine has an estimated worth effect

between 5 and 14 million dollars. Also, need has dlctated lowering the weight/size to power

output ratio. All this has required the development of highly loaded gas turbine blades that

can operate with high inlet gas temperatures. -

In a typical gas turbine, a 1 percent loss of turbine efflciency means 1.5 percent loss .

in power output} The most obvious option to increase the efüciency is to increase the tem-

perature of the inlet gases. In open gas turbine cycles, the inlet gases are the products of

combustion. lncreasing the temperature of these products is limited by the highest temper-

ature the turbine blades can operate under without thermal failure.

The last two decades have witnessed concentrated efforts in the development of tur-

bines that can withstand higher temperatures. These efforts concentrate on two approaches:

1 Xu, 1985 [2]. pp. 1.
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(1) developing better heat resistant materials, and (2) cooling down the turbine blades with

injected coolants. The result has been increasing the maximum operating temperatures from

1050 K in the 1950’s to 1800 K in the 1980’s, according to Sieverding [8].

Various methods of injecting coolants in the sides of the blades and ejecting them

through holes in the blades surface have been implemented. One common method, which is

of concern to us in this thesis, is referred to as trailing edge ejection. In this method, the

coolant is exhausted through holes near the trailing edge in the direction of the main flow.

The coolant is usually extracted from the gas turbine oompressor. This has the effect

of decreasing the overall efllciency. Thus any gain in efllciency due to higher gas temper-

atures may be offset by the amount of coolant that has to be extracted.

The portion of the turbine blade near the trailing edge ls the thinnest, and, thus, the

most vulnerable to failure under mechanical and thermal stresses. With highly Ioaded blades

operating at high temperatures, a finite trailing edge thickness ls, therefore, unavoidable. A

thick trailing edge compllcates the flow in the trailing edge region, and increases the aero-

dynamic losses signlficantly. The trailing edge loss, which includes mixing and shock Iosses,

may be more than the boundary layer loss throughout the blade passage.

The flow leaving the trailing edge separates at both sides of the blade forming two

shear layers which unite further downstream. A small triangular shaped region is formed right

behind the trailing edge and between the two shear Iayers. This region is sometimes referred

to as the dead air region. Despite the presence of some vortices in this region, it is treated

as isobaric. The pressure in it, known as the base pressure, ls found to be lower than the

pressure just downstream, and just upstream before the flow separates from the blade. The

base pressure has been found, experimentally and theoretically, to have a close effect on

trailing edge mixing loss, and on the strength of the trailing edge shock system! The base

pressure loss generating mechanism is still, however, poorly understood. One fact that re-

= xu, 1985 [2], pp. 2.
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searchers generally agree upon is that the thicker the trailing edge, the lower the base pres- '

sure, and the greater the trailing edge loss.

At the present stage of gas turbine development, an increase in efllclency by an in-

crease in the inlet gas temperature, will be offset by the need for more coolant and thicker

trailing edge.

This thesls documents the experimental results of testing the same set of transonic, ,

two dimensional gas turbine blades with two trailing edge thicknesses 3. The set was cut once

at the trailing edge, making the chord length shorter and the trailing edge thicker. The goal

was to investigate the effect of the trailing edge thickness on the aerodynamic loss. The flow

in the real turbine would be three dimensional; nevertheless, two dimensional testing is ade-

quate to show the flow characteristics; and the simplified form of the flow is very helpful in

providing valuable physical insight.

Since trailing edge Iosses were of interest, a small amount of coolant was elected

from the trailing edge to investigate the effect of that on the aerodynamic loss. This method

of coolant ejection may affect the loss through affecting the base pressure, the mixlng, the

boundary layer thickness, or through some unforeseeable effects.

This thesls documents the results of this experimental program. Previous work on

trailing edge flow, trailing edge coolant ejection, and their effect on aerodynamic loss in tur-

bine blades is also reviewed. The nomenclature used in quantifying the results is introduced.

The experimental set—up, experimental procedure, and testing program are described. A dis-

cussion of the data reductlon algorithm is included, followed by the results of the research,

and concluslons and recommendations for further research. An uncertalnty analysis is pro-

vided as an attempt to estlmate the degree of accuracy of the results.

3 The testing took place at the VPI & SU cascade wind-tunnel facility.
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2.0 Literature Review

There is a fair amount of published work in the literature on the aerodynamics of

__ wind-tunnel cascade testing; in particular, the aerodynamics of the flow in the trailing edge

region, for transonic turbine cascades. Trailing edge flow has been the subject of extensive

research in the past two decades, given the large size of losses in the trailing edge region,

and the strong influence of the trailing edge shock system, in the case of supersonic exit flow,

on a significant portion of the flow field. A specific concem for researchers has been the effect

of trailing edge coolant ejectlon on the trailing edge flow, since this method of coolant ejectlon

is widely in use, and is accepted as the ejectlon method that causes the least amount of

losses. As in this thesis, the flow development behind the blade row has been another con-

cern, because of its relevance to multi-stage machines, or those with stator rows.

This section reviews several references that are available in the literature, and pre-

sents a summary of their results and recommendations. The author also cites these refer-

ences in portions of their analyses of aerodynamic features of turbine cascade fiows.

Literature Review 7



2.1 General Features of Wind-Tunnel Turbine Cascade

Testing

'
Gostelow [1] presents a description of the general features of existing cascade

wind-tunnel facilities. He evaluates the role of today’s high speed wind-tunnel testing, de·

scribes the different types of wind-tunnels in operation, discusses some of the main problems

faced by researchers, and recommends some ways of solvlng them.The reference (year of

publication, 1981) includes a list of known high speed cascade wind-tunnel facilities in the

westem hemisphere. Gostelow estimates there ls an equivalent number in the Soviet block;

but due to lack in translated technical papers, he does not Include a listing.

The demand on turbomachines to deliver more power with limitations on volume and

cost, made it clear that turbines should be designed with higher pressure ratios than those

that involve subsonic llows. Turbines with subsonic inlet and supersonic exit llows (transonic

turbines) have been more and more In protitable use
‘.

Gostelow states that the llnanclal re-

wards of attaining transonic speeds have been even more than early expectations. Consld-

ering these large savings made by transonic turbines, it is not surprising that there has bee_n ·

no shortage in funds for research into this area. Wind·tunnel, two dimensional testing has

been the most helpful research method. Its advantages over full scale rig testing include lower

cost, simpler conligurations, and the ease it provides in gaining physical Insight into the flow.

According to Gostelow, published correlations derived from wind-tunnel research have been

in use by manufacturers all over the world.

•
According to Gostelow, typical design exit Mach numbers do not exceed 1.2; but up to 1.8 has been
reached.
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2.1.1 Types of Wind·Tunnel Facilities

Gostelow [1] speaks of three types of wind-tunnels: (1) blow-down tunnels, (2) tunnels

that utilize suction downstream of the test section, and (3) closed circuit variable density tun-

nels. The first, and most common, type, of which the VPl & SU cascade wind-tunnel is an

example, utilizes an external source of high pressure air and discharges that through the

wind—tunnel, into the atmosphere. The second type is self-explanatory; and the third type re-

cycles the air in a closed loop. The advantage of the Iatter lies mainly ln the fact that the air

density is more controllable, and thus the Mach number and the Reynolds number can be

varied more independently. The main advantages of the second type are less power requlre·

ment, and the absence of compressor leakage oil on the windows of the test section. Oil be-

comes a problem when it is desired to take pictures of the flow.

2.1.2 Main Concems in Wind-Tunnel Design .

Gostelow [1] discusses three important flow conditions that a wind-tunnel design

should meet: (1) good periodicity in a pitchwise direction (see Figure 1), (2) good uniformity

in a spanwise direction, and (3) repeatability.

Perlodlcity In a pitchwise direction: pitchwise periodic behavior enforces the assumption that

the cascade flow simulates the flow in the real turbine; since aperiodicity would be due to

non-uniformities or interferences that would not be present in the real turbine. Gostelow

states that achieving this periodicity is the most difficult condition to meet In transonic turbine

cascade flows; the ovewvhelming reason for that being the reflected waves from the back

boundary of the test section.

Literature Review 9



Gostelow reports that some researchers use a solid or a perforated tailboard to guide

the exit flow by closing the gap between it and the backwall of the test section, while others

prefer not to use a tailboard. Obviously, waves would be reflected off the tailboard, or off the

free shear layer.Gostelow explains that the shear layer would be highly turbulent and, thus,

would reflect waves in a spurious manner. The solid tailboard, on the other hand, would re-

flect waves in a more steady manner, but the reflectlons would be stronger. The method that

Gostelow recommends, is the use of a perforated tailboard with pores of controllable size.

He argues that the reflected waves of opposite nature (compression and expansion) interfere,

and cancel each other out, a certain short distance from the tailboard. Zaccaria [4] reports

the results of tests done on the VPI & SU cascade wlnd·tunnel using a solid tailboard, a per-

forated tailboard, and no tailboard. He reports good periodic behavior for the central blades

(the ones that are tested in the research documented by this thesis) for all three cases. How-

ever, for considerations concerning better exit Mach number and flow angle control, and for

attaining flows with Mach numbers and shock angles independent of the total pressure up-

stream of the blade row, Zaccaria recommends the use of a solid tailboard '.

Another problem which affects the llow periodicity ls the boundary Iayers at the top

and bottom walls of the test section. According to Gostelow, some researchers use boundary

layer suction to fix this problem. In addition, all researchers concede that increasing the

number of blades reduces the boundary layer and wave reflection effects on the central
·

blades' periodicity. Seven blades is accepted as the minimum.

Uniformlty In a spanwlse direction: the two dimenslonality of the flow is a basic assumptlon

in all wind-tunnel research. Assuming that inlet flow uniformity is achieved, the problem

threatening two-dimensionality ls secondary flow, that is, the disturbance in the flow due to the

boundary Iayers at the side walls. Gostelow speaks of boundary layer suction as a correctlve

* The cascade tested by Zaccaria has the same number of blades, the same pitch, the same turning
angle, and blades of the same order of thickness as the cascade tested in this research.
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measure used by some researchers, Another effective measure would be increasing the blade

span, thereby, decreaslng the relative significance of the boundary layer thickness.

Repeatabillty: a poor ability to regenerate a flow field is an lndication of signiflcant, random

flow disturbances. Obviously, the credibility of any research depends on how well these dis-

. turbances are kept below an acceptable level, therefore, on how well repeatability is achieved.

Gostelow discusses one possible source of irrepeatability, the sporadic shocks in

supersonlc flow regions due to condensate particles forming on the blades, in case of humid,

cold air. Air driers are often necessary to relieve thls problem.

MacMartin, et al. [5] report having some problems with repeatability. They, also, cite

various supersonlc cascade testers in reporting problems of this nature.

Zaccaria [4] reports achieving acceptable repeatability for the range of upstream total

pressure from 140 kPa (21 psia) to 190 kPa (28 psia).·

2.2 Trailing Edge Flow Research

As mentioned earlier, trailing edge flow in transonic turblnes has been the subject of

extensive research over the past two decades. A large amount of experimental results have

been accumulated, and many correlations have been derived. Due to the complexity of

transonic turbine flow, the usability of an experimental correlation is typically restricted by

many conditions. The most prominent limitation on experimental research ls the difliculty in

installing enough instrumentation in the trailing edge region, due to the small dimensions of

test turbine blades. This problem is particularly restrictive in the case of base How research;

where base flow refers to the flow in the immediate vicinity of the trailing edge, specifically,

the small dead air region behind it. Some researchers, like Sieverding [3], Sieverding, et al.
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[6], Amana, et al. [7], and Sieverding, et al. [8], use models that simulate cascade flow; yet,

they have larger dimensions allowing for more instrumentation.

The prime motivation behind trailing edge research has been that most attempts to

model transonic turbine flows theoretically, have failed because of inaccurate modeling of the

trailing edge flow, in particular, the base flow. Gostelow [1] asserts that the role of high speed

cascade testing today is seen as one of securing lmproved understanding of the physics of the

base flow. The reason why the knowledge of the base flow is so important, is that (1) the

mixing Iosses in that region are high, (2) the base flow sets the trailing edge shock system,

which has a major influence on the flow field, and (3) understanding of the base flow is es-

sential for predicting the optimum coolant flow rate to be ejected from slots close to the trail-

ing edge. The optimum flow rate would minimize mixing and shock Iosses.

Another problem facing theoretical modeling ls poor understanding of shock·boundary

layer interaction, which typlcally takes place in transonic turbine flows on the blades’ suctlon

side.

2.2.1 Description of the Traillng Edge Flow Field

References [3], [6], [7], and [8] include thorough descriptions of the trailing edge

flow field in the case of supersonic exit flow. Their descriptions agree, and this section in-

cludes a summary of them. The discussion presented is for rounded trailing edges, ofthe type

used in this research. Amana, et al. [7] states that a rounded trailing edge reduces the ef-

fective thickness of the trailing edge, and,therefore, reduces the Iosses. ln this section, refer

to Figure 2 for a schematic of the flow field.

When the flow reaches the rounded trailing edge from both sides, and before it sepa-

rates, it follows the rounded contour while undergoing a Prandtl-Meyer expansion (lines 1 in

Figure 2). Eventually the slope gets too steep, and the flow separates. A separation shock

(lines 2 in Figure 2) is required, because the Prandtl-Meyer expansion overexpands the air,

Literature Revlew 12



and, therefore, there ls a need for a fast compression to meet the base pressure (p,) boundary

condition. lncidentally, the base pressure is always lower than the pressure just upstream

of the Prandtl-Meyer expansion. The separated shear layers (lines 3 in Figure 2) reattach a

Ü certain distance downstream, and undergo compression through reattachment shocks (lines

4 in Figure 2). The Iatter shocks are stronger than the separation shocks, and are typically

referred to as wake shocks, or, more commonly, trailing edge shocks. Sieverding, et al. [8]

speak of a reattachment region rather than a reattachment point, and support this by Schlieren

photographs that clearly show the reattachment taking place over a region of signiflcant

size.They also calculate the strength of the separation shocks through various methods, and

conclude that the different methods yield disagreeing results. lt is their belief, however, that

the shocks are of moderate strength. Sieverding, et al. [6] claim that the separation shock
‘

strength, measured by the static pressure ratio across the shock, is constant for varying flow

conditions.

ln most cases of transonic turbine flows, a trailing edge shock intersects the suction

side of an adjacent blade (as shown in Figure 2), creating the very poorly understood situation

of shock-boundary layer interaction. Amana, et al. [7] states that one of the most important

goals of better understanding trailing edge flow, is to enable the predlction of whether and

where trailing edge shocks will hit neighboring blades. Sieverding, et al. [8] conclude that the

shock-boundary layer interaction affects the trailing edge flow significantly, in particular, the

separation shocks. One of the effects was seen as an increase in the base pressure for the

same exit Mach number, when a shock-boundary layer interactlon existed. _ ·

2.2.2 Base Pressure

It is widely accepted that knowledge of the base pressure, or the ability to predict it,

is essential for modeling transonic flows. Alter comparisons between experimental data and

theoretlcal solutions, MacMartin, et al. [5] conclude that proper predlction of the base pres-

Literature Revlew
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sure in a theoretical model is essential for getting good results. Sieverding, et al. [6] state

that, at present, base pressure prediction methods are very poor. Xu, et al. [9] make a sim-

ilar statement, and add that many failing attempts to predict the base pressure have been

made in the past thirty years.

According to Sieverding, et al. [6], the information in the literature on base pressure

measurements is extremely scarce. They add that the standard method of reading the base

pressure through a single tap at the trailing edge is inadequate for a study of the base region

pressure distribution. They report the results of research done on a large scale model, simu-

latlng cascade flow, yet allowlng for detailed instrumentation. For instance, they managed to

install 19 pressure taps along the rounded trailing edge. Amana, et al. [7], Sleverdlng [3],

and Sieverding, et al. [8] conducted similar model experiments. Some of the results obtalned

from such model experlments are briefly discussed below.

One of the maln goals of the model experlments was to determine the valldity of the

assumption of an isobaric mixing region behind the trailing edge; because if this assumption

is validated, then measuring the base pressure vla a single tap at the trailing edge would be

sufficient. Sleverdlng [3] reports that the base pressure at the trailing edge is basically unl-

form (uniform over the central 70 percent of the trailing edge’s rounded end). lf a coolant

ejection slot exists, however, there might be two uniform pressure regions on each side ofthe

slot. ln that case, a pressure tap on each side would be suflicient.

Sieverding, et al. [8] measured how far downstream the isobaric region extends, and

found that its length is only 60 to 80 percent of the trailing edge thickness. They also found that

the pressure recovery region (or reattachment region) is twice as long as the isobaric region.

Therefore, they conclude that the assumption of an isobaric mixing region was not conflrmed.

Researchers work diligently trying to understand what influences the base pressure.

Xu, et al. [9] report that thinner trailing edges result in higher base pressure, for the flow

conditions that are otherwise the same. This, incidentally, happens to be a wldely accepted.

Sieverding, et al. [8] found that the shape factor of the boundary layer just upstream of the

trailing edge plays a significant role in setting the base pressure. Xu, et al. [9] conducted

Lltereture Review 14



tests on two types of blades that only dlffer slightly in the suction side's prollle nearthe trailing

edge. The ones more prone to separatlon showed lower base pressures. lt is concluded,

therefore, that separated flow causes a drop in base pressure.

As mentioned earlier, base flow research aims primarily at gaining the ability to pre-

dict the base pressure theoretically. Xu, et al. [9] found their theoretical predlctions of the

base pressure inaccurate, because they failed to properly include the detailed state of the

boundary layer upstream of the trailing edge. Amana, et al. [7], who conducted model and

cascade tests, propose a theoretical model for the base flow around a round trailing edge,

which, among other things, predicts the base pressure. The theoretical model worked well for

flat plate experiments, but not so well for cascade experiments, Sieverding, et al. [6] used a

theoretical method, extracted from the literature, to calculate the base pressure. The method

works well when the flow conditions just upstream of the trailing edge are known. Since the

research conducted by Sieverdlng, et al. [6] was on an extensively instrumented model, they

had enough knowledge of the flow upstream of the trailing edge to enable them to predict the

base pressure successfully. They point out, however, that it would be very difficult in a cas-

cade to accurately predict the flow conditions upstream of the trailing edge.

2.3 Aerodynamic Loss

The two main contributors to aerodynamic loss in transonic turbine cascades are the

loss due to the boundary layers throughout the blade passages, and the trailing edge loss. The

latter consists of mlxing losses behind the trailing edge, and the losses caused by the trailing

edge shock system. Naturally, the loss keeps increasing downstream of the blade row, until

the flow gets fully mixed. Xu, et al. [9] asserts that for typical, transonic turbine trailing edge

thicknesses, and ln the typical range of exit Mach number (from 0.8 to 1.2), the trailing edge l
losses are dominant. _
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2.3.1 Development of the Loss Downstream of the Blade Row

Xu, et al. [9] report that, for the cascades they tested, 70 percent of the loss occurs

downstream of the blade row. By taking traverse readings at several downstream planes,

they managed to gain some detailed information on how fast the loss develops. The main

conclusions they make are:

•
in the immedlate vicinity of the blade row (down to 10 percent chord length downstream

of it ') as much as 20 percent of the total loss occurs. Considering that little of the shock

loss has yet occurred there (see Figure 2 on page 63), this indicates intense viscous

mixing in that region.

•
at 80 percent chord length downstream of the blade row, only 80 percent of the total loss

had occurred, suggesting signiticant shock and mixing losses still further downstream.

Prust, et al. [10] report that the flow was almost fully mixed one blade pitch downstream of

the blade row.

2.3.2 Factors Affecting the Aerodynamic

LossFlowspeed: Xu, et al. [9] report that loss increased with exit Mach number (in the Mach

number range from 0.8 to 1.2), with a sharp rise around unity Mach number. Singer [11] re-

ports similar results for transonic turbine cascade tests done in the VPI & SU wind-tunnel. He

indicates that the loss versus exit Mach number curves suggest a quadratlc relationship.

'
See Figure 7 for an illustration of blade chordlength.
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Tralllng edge thickness: Xu, et al. [9] conducted tests on a family of four, similar turbine

cascades, that differ only in trailing edge thickness. They ooncluded that at all speeds the

trailing edge loss (not the total loss) ls directly proportional to the trailing edge thickness, with

the constant of proportionality being greater at supersonic exit speeds. They add that the
A

trailing edge loss was, on the average, 70 percent of the total loss, with the percentage being

. higher for higher speeds. At high speeds, the trailing edge loss domlnated, and the total loss

variation with trailing edge thickness was closely linear. .

Prust, et al. [10] conducted tests on similar blades with three different trailing edge

thicknesses. They report that thicker trailing edges gave lower base pressures and higher

Iosses. They also notlced that there was more flow angle non·uniformity for thicker trailing

edges.

Tralllng edge geometry: Prust, et al. [10] ran tests on cascades with round and square trailing

edges. The flow was generally the same, except that the loss in the region very close to the

trailing edge was higher for the square trailing edge blades.

Lokal [12] tested cascades with different types of trailing edge accommodations for

coolant ejection slots. The different geometrles were:

1. trailing edge with a continuous coolant slot along the blade’s span.

2. trailing edge with individual slots, separated along the span by webs.

3. trailing edge with a continuous constricted slot (nozzle shaped trailing edge).

4. trailing edge of the type in item 2 above, with grooves on the pressure side, at positions

where the webs are.

5. trailing edge of the type in item 2, with grooves on both sides of the blade, at positions

where the webs are.
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Lokai found that there was no difference in aerodynamic loss between types 1 and 2. Type 3,

which reduced the effective trailing edge thickness, showed 0.5 percent increase in the

dy-namicpressure at the wake (immediately behind the blade). Types 4 and 5 increased the dy-

namic pressure by 0.5 and 1 percent, respectively.

2.4 Effect of Trailing Edge Coolant Ejection

MacMartin [5] and Sleverding [3] lnvestigated the effect of trailing edge coolant

ejection onthe blade surface pressure distribution, and on the strength and location of shocks.

They agree in their flndlngs that the effects were negligible. In general, the main influence, lf

any, of coolant ejection is its effect on the aerodynamic loss. ‘

Effect on the aerodynamic loss: Singer [11] conducted tests on a transonic turbine cascade

in the VPl & SU wind-tunnel, using CO, as the coolant. He could not detect any significant or

consistent influence on the aerodynamic loss. He concludes that the effect of the coolant must

have been smaller than the error involved in the calculated value of the loss 7.

Xu, et al. [9] give similar conclusions. They report that the effect of coolant flow on the

loss was not clear. They noticed that the coolant increased the base pressure, which should

have decreased the loss. However, the coolant also induced significant mlxing lossesß and it

was not obvious which of the two effects was dominant.

MacMartin, et al. [5] measured an increase in the base pressure with coolant flow,

although there was no substantial difference in the loss. The slight difference they obtained,

was an irregular increase with increaslng coolant flow rates. _

7 Note that Singer tested a cascade with the same number of blades, the same pitch, the same tuming
angle, and blades of the same order of thickness as the cascade tested in this research. The coolant
and its flow rates were also the same.
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Sleverding [3] proposes an involved explanatlon of the effects of coolant flow on the

base flow. From his detailed experiments, he found that the base pressure flrst lncreased with

increasing coolant flow rates, and then started to decrease again.

Prust, et al. [13] report signlflcant and approximately linear increase in loss with

coolant flow rate. Different ejection slot geometrles had signlflcant influence only for low flow

rates.

Effect of the cooIant·t0-maln·flow denslty ratlo: Sieverdlng [3] states that, in actual engines, '

the density ratlos of coolant to main floxv vary from 1.5 to 2, due to temperature differences.ln

his experiments, he used air, CO2, and air-freon mlxtures as coolants. He concludes that the

choice of coolant has no signlflcant effect on the base pressure, for coolant flow rates less

than that at which the base pressure reaches a maxlmum. For higher flow rates, hlgher

density ratlos keep the base pressure sllghtly higher. _
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3.0 Discussion

3.1 Introduction to Nomenclature

This section introduces a few of the terms and quantlties that wlll be referred to in thls

thesls. Specifically, a coefficient is defined which will be used as the measure of aerodynamic

losses; and a way will be presented on how to non-dimensionally quantify the amount of CO,

injected.

3.1.1 Mass·Averaged Total Pressure Loss Coefficlent _ ·

The research documented in this thesls investlgates the aerodynamic performance of

gas turbine blades. It ls, therefore, essential to define a quantlty to be used as the measure

of aerodynamic performance. The aerodynamic performance is improved if Iosses are re-

duced. The second law of thermodynamics indicates that Iosses increase the entropy and

decrease the total pressure. In this thesis the drop in total pressure is taken as the measure

of loss.
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Let the total pressure upstream of the blade row be p,_, , and that at a point down-

stream of the blade row be p,_,. The total pressure drop is:

AP:= pf'1 ‘ pt,2 [3-1]

Dlvlde by p,_, to get a non·dimensional quantity, P, :

pt.1 ‘ pt.2 AP:Pt —
T

— pm [3.2]

This represents the loss between the flow upstream of the blade row (assumed uniform) and

just one point downstream of it. Followlng Oates [14], to quantify the overall losses, average

P, over two blade spacings. Velocity gradlents across the blade spacing are accounted for

by taking the average weighted by mass flow rate. That is,the Iocalities where there is more

flow contribute more to the average total pressure drop. Theaveraged quantity is referred to

as the mass-averaged total pressure loss coefflcient
I

2_ [ p2¤2P:dY
i. =%—i [3.3]

I P2u2dY
0

y is the vertical direction, u is the horizontal component of velocity, and the averaging is done

at station 2, which is one of three vertical planes downstream of the blade row, where the

downstream total pressure probe traverses.

Note that in the definition of P, (Eqn. 3.2), the total pressure drop, Ap,, was non-

dimensionallzed by dividlng it with p,_,. Some researchers prefer to divide by p,_, - 5,, where

5, is the pitchwise averaged, downstream static pressure. Since an increase or decrease in

p,_,, typically, causes a respective increase or decrease in 5,, fluctuations in p,_, have less of

an effect on the dimensionless coeflicient, with the Iatter method.
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3.1.2 Coolant Blowing Rate

To quantify the amount of Injected CO,, a non-dlmensional quantity, the blowing rate,

Is deflned as followsz

p V6 = [3.4]

where the subscript 'air" refers to the main flow, and "c,ex" refers to the coolant flow at the

exit from the blades. The density and velocity of air are the pitchwise averages right behind

the blade row. Note that the quantify pV represents flow rate per unit area.

ln this research, the blades are tested with two absolute amounts of coolant Injection,

In addition to no Injection. The two lnjectlon rates are assumed Independent of the main flow

Mach number
•;

therefore, strictly speaking, two constant values of p„‘„,vc_„, result while

p,,,v,,, varies in Eqn. 3.4. In this thesis, however, only two nominal values for B, approximated

for an exit Mach number of 1.15 (the design exit Mach number of the blades is, approximately,

1.2), are referred to, and they are B,„, = 0.47 and 8,,,,,, = 1.33, which correspond to total

coolant mass flow rates of mc_,„, = 0.0261 kg/sec (0.0575 lb/sec), and rh„,,„,, = 0.0732 kg/sec

(0.161 lb/sec). Since the estimated mass flow rate for air at a Mach number of 1.15 is rh,,, =

8.07 kg/sec (17.80 lb/sec), the flow rate ratlos by mass of coolant to air are 0.32 and 0.91 per-

cent

The blowing rate was calculated, also, for exit Mach numbers of 0.60 and 1.36, which

are the lower and upper boundaries of the Mach number range in this research. The Mach

number was found to have a signiflcant influence on the value of the blowing rate. For these

results and a full discussion of the blowing rate calculation method, refer to Appendix C.

'
this Is a good assumption If the coolant flow at the exit from the blades Is choked. Prellminary cal-
culations reveal that the flow is choked for the high Injection rate only. For the low Injection rate,
therefore, effects of air flow variations are neglected.
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4 3.2 Description of the Apparatus

This section describes in detail the experimental set·up used ln this research
•.

The

wind-tunnel and the coolant injection system are detailed. Subsequent sections include de-

scriptions of the data acquisition systems, the experimental procedure, and the testing pro-

gram followed.

3.2.1 Wind·Tunnel

The wind-tunnel used in this research is shown in Figure 3 and Figure 4. As men-

tioned earlier, it is of the blowdown type. External storage tanks are pumped up to a desired

pressure by two reciprocating compressors. The air is then released via a pneumatlc control

valve, and discharged through the wind-tunnel into the atmosphere. Excluding a round to

rectangular cross-section converter just upstream of the test section, the wind-tunnel up-

stream of the test section is composed of 14 in, Schedule 30 (35.56 cm OD/33.65 cm lD) carbon

4 steel pipe. The test section and the above mentioned cross-section converter are made of the

same material.

To reduce the amount of compressor Ieakage oil and water, the air leaving the

compressors is passed through two desiccant tilled cylinders before it enters the storage

tanks. Unfortunately, the oil Ieakage in the compressors is, at present, more than can be

handled by this drying procedure, and, consequently, the presence of oil in the test section is

a cause for concern.

°
The author is indebted to Singer [11] for the.valuabIe information included in his thesis, which was
helpful in putting together this section.
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Control valve operating system: A photograph of the control valve is shown in Figure 5. The

control valve operating system consists of an electronic circuit, an electro-pneumatlc con-

verter, a valve actuating air supply, and a source of constant reference pressure. The function

of the operating system ls to vary the valve opening during the run to maintain air flow in the

tunnel, as closely to steady as possible, while the pressure in the storage tanks drops.

. The storage tanks are equipped with a pressure transducer whose voltage output ls

fed into the valve electronic circuit. The circuit produces a proportionate output voltage which

is fed into the electro-pneumatic converter, which is just a pressure regulator controlled by a

voltage. The input pressure to the converter is the constant reference pressure (close to 20

psig/137.9 kPa,gage), and the output pressure is applied to the valve actuator. When the Iatter

pressure equals the reference pressure, the valve is fully open. This takes place nearthe end

of the run. The valve opening is less for lower converter output pressures.

The electronic circuit has two adjustable knobs. One of them controls an offset applied

to the input voltage, and the other controls the output voltae change as a function of the input

voltage change. By systematically adjusting these two knobs, it has been possible to achieve

a situation where the voltage fed into the electro-pneumatic converter caused the valve

opening to increase at a desirable rate during the run so as to keep the total pressure just
A

upstream of the cascade (p,_,) nearly close to a desired value, for a long enough period. In this

research, the run duration,'over which steadiness was essential, was nomlnally 17 seconds.

The unsteadiness that had to be tolerated during this time was typically 15 percent deviation

from an average of the gage total pressure upstream of the blade row. This unsteadiness is

considered to be of a sizeable magnitude, and may be signiücantly responsible for some

scatter noticed in the reduced data.

Flow straightener: uniform inlet flow to the test section is essential for achieving pitchwise

periodicity. To make sure that this uniformity exists, a flow straightener is installed starting

at a position 1.041 m upstream of the test section inlet and extending downstream. lt consists

of a group of long (approximately 10.0 in! 25.4 cm), thin walled pipes (0.875 in/ 2.22 cm in
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diameter) welded side by side to üll the inside of that round wind-tunnel section. Uniformity

was tested by Zaccaria [4] via a vertical (the pitchwise direction), spanwise centered traverse
u

just upstream of the blade row. The traverse was displaced by 2.54 cm steps, and Zaccaria

reports that the uniformity was excellent over the central part of the test section, covering the

region where the test blades are mounted in this research. Non-uniformities closer fo the

upper and lower walls were attributed to boundary layers.
l I

Test section: a photograph of the test section is shown in Figure 6. The cross section is

rectangular, 15.24 cm wide and 37.26 cm high. The movable total pressure probe upstream

of the blade row, that is used to test uniformity, is fully retracted through the upper wall hole

it goes through during normal operation. This avoids probe lnterference with the flow.

The blade row consists of eleven blades with rounded traillng edges and identical

geometry W. Some geometric features are shown in Figure 7and Figure 8. The main differ-

ence between the uncut and the cut blades, from hereon referred to as the first cascade and

the second cascade, respectively, is the traillng edge thickness. The traillng edge thickness

(measured with a micrometer) of the first cascade is h„_, = 0.483 mm (0.019 in), and of the

second cascade h,,_, = 0.762 mm (0.030 in); the trailing edge thickness ratio ls, therefore,

-E-E = 1.57. The axial chord length changes sllghtly, but the change is negligible for most

our purposes, and the axial chord length for both cascades is taken as c = 38.1 mm (1.50 in);

the trailing edge thickness to axial chord length ratios are, therefore: = 0.0127, and

¥ = 0.0200. For the cooled blades, the amount by which the very short distance between

the coolant slots and the trailing edge is changed, due to the cut-back, is of significance. The

cut-back involves shortenlng the blades by Ad = 1.016 mm (0.040 in), measuring along the

blades, and "d" being the distance from the tip of the trailing edge to the downstream end of

the coolant ejection slot (see Figure 8). For the first cascade, d, = 2.032 mm (0.080 in), and

for the second cascade, d, = 1.016 mm (0.040 in). Notice that the distance d is cut in half,

W The blade profile specifications are withheld, because permission for publishing them was not granted
by the manufacturer.
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which substantially changes the position of the coolant slots with respect to the critical base

region. Note, also, that no more than one further cut·back of the cooled blades would be

practical, without cutting into the coolant slots (d, is already very small).

The inlet flow is horizontal, and this is taken as the reference angle. The design exit

flow ls assumed to be 68• below the horizontal. Of course, even with design conditions met,

the Iatter assumption ignores the two dimensionality of the flow; because there ls always

some pitchwise variation in the flow angle. A

In all the theoretical quantiücations in this thesis, relations for air, derived for one di-
·

mensional flow, are used. This means that flow unlformity is assumed in the direction normal

to the flow as the flow turns. lmplicit in this simpliflcation is the assumption of a nominal flow

angle that changes only with downstream motion.The throat section of the blade passage lies

V close to the exit, and the entire throat area for the whole cascade (A°).is 275.02 cm' , where

the throat area is the area normal to the flow at sonic speed. With an inlet flow area (A,) of

567.84 cm*, the one dlmensional, isentropic relations for air indlcate an inlet Mach number (

M,) of 0.295 , for choked flow.

The blades are mounted between two pieces of plexiglas. The transparency of the

plexiglas allows visual access into the test section, which is especially important for taking

pictures of the flow. The blades and plexiglas form a removable unit (Figure 9), which is re-

ferred to as the cascade. The cascade also includes two end pieces of aluminum at the top

and bottom (see Figure 10) that form part of the boundaries of the flow. Figure 10 shows the

numbering and lettering system used in referring to the blades and passages. Blades are

numbered from one to eleven, and passages are lettered from A to J. The blades are identlcal

in geometry, except for the CO, passages in the cooled ones (blades 4, 5, and 6), and the static

pressure taps (0.254 mm D) in the instrumented ones (blades 7 and 8). The static pressure taps

are distributed along the spanwise centerline. Blade number 7 has nine taps drilled into the

suction surface, and blade number 8 has five taps drilled into the pressure surface and one

in its trailing edge. The Iatter pressure tap is used to read the nominal base pressure. Stain-
’

less steel tubings (1.067 mm OD/0.635 mm lD) are connected to the pressure taps, and are
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routed inside the blades and through the cascade’s plexiglas to allow connection to a pres-

sure measuring system. Each cooled blade (see Figure 11) Is hollow with 0.794 cm holes in

each side to allow CO, Injection, and 40, 2.381 mm by 0.635 mm holes very close to the trailing

edge to allow CO, ejection Into the main flow. Holes are made in the plexiglas, and special

tittings are used (Figure 12) to connect CO, plastic tubings to the side holes of the blades.The

trailing edge holes are drilled close to the trailing edge but not at it, ln order to allow for somecutback on the blades. U _
Static pressures downstream of the blade row are read via two groups of pressure

‘

taps. In the right-hand side (faclng in the tlow direction) plexiglas, holes are drilled in at two

horizontal positions (see Figure 13). With x defined as the horizontal distance downstream of

the blades' leading edges, the two groups of pressure taps are at x= 42.86 mm (referred to

as the forward position), and x= 114.3 mm (referred to as the rear position). Short (1.905 cm)

pieces of stainless steel tubing (1.588 mm OD/0.794 mm ID) are epoxied into the drilled holes,

and plastic tubing connects those to a pressure measuring system. The forward position

consists of eleven vertical taps, 3.73 mm apart, such that the middle one is directly behind the

trailing edge of blade number 6 at the design exit angle, and a whole blade pitch is oovered.

The rear position consists of three taps, 18.63 mm apart, such that the lower tap is behind the

trailing edge of blade number 6, and the upper tap ls behind the trailing edge of blade number

7, both at the design exit angle, Again, a whole blade pitch is covered.

· An opening (10.16 cm by 15.24 cm) is located in the tioor of the test section

(Figure 14), through which the downstream total pressure probe and probe support tixture '

(Figure 15) are inserted. The total pressure probe is movable through the tixture, and is used

for vertical traverses at three horizontal locations downstream of the blade row: forward: x=

42.86 mm, middle: x= 63.51 mm, and rear: x= 114.3 mm, where x defines the position of the

probe's tip. The forward and the rear locations are in the same vertical plane as the two

groups of static pressure taps that are drilled in the plexiglas. Positioning of the probe at one

of the three locations is done by using one of three different support fixtures. The purpose of

the tlange on the support tixture is to prevent bending of the probe, since the probe has to
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quite long in order to reach the test blades (the distance between the floor of the test section

and the uppermost traversed passage is approximately 52 cm at the blade row). The probe

itself is a 61.0 cm (24.0 in) long, 6.35 mm (0.250 in) OD, stainless steel, hollow tube, with a 1.65

mm (0.065 in) OD, hollow tube extending inside it and protruding from both ends. The thin

inside tube is the pitot tube, while the outside tube ls its fixture. The bottom protrusion of the

inside tube ls connected to plastic tubing extending to a transducer, while the top protrusion

is straight, 2.3 cm (0.91 in) long, and angled such that it faces the design, exit flow (68° below

the horizontal). The tip of this thin, round section is slightly flattened.

Two aluminum doors enclose the test section (Figure 16). Slots are milled into the

inner surfaces of the doors so that they support the cascade rigidly in place. 10.80 cm by 15.24

cm openings are cut into both doors at the same location, offering visual access into blade

passages D, E, and F. A total pressure probe (1.588 mm OD/0.794 mm ID) penetrates the

left-hand door at a location upstream of the blade row. The total pressure reading takes place

3.81 cm from the inside of the door. _

The back wall of the test section is designed at an angle parallel to the design exit

flow. A solid tailboard is attached to the back wall via six adjustable bolts, and this assembly

is a removable unit (Figure 17 shows the back wall with the tailboard removed). The

tailboard’s angle is varied by adjustlng the bolts, while lts upper end is always made to hinge

around one position, such that the exit flow from the uppermost passage is immediately

guided by the tailboard. ln other words, the presence of the tailboard prevents the exit flow

from being a free jet.
l
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3.2.2 Carbon Dioxide Supply System

CO, is uniformly supplied to the three cooled blades at constant rates
“

. The supply

system is shown schematically in Figure 18. CO, is emptied from commercial, high pressure

tanks (10.34 MPa,gage , 1500 psig) into a large low pressure tank (275-350 kPa,gage , 40-50

psig). A mechanical ball valve and a solenoid valve control the exhaust from the tank, and

4.88 m of copper tubing (1.905 cm ID) connect the tank to a distribution manifold equipped with

a pressure gage. A pressure regulator and a float-type flowmeter are installed in series up-

stream of the manifold, with the flowmeter between the regulator and the manifold. The

pressure regulator determines a constant flow rate which depends on the control pressure

applied to the regulator. The manifold distributes CO, evenly to the three blades via six tubes

of flexible plastic (76.20 cm long, each), with a tube going to each end of each blade.lt ls as-
I

sumed that the CO, ejection at the trailing edges of the blades is spanwise uniform, although

no direct measurement has been taken. Finally, as mentioned earller in section 3.1.2, the

coolant flow at the ejection slots is choked for the high blowing rate (B = 1.33), and not

choked for the low one (B = 0.47).

3.3 Experimental Procedure y

Two types of data are collected in this research: pressure data and visual data. The

latter consist of still pictures that are taken using the shadowgraph technique for selected

runs. I

I
11 CO, was chosen because the density ratio of CO, to air (1.5) closely simulates the density ratio of the

coolant air to the main flow air in the actual turbine.
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As mentioned in section 3.2.1, the duration of a run is about 17 seconds. The control

valve operating system is previously adjusted to produce a blowdown with a total pressure

upstream of the blade row as closely constant as possible over at least 17 seconds. lt is also

important that this total pressure be at an appropriate level, so as to choke the cascade or

not, whichever the goal may be.
U

Seventeen seconds is the time required for the downstream total pressure probe to

traverse two blade passages. It is driven by a traversing mechanism (Figure 19) which con-

slsts of a stepper motor, a reduction gear, and a rack and plnion arrangement, which converts

the drlving rotatlonal motion into linear motion of the probe. The speed of the probe was

v„= 0.47 cm/s. lt was adopted because it was found to be the fastest speed at which the

transient response of the probe, transducer system was still fast enough. lt was found that

when the probe was driven at a lower speed, no apparent difference was observed in the

measured total pressure; while when the probe was driven faster, dlfferences were notlced.

The two traversed passages start ln the middle of passage C below the lowest cooled blade

(blade number 4), and end in the middle of passage E below the highest cooled blade (blade

number 6). Two blade passages are traversed instead of one, as an attempt to account for

some possible aperiodicity by averaging the two passages.

Pressure data: the pressure data collected is of two types: digital data that is read by an IBM

PC and stored on disk, and analog data that ls recorded on stripcharts. The pressures that

are read are the following iz:

1. Total pressure upstream of the blade row, p,_,, via a fixed total pressure tube described

in “Wind-Tunnel".

fz The pressures described below are all gage pressures. Later in this thesis, the same symbols will
be used to represent these pressures in absolute form, after the daily measured atmospheric pres-
sure is taken into account.
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2. Total pressure downstream of the blade row, p,_,, via the traversing probe 11. .

3. Blade suction surface static pressure (9 locations), p,,_,_,_, .

4. Blade pressure surface static pressure (6 locations), p,,,,_._, .

5. Wall static pressure, fonlvard position (11 locations), p,,_,',_„ , via the taps drilled in the

plexiglas at the forward horizontal position (see "Wind-Tunnel").

6. Wall static pressure, rear position (3 locations). p„._,_,_, .

ln this thesis, the subscript 2 for the probe station downstream of the blade row (for an ex-

ample, see item 2 in the above list) refers to any of three stations the probe may occupy. for-

ward, middle, or rear (see "Wind-Tunnel"). Therefore, downstream of the blade row does not

necessarily mean immediately behind it.

A pressure measuring system1* utilizes a multi-channel sensor (with a transducer per

channel) to read p,_,, p,_,_,_,, p,_,_,_, , p,,_,_._.., and p,,_,_,_,. lt electronically scans these pressures

successively at a very fast rate. Each read value ls stored in memory, and when the entire

scan is accomplished, all the values are downloaded to the computer. The scanning rate is

fast enough to safely assume that the readings are taken at the same instant in time. This _

pressure measuring system calibrates its transducers using an internal, digital, quartz, refer-
‘

ence transducer, which corrects for all thermal zero and sensitivlty shitts, including non-

linearity ofthe transducers, amplitiers and built in A/D converter. The final output is pressures

in psig.

11 For the first cascade, a differential transducer was used to read the total pressure drop between
upstream and downstream of the blade row, Ap,. with connections to the two, above mentioned
probes. For the second cascade, the total pressure drop typically exceeded the operation range of
the differential transducer; therefore, p,_, and p,_, were read via two transducers, ln this thesis, only
the case of reading p,_, and p,, separately is referred to in the presentation of the computational
methods. with the simple modification for the other case omitted.

1* Digital Pressure Measurement System - Model 780 B, manufactured by Pressure Systems lncorpo·
rated.
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A separate pressure measuring system consists of an Analog/Digital converter board

added to the basic computer, and two pressure transducers that read p,_, and p,_,. The output

of the transducers is fed into the A/D converter, and a correspondlng digital reading is stored

on disk. Note that the first pressure measuring system also reads p,_, , directly and not

through the pressure transducer used with the A/D converter. Figure 20, Figure 21, and Fig-

ure 22 are example plots of the A/D converter data for first cascade runs taken at the forward,

middle, and rear positions, respectively, at an isentropic exit Mach number of 1.25.

Figure 23, Figure 24, and Figure 25 are similar plots for second cascade runs at an isentropic

exit Mach number of 1.26. Note how the drop in total pressure, particularly behind the blades,

ls notably higher for the second cascade.

A computer program controls the entire data acquisition procedure. The operation

of the program is summarlzed as followsx

•
At the instant the program is initiated (shortly after the wind·tunnel control valve is

switched open), the first pressure measuring system takes all its pressure readlngs, as-

sumed simultaneous, and those are all the readings it takes throughout the run.

•
At the instant the program is initiated, the downstream probe, initially at its lowest posi-

tion, starts moving upwards at a constant speed of v„= 0.47 cm/s.

•
At the instant the program is initiated, the second pressure measuring system starts

reading simultaneous values of p,_, and p,_,, repeatedly at the rate of 40 times per second,

until 800 readings of each are read. As mentioned earlier, lt takes the probe close to 17

seconds to traverse the two designated passages. lt turns out that 657 readings are taken

during this time period by the pressure measuring system. Thus, the rest of the 800

readings are taken afterwards.This is done to galn the advantage of extra data points, in

case the probe was initially positioned lower than it should have been; in that case, the

first portion of the data set will not be used in the data reductlon procedure.
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•
Alter the probe traverses the two passages and a short distance more, it is driven back

down to its initial position, to be ready for the next run.

The output of the two transducers reading p,_, and p,_, is also plotted to a stripchart.

Although the computer stored data can easily be plotted, having an immediate plot is helpful

in monitoring the experiment, and gaining some inslght into the flow.

Vlsual data: flow patterns in gas flows can be observed by means of optical techniques that

make use of density variations in the flow field. Light is passed through the flow and gets

refracted differently due to the variation in the density dependent refraction index. The result

is llght rays leaving the flow field in different directlons; and when they are intercepted by a

screen to form an image, the difference in direction causes a variation ln the light intensity

across the image, or even dark regions or shadows where light has been completely diverted.

With the more sensitive techniques, quantitative information on the flow fleld can be obtained.

Even in subsonic flows, patterns can possibly be visualized. Of course, as velocities go higher

optical visualization becomes easier because of the larger density gradlents. With less sen-

sitive techniques, only visualization of sharp density gradients like shocks may be possible.

The three common optical techniques of flow visualization utilize the lnterferometer

system, the Schlieren system, and the Shadowgraph system. The first two are the more sen-

sitive ones with the Schlieren system being the simpler to implement. They are both sensitive

to small density gradients. The last technique is the one implemented in this research. lt is

the simplest, the least expensive, and the easiest to operate; it is not, however, sensitive to

small density variations, and is used only when qualitative visualization of large density gra-

dients, such as shocks, is sufücient. The technique works as follows: a parallel beam of light

is passed through the flow. Some of the rays get deflected due to density gradients, and the

result is bright and dark regions on the screen corresponding to ray convergence and diver-

gence, respectively. In practice, regions of slight density variations result ln a homogeneous

image, and shocks create a sharp dark shadow. Boundary layers may also produce a dark
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image. For a thorough treatment of the three above mentioned optical techniques refer to

Saad, [15]. ( —

In this research, considering the large presence of compressor Ieakage oil in the flow,

it would have been a waste of effort to use an optical technique that is supposed to be more

sensitive than the Shadowgraph technique. Therefore, the photographs taken served almost

entirely to visualize shocks, with the exception of occasional boundary layer visuallzatlon near

the trailing edge in the clearer pictures. Slnce shocks were the target of observation, pictures

were taken for runs with su-personic exit velocities, for a variety of Mach numbers and coolant

injection rates. Figure 26 is an example of such a picture.

Shock visualization was of interest ln order to (1) verify the pitchwise periodiclty

(parallel shocks indlcate periodicity), (2) qualitatively lnvestigate the relative strength of the

reflected shocks from the tailboard or the backwall (it is deslrable to have them as weak as

possible compared to the shocks originating from the trailing edges), and (3) obtain qualitative

insight into the trailing edge shock system.

The Shadowgraph system employed in this research consists of a high speed light

source (a strobotac), a partially focusing lens, two ooncave mirrors, a plane mirror and a

camera (Figure 27). The strobotac is set to emit one short, high intensity pulse of light upon

external triggering. The cone of emitted light rays goes through the partially focusing lens

with a resulting refraction and impinges upon the lirst concave mirror. The focal lengths of the

lens and mirror, and the relative positions of the light source, lens, and mirror are such that

the beam of light is rellected off the mirror forming a parallel beam. The light passes then

through the plexiglas windows of the test section parallel to the spanwise direction of the

blades. The light is reflected off a second concave mirror, a plane mirror, and focuses on the

ülm of the camera. To get a focused image on the tilm, the distance from the center of the test

section to the second concave mirror is treated as the object distance with respect to the

mirror, and the cumulative distance from this concave mirror to the plane mirror and to the (

film is treated as the image distance. From the known focal length of the concave mirror and

a basic optics relationship, the object and image distances are adjusted to produce a focused
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image on the film. The implied assumption in this method is that the rays of light which "form"

the shadows, or, rather, the boundaries of the shadows, are rays significantly deflected from

their original direction, and hence no longer appear like they are originating from infinity, but,

rather, from a Iuminous source in the test section.

With everything set up property, the lights in the Iaboratory are tumed off and the film

is exposed. The wind·tunneI valve is opened, and after allowing sufficient time for the flow to

reach steady state, the strobotac is triggered.

3.4 Testing Program D (

The two cascades have been tested under a variety of conditions: (1) the exit Mach

number varled from 0.60 to 1.36, (2) two coolant blowing rates were used, B = 0.47 and 1.33,

in addition to runs with no coolant injection, (3) the downstream total pressure probe was

positioned at three different stations: forward 0% = 1.125), middle 0% = 1.667), and rear (%

= 3), and (4) some runs were taken with the tallboard installed, and some with the tallboard

removed.

Tables 1 · 4 present all the runs with all the information on them included. The runs

are grouped by downstream station, blowing rate, and by increasing Machnumber. Separate

tables were made for the runs with and without the tallboard. Inspection of the tables easily

reveals the testing program that was followed.
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3.5 Data Reduction

The experimental set-up, the experimental procedure, and the testing program fol-

Iowed have been detailed in previous sections. This section dlscusses the numerical algorithm

that is implemented in processing the raw data,which calculates the total pressure loss coef·

iicient, and the assumptions within this algorithm are presented
‘*.

“Uncertainty Analysis", a

later section in this chapter, provides an atlempt at estimating errors involved in the calcu-

lated value of the total pressure loss coefticient.

3.5.1 Data Reduction Algorithm

Conversion of Raw Data into Absolute Pressure Units: As dlscussed in "Experlmental

Procedure", the digital data collected consists of two types of pressure measurements. One

type, which is recorded 657 times during the time it takes the downstream total pressure probe

to traverse two blade passages, is collected via an analog/digital converter, and it consists

of the gage total pressure upstream of the blade row (station 1), and downstream of the blade

row (station 2). The A/D converter can be set to operate in different voltage ranges; the one

that was used ranges from zero to ten volts, with the corresponding digital reading ranging
'

from zero to 4095. Thus, the recorded data ls divided by 409.5 to convert it lnto the measured

value in volts. Then, the gage pressure values are calculated from the known calibrations of

the two transducers used. Finally, the atmospheric pressure, recorded on each testing day, is

added io get the absolute upstream total pressure, p,_,, and the absolute downstream total

pressure as measured by the probe, p,_„,,, . The Iatter is later corrected to account for the ef-~

l* The FORTRAN program is listed in Appendices D and E.
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fect of the shock in front of the probe's tip, in case of supersonlc exit flow. This correction is

described in detail in the next section.

The second type of pressure data is collected through an independent pressure

measurement system. This data is taken only at one instant in the run. The system is self-
V

callbratlng, and the recorded data is already in gage pressure units. Thus, all that is needed

ls oonverling it to absolute pressure units. The pressures that are measured through the

above mentioned system are the following: p,_, , p,,,_,_,_, , p,,,„_,_, , p„,.,_,_„ ,and p„_,_,_, .

Correctlon for the Bow Shock Effect: For the case of supersonlc exit flow, a bow shock ls ex-

pected to form in front of the downstream total pressure probe. The total pressure that is read

is downstream of this shock and, therefore, lower than the true value. This ls corrected for by

treating the bow shock as a normal shock. The method of correctlon differs slightly dependlng

on whether the tailboard ls installed or not. The method for the case of running with the

tailboard ls discussed first.

The case of runnlng with the tailboard installed: Earlier experimental work done on this

wind-tunnel (for more detail, referto Zaccaria [4]) demonstrates that the isentropic, exit Mach

number remains fairly constant throughout a run when the tailboard is installed. For the case

of no tailboard, however, this ls no longer true.This phenomenon is due to the fact that with

no tailboard, the flow leaving the blade row is a free jet, and ls, therefore, affected by the total

pressure upstream of the blade row, which varies signilicantly during the run. With the

tailboard installed, lt is fairto expect the exit flow to be parallel to the tailboard; and a constant

exit flow angle means a constant exit flow area, A. By reference to Schreier [16], the fol-

lowing isentropic, one-dimenslonal relationship holds for choked flow: .

[3.5]
2 .
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where
A‘

is the throat area, M the Mach number, and y (=1.4) the constant specific heat ratlo

for air. Using Eqn. 3.5 as an approximate guide, we see that a constant exit flow area should

yield an approximately constant exit Mach number; as we assume, essentially, the case to be

with the tailboard installed. The isentropic, exit Mach number is taken to fulfill the following

relationship:

E-=[1+@M2 [66]p2 2 2,ls0Il •

Assuming M,_,„,, to be constant is, therefore, equivalent to assuming constant. Note that

the above Mach number is referred to as isentropic because if the flow were isentropic, p,_,

and p,_, would be the same, and the isentropic Mach number would be the actual one.

In order to calculate p,, the measured values of p„,_,_,_„ , p,„_,_,, and p,_, are used. The

first two are measured at only one instant during the run. The average value of p„,_,_,_„ ls taken

as the value of p, when station 2 is at the forward position, and the average value of p„_,_,_,

as the value of p, at the rear position, both at that instant in time when the measurements are

taken. For the sake of calculating the value of p, at the middle position, p, is assumed to vary

Iinearly from the forward to the rear position. Of course, one of the inputs to the data reduction

program is the position of the downstream probe.
U

The same pressure measurement system that does the one instant measurements,

reads the value of p,_, in addition to p„,_,_,_„ and p„,_,_,_,. This value of p,_, together with the cal-

culated value for p, , as described in the last paragraph, are used to calculate the value of the

constant ratio . This value and the repeatedly measured value of p,_, are used to calculate

p, throughout the run.

As mentioned earlier, the bow shock is treated as a normal shock. Denotlng the state

upstream of the shock by the subscript x, and downstream by the subscript y, the following

equation (by reference to Schreier [16]) gives the total pressure drop across the shock:
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1
jg_ 1 7%

2 " 7 + 1 " 7 + 1

9,, is the value measured, and 9,, the true value of the total pressure downstream of the blade

row, p,_, . The gap between the wall static pressure taps and the probe’s tlp ls large enough

to safely assume that the taps will always be upstream of the bow shock. Therefore,p, and

9,, (or p,_,) are for the same state, and are related by the following relation:

1
= [1 +

~1§]"‘ [3.8]

9,, and pg are already known. By eliminating 9,, from Eqns. 3.7 and 3.8, the value of M, is

calculated by iteration. Then the known value of M, is substituted in Eqn. 3.7 to find 9,, .

The case of running with no tailboard: For this case the assumption of constant is no

longer valid. An empirically derived equatlon relatlng p,_, to M,_,„„ is used, instead, to calculate

M,_,„„ for each of the 657 measured values of p,_,. This value is used as M, in Eqn. 3.7 to lind

9,,. Then p, is calculated from Eqn. 3.8. Note that, for lack of a better method, the value of the

isentropic Mach number is used for the real Mach number in Eqn. 3.7.

It was mentioned in the above paragraph that an empirical equatlon was used to re-

Iate p,_, to M,_,„„. A separate equatlon was derived for each of the two cascades tested. The

pressure readings that were taken at only one instant during the run were used, from the runs

that had been taken with no tailboard installed. From each run a value for p,_, was obtained,

and, also, a corresponding value for M,_,„„. A linear lit was created for the set of points ob-

tained; and it turned out that the lit had a very good correlation coefflcient.
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Subsonlc exit flow: The section of the algorithm that corrects for the bow shock effect is by-

passed in the case of local subsonic flow. Some runs are entirely subsonic; or it is possible

to have runs where some regions downstream of the blade row are subsonic although others

are supersonic. For example, the flow behind a blade might be subsonic due to boundary layer

effects or trailing edge shocks. For this reason, the algorithm tests for subsonic flow at each

point. For the case of no tailboard installed, if the calculated value of M,_,„„ is less than unity,

the flow ls considered locally subsonic. For the case of the tailboard installed, a value of

greater than 0.528 is taken to indicate subsonic flow, since —F%= 0.528 is characteristic
of sonlc flow for air. Actually, should be compared with 0.528, if the value for p,_, were

known. The error involved, however, is negligibly small. p,_,„ is smaller than pa, and the

error introduced, therefore, ls not correcting for the effect of a bow shock at a Mach number

very close to unity. Such a shock will be very weak, and its effect negligible. Figure 28 is a

sample plot of the mass-averaged total pressure loss coefficient, Ü, versus exit, isentropic

Mach number. The two curves represent results with and without correction for the bow shock
I

effect, with the uncorrected case giving higher losses. Note how the curves overlap for Mach

numbers less than or equal to unity. around design Mach number (~ 1.2), the difference is,

approximately, 10 percent, and at the high end of the Mach number range, it is 20 percent,

Calculatlon of the Mass-Averaged Total Pressure Loss Coefflclent: The mass-averaged total

pressure loss coefücient, E , has already been defined in "lntroduction to Nomenclature".

Here is a description of how it is calculated in the algorithm. Recall Eqn. 3.3:

2
I p2u2Ptdy

[3.3]
P2u2dy

where P, was given by Eqn. 3.2:
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Pt,1 — pf,2P, [3.2]

The integration in Eqn. 3.3 is done over two blade passages ln order to include effects of

possible defects in flow periodlcity. The integration ls taken over, roughly, the two adjacent

cooled passages, between the three cooled blades (blades 4, 5, and 6). Of course, the inte-

gration is done between subsequent data points. Over the time it takes the downstream probe

to traverse the two blade passages, about 657 values of p,_, and p,_,„ are read. For each value

of p,_,„, the algorlthm calculates p,_, , as described in the previous section. Eqn. 3.2 is used

to calculate P, corresponding to each measurement point.

The exlt density, p,, and the exit veloclty, u,, are still needed to compute E Neglectlng

the effect of CO,, the ideal gas equation of state for air ls used:

P2
P2 - R1', [3.9]

where R ls the ideal gas constant for air (287 %%), and the adiabatic relation:

T -1 [3.1Ü]

and the expression for Mach number for a perfect gas:

M2=i- [3.11]
-‘[)'RT2

The flow in the wind·tunnel is assumed adiabatic, and, therefore, the total temperature would

be expected to remain uniform and constant for steady inlet flow to the wind-tunnel. lt ls found,

however, that the total temperature drops during the run due to the air expanding in the

storage tanks. During a typical run, the total temperature was monitored at a station upstream

of the test section with a thermocouple. Th; average value of these readings is taken as the

uniform and constant value of the total temperature for all runs. This value is 283 K (10 •C).
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The error introduced by this simplifying assumption, in the computed value of Ü, is expected

to be negligibly small. The relative error in T, is of the same order as a few degrees out of

. 283. Moreover, in the calculation of E, only p, and u, depend on T,_, ; and both of them appear

as multiplying factors in both the numerator and the denomlnator of Eqn. 3.3.

- In Eqns. 3.10 and 3.11, the empirically computed value of M,_,„,, is used for the value

of M,. for the case of no tailboard installed, and the computed value of M, in Eqn. 3.7, for the

case of the tailboard installed. Enough information ia available, now. to calculate T, from Eqn.

3.10, and, then u, from Eqn. 3.11. At this point. the algorithm has already calculated the value

of p, corresponding to each measurement point. With p, and T, known, p, is calculated from

Eqn. 3.9.

Integration: Now that the integrands of Eqn. 3.3 are known for each measurement point, the

integration can be carried out. From the known speed of the downstream probe, and the

known rate of data collection, dy in Eqn. 3.3 is calculated. which is the vertical distance the

probe traverses between two successive data collections. Finally, the integration is done using

the simple trapezoidal rule. i'

lt was mentioned that the integration is carried out over the two passages between the

three cooled blades. A practical problem is specifying to the algorithm where to carry out the

integration. During the experiment, the data starts being collected just as the data collection

computer program is initlated; and, at that same instant, the probe starts moving. Where the

data starts being collected, therefore. depends on where the probe is initlally positioned. ln

__ practice, it is hard to position the probe exactly where it should be. The second consideratlon

is that, near the end of the run, p,_, . sometimes, drops too fast. lf it drops too much, the flow

may go from supersonic to subsonic. This is an undesirable situation; since it does not make

any sense, from a physical point of view, to average the loss over a run that mixes supersonic

and subsonic tlows.The reason is that the physical nature of the loss in supersonic flow is

“
The trapezoidal rule of numerical integration assumes that the dependent variables vary linearly
between two successive points of integration.
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different from that in subsonic flow. The problem ls overcome by making the algorithm plot

p,_, and Ap, to the screen, and allow the user to specify two regions of integration. Each region

_ is, automatically, set to span a distance equal to one blade pitch. The first point of the first

region and the last point of the second region are specified to the program. By looking at the
V

screen plot, it is possible to know where, with respect to the blades, the data begins to be

collected, and to detect subsonic regions. ln a subsonic region, Ap, is practically zero in re-

gions not too close to blades. Care is taken to integrate over two separate and adjacent re-

gions; although, sometimes, the two have to be made to overlap a little.

3.5.2 Summary of the Assumptions in the Data Reduction Algorithm

ln the previous section, the assumptions that had to be made in developing the data

reduction algorithm were pointed out. This section offers a summary of these assumptions to

help in providing a clear assessment of the reliability of the results. The assumptions were:

1. For the case of the tailboard installed, M,_,„,, (or %) was considered constant throughout

the run. This assumption was justifled by previous testing of the wind—tunnel, and by the

theoretical argument that was proposed. Recall that the premise for that argument was

that the tailboard flxes the exit flow angle and, thus, the exit flow area. In reality, however,

the tailboard is expected to vibrate and provide for a, somewhat, fluctuating exit angle.

The assumption is, nevertheless, a strong one, as the older experimental results indicate.

2. For the case of no tailboard, the value of M,_,„„ was used for M, for lack of better means.

In addition to the error involved in this approximation, this method is slightly inconsistent

with the method used for no tailboard; the indiscrepancy introduced, however, is expected

to be small.
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3. For the case of no tailboard, M,_,„,, and p,_, were assumed to obey a linear, empirical re-

lationship derived for each tested cascade. This is a safe assumption, since the data

points that were taken to derive the linear relations had correlation coeflicients of the

order of 0.99.

4. The static pressures downstream of the blade row were based on readings from wall

pressure taps. The implied assumption, here, was that the static pressure at the wall

equals the static pressure at the flow centerline. This assumption was made for the lack

of means to measure centerline pressures.

5. The static pressure downstream of the blade row was assumed to vary Iinearly with dis·

tance. This assumption neglected the discontinuities that may result from shocks. The

shocks may be directly from the trailing edges, or may be reflected at the tailboard (or the

back wall).

6. The total temperature was assumed uniform throughout the wind·tunnel, constant

throughout the run, and the same for all runs. The value used was the average of
”

thermocouple readings taken upstream of the test section for a typical run. The typical

Mach number in the pipe upstream of the test section is low enough (approximately 0.13)

to make the total temperature measurement by the thermocouple reliable. It was argued

that the effect of this assumption on the computed value for E was negligible.

7. A group of relations were used that apply only to air as an ideal gas, with y=1.4 and

R=287 This neglected the effect of the injected CO,.

8. An implicit assumption was that the downstream probe points directly into the on coming

flow. This assumed that the probe was correctly positioned, and that the exit flow was at

the design angle of 68** below the horizontal. The actual exit angle would be affected,

however, by the shock system, by the presence or absence of the tailboard, and by the
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angle at which the tailboard is installed. lt is generally accepted that the error caused by

probe mlsalignment is proportional to (1 · cos iz ), where a is the mlsalignment angle.

Thus, for a misalignment of 5**, the error is approxlmately 0.4 percent. An error of this

magnitude is insignificant.

3.6 Results and Analysis

The complete results of this research are presented in tabular form (Tables 1 - 4), and

graphical form (Figure 29 to Figure 53). Figure 54 to Figure 58 are sample plots of the

isentropic Mach number distribution over the blades, and Figure 59 to Figure 62 are sample

shadowgraph pictures of various runs with supersonic exit velocities. The tabular results are

separated between tailboard and no tailboard runs. The reason is that the Mach numbers for

the no tailboard runs are reported as they are computed for each run lndividually; while for

the tailboard runs, each run is represented by a Mach number, M„„„_„„, which is the average

of the calculated Mach numbers for all the runs taken with that same tailboard setting. Recall

that the key assumption in the data reduction procedure for the case of tailboard installed was

that the exit Mach number is determined by the angle of the tailboard. lt ls found, however,

that the Mach numbers calculated for runs with the same tailboard setting vary between 1

percent to 3 percent from their average value. Since the assumption of a oonstant Mach

number is made, it is, therefore, more logical to choose this constant as the average of all the

runs. Note that in all the graphical results, tailboard runs are represented by M,_,„,,_„ .

Effect of trailing edge thickness on aerodynamic loss: the primary goal of the research docu-

mented in this thesis was to study the effect of trailing edge thickness on aerodynamic per-

formance; therefore the plots of primary concem are Figure 29 to Figure 37, which are plots

of l.- versus exit isentropic Mach number; each plot shows the results for both cascades for a
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speciüc blowing rate and downstream probe station. The effects of blowing rate and down-

stream station are not meant to be for display here; there is, however, a detectable change

in pattern between the plots for the different downstream stations. For all stations, [ is steadily

and significantly larger for the second cascade, as is expected, except for a very few occur-

rences where the second cascade's loss is slightly lower than the first cascade’s. Considering

the magnitude of the scatter in the results, these occurrences are considered attributable to

scatter and insigniticant exceptlons to the strong, general pattern. The following other ob-

servations are made:

•
For the forward and middle stations, the results for the two cascades, practlcally, coincide

in the subsonic region for the case of no ooolant injection and depart, only slightly, for the

injection cases.

•
For the rear station in the subsonic region, the loss for the second cascade is drastlcally

higher; but the large scatter in the results for this position seriously questions their reli-

ability.

•
For all cases, the loss for the first cascade decreases sharply at a Mach number of 1.36.

lt was found, however, that all the runs which produce this decreasewere taken on the

same day. lt seems likely, therefore, that an error was involved in the experimental pro-

cedure on that testing day. _

•
In the supersonic range for all cases, the two sets of results depart the most in the Mach

number range of 1 to 1.2.

•
In the 1 to 1.2 Mach number region, the region of high departure, the second cascade

losses are higher by 20 to 30 percent of the first cascade Iosses.

•
For the forward position, the results are acceptably smooth with the exception of the first

cascade's sudden drop in [ higher than Mach number of 1.3.
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•
For the middle position, the cases with injection show acceptable smoothness with the

same exception mentioned above. Note that a loss decrease in the proximity of

Mach=1.2 is not necessarily due to scatter, since this is the approximate design Mach ~

number of the blades. The plot for the middle station with no coolant injection shows

significant scatter.

•
For the rear position, the results are seriously scattered.

Effect of coolant Injection on aerodynamlc loss: Figure 38 to Figure 43 display the effect of

coolant injection on K. Each plot is for a specific cascade and a specific downstream station

with a different symbol for each of the three values of the blowing rate: B=0, B=0.47, and

B=1.33. The same observations on scatter that were made earlier in this section still apply

here. The following other observations are made:

•
For Mach numbers higher than 1.2, the results for the three injection rates practically

coincide for all cases.

•
For Mach numbers less than 1.1, the loss with high injection rate tends to be significantly

lowerthan with the other two cases, with the exception of the plot for the second cas-

cade’s rear station, where, as was noted earlier, the scatter is too large to treat the re-

sults as reliable.

Loss development downstream of the blade row: Figure 44 to Figure 53 display the deve|op·

ment of the loss downstream of the blade row. Each plot is for a specific cascade at a specific

Mach number, with Individual curves for each blowing rate. A variety of Mach numbers are

represented. All the tailboard runs are included, with the exception of a few for the lack of a
comprehensible set of runs having their Mach number. For no tailboard runs, the Mach num-

ber is dependent on the upstream total pressure profile, and, thus, it is very hard to find a setDiscussion 47



of runs with the same Mach number. The majority of the no tailboard data is, therefore, not

represented in this type of plots.

From these plots, no apparent trend exists for the effect of coolant injection. About the

only observation to be made is that the loss nearly stops to increase alter one axial chord

length behind the blade row for most cases, or at least the loss increase is sharper within the

_ one axial chord length region. The exceptions to this generalization are the following:

•
Figure 53 shows a high increase in E between the middle and rear stations for a Mach

number of 0.78. This disagrees with the accepted fact that a subsonic flow in a cascade

should have a shorter mixing length than a supersonic flow in the same cascade. Note,

however, that the results ln this figure are for the second cascade, and it has been noted

earlier that the rear position results for this cascade are far from reliable.

•
Figure 46, Figure 47, and Figure 52 have individual curves ln them (fora certain injection

rate) which indicate a decrease in [ between the middle and rear stations. This, of course,
’

consists a violation of the second law of thermodynamics, and, therefore, attributable to

scatter.

Blade surface Mach number distribution: Figure 54 to Figure 58 are sample plots of the

isentropic Mach number distribution over the pressure and suction sides of the blades, as

calculated from the static pressure readings from the instrumented blades (with no coolant

passages), and the upstream total pressure. Figure 54 and Figure 56 are for an isentropic,

exit Mach number of 0.90 for the first and second cascades, respectively. They show identical

distributions; even the reading of the base region tap results in the same calculated isentropic

Mach number (this means is the same). Another, very interesting aspect of Figure 54 and

Figure 56 is the obvious presence of a strong shock which impinges on the suction side, al-

though the exit llow is subsonic. lt appears that since the wall static pressure taps which are

used to calculate the exit Mach number would be downstream of the trailing edge shocks, a

supersonic flow shocked to subsonic in the blade passages would produce a calculated value

Discussion
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of exit Mach number less than unity. Figure 55 and Figure 57 are for M,_,,„, = 1.20 for the first

cascade, and M,_,„,, = 1.23 for the second cascade, respectlvely. The exit Mach numbers are,
V

therefore, very close, and this results in identical blade distributions, with exceptions for the

last suction side location and the base region. The latter two show markedly higher Mach

numbers for the second cascade, which is equivalent to lower base pressure. This agrees with

expectations, since the thicker the trailing edge the lower the base pressure is supposed to

be.

Since the goal in this thesis is to study the dlfferences between the two cascades, only

a small sample of blade surface Mach number distrlbutlons is included, because of the evident

independence of these distrlbutlons of the trailing edge thlckness (except for a sllght differ-

ence ln the trailing 10 percent of the blades’ axial chord length).

Vlsual data: Figure 59 to Figure 62 are samples of shadowgraph pictures taken for supersonic

exit Mach numbers. Figure 59 shows a first cascade picture at M,_,„„ = 1.31, and a second

cascade picture at M,_,„„ = 1.33, almost the same Mach number, and both with no coolant

injection. The two apparently exhibit the same shock structure, except, perhaps, for a sllght

difference in the angle of the trailing edge shocks implnging on the adjacent suction side. The

same applies for Figure 60 which compares two pictures at M,_,„„ = 1.25 and 1.27.

Figure 61 presents pictures of runs identical in every aspect to those of Figure 60 except for

being with high coolant injection rate. No dlfferences are detectable. The picture in Figure 62

is of a run identical in every aspect to that of the top picture in Figure 60, except that itis with

no tailboard. The trailing edge shocks seem less straight and less parallel with no tailboard.

This suggests that the pitchwise periodicity with the tailboard installed may be better.

Note that the pictures vary in luminosity due to different intensity settings of the light

source. They also vary in the amount of oil present on the windows. The dark lines that are

parallel to the flow direction are just streaks of oil blown off the blades’ surfaces. Notice how

these lines disappear in the clearer pictures. q
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3.7 Uncertainty Analysis

The results were presented and analyzed in the previous section. lt was polnted out

that the scatter in the values of [ was, ln some cases, significant; in particular, for the case

of the second cascade’s rear position, lt was serious. ln this section, an attempt ls made to

estlmate the amount of error that is expected to exist in the calculated value of Ü. Recall the „

defining equation:

2_ LP2u2Ptdy
l. =

-

[2.2]
f P2u2dY
o

where P, is defined as:

pl,1 ' pl,2 "
P = ., pm [2 2]

in Eqn. 3.3, since the weighting term p,u, appears as a multiplying factor in both the numerator

and the denominator, it is assumed that an error involved in it has a negligible effect on Ü.

The error in [ is, consequently, taken as the error in P,. ·

Followlng Abernethy, et al. [17], the absolute error in P, ls dlvlded into bias and pre-

cision en*ors, and combined as follows:

up, = [bf + (ts)“]°—‘ [3.12]

where b represents systematic, or bias, error which is considered to remain constant. There

is no statistical equation to evaluate b; it is only based on judgement. S represents the error

due to irrepeatability, and ls the familiar standard deviation of a set of values of the quantity

whose error is in question. In this case, a set of values of P,. that ideally should be equal, are
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used to calculate their standard deviation, the result is the value of S. The student t value is

a statistical parameter, and is taken as 2.

The possible sources of bias error are the non-uniformity of the upstream total pres-

sure which is measured at only one location by a stationary pitot tube, and transducer cali-

bration error. The former was estlmated by Zaccaria, [4] as 0.5 percent. From the calibration

points and the least square fit, linear calibration equations of the two transducers used to read
p,_, and p,_,, the maximum error the calibration equations produce is estlmated at 0.25 percent.

The repeatability of P, is evaluated as follows: during a run, two vertical locations

separated by a distance of one pitch and having the same Ap, (= p,_,
· p,_,), should have the

same p,,, value for the repeatability requirement of P, (= %) to be fulfilled. For several

representative runs, the recorded values of p,_, and the computed values of Ap, (alter cor-

rection for the bow shock had been made) were plotted, and for points separafed by one pitch

and having the same Ap,, p,_, was read off the plot. lt was found that many such points existed,

having the same Ap, value and signiticantly different p,_, values. Of course, each of the set of

points compared consisted of only two points, and the standard deviation of P, was calculated

for these two points. The maximum standard deviation was found to be approximately 10

percent of the average value of P, for the two points.

Notice that Eqn. 3.12 gives the absolute and not the relative error in P,. The estimates

given above for bias and precision errors represent relative errors. Since the components of

the relative bias error were found to be of the order of 0.5 and 0.25 percent, the bias error is

negligible compared to the relative precision error of 20 percent ( ~ tS = 2x10 = 20 percent), ·

and is, therefore, neglected. The ünal result is: the error in P,, or [ , is a random error of:

(Error);= (Random Error); ~ 20 percent

Note that the above estimate is conservative, and extracted from points on the sample plots

that show extreme irrepeatability.

The above discussion shows that the 20 percent irrepeatability in [ is not due to a

physical problem, but to the way [ is defined. lf [ were calculated from Ap, and not less
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scatter would be obsenred. However, since this research tests a simpllfied model of a jet-

engine turbine, non-dimensionalizing the results is a must. The most obvious way to improve

the repeatability of the results is to utilize better valve controls to achieve steadier runs. lm-

provement is also possible, however, through alternative detinitions of the loss coelticient. An

example was brietly discussed in section 3.1.1, and it involved non-dimensionalizing Ap, by

dividing it with p,_, - 5, , where 5, is the pitchwise averaged downstream static pressure. As

mentioned in ln section 3.1.1, since p,_, and 5,, typically, lluctuate in the same direction (e.g.

an increase in the former causes an increase in the latter), such fluctuations should have less

of an effect on the loss coeflicient than in the case of using Ü.

Comparison of estimated error to observed scatter: the estimated maximum error in [ of 20

percent appears to be too conservatlve for most cases. The exceptions are the following:

•
The sudden drop in E for all cases for Mach numbers higher than 1.3. The scatter, here,

is larger than 20 percent; but as it was noted in the last section, all the runs that show this

drop were taken on the same day, which suggests that some error was introduced in the

testing conducted on that day.

•
For the middle position with no injection, the scatter suggests error of the order of 20

percent (see Figure 32).

•
For the rear position of the second cascade, the scatter is much larger than 20 percent

(see Figure 35 to Figure 37, or Figure 43). Not only that, but the losses are much too high

to be reasonable; for instance, the loss increases drastically between the middle position

and the rear position (see Figure 53). Both observations, above, are true in the subsonic

region. The supersonic region behaves acceptably well. Apparently, some special phe-

nomenon of an unstable nature is taking place. By examining the raw data (plots of p,_,

and Ap,,,,, = p,_, -
p,_,„„ ) of the runs in this region, it is obvious that the flow is far from

the expected (see, for an example, Figure 63). The two wakes seem to merge, which
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would explaln the high losses due to severe mixing. As to why the flow converges instead

of staying parallel, and why this happens only for the second cascade in the subsonic

region, no explanation presents itself. It is important to point out, here, that taking meas-

urements two axial chord lengths behind the blade row (rear position) is a daring attempt

as far as typical turbine cascade testing goes. Most researchers consider lt unwarranted

to go beyond one axial chord length, due to llow distortions.
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4.0 Conclusions and Recommendations

In the last two sections of the previous chapter, the results of this research were pre-

sented and analyzed, and a maximum value for the expected error in E was estimated, with

its nature and sources discussed in detail. In this chapter, conclusions are drawn based on

that previous discussion, and recommendatlons are made for improvements and further re-

search.

4.1 ConclusionsNote

that all the proposed conclusions that include the second cascade do not apply

for the case of the subsonic Mach number region with the rear downstream probe station. The

unrellability of the data for the second cascade in this case prohibits drawing any conclusions.

Effect of trailing edge thickness: For the first cascade, the ratio of the trailing edge thickness
h h

to axial chord length is = 1.27 percent, and for the second cascade = 2.00 percent;
h

therefore, = 1.57. For the second cascade, the loss is greater or almost equal to that
tn,1

Conclualona and Racommendatlona 54



of the first cascade, depending on the case involved. The following further concluslons are

made:

•
The difference in the total aerodynamic Iosses due to different trailing edge thicknesses

is mainly due to the difference in the strength of the trailing edge shocks. This conclusion

is drawn from the fact that the E values for the two cascades, practically, match in the

subsonic region, where there are no shocks, for the cases of no coolant Injection. For the

cases of Injection, the second cascade's Iosses are slightly higher. The difference in the

effect of Injection between the two cascades Is, probably, due to the fact that the cut-back

blades have the coolant Injection slots closer to the trailing edge; therefore, the coolant

is expected to have a stronger effect on the base flow.

•
The Iosses differ mainly in the Mach number region of 1 to 1.2. The maximum increase

in loss (In percentage of first cascade loss) due to thicker trailing edge Is approximately
l

20 to 30 percent, with slightly higher values in the middle and rear positions. The in-

crease in the difference in Z In the downstream direction is explained as follows: as con·

cluded earlier, the difference in Iosses is mainly due to the difference In trailing edge

shock strengths. The forward station is upstream of, almost, the entire trailing edge shock

system. This situation changes, of course, as the probe station is moved downstream,

and, thus, the shock Iosses show up. Moreover, the effect of the reflected waves, from

the tailboard or free shear layer, is stronger with the downstream stations, because those

are closer to the reflection boundary.

•
The trailing edge thickness has no noticeable effect on the blade surface Mach number

distribution, except in the trailing 10 percent of the axial chord length, where the Mach

number increases slightly with the thicker trailing edge.

•
The two trailing edge thicknesses show only a slight difference in shock location in the

shadowgraph pictures taken at the same Mach number.
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Effect ol coolant Injection: the following two conclusions are made:

•
For high air flow momentum (exit Mach numbers greater than 1.2), the effect of coolant

Injection (blowing rate of B=0.47 and B=1.33) on loss is negligible.

•
For Iow air flow momentum (exit Mach numbers less than 1.1), the high coolant Injection

rate (B=1.33) has the effect of reducing the loss. The momentum of the coolant in this

case, apparently, adds to the momentum of the air flow.

•
Coolant Injection has no notlceable effect on the shock structure as appears from

shadowgraph pictures.

Loss development downstream of the blade row: ln most cases, the loss nearly stops to in-

creaselafter one axial chord length behind the blade row.

Error Evaluation: In the section 'Uncertainty Analysis" In the previous chapter, the maximum

random error In K was estimated at 20 percent. One dominant source of error was involved

in this estimation, and this was the unsteadiness in the upstream total pressure during a run.

As it was explained earlier, the error caused by this unsteadiness is largely not because of

unsteadiness in the loss generatlng mechanisms, in particular, the trailing edge shock system,

but due to including p,_, in the definition of E for the purpose of non·dimensIonalIzing the re-

sults. For all cases, except two, the scatter In the results indicates that the estimated 20

percent error Is too large. The two exceptions are: (1) the case of the middle station with no

Injection, and (2) the case for the second cascade with the rear station. For the former, the

scatter indicates around 20 percent error. For the latter, the error Is much more than 20 per-

cent, and, as discussed earlier, the reason for this Is that the flow converges and the wakes

merge causing severe mixing losses. The cause of this phenomenon is unknown.

When investigating the error in I.-, one Important thing should be kept in mind, and this

is that [ Is a measure of "a small drop in a big quantity'. The upstream total pressure, p,_,,

I Concluslons and Recommendatlons 56



goes as high as 206.85 kPa,abs (30 psia). The drop in total pressure, Ap, , goes only as high

as 6.89 kPa (1 psi) between the wakes, which is the majority of the vertical distance behind the

blades, and 55.16 kPa (8 psi) at the wakes. Since the instrumentation used ls that which has

to handle large pressures, an error in reading Ap, which ls small relative to the kind of pres-

sures the instruments read, may result in a signlficant error in I.

4.2 Recommendations

The author would like to propose a few recommendatlons for future, similar research

conducted in the VPI & SU cascade wind-tunnel facility:

•
Since it was found that because of the way aerodynamic loss (T.-) ls defined, steadlness

of the upstream total pressure. p,_,. ls essential for the repeatability in results, it is advis-

able to purchase a new wind-tunnel control valve capable of handling feedback controls,

i.e. capable of adjustlng its opening in response to oontinuous readlngs of the total pres-

sure upstream of the blade row. This will much improve the ability to achleve steady

runs.

•
For the purpose of reducing the effect of upstream total pressure unsteadiness on the

repeatability of the loss coefficient, it is warranted to investigate the benefit of using the

alternative loss coefficlent discussed in sections 3.1.1 and 3.7, which non-dlmenslonalizes

the total pressure drop, Ap,, by dividing it with p,_, - E}.

•
Since new compressors will be installed shortly, and, thus, the oil Ieakage problem will l

be eliminated, more advanced optical flow visualization methods, like lnterferometry, are

worth implementlng, for more detailed insight into the flow. For instance, strength of
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waves, in particular those retiected from the tailboard or the free shear layer, can then

be well investigated.

•
Video taping of the flow, instead of taking still pictures only, may be beneticial in investi-

gating the effects of any unsteadiness in the blow-down.

•
Further testing of the cascade tested in this research is recommended, with further cut-

back of the trailing edge.

Concluslons and Recommendatlons
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Figure 1. Deflnltlon of Blade Pitch and Span
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Figure 2. Model of Supersonlc Tralllng Edge Flow
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axial
chord

inlet flow (0°)

.· pitch

A
throat

exit flow (-68**)
chord
length

axial chord = 38.1 mm
trailing edge thickness = 0.483 mm, for uncut blades

0.762 mm, for cut-back blades _
pitch = 37.262 mm
throat = 18.05 mm
inlet flow angle = 0 degrees
design exit flow angle = -68 degrees

Figure 7. Descrlptlon ot Some Blade and Flow Parameters
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A = 0.483 mm (0.0I9 tn)

B = 0.762 mm (0.030 ln)

DI = 2.032 mm (0.080 tn)

D2 = I.0|6 mm (0.040 tn)
E = 4.064 mm (0.I60 tn)

Figure 8. Sketch Showing Trelllng Edge Geometry of s Cooled Blsde: the dashed straight line
is part of the coolant ejection slet; the dashed circle ls the cut-back trailing edge
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Figure 28. Plot Showlng the Magnltude ol the Bow Shock Correctlonz a sample plot of E versusexit Mach number (second cascade, middle station (x/c
- 1.667), no coolant), the solidline represents the corrected results.

Appendlx A. Figures
I

89



LUSS (Z)
9 —‘"I‘—"I*——*I—·——I—‘—‘I'“"“I'“"—I'°““T“““

I I I I I I I I I I
I I I I I I I I I I‘ I I I I I I I I I I
I I I I I I I I I I

3 ..-..J.---.l---.I....I....I.._.I.--..L..--I.---
I I I I I I I I I I
I I I I I I I I I I

‘
I I I I I I I I I I
I I I I I I I I I I
I I I I I I I I I I

7 ---.l---.I---.I....I....I.---I.---I.---I.-..-I I I I I I I I I I
I I I I I I I I I I
I I I I I I I I I I
I I I I I I I I I I
I I I I I I I I I I

8 ————I·———-I————I————I-—-—I————I————+————+—-——
I I I I I I I I I I
I I I I I I I I I I
I I I I I I I I I II' I I I I I I I I I
I I I I I I I I I¤•¤ I5 ———-I————I————I————I————I————I————I————1————
I I I I I I I I I I
I I I I I I I I I I
I I I I I I I I I I
I I I I I I I I I I

H
I___ I___ I___ I____I____I____I ___I ___ D____I

"I' ‘I TI I I I' I' T
I I I I I I I I I I
I I I I I I I I I I
I I I I I I I I I I
I I I I I I I I

*
I I

3 ---.I.---..l---.I....|....I...--L---L---.I.-..-

I I I I I I I. * II I I¤•¤ EI.
I I I I I II I I B I I|

Q ---
-—- —-—-

-
—-——- ——- —-— —--— ———' I I I I" L ° ° 'L ° ° L I

‘
I I I I, " I I I I I I
I I I I I I I I I
I I I*¤:| * I I I I I I I
I I I I I I I I I I

1 ——·-—I————I————I————I———-I—·——·-I————I—·——·——I-———
I I I I I I I I I II I* I I I I I I I I
I I I I I I I I I II I I I I I I { { I
I I I I I I I

0
—__ __— _—_

_-————__ ——_ —_— _——

——_0.50.8 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.II

H2]5EN (FIVEFIFIGEO)

Figure 29. Loss Versus Isentroplc Exit Mech Number: forward position (x/c
-

1.125)-nocoolantInjection. EI - first cascade, ' ~ second cascade.
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Figure 30. Lose Versus Isentroplc Exlt Mech Number: forward position (x/c
-

1.125) · Iow
ooolant Injection rate. CI ~ first cascade, " - second cascade.
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Figure 31. Loss Versua Isentroplc Exit Mach Number: forward position (x/c
-

1.125) · high
coolant Injection rate. [J - first cascade, ' - second cascade.
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Figure 32. Lose Vereue Ieentropic Exit Mach Number: middle position (x/c
-

1.667)- noooolantinjection. I] · first cascade, ' - second cascade.
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Flgure 33. Loss Versus lsentroplc Exit Mach Number: middle position (x/c
-

1.667)-low ooolant
Injection rate. U · Iirst cascade, ' -seoond cascade. ·
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Figure 34. Lose Versus Isentroplc Exlt Mech Number: middle POSIIIOH (x/c
-

1.667) - lugh
coolant Injection rate. CI - ürst cascade, " - second cascade.
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Figure 35. Loss Versun Isentroplc Exit Mech Number: rear positIon (x/c
-

3.000) · no coolant
Injection. EI - ürst cascade, * - second cascade.
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Figure 36. I.oe•
Ilereua Isentroplc Exit Mach Number: rear position (x/c

- 3.000) - Iow coolantInjection rate. EI - first cascade, * - second cascade.
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Figure 37. Loss Venus Isentropic Exit Mech Number: rear position (x/c
-

3.000) · high coolant
Injection rate. I3 - first cascade, * - second cascade.
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Figure 39. Loss Venus Isentroplc Exlt Mech Number: 1'Irst cascade only · middle position (x/c

··
1.667). <> · no Injection, * · low Injection, Cl - high Injection.
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Figure 40. Lonn Versun Isnntroplc Exit Mach Number: first cascade only - rear position (x/c
-3.000). (> - no Injection, ' - low Injection, EI - high Injection.
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Figure 41. Lou V•r•u• Isentropic Exit Mach Number: second cascade only · forward position
(x/c

- 1.125). <> - no Injection, " - low Injection, EI · high Injection.
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Figure 42. Lou Versus lsentroplc Exit Mech Number: second cascade only - middle position (xIc

-
1.667). <> - no Injection, " · low Injection, EI · high Injection.
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Figure 43. Lose Versus lsentroplc Exit Mech Number: second cascade only - rear position (x/c

-
3.000). <> - no Injection, ' · low Injection, EI - high Injection.
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Figuro 44. Loss Versus Downstrasm Probe Position: first cascade — M,_,„„
-

1.31. 0 - no 1n·
jection, A · low Injection, I]

· high Injection.
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Figure 45. Less Versus Downstream Probe Position: first cascade ·
M,_,„„

- 1.25. <> - no In-
jection, A - Iow Injection, I] - high Injection.
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1.04. No ooofantinjoction. °
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FIgur• 47. Loss Versus Downstream Probe Position: first cascade ~ M,_,„„
- 0.75. <> · no In·

jection, A · low Injection, CI · high Injection.
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FIGUR 48. Loss Vereue Downstreem Probe Positlon: second cascade 1.32. 0 · no
Injection, A · low Injection, III - high Injection.
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Figure 49. Loss Versus Downstreem Probe Position: second cascade -
M,_,„„

- 1.26. (> - no
Injection, A - Iow Injection, E1 — high Injection.
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Figur; 5g, Loss Versus Downstreem Probe Position: second cascade -
M,_,„„

-
1.21. <> - no

Injection, A - low Injection, EI - high Injection.
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FIGUR 51. Loss Versus Downstream Probs Position: second cascade - M,_,„„
-

1.14. 0 - no
Injection, A · low Injection, EI - high injection.
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52. Loss Versus Downstream Probe Position: second cascade · M,_,„„

- 1.01. <> · no
injection, A - low injection, EI - high injection,
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Figure 53. Loss Versus Downstresm Probe Position: second cascade 0.78. 0 · no
Injection, A - low Injection, EI - high Injection.
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Flgure 54, Blade Surface Isentroplc Mach Number Distribution: a first cascade run, Mum,
-0.90. A - pressure side, III · suction side.
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1=·1g„„ 55_ Blade Surface Isentropic Mach Number Dlstributlon: a first cascade run, M,_,„„
-1.20. A · pressure side, EJ · suction side.
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0.90. A · pressure side, D · suction side.
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-
1.23. A · pressure side, III · suction side.
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Flgure 58. Blade Surface Isentroplc Mach Number Dlstributlonz a second cascade run, M,_,„„

-
1.32. A - pressure side, III - suction side.
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Table 1. Test Program and Results - First Cascade, Tallboard installed

E <•>¤«=·¤0
0.80 0.804 FWD NONE

‘
0.80 0.806 FWD LOW
0.80 0.793 FWD HIGH

0.92 0.936 LOW
· 0.92 0.943 LOW

0.92 0.875 HIGH

1.20 1.198 MID NONE
1.20 1.200 MID NONE
1.20 ——- MID LOW
1.20 1.200 MID HIGH

1.20 1.209 REAR NONE
1.20 1.207 REAR LOW
1.20 1.189 REAR HIGH
1.20 1.185 REAR HIGH

1.25 1.257 FWD NONE 2.6
I

1.25 1.252 FWD NONE 2.7
1.25 1.253 FWD NONE 2.7
1.25 1.250 FWD LOW 2.8
1.25 1.251 FWD LOW 2.8
1.25 1.243 FWD HIGH 2.7
1.25 1.244 FWD HIGH 2.8

[
1.25 1.257 MID NONE 4.0
1.25 1.251 MID LOW 4.1
1.25 1.245 MID HIGH 4.0

1.25 1.257 REAR NONE 4.4
1.25 1.255 REAR NONE 4.1
1.25 1.255 REAR NONE 4.6
1.25 1.252 REAR LOW 4.4
1.25 1.244 REAR HIGH 4.3

FWD - x/c = 1.125, MID - x/c = 1.667, REAR · x/c = 3.000
NONE · no Injection , LOW - B= 0.47 , High - B= 1.33
-—- data not available
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(continued...)

~•„„„. . @ S•¤¤¤¤ E l¤¤·¤¤¤¤> 1

1.31 1.309 FWD NONE 4.1
1.31 1.311 FWD LOW 3.8
1.31 1.297 FWD HIGH 4.6

1.31 1.314 MID NONE 5.3
1.31 1.307 MID LOW 5.6 .
1.31 1.307 MID HIGH 4.9
1.31 1.301 MID HIGH 5.5

1.31 1.312 REAR NONE 5.9
1.31 1.312 REAR LOW 6.4
1.31 1.299 REAR HIGH 6.3

1.36 1.354 FWD NONE 2.7
1.36 1.359 FWD LOW 2.6
1.36 1.346 » FWD HIGH 3.0

1.36 1.361 MID NONE 3.9
1.36 1.364 MID NONE 3.8
1.36 1.364 MID NONE 3.5
1.36 1.359 MID LOW 3.7
1.36 1.353 MID HIGH 3.8

·
1.36 1.364 REAR NONE 3.9
1.36 1.360 REAR LOW 4.2
1.36 1.354 REAR HIGH 4.1

FWD · x/c = 1.125, MID - x/c = 1.667, REAR - x/c = 3.000
NONE - no Injection , LOW - B= 0.47 , High - B= 1.33—- data not available
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Table 2. Test Program and Results - Flrat Cascade, Tallboard Removed
A

l E <p¤.„„«>
0.73 FWD NONE 1.3
0.74 FWD NONE 1.3
0.85 FWD NONE 1.9 °
0.96 FWD NONE 2.3 _
1.00 FWD NONE 2.4
1.04 FWD NONE 2.3
1.07 FWD NONE 2.2
1.07 FWD NONE 2.1
1.10 FWD NONE 2.2
1.14 FWD NONE 2.2 _ ·
1.17 FWD NONE 2.2

0.72 FWD 0.6
0.75 FWD 0.7

FWD - x/c = 1.125, MID · x/c = 1.667, REAR - x/c = 3.000
~

NONE - no Injection , LOW · B= 0.47, High - B= 1.33·-— data not available

Appendlx B. Tables 128



(continued...)

I- l¤¤¤=¤¤¢>
0.67 MID NONE 1.5
0.69 MID NONE 1.7
0.69 MID NONE 1.7
0.70 MID NONE 1.6
0.72 MID NONE 1.9
0.72 MID NONE - 1.4
0.77 MID NONE 2.3
0.77 MID NONE 2.3
0.82 MID NONE 2.7
0.90 MID NONE 2.3
0.94 MID NONE 2.4
1.04 MID NONE 3.1
1.05 MID NONE 2.5 _
1.06 MID NONE 2.9
1.17 MID NONE 2.3° 1.24 MID NONE 1.7
1.24 MID NONE 1.9

0.75 LOW 1.8
0.93 LOW 2.4
1.05 LOW 3.0

0.71 0.6
0.72 0.7
1.05 2.7

FWD - x/c = 1.125, MID · x/c = 1.667, REAR - ></c = 3.000
NONE - no Injection , LOW · B= 0.47 , High · B= 1.33 .
-—- data not available
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(continued...)
4

Mu-•« E <¤•¤=¤¤¢>
0.74 REAR NONE 2.2
0.76 REAR NONE 1.5
0.78 REAR NONE 1.7
0.86 REAR NONE 2.1
0.88 REAR NONE 2.2
0.91 REAR NONE 2.3
1.00 REAR NONE 2.5
1.01 REAR NONE 2.6
1.05 REAR NONE 2.6
1.08 REAR NONE 2.6
1.13 REAR NONE 2.8
1.13 REAR NONE 2.7

0.75 REAR LOW
¤

Fw¤ — x/c = 1.125, MID - x/c = 1.667, REAR - x/c = 3.000
NONE · no injection , LOW - B= 0.47 , High - B= 1.33
···-— data not available °
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Table 3. Test Program and Results ~ Second Caecade, Teilboard lnstalled

Num. S¤¤¤·· E <¤¤¤=•¤v
1.14 1.139 FWD NONE 2.9
1.14 1.132 FWD LOW 3.0
1.14 —— FWD HIGH ——

1.14 1.152 MID NONE 5.1
1.14 1.148 MID LOW 4.1
1.14 1.138 MID HIGH 4.2

1.14 1.144 REAR NONE 5.5
1.14 1.140 REAR LOW 4.9
1.14 1.130 REAR HIGH 5.0

1.21 1.230 ° FWD NONE 2.8
1.21 1.220 FWD LOW 2.6
1.21 1.210 FWD HIGH 2.8

1.21 1.203 MID NONE 4.3
V

1.21 1.202 MID LOW 4.4
1.21 1.219 MID HIGH 4.2

1.21 1.204 REAR NONE 4.6
1.21 ‘ 1.208 REAR LOW 4.5
1.21 1.193 REAR HIGH 4.7

1.26 1.279 FWD NONE 3.2
1.26 1.273 FWD LOW 3.5
1.26 1.262 FWD HIGH 3.5

1.26 1.262 MID NONE 4.8
1.26 1.250 MID LOW 4.9
1.26 1.246 MID HIGH 4.8

1.26 1.261 REAR NONE 4.8
1.26 1.253 REAR LOW 5.2
1.26 1.251 REAR HIGH 4.8

FWD · x/c = 1.125, MID - x/c = 1.667, REAR · x/c = 3.000
NONE · no Injection , LOW - B= 0.47, High - B= 1.33-—— data not available
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(continued...)

$¢=·¤¤¤ 3 E lv•·•=¤¤¢>
1.331 FWD NONE 5.1
1.332 FWD LOW 4.7
1.320 FWD HIGH 5.0

1.324 MID NONE 6.6
1.324 MID LOW 6.3
1.315 MID HIGH 5.9

1.328 REAR NONE 7.2
1.323 REAR LOW 7.3
1.316 REAR HIGH 7.5

FWD - x/c = 1.125, MID - x/c = 1.667, REAR ~ x/c = 3.000‘ NONE - no injection , LOW · B= 0.47 , High - B= 1.33--— data not available
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Table 4. Test Program and Results · Second Caacada, Tallboard Removed

E l¤¤·¤¤¤¢>
0.61 FWD NONE 0.7
0.71 FWD NONE 1.4
0.77 FWD NONE 1.4
0.91 FWD NONE 2.2 ‘
0.96 FWD NONE 2.3
1.01 FWD NONE 2.6_ 1.06 FWD NONE 2.7
1.11 FWD NONE 2.7

0.63 FWD LOW 0.8
0.76 FWD LOW 1.5
0.91 FWD LOW 2.1
1.03 FWD LOW 2.6
1.06 FWD LOW 2.5

0.60 FWD 0.4
0.65 FWD 0.6
0.76 FWD 0.9
0.93 FWD 2.2 _
1.02 FWD 2.3
1.06 FWD 2.6

‘
FWD · x/c = 1.125, MID - x/c = 1.667, REAR · x/c = 3.000
NONE - no Injection , LOW - B= 0.47 , High · B= 1.33
-—- data not available
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(continued...)

M,_,„„ Station L (percent)

0.64 MID NONE 1.5
0.69 MID NONE 1.8
0.81 MID NONE 2.5
0.81 MID NONE 2.9
0.90 MID NONE 2.3
0.95 MID NONE 2.6 .
0.97 MID NONE 2.7
1.00 MID NONE 3.7
1.03 MID NONE 3.0
1.05 MID NONE 3.4

0.57 MID LOW 1.0
0.73 MID LOW 2.2
0.82 MID LOW 2.5
0.96 MID LOW 2.5
1.01 MID LOW 2.7
1.11 MID LOW 4.1

0.58 MID 0.7
0.70 MID 0.7
0.82 MID 1.6
0.92 MID 2.4
0.98 MID 2.6
1.02 MID 2.8
1.10 MID 3.3

FWD - x/c = 1.125, MID · x/c = 1.667, REAR · x/c = 3.000
NONE · no Injection , LOW - B= 0.47, High - B= 1.33——— data not available
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(continued...)

Sv-¤¤¤ E E l¤•¤=¤¤0
0.55 REAR NONE 1.2
0.58 REAR NONE 1.3 _
0.74 REAR NONE 3.0
0.77 REAR NONE 3.3 .
0.98 REAR NONE 2.6
1.03 REAR NONE 5.4
1.03 REAR NONE 2.9

0.59 REAR LOW 1.4 ·
L

0.74 REAR LOW 3.0
0.78 REAR LOW 5.1
0.86 REAR LOW 5.0
1.00 REAR LOW 2.5
1.03 REAR LOW 2.7

0.61 REAR 0.6 ~_ 0.74 REAR 3.2
0.85 REAR 4.6 _
1.01 REAR 4.5
1.01 REAR 2.5
1.02 REAR 2.7

FWD - x/c = 1.125, MID - x/c = 1.667, REAR - x/c = 3.000
NONE - no Injection , LOW - B= 0.47 , High - B= 1.33
·--— data not available
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Appendix C. Coolant Flow Rate Calculations



_ This appendix presents the procedure followed to approximate the two nominal values

of the blowlng rate, B, that are taken to quantify the two coolant injection rates used in this

research. The two mass flow rates of coolant, and the mass flow rate of air at a Mach number

of 1.15 are also calculated (the design Mach number of the blades is, approximately, 1.2).

Recall the definition of blowlng rate:

Pc exvc ex6 = [3.4]
Palrvalr

VM, is related to the correspondlng volumetric flow rate QM,,, the total exit area, A,,, , and the

dlscharge coefiicient, C, , of the oriflce·like dlscharge slots by the following familiar relation-

ship:

Qc CXv
Aexcü ·

The volumetric flow rate of CO, has been monitored by a float-type flow-meter de-

signed for standard air, located just upstream of the distribution manifold. Naturally, the value

read off the meter has to be corrected for the density discrepancy between the CO, and

standard air. Let the subscript "m" denote conditions at the flow-meter, and ApM, the differ-

ence ln the pressure across the flow~meter’s float. The correctlon is carried out as followsz

from the Bernoulli equation:

l

1Apc,m =? Pc,mV?:,m [A2]

the density is taken to be invarlant across the float, and VM, is the velocity in the narrow

clearance between the float and the tube it gets displaced in. An assumption here is that the

velocity of the flow below the float is negligible compared to the velocity in the clearance. Let

the area of the clearance be A„, (it varies along the tube). The volumetric flow rate is given

by:
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Q„_„, = A„,vc_„, [A.3]

Substituting Eqn. A.2 ln Eqn. A.3:

lf the flow-meter were measuring standard air, and the float were at the same vertical position,then: _
Qair,m = A [A5]

Since it takes the same pressure lncrement to lift the float, l
A¤c,„„ = APalr,m [A.6]

A

Using Eqn. A.6, and divlding Eqn. A.4 by Eqn. A.5:

[A2]

Q,,,_„, is the value read off the flow—meter. _

. From continuity, the mass flow rate of CO, is the same at the flow·meter and at the

exit from the blades. Therefore,

Pc,exQc,ex = Pc,mQc,m

or, 4

¤„„„=¤.,„„% EA-¤1

Combining Eqns. A.1, A.7, A.8, and 3.4:
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Qair,m / Pc,m PaIr,stp
i

B = A„CDVa,, Pair X Pair [Ag]

lt remains to evaluate V,,,, p,,,, and p„„ to get the value of B from Eqn. A.9.

Let the temperature in the air tanks be T,_,,,. With the adiabatic assumption, T,_,,, ls

taken to be the value of the stagnation temperature throughout the flow. As the bIow·down is

in process, however, the tank pressure drops, and so does its temperature. To see this, oon-

sider the ideal gas equation:

p = PRT [A.10]

and the derived equation for a perfect gas undergoing an lsentropic process:

p es p' IZA.11]

from Eqns. A.10 and A.11:
6

7-1
T es

p_”1
[A.12]

for air, 7 = 1.4, and hence:

T ec p°·’°° 1 [A.13]

Eqn. A.13 shows why the tank temperature decreases with tank pressure. Let the initial value

of T,_,,, be T,_,,,_, ; also let p,_,,, denote the pressure in the tanks. Assuming isentropic flow, the

tank pressure is the total pressure of the entire flow. From Eqn. A.13:

T p 0.286
= EL';. [A_14]

Tt,air,l ptalnf

and using run-average values from here on:
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T _T pt,alr,avg oma
[A 15]t,aIr,avg“ t,aIr,l pgaml ·

Typically, p,_,,,„, = 517.13 kPa,abs (75 psia), p,_,,,_„, = 379.22 kPa,abs (55 psia), and T,_,,,', =

294.26 K (530 R). Eqn. A.15 gives, T,_,,,_„, = 269.28 K (485.03 R). An exlt Mach number of 1.15

ls used ln the calculation of nominal exit flow characterlstlcs. At M = 1.15, % = 0.791,
· t

therefore:

= 0.791 T,,„_„, = 213.00K (383.73R)

V,,, can now be calculated as follows:

VM = —-L-— = 1.15
N/7RTalr,avg

where R = 287 therefore V,,, = 336.43 m/sec (1103.82 lt/sec). The nominal density,

p,,,, can be found from the equatlon of state:

U
paIr,avg

where p„,_„, is estimated at 68.95 kPa,abs (10 psia) as suggested by data gathered with the

wall static pressure taps downstream of the blade row. Eqn. A.16.gives p„, = 1.128 kg/m°

(0.070 lb/lt° ). n

Going back to Eqn. A.9, p,,,_,„ = 1.293 kg/m° (0.081 lb/lt°), and C, is taken as 0.8 as

recommended by the manufacturer of the blades. A,,, is the total area of the ejection slots in

the three cooled blades; since each blade has forty 2.381 mm (0.094 ln) by 0.635 mm (0.025 in)

slots, A,,, é 181.43 mm! (0.281 in'). Substituting the known values, so far, in Eqn. A.9, the result

is:

6 = 20.64 ¤,,,_,„ ,/pc_„, [4.17]
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low Injection rate: with the low coolant injection rate. the tlow meter reads 0.0132 m°/sec (28

cfm), which is the value of Q,,,,„ in Eqn. A.17, A pressure gage reads the pressure in the CO,

distribution manifold as 158.59 kPa,abs (23 psia). Moreover, the temperature of CO, in the

llow·meter ls assumed at 277.6 K (500 R). Note that the latter temperature is below room

temperature since CO, ls emptled from commercial, high pressure bottles into a low pressure

tank shortly before the run is taken. With the ideal gas constant for CO, being R, = 188.92

T23:-ä, using the equation of state for an ideal gas gives:

pmanltold _ *9 lbpc_m = — 3.02 Tu?

(0.189Substitutingin Eqn. A.17 gives:

Blow = .

hlgh Injection rate: with the high coolant Injection rate, the flow-meter reads 0.0274 m*/sec (58

cfm), and the manifold pressure gage reads 289.58 kPa,abs (42 psia). Following the same

· procedure outlined above, it is found that p„„ = 5.52 kg/m' (0.345 lb/l't* ), and

Note that the above two values for B were approximated for air tlow in the wlnd·tunnel

with an exit Mach number of 1.15. They are used in this thesis, however, to serve as nominal

values for the entire Mach number range (0.60 to 1.36). By following the same calculation

procedure outlined above for exit Mach numbers of 0.60 and 1.36, the following results were

obtained:

(Of M = 0.60:

1.36:
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this shows that the value of the blowing rate varles signiflcantly with air velocity. °

An implicit assumption in the above calculation method is that the air flow does not

affect the coolant flow. Thls is true only in the case of coolant flow which ls choked at the exit

from the blades. Preliminary calculations, not shown here, have indicated that choked flow is

achieved for the high injection rate, but not for the low one. The variation ln the air flow has,

therefore,some effect on the coolant flow, for the case of low injection rate; but this effect is

neglected.

Mass flow rate of air at an exlt Mech number ol 1.15: for an exit Mach number of 1.15, the

nominal exit veloclty has been found above to be V,,, = 336.43 m/sec (1103.82 ft/sec), and the

nominal exit density p,,, = 1.128 kg/m* (0.070 lb/ft° ). The flow angle is assumed to be 68* be-

low the horizontal, and the vertical flow cross-section has an area of A,,,,, = 567.84 cm* (88.02

in'). The mass flow rate is, therefore, given by:

ma„== pa„A,x„V,,,cos 68 = 8.07 kg/sec (17.80 Ib/sec) '

Mass flow rate of coolant: the total mass flow rate of CO,.can be approximated at the flow-

meter as follows: V

Vhc = Pc,mQc,m [A18]

combining Eqns. A.18 and A.7:
4

.

. P ,
mc = Pc,mQaIr,m·\ [A19]

, all quantities in Eqn. A.19 are already known or calculated; therefore:

mc_,„= 0.0261 kg/sec (0.0575 lb/sec) (0.32 percent of air flow at M = 1.15)

mc_,„g„ = 0.0732 kg/sec (0.161 Ib/sec) (0.91 percent of air flow at M = 1.15)
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A small FORTRAN program is first executed to read in the raw data taken through the
A/D converter.*7 This data is converted to gage pressure units, and the results stored in an
output file. The program is listed below.PROGRAMMANIPREAL

FLO( 1 :800) ; RIESS(1 :800) ; DUMMY(1:800)

C THE THO LINES BELOW ARE CAL IBRATION EQNS FOR THE UPSTREAM AND
C DOWNSTREAM PRESSURE TRANSDUCERS; RESPECTIVELY

CLBR1S(DGTL) = (DGTL/409.5)
*

3.628 + 0.03647
CLBFLO(DGTL) = (DGTL/409.5)

* 3.638 - 0.005194
NDATA = 800

C UNIT 10 IS THE RAW DATA FILE
C UNIT 20 IS THE OUTPUT FILE OF THIS PROGRAM

OPEN (UN IT=10 ;STATUS= ' OLD')
OPEN (UNIT=20)
REWIND (10 )
REWIND (20)
DO 10 I=1;NDATA
READ (10;*) DUMMY(I)
READ (10;*) RIESS(I)
READ (10;*) FLO(I)
RIESS( I) = CLBRIS(RIESS(I))
FLO(I) = CLBFLO(FLO( 1))
FLO(I) = RIESS(I) ·- FLO(I)

10 CONTINUE
DO 20 I=1;NDATA -

C THE OUTPUT IS; IN THIS ORDER; AN INDEX NUMBER; A DUMMY
C (NOT USED) NUMBER; THE UPSTREAM TOTAL PRESSURE IN PSIG;
C AND THE TOTAL PRESSURE DROP IN PSI .

WRITE (20;30) I ; DUMMY( I) ; RIESS(I) ; FLO(I)
30 FORMAT (14;3F20 . 10)
20 CONTINUE

STOP
END

The FORTRAN program listed below reads in the results generated by the previous
program and the data taken through the self-calibrating pressure measurement system. The
user has to input from the terminal the two regions of integration, the atmospheric pressure,
the blowing rate (high, low, or none), and the position of station 2 (forward, middle, or aft). The
program gives the isentropic, exit Mach number, M,_,„„ , the run-averaged exit Mach number
as generated by the procedurejhat corrects for the bow shock effect, and the mass-averaged
total pressure loss coefticient, L, with and without correction for the bow shock effect.

*7 A slight alteration is required in the listed program for use with the first cascade’s data, where a
differential transducer was used to measure the total pressure drop across the blade row.
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PROGRAM MAIN
C

CHARACTER CASCADE*1 ; INJECTION*1 ;NAME*8
REAL FLO(1:800) ; RIESS(1:800) ; FORSTC(1:11) ;

$ AFTSTC(1:3) ; PTY(1:800) ; MX(1:800) ; TX(1:800) ;
$ RHO(1:800) ; U(1:800) ; PTX(1:800) ; PX(1:800);
$ LOSS(1:2); MACHIS ; MXAVG(1:2) ; FLOSS(1:2) ; MACHAVG

C
C CASCADE= '1' -ORIGINAL CASCADE
C CASCADE= '2' -CUT FIRST TIME
C CASCADE= '3' -CUT SECOND TIME

NDATA = 800
HERTZ = 40.
CASCADE = '2'

C
WRITE (1;*) 'INPUT FIRST DATA PT. OF FIRST INTERVALx'
READ (1;*) IONE V

_ WRITE (1;*) 'INPUT LAST DATA PT. OF SECOND INTERVAL:'
READ (1;*) ITWO
WRITE (1;*) 'INPUT RUN NAME:'
READ (1;'(A)') NAME
WRITE (1;*) 'INPUT ATMOSPHERIC PRESSURE IN PSI:'
READ (1;*) PATM

C
C INJECTION RATE BELOW. N-NONE ; L-LOW ; H-HIGH
C

WRITE (1;*) 'INPUT INJECTION RATE (N ;L ;OR H):'
READ (1;'(A)') INJECTION
WRITE (1;17) 'ENTER (1) ; (2) ; OR (3) :' ;

$ ' (1) FORWARD PROBE POSITION' ;
$ ' (2) MID PROBE POSITION' ;
$ ' (3) AFT PROBE POSITION'

17 FORMAT (A/;A/;A/;A)
READ (1;*) IPOS

C ,
C UNIT 11 IS THE OUTPUT FILE OF THE PREVIOUS PROGRAM; UNIT 12 IS
C THE RAW DATA FILE FROM THE SELF-CALIBRATING PRESSURE MEASUREMENT;
C SYSTEM AND UNIT 20 IS THIS PROGRAM'S OUTPUT FILE.
C

OPEN (UNIT=11 ; FILE='RAW' ; STATUS='OLD')
OPEN (UNIT=12 ; FILE='PRS' ; STATUS='OLD')
OPEN (UNIT=20 ; FILE='RES' ; STATUS='OLD')
REWIND (11)
REWIND (12)

C
C RIESS: UPSTREAM TOTAL PRESSURE IN PSIG
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C FLO: DIFFERENTIAL TOTAL PRESSURE IN PSI
C

READ (11;*) (IDUMHY ; DUMHY ; RIESS(I) ; FLO(I) ; I=1;NDATA)
READ (12;*) (DUMHY ; I=1;15) ; (FORSTC(I) ; I=11;1;·1) ;

$ (AFTSTC(I) ; I=3;1;·1) ; UPTTL

C DY IS HETERS BETWEEN DATA PTS. — TTL IN KELVIN
C

PI = ACOS(—1.)
G = 1.4
R = 287. -
DY = 50.

*
0.003573 / HERTZ

NPITCH = NINT (1.667/DY)
DY = DY / 2.56 / 100.
TTL = 285.

C
C BELOW GIVES FLO IN PASCAL ; RIESS IN PASCAL ABSOLUTE‘

DO 10 I=1;NDATA
FLO(I) = FLO(I)

*
6896.757

RIESS(I) = ( RIESS(I) + PATH )
*

6896.757
10 CONTINUE

C
C BELOW AVERAGES FORSTC & AFTSTC AND CONVERTS THEH TO PASCAL
C ABSOLUTE AND GIVES UPTTL IN PASCAL ABSOLUTE
C

FORAVG = 0.
DO 20 I=1;11
FORAVG = FORAVG + FORSTC(I)

20 CONTINUE
FORAVG = (FORAVG / 11. + PATH)

*
6896.757

AFTAVG = ((AFTSTC(1) + AFTSTC(2) + AFTSTC(3)) / 3. + PATH)
$

*
6896.757

UPTTL = (UPTTL + PATH)
*

6896.757 ·
C

MACHIS = (2./(G-1.) * ((UPTTL/FORAVG)**((G—1.)/G) · 1.))**0.5
C

IF (IPOS .EQ. 1) THEN
STATIC = FORAVG

ELSE IF (IPOS. EQ. 2) THEN
STATIC = FORAVG - (13./65.)*(FORAVG — AFTAVG)

ELSE IF (IPOS .E0. 3) THEN
STATIC = AFTAVG

END IF
C

RATIO = STATIC / UPTTL
C
C INTEGRATION
C
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DO 810 IBAN = 1•2
-

D0 631 KK=1•2
IF (KK .EQ. 1) THEN

IBEGIN = IDNE
IEND = IDNE + NPITCH

END IF
IF (KK .EQ. 2) THEN

IBEGIN = ITN0 - NPITCH
IEND = ITWU

END IF
MXAVG(KK) = 0.
D0 30 K=IBEGIN;IEND
PTY(K) = RIESS(K) - FLO(K)
PX(K) = RATI0 x RIESS(K)

C
IF ((PX(K)/PTY(K)) .GT. 0.528 .0R. IBAN .EQ. 1) THEN

GOTO 909 '
ELSE

GOTD 707
END IF

909 PTX(K) = PTY(K)
MX(K) = (2./(6-1.)x((PTX(K)/PX(K))xx((G-1.)/G)·1.))xx0.5
GDTD 444

C
C SDLVING FDR MX BY BISECTION METHOD
C

707 A = 1.0' B = 1.7
D0 50 ITER = 1;14
C = (A + B) / 2.
FA = -PTY(K)/PX(K) + ((6+1.)/2.xAxx2)xx(G/(G—1.))

$
* (1./(2.*8/(G+1.)*A*¥2 — ($*1.)/(G+1•)))**(1./(6*1.))

FC = -PTY(K)/PX(K) + ((G+1.)/2.xCxx2)xx(G/(6-1.))
$

* (1./(2.*6/(G+1.)*C**2 - (G-1.)/(G+1.)))xx(1./(G-1.))
IF ((FA x FC) .LE. 0.) THEN

B = C
ELSE

A = C
END IF

50 CDNTINUE n
MX(K) = C
A
TERM = ((G+1.)/2.*A**2 / (1.+(G—1.)/2.xAxx2))xx(G/(6-1.))

$ x (1./(2.*6/(G+1.)*A**2 - ($*1.)/(G+1•)))**(1./(G•l•))
PTX(K) = PTY(K) / TERM

444 MXAVG(KK) = MXAVG(KK) + MX(K)
TX(K) = TTL / (1. + (G-1.)/2.xMX(K)x*2)
RHO(K) = PX(K) / R / TX(K)
U(K) = MX(K) x ((G x R x TX(K)) xx 0.5) x COS(68./180.xPI)
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30 CONTINUE _
MXAVG(KK) = MXAVG(KK) / (NPITCH + 1)”
SNUM = 0.
SDEN = 0.
N = IBEGIN
TERM1 = RHO(N) x U(N) ¥ (RIESS(N) - PTX(N)) / RIESS(N)
TERM3 = RHO(N) ¥ U(N)
DO 60 I=IBEGIN;IEND — 1
J = I + 1
TERM2 = RHO(J)

*
U(J) ä (RIES$(J) — PTX(J)) / RIESS(J)

TERM4 = RHO(J) x U(J)
SNUM = SNUM + (TERM1 + TERM2)/2. x DY
SDEN = SDEN + (TERM3 + TERM4)/2. ä DY
TERM1 = TERM2
TERM3 = TERM4

60 CONTINUE
LOSS(KK) = SNUM / SDEN

631 CONTINUE
C

FLOSS(IBAN) = (LOSS(1) + LO$S(2)) / 2. ä 100.
810 CONTINUE

Q .
504 MACHAVG = (MXAVG(1) + MXAVG(2)) / 2.

NRITE (1;*) 'MACHI$=' p MACHIS
NRITE (1;*) 'AVERAGED MACH#=' • MACHAVG
NRITE (1,%) 'LOS$%(NO BON CORR)=' » FLOSS(1)
NRITE (1,*) 'LOSS%(BON CORR)=' • FLOSS(2)

C
NRITE (20•306) NAME » CASCADE , IPOS , INJECTION p

$ MACHIS p MACHAVG p FLO$S(1) p FLOSS(2)
306 FORMAT (T1;A;T11;A;T15•I1»T19»A»T22•F7.5»T30;F7.5»

$ T38,F9.6;T49•F9.6)
STOP

END
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The same program listed at the beginning of Appendix C is used in this case also. lt
converts the raw data taken through the A/D converter into gage pressure units.

The FORTRAN program listed below requires the same input and gives, essentially,
the same output as the similar program in Appendix C (refer to Appendix C for a full de-
scription). The only difference is that the reported value for M,_,„„ is the run average of the
values calculated from the empirical equation. Moreover, the latter value is one and the same
with the run-averaged exit Mach number.

PROGRAM MAIN
C

CHARACTER CASCADE*1 ; INJECTION*1 ; NAME*8
REAL FLO(1:800) ; RIESS(1:800) ;

S PTY(1:800) ; MX(1:800) ; TX(1:800) ; LO$S(1:2);
S RHO(1:800) ; U(1:800) ; PTX(1:800) ; PX(I:800) ;
S MACHIS ; MXAVG(1:2) ; FLOSS(1:2) ; MACHAVG ; MVSPT

C .

C BELOW FUNCTION GIVES MACH { AS A FUNCTION OF UPSTREAM TOTAL
C PRESSURE IN PASCAL ABSOLUTE _
C

MVSPT (X) = 0.082301466
* X / 6894.757 - 0.8444566

C
C CASCADE='1'- UNCUT CASCADE
C CASCADE='2'- CUT—BACK ONCE .
C CASCADE='3'— CUT·BAC|( TWICE

(2**********66*****************************************************NDATA = 800 ·
HERTZ = 40.
CASCADE = '2'

C
WRITE (1;*) 'INPUT FIRST DATA PT. OF FIRST INTERVAL:'
READ (1;*) IONE
WRITE (1;*) 'INPUT LAST DATA PT. OF SECOND INTERVAL:'
READ (1;*) ITWO
WRITE (1;*) 'INPUT RUN NAME:'
READ (1;'(A)') NAME
WRITE (1;*) 'INPUT ATMOSPHERIC PRESSURE IN PSI:' .READ (1;*) PATM ‘
WRITE (1;*) 'INPUT INJECTION RATE (N ;L ;OR H)x'
READ (1;'(A)') INJECTION
WRITE (1;17) 'ENTER‘ (1) ; (2) ; OR (3) x' ;

S ' (1) FORWARD PROBE POSITION' ;
S ' (2) MID PROBE POSITION' ;
S ' (3) AFT PROBE POSITION'

17 FORMAT (A/;A/,A/;A)
READ (1;*) IPOS

C
C UNIT 11 IS THE OUTPUT FILE OF THE PREVIOUS PROGRAM
C UNIT 20 IS THE OUTPUT FILE OF THIS PROGRAM
C
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OPEN (UNIT=11 , FILE='RAN' , STATUS='OLD')
OPEN (UNIT=20 , FILE='RES' , STATU$='OLD')
RENIND (11)

C
READ (11,¤) (IDUMMY , DUMMY , RIESS(I) , FLO(I) , I=1,NDATA)

C .
C DY IS METERS BETNEEN DATA PTS. TTL IN KELVIN
C

PI = ACOS(-1.)
G = 1.4
R = 287.
DY = 50. x 0.003573 / HERTZ
NPITCH = NINT (1.467/DY)
DY = DY / 2.54 / 100.
TTL = 283.

C
C BELON GIVES FLO IN PASCAL, RIESS IN PASCAL ABSOLUTE,
C

DO 10 I=1,NDATA
FLO(I) = FLO(I) x 6894.757
RIESS(I) = ( RIESS(I) + PATM ) x 6894.757

10 CONTINUE
C
C INTEGRATION .
C

DO 810 IBAN = 1,2
C

DO 631 KK=1,2 ‘

IF (KK .EQ. 1) THEN
IBEGIN = IONE
IEND = IONE + NPITCH

END IF
IF (KK .EQ. 2) THEN

IBEGIN = ITNO — NPITCH
IEND = ITW0

END IF
MXAVG(KK) = O.
DO 30 K=IBEGIN,IEND
MX(K) = MVSPT (RIESS(K))
PTY(K) = RIESS(K) - FLO(K)

C
IF (MX(K) .LT. 1. .OR. IBAN .EQ. 1) THEN

GOTO 909
ELSE

GOTO 707
END IF

909 PTX(K) = PTY(K)
FA2 = (1. + (G-1.)/2.xAxx2) xx (G/(G-1.))
PX(K) = PTX(K) / FA2
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GOTO 444
C

707 A = MX(K)
FA1 = ((6+1.)/2.¥A*§2)**(G/(G-1.))

$ ä (1./(2.*6/(G+1.)xAxx2 - (G•1•)/(G+1•)))*¥(1./(G'1•))
FA2 = (1. + (G-1.)/2.xAxx2) xx (G/(G-1.))
PTX(K) = FA2 / FA1 ä PTY(K)
PX(K) = PTX(K) / FA2

C
444 MXAVG(KK) = MXAVG(KK) + MX(K)

TX(K) = TTL / (1. + ($*1.)/2.*MX(K)*§2)
RHO(K) = PX(K) / R / TX(K)
U(K) = MX(K) x ((G x R x TX(K)) xx 0.5) x C0$(68./180.xPI)

30 CONTINUE
MXAVG(KK) = MXAVG(KK) / (NPITCH + 1)
SNUM = 0. I
SDEN = 0.
N = IBEGIN
TERM1 = RHO(N) x U(N) ¥ (RIESS(N) - PTX(N)) / RIE$S(N)
TERM3 = RHO(N) x U(N)
DO 60 I=IBEGIN,IEND - 1
J = I + 1
TERM2 = RHO(J) x U(J)

*
(RIE$S(J) — PTX(J)) / RIESS(J)

TERM4 = RHO(J) x U(J)
SNUM = SNUM + (TERM1 + TERM2)/2. x DY
SDEN = SDEN + (TERM3 + TERM4)/2. ä DY
TERM1 = TERM2
TERM3 = TERM4

60 CONTINUE
LOSS(KK) = SNUM / SDEN

631 CONTINUE
C

FLOSS(IBAN) = (LOS$(1) + LOSS(2)) / 2. x 100.
810 CONTINUE

C
504 MACHAVG = (MXAVG(1) + MXAVG(2)) / 2.

MACHIS = MACHAVG
WRITE (1,*) 'AVERAGED MACH#=' , MACHAVG
WRITE (1,*) 'LOSS%(NO BOW CORR)=' , FLOSS(1)
WRITE (1,*) 'LOSS%(BOW CORR)=' , FLOSS(2)

C
WRITE (20,306) NAME , CASCADE , IPOS , INJECTION ,

$ MACHIS , MACHAVG , FLOSS(1) , FLOSS(2)
306 FORMAT (T1,A,T11,A,T15,I1,T19,A,T22,F7.5,T30,F7.5,

$ T39,F9.6,T50,F9.6)
STOP

C
END
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