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Abstract

It has been hypothesized that radial temperature profiles generated by combustors in
aircraft gas turbines could fundamentally change the flow field in the turbine stage and thus the
heat loading on the turbine tip shroud. This project created a radial parabolic temperature
profile to explore the effects of inlet temperature non-uniformity on turbine tip shroud heat
transfer. This experiment was done on the MIT short-duration blowdown turbine test facility
using a stored matrix heat exchanger to create the radial temperature profiles, while maintaining
a circumferentially uniform temperature and constant total pressure.

This project measured the effects of radial temperature profiles, absolute driving
temperature (Tgas-Twall) to wall temperature ratios, and tip gap on rotor tip shroud heat
loading. Measurements were made of the heat flux and static pressure at seven axial locations
along the tip shroud; spanning from -.085 to 1.1 % of axial rotor blade chord, and six different
circumferential locations which spanned a nozzle guide vane passage.

Measurements were made for three different radial temperature profiles: 16%, 8% and
uniform flow at an average driving to wall temperature ratio of .51 , and 11%, 6% and uniform
flow for a driving temperature to wall ratio of .32, for three different tip gaps, 1.7%, 2.1% and
2.5% of blade span. Preliminary analysis indicates no variation of heat loading due to the
different blade gaps, but a strong dependance on circumferential position. Measurements of
heat flux decayed by a factor of five to one axially and varied circumferential by up to 50%.

Using a Nusselt number based on the inlet streamline temperature entering the nozzle
guide vanes near the outer wall, the different heat flux patterns for the tests collapsed to one
curve for each circumferential location, which has a ratio of leading edge Nusselt number to
trailing edge Nusselt number of about four to one. Indicating that the only effect of radial
profiles is to change the temperature of the gas at the end-wall upstream of the rotor. Once the
different effects of driving temperature have been accounted for, there is little change in heat
flux due to radial profiles, showing that the flow field is not been fundamentally altered.

Thesis Supervisor: Professor Alan H. Epstein

Associate Professor Of Aeronautics and AstronauticsTitle:
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Note on Organization of the Paper

When organizing this paper I attempted to keep the figures and tables in the main text as
much as possible. This was done with the smaller drawings and tables but unfortunately there
were some which were just too large for the main body of the thesis and these are put at the
back of the chapters with the tables first and then the figures. The numbering of the drawings
and tables is based upon where they are referenced in the text and not necessarily in the order
of which they are seen. All of these items should be relatively easy to locate for if they are not
immediately in the text then they will be at the end of the chapter. A numerical listing of the
figures and tables is provided at the beginning of the paper to aid in their location.

Previous work has been referenced as footnotes on the individual pages in which they
occur. A cumulative alphabetical listing of all the references cited is provided in the
bibliography.
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Chapter 1. Introduction

The tip gap region in the turbine section of a gas turbine engine is a particularly attractive

area of engineering study since approximately 25-30 % of the turbine efficiency loss occurs in

this areal. Thus the practical rewards which come from a clearer understanding of this region

are substantial. Experimental investigations of heat transfer in the tip casing region have in the

past yielded different results from industrial experience. Turbine shrouds show signs of

greatest decay and structural damage at the trailing edge. This is counter-intuitive since the

highest energy flow would be at the leading edge of the shroud, towards the combustor. It

could be hypothesized that differences between experimental measurements and the perceived

reality (the burn-out of tip casings at the trailing edge) might result from key flow parameters

not being accurately modeled in the experiments. For example if this problem was believed to

be primarily an unsteady three dimensional flow, than linear cascade measurements would not

yield accurate results. Work by Guenette2 at the MIT turbine facility3 showed decay in tip

casing heat transfer from the leading to the trailing edge of a shroud (see figs. 1-1 and 1-2).

Figure 1-1 Figure 1-2
Time Averaged Heat Flux Time Averaged Nusselt No.

120I

S I , I I I

0.25 0.50 0.75 1.00 1.25

z

800
i BO
2I

U.

-0.25 0 0.25 0.50 0.75 1.00 1.25
Axial Position

Asial Positilon

These graphs represent the influence of different turbine loading conditions on the turbine
shroud heat transfer rate (N- corrected speed, Re-Reynolds number, Axial position normalized
by blade chord)4. These measurements were made in a fully scaled rotating facility.

1 Booth, T.C. "Tip Clearance Effects in Axial Turbomachines: Importance of Tip Clearances Flows in
Turbine Design" Presented at "The Von Karmin Institute for Fluid Dynamics Lecture Series: 1985-05" on April
15-19, 1985.
2 Guenette, Gerald "A fully scaled Short Duration Turbine Experiment" ,MIT Ph.D Thesis, Aeronautical and
Astronautical Engineering Department, Aug 26, 1985
3 Epstein, Alan, Gerald Guenette and Rob Norton "The Design of the MIT Blowdown Turbine Facility"; GTL
report 183, April 1985.
4 Guenette, Gerald "A fully scaled Short Duration Turbine Experiment" Aug 26, 1985 MIT Ph.D, p.
145,147.
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If disagreement between the experimental and industrial observations are not due to three
dimensional or unsteady effects, then perhaps they are due to either temperature and pressure
profiles or turbulence created by the combustor. Combustors by their nature have both strong
radial and circumferential temperature and pressure profiless,6. Theoretical work done on the
effects of an inlet temperature distortion on turbine performance and flow patterns, summarized
by Butler7, have been confirmed by experiments done by Butler8 and Stabe9 which show the
creation of strong secondary vortices and the migration of hot gases to the pressure side of a
rotor and the cold gases to the suction side. However, both of these experiments dealt with the
main rotor flow and not with tip casing heat transfer. And since experiments have shown that
inlet temperature profiles affect the underlying flow field in the turbine region, it is reasonable
to assume that there may be an effect on tip shroud heat transfer.

The object of this project was to attempt to explain the non-agreement between
experimental results and industrial experience by more accurately modeling the inlet flow to the
turbine to determine which flow parameters influence tip shroud heat transfer. At the MIT
facility, the turbine inlet flow is uniform. Of the three areas in which the inlet flow could be
modified to appear more like a combustor: the pressure profile, the temperature profile, and the
turbulence generation, this project only modeled the temperature profile.

This was primarily due to experimental reasons. The effect of all these variable might
complicate the flow regime to the point where useful information might not be extrapolated.

Secondly, the equipment involved in the creation of the pressure profiles and turbulence

generation could represent a significant increase in manufacturing effort. In addition, this
project was even more focused since circumferential temperature profiles were not investigated.
These were eliminated from the field of investigation since the expected information gathered
from such an experiment would not be worth the extra effort, at this point, needed to make the
facility acceptable to circumferential measurements.

As a result, this project measured the effect on tip shroud heat transfer of radial
temperature profile, average gas temperature and tip gap clearance (these last two parameters
are based primarily on theory and previous experiments which show their effect on the tip

5 Dils, R.R. "Use of Thermocouples for Gas Temperature Measurements in Gas Turbine Combustors"
National Bureau of Standards no. 561: Proceedings of the 1014 Materials Research Symposium on
Characterization of High Temperature Vapors and Gases. October 1979, p.1056
6 Cox, G.B; Tiller, A.R., and J. LeTourneau "Pattern Factor Improvement in the F-100 Primary
Combustion System" Journal of Engineering for Power. Transactions of the ASME 81-GT-25, March, 1980
7 Butler, T. L. and 0. P. Sharma "Redistribution of an Inlet Temperature Distortion in an Axial Flow
Turbine Stage" AAIA-86-1468
8 T.L. Butler, ibid.
9 Sabe, R.G., W. Whitney, and T Mofitt "Performance of a High-Work Low Aspect Ratio Turbine Tested
with a Realistic Inlet Radial Temperature Profile" AAIA-84-1161
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flow). Chapter two outlines the experimental hardware used. It gives a brief description of
the blowdown facility and discuses the design, construction and test result of the profile
generator. Instrumentation, including the tip shroud, tip clearance measuring device and total
pressure and temperature rakes are described in chapter three. The experimental procedure and
the calibration procedure are discussed in chapter four. The data analysis techniques, steady

state results and time resolved measurements are presented in chapter five. The final chapter

analyses the data and discusses possible future work. In addition there are three appendices:
the first has the drawings and some construction notes on the profile generator. The second
has drawings for the tip casing. The final appendix has four tables outlining the performance
of the generator over the entire test matrix.



Chapter 2: The Experimental Apparatus

2.1 The MIT Blowdown Turbine Facility

As mentioned at the beginning of the paper, the backbone of this project was the MIT

Blowdown Turbine Facility. All the equipment manufactured for this project was designed to

fit this facility. The turbine facility is a fully scaled, rotating facility with the ability to cool the

nozzle guide vanes and the rotor either separately or together. The scaling parameters for the

facility are given in table 2-1.

Table 2-1
MIT Blowdown Turbine Scaling1

Full Scale

Fluid

Ratio of Specific Heats

Mean Metal Temperature (Tm)

Metal to Gas Temp. Ratio (Tnm/g)

Inlet Total Temperature (Tg)

Cooling Air Temp

Airfoil cooling Mass Flow as a

Ratio of Total Air Flow

Reynolds Number based on NGV

Chord and isentropic exit conditions

Inlet Total Pressure Atm (Psia)

Outlet Total Pressure

Outlet Total Temperature

Prandtl Number

Rotor Speed, RPM

Mass Flow, Kg/sec

Power (Kw)

Test time

Air

1.27

1118 "K (1550 "F)

.63

1780 "K (2750 "F)

790 "K (960 "F)

12.5%

2.7*106

19.6 (289)

4.5 (66)

1280 'K (1844 'F)

.752

12,734

49.00

24,880

Continuous

MIT Facility

Ar-R12

1.27

295 "K (72 "F)

.63

478 "K (400 "F)

212 "K (-77 "F)

12.5%True NGV Chord

2.7*106

4.3 (64)

1.0 (14.7)

343 "K (160 "F)

.755

6,190

16.55

1,078

.2 Sec

Figures 2-1 and 2-2 show the flow path for the facility. The facility is operated by heating the

supply tank to the appropriate level (roughly 500 "K ) using an oil heating system. When the

1 Epstein, Alan; Guenette, Gerald; and Rob Norton The Design of the MIT Blowdown Turbine Facility: MIT
GTL Report no 183, April 1985. p. 15.



supply tank is at uniform temperature, the test gas is mixed at constant temperature and added
to the supply tank until the desired testing pressure is reached (approx. 80 psia). The supply
tank is separated from the test section and the dump tank by the fast acting valve which allows
the test section and dump tank to be evacuated. When the test gas achieves thermal equilibrium
in the supply tank, the rotor is spun above the test speed which primes the A-D system and as
it slows down it triggers the valve to open, starts the eddy brake and starts the data acquisition
process. The eddy brake is used to provide the necessary amount of power absorption to
insure that the corrected speed of the turbine stays constant.

Once the valve opens, the nozzle guide vanes become choked, pressure transients in the
tunnel have dissipated by 250 ms after the initial valve opening. At this point the facility has
come to a steady state operating point which will last until the nozzle guide vanes become
unchoked, at around 500 ms. The total test time (250 ms to 500 ms) corresponds roughly to
1000 blade passings. In addition, the boundary layers are bled off right before the contraction
into the nozzle guide vanes which contributes to an almost completely uniform flow entering
the turbine. This flow gets directed to the dump tank without going through the rotor assembly

and accounts for about 30% of the total mass flow leaving the valve.

The A-D system has four different internal clock settings which can sample up to 200

KHz each. The A-D is divided into a high speed side (usually reserved for rotor and/or test

instrumentation) and a low speed side (facility instrumentation: pressure transducers in the

supply tank, Pressure rakes, etc.) which multiplexes sixteen channels into one high speed
channel. Thus the sampling of the low speed instrumentation is always one sixteenth of the
high speed (if all the channels on the multiplexer are full). During an actual test one normally

samples at 20 KHz from start to 250 ms, where the clock changes and sampling occurs at 200

KHz from 200 to 550 ms. Then it goes to 5 KHz to 1200 ms where the clock goes to 50 Hz
until the end of the test five minutes after starting (when the tunnel comes to equilibrium

again). Using these clock settings, 419,430 data points per channel were taken for these tests.

2.2 The Radial Temperature Profile Generator

2.2.1 Design Goals
The specific goal of the profile generator was to model the radial temperature profile

generated by an actual combustor. Variations in the total pressure profile, while present in the
combustor exit flow, were to be eliminated in this design to aid in isolating the effects of
temperature profiles on heat transfer to the shroud. While both generation of circumferential
temperature profiles and high level of turbulence would be beneficial, it was more important to



be able to hold these variables to constant values. Thus the creation of turbulence or
circumferential variation were secondary design criteria.

To model the combustor profile, it was important to establish a non-dimensionalized
measurement of the profiles so they could be scaled to the MIT facility. A typical combustor
profile is shown in fig 2-3.

Figure 2-3
Typical Combustor Profile
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The maximum temperature occurs near the center of the passage while the minimum

temperature occurs on the walls which are generally cooled. A non-dimensional description of

this profile is the Radial Temperature Distribution Factor (RTDF) which is defined as:

TMax-TMean
RTDF = (1)

TRef

Tmax is the maximum temperature of the fluid leaving the combustor, Tmean is some average

of all the fluid leaving the combustor, and Tref is a reference temperature used for
normalization. Generally Tmean is a mass-averaged mean temperature and Tref the combustor
rise temperature. A good assumption is that the profile is parabolic in shape, given the
geometry and the boundary conditions inside an engine; and the relation between the
maximum, minimum and mean temperatures becomes:

TMa-TM,9 = *(TM1 -TMin) (2)



Since profiles vary among different types of combustors, the nominal profile modeled was an
RTDF of 8%. For this turbine the combustor rise temperature is approximately 1010 K which
is scaled down for this facility and yields the appropriate maximum, minimum and average
temperatures for any profile under consideration. Typically for an 8% RTDF at 475 "K
average temperature, the peak and minimum temperatures are 493 and 425 "K.

2.2.2 Possible Generator Configurations

Initially two fundamentally different types of generators were considered: an injection
system and a storage matrix set-up. The main idea of the injector was to add either hot or
cold, gas or liquid at the center of the annulus (or at different radial locations) to create the
temperature gradient. The gas would be supplied from an outside source, probably another
blowdown set-up in order to match the blowdown characteristics of the supply tank. This has
many advantages. First by actually injecting another fluid into the main environment
turbulence levels would increase. Another advantage would be that since the injected fluid
would also be controlled by a blowdown process, one could match the blowdown time
constants, making it easier to match the conditions throughout the test time. The difficulties in
this approach occur in implementation. The supply tank needed would have to be large and
there was little space for it. The cost, construction and running of another blowdown set-up
were beyond the resources available. Also there was no way to guarantee uniform total
pressure downstream of the injectors, which was important if the effects of the temperature

profiles were to be isolated. From an analytical standpoint, altering the fundamental flow as
little as possible was important and adding another fluid with a different temperature and
thermal properties could only complicate the flow. Eventually the practical limitations of the
injection scheme led to the idea of a storage heat exchanger.

A storage heat exchanger involves heating a metal matrix to a desired temperature profile
before the test. During a test it transfers its energy to the fluid (see figure 2-4).



Figure 2-4
Possible Storage Heat Exchanger Configuration
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This device would fit between the fast acting valve and the test section, upstream of the
boundary layer bleeds.

This generator would operate by heating the center with some type of heater (power in) and

cooling the walls (power out). In this manner one can set the maximum temperature (at the

heater) and the minimum temperature (at the walls) and obtain a profile. The trick in designing

this system is not only to create enough energy storage so as to heat the fluid to the appropriate

level for the entire test time, but also to ensure that it transfers its energy efficiently.

In this set-up the only thing added (or subtracted) to the flow is energy, therefore the

facility can longer be described as isentropic, complicating the blowdown equations 2. Storage

heat exchangers also had the promising property of being able to split the design into two parts.

The first problem was to ensure that the matrix could efficiently transfer its energy, and the

second was to create the proper temperature profile in the matrix. But like the injector set-up,

there were some disadvantages. Turbulence would have to be generated with another, separate

device. Operation of the facility would be slightly harder since the flow entering the turbine

would no longer have an isentropic temperature decay. This would cause problems in setting

the eddy brake on the turbine, which keeps the corrected speed of the turbine constant. Despite

2 See appendix A of "The Design of the MIT Blowdown Turbine Facility" MIT GTL report 183



the drawbacks, the storage type heat exchanger offered the best chance of success and was
chosen as the profile generation system to be further studied.

Of course by choosing this system, one more design goal was created; the ability to
operate in a steady state condition. This was purely a practical consideration to aid in running
the facility. If the generator could hold a profile for only a few minutes, it would become quite
difficult to coordinate all the equipment before a test. The desire was to be able to set the
profile, and then leave the generator alone in the final half an hour before the test, when the
instrument calibrations are done, without worrying about a changing profile.

2.2.3 Temperature and Heat Transfer Limitations

The testing envelope, created by the MIT facility imposed the bounds on the total heat
transfer which would be needed by the generator and the materials which could be used. Since

the total heat transfer rate needed in this experiment is given by

q=-mCpATavg (3)

where q is the heat transfer rate, m is the mass flow rate Cp is the specific heat
of the gas and ATavg is the temperature change in the gas.

Estimating the maximum AT needed yields the required power. The accurate representation is
given by the integral from the inner to outer radius of the passage of the AT multiple by the
mass flow rate (given as 2xr[ar]p ) as shown in equation 4. This reduces to (3) if AT is
replaced by the mass averaged ATavg.

Ro
q=Cpp2x ATr r dr (4)

A worst case analysis would be if the gas had to be raised from room temperature to the peak
operating temperature of the facility 533 "K. Then AT would be 233 "K and q=2.9 Mw. The
nominal profile for the combustor associated with the ACE rotor of 8% implies for this facility
a AT =67 "K or q=.86 Mw

In addition to the ultimate power levels needed, the high operating temperature of the
facility indicated that aluminum could not be used for structural reasons ( a large fraction of its
strength is lost at these elevated temperatures). Since temperature variations of the order of a
100 "K would have to be maintained over a 2" gap, a low thermally conductive metal was
needed; eliminating copper and other similar metals. The metal which was most commercially
available that fit the required needs of strength and thermal conductivity was stainless steel.
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Using stainless steel as the matrix material imposed a maximum metal thickness on the
matrix. The thermal diffusivity of stainless steel is approximately 3.5 x 10-6 (M2/sec) which
coupled with a .5 sec test time implies a thermal wave propagation length of .053". Thus the
matrix could not be any thicker than twice this length, or .106" since any part of the matrix
which is more than .053" from the gas path would not contribute to the heating of the gas
during the test time and only add to the flow blockage.

2.2.4 Analytic Modeling of the Profile Generator

Modeling the heat exchanger basically involved four distinct problems: 1) The problem
of transferring the heat from the metal to the fluid. 2) Predicting the pressure drop which
would occur across the exchanger. 3) Estimating the thermal conductivity of the matrix. 4)
Designing the cooling jackets to pull the heat out of the matrix, to ensure a steady state
environment.

2.2.4.1 Heat Transfer Modeling

Creating an analytical model for a storage heat exchanger to use in evaluating the

performance of the many different construction possibilities was the first step. The energy
transfer between the metal storage system and the gas can be modeled as a system in which
energy flows into a control volume from the surrounding metal. A diagram is given in figure
2-5.



Figure 2-5
Passive Heat Exchanger Model
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By setting up a time rate of change for the energy balance for both the metal and the gas
reduces to eqn 5 (metal) and eqn 6 (gas).

aTm/at = -h P (Tm-Tf)/(pm AcCpm) - Km/ (Pm Cpm) a2Tm/ax2  (5)

aTf/ax = h P ( Tm-Tf)/(m Cpf) - (1/ V) aTf/at (6)

where:
Tm(t) is the metal temperature Tf (t) is the fluid temperature
P is the perimeter of the tube m is the mass flow rate
h is the heat transfer coefficient Ac is the metal cross section

Pm is the metal density Cpm is the heat capacity of the metal
Cpf is the heat capacity of the fluid V is the velocity of the fluid
t is the time x is the distance along the tube

Besides the fluid and metal temperatures which vary with time, the mass flow rate decreases
with time (since the temperature of the supply gas drops). However in this analysis only the
initial mass flow rate is important since it provides an upper limit on the heat transfer needed.

Characteristic length scales (Q) and time scales (t) for these equations can be derived from the

underlying heat transfer which is occurring. If X and T are given as follows:

S-m Cpf/h P P = Pm Ac Cpm/h P

then X represents the ratio of the energy needed to heat the flow (m Cpf) over the heat

transferred per length of tubing (hP). And t is the ratio of the energy stored in the metal (Pm
Ac Cpm) to the speed at which energy is transferred (hP, just another way of looking at this

combination of variables). Non-dimensional gas and metal temperatures can be defined as:



26

0=(Tf-TfO)/(TmO-Tf0) (gas) 0=(Tm-Tf0)/(Tmo-Tf0) (metal)

In this case these variables represent ratios of the actual temperature at any time, minus an

initial temperature to the initial difference between metal and gas temperatures. This allows 0

to go from 1 (at the start) down towards zero and 0 to go from zero towards one. Using these

variables along with non-dimensional versions of time and length:

t*=t/ T x*=x/

one arrives at non-dimensional versions of eqns. 5 and 6.

a0/at* = -Km TI/( 2 Pm Cpm) a20/ax*2 -( 0- ) Metal (7)

D0/ix* = - •/( v T) •0 /at* +( 0- 0 ) Fluid (8)

For equation 7, using typical values for stainless steel Km=15 W/(M-K) Pm = 8000 Kg/M3

and Cpm = 460 J/(Kg-K) one finds that as long as T/ X2 is less than about 104 (sec/M 2) the

a20/aIx*2 can be ignored. Similarly if XI( v T) remains below 10-2 then the 0O /at* term

in eqn. 8 can be ignored. Dropping these terms for now3 the final representation of eqns 5 and
6 are:

aO/at* = -( 0- ) Metal (9)
0o /lx* = (0- 0 ) Fluid (10)

These equations imply that the time rate of change of the metal temperature is equal to the
negative of the axial rate of change for the fluid temperature (taking the proper

dimensionalizations into account). By using these variables, knowledge of the particular

profile being studied is immaterial since initial gas-metal temperature differences are normalized
away. The solutions to equations 9 and 10, in terms of 0 and 0, can be written as functions

of t* and x* and are shown in figures 2-6 and 2-7. Figure 2-6 shows the non-

dimensionalized gas temperature 0 as a function of non-dimensional length x* at different

non-dimensional times t*. Similarly, figure 2-7 shows the decay in gas temperature at any
given length over time. Thus by calculating the characteristic length and time one can set
overall parameters such as total length or percentage of initial temperature at end of run to find
the performance of any particular design. This completely separates the design problems
involving how heat is transferred to the matrix from those involving how to create the proper
profile in the matrix.

3 These conditions are checked after the characteristic lengths and times are calculated for each design.
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2.2.4.2 Pressure Loss Modeling
In the storage matrix heat exchanger, there are three main mechanisms by which pressure

is lost. Loss of the dynamic head (or fraction of it) when entering and exiting the flow,
friction losses in the tubes and losses due to heating. These three losses are compared on an
order of magnitude basis.

Using figure 2-8 as an example of the flow through the matrix, the dynamic head, poV2,
depends on the initial pressure and y (ratio of specific heats) of the gas in the supply tank ,
since the Mach number upstream of the the generator is fixed by the area ratios. For the MIT
facility the upstream area is 238.76 in2 and the choked area is 30.192 in 2 (this takes into
account both the choked nozzle guide vane area; 22.03 in 2, and the choked area of the
boundary layer bleeds; 8.162 in2, which is important since a third of the mass flow through
the exchanger will end up in the boundary layer bleeds). This implies a Mach number
upstream of .074. Since V2 can be written as:

V2=M2 C2 (Mach number and speed of sound) (11)
using the ideal gas law the pressure P:

P=pRT (12)

one can rewrite the dynamic head as:

poV2 PyTM2 = ~P 2 (13)

Where Y is the ratio of specific heats, R the gas constant and T, the temperature

Using typical test pressures of 70 psia and y of 1.286 the typical dynamic head is .493 psi.
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Figure 2-8
Geometry of Exchanger Used for Pressure Loss Modeling
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Estimating the friction loss in the pipes is harder since friction factors are based on tube

Reynolds number (based on hydraulic diameter, D4) and the ratio of roughness to hydraulic

diameter (e/D), both of which could vary between different designs. The pressure loss in a

pipe due to friction is given by:

AP=ptD-- (14)

Using the continuity equation and assuming that the densities do not change, the velocity in the
tube can be related to the upstream velocity by:

Continuity: (AV)I=(AV)2 thus V2=VIA (15)A2

If the total area in the matrix is given as a percentage of the initial area then:

A2=(1-P)A1  (16)
where P is the fraction blocked off by the metal matrix

Rewriting eqn 14 in terms of the upstream velocity and the blockage the pressure drop
becomes:

AP=L V 12 1 (17)
P=D 2 (1-p)2 (17)

Equation 17 represents the dynamic head loss multiplied by a constant.

4 The hydraulic diameter (or D=4* A/P where A is the cross sectional flow area of the tube and P is the
perimeter) was used to compare different shaped tubes

V

IF ý



The last mechanism through which pressure can be lost is through heat addition to the
flow. Examining a control area which encompasses only the tubes so that station one is at the
beginning and station two at the end, the linear momentum equation gives the pressure loss
from station 1 to 2 as:

AP=(pV2) 2 - (pV2) 1  (18)

From continuity:
(pVA)I = (pVA) 2  (19)

Since the areas are the same, the Mach numbers will be the same, but the speed of sound

C= ý (20)

will be different. Writing P2 as a function of the upstream conditions and V2 as a function of

the Mach number and the speed of sound, the pressure drop can be found to be
AP=(pV 2)I (-(-T2/T1) - 1) (21)

For peak values of T2 of 550 "K and low values of T1 at 300 "K this term is approximately a
third of a dynamic head.

The total pressure loss in the generator depends on parameters which can vary greatly
during manufacturing; the roughness of the tubes and the inlet and exit flow coefficients. Since

the friction factor could vary by a factor of three from a smooth tube to a rough one, the

constant in equation 17 is probably in the range of five to thirty (depending on the specific L/D)

dynamic head losses. Since the dynamic head is approximately .5 psi (equation 13), pressure

losses of up to 15 psi could be encountered. Since the dynamic head is small, there is latitude
for variation in construction.

2.2.4.3 Modeling the Thermal Conductivity
In order to calculate the steady state power needs to create a profile in the matrix, the

thermal conductivity of the matrix had to be calculated. Figure 2-9 shows the model used for

calculating the effective thermal conductivity of one type of matrix, the triangular tube system.
The methodology would be the same for any other type of matrix configuration (round, square,
etc.) only the geometry would change.



Figure 2-9
Effective Thermal Conductivity Model

The basic idea is to calculate the resistance path that heat travels through the matrix and equated

with a slab of imaginary metal of similar size, but different thermal conductivity.

Rt LkN +F(NTI L3
¶K +(I 'ksA Thermal resistance path

where: N= number of layers ks= Thermal Conductivity of Stainless (14.9 W/[m-K])
A= Cross sectional area of metal

Equation four translates into the resistance path = resistance in the matrix + a function of the

resistance across separators and the length in the separators due to mis-alignment. By
assuming no misalignment (i.e. L3 goes to zero) keffective is maximized therefore This
maximizing q, giving a worst case scenario. In this case Rt becomes:

LN NTIRt L1N- +ksA (23)

Where it is assumed that the cross sectional area of the spacers is the same as matrix layers To
find the effective thermal conductivity Rt is equated to equation (24)

HT
te- kL2Lt (24)

(22)
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Where L2 is the equivalent length over which Rt was analyzed and Lt= length of heat
exchanger, thus A=LtTi

L1 HT L
For this case Lt=20" or .508 m, LI= .125", Ti=.01", and L2= HT T + and it

reduces to:N

reduces to:

keffective= = 1.22 W/[m-m-K] (25)

2.2.4.4 Modeling the Cooling Jackets

To dissipate the energy in the matrix, cooling jackets had to be designed for both the
inner and outer walls. To make the jackets as simple and as versatile as possible they were

designed to use either city water which flows at about 10 Gal/min (.63 Kg/sec) or as a backup,
oil from the oil heating system used to heat the supply tank5. In order to create a system which

would stand up to any condition, a worst case scenario was created where the flow in the
cooling jackets would be considered laminar, fully developed with constant wall temperatures,

and the maximum temperature drop from center to annulus would be 250 OC. For these
conditions the Nusselt number would take on the low value of 3.66 and the convective heat
transfer rate would be given by:

h Nu kf kf=.631 W/[m-K] Dh=.00635 m (26)
Dh

Yielding: h=363 w/[m-m-K]
Dh is the hydraulic diameter for the jackets and kf is the thermal conductivity of
water.

To find the worst case heat loads on the cooling jackets the steady-state conduction equation
has to be solved for both the inner and outer annulus as shown in figure 2-10.

5 "The Design of the MIT Blowdown Turbine Facility" MIT GTL report 183



Figure 2-10
Worst Case Scenario for Cooling Jackets
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Steady-state conduction equation from midpoint to wall location is given by:

r l(kr- )=0 (27)

which has as its solution:

T(r)=Clln(r) + C2  (28)
Solving for the flow heat flow to the outside and inside walls:

q(r)=-2 L k(T ,-T 2)  For Outer section q(r)- 2xLk(TI-T3) for Inner section (29)
In ( ) In Fe

rm rm
For the triangular matrix, keffective can be used to find qtotal, qin, and qout for the worst case :

qin = 4.125 Kw q0ut = 5.096 Kw qtotal =9.2 Kw

Given that Ao = .932 m2 and Ai =.608 m2 then q"out = 5.46 Kw/m 2 and q"in = 6.8 Kw/m2 .

If the walls are at 550 'C ( 823 °K) and the water comes into the jacket at 300 "K then the
maximum heat transfer that the water would have to absorb (does not account for temperature
drop across wall of matrix) is:

qwater=mwater Cp AT (30)

where mwwat = mass flow of water (.6308 Kg/sec), Cp = specific heat of water (4.18 KJ/Kg-

K). This implies that the temperature increase in the water is:
AT=5096/.6308 4180 :* AT= 2 "K (31)

And at the lowest limit of h (363 w/[m2k]) the q"in is achieved if AT from wall to water is

bigger than 20 "K. This implies that the cooling jackets, given reasonable thermal connections
to the matrix, should be able to extract the power used during the experiment. In order to
obtain more turbulent flow, pins (basically obstructions placed between the outer wall of the



matrix and the cooling jacket) were inserted for the dual purpose of breaking up the flow and
supporting the outer cooling jacket from being crushed (see appendix I, The Radial
Temperature Profile Generator Drawings).

2.2.5 Possible Storage Heat Exchanger Configurations

Using the analytical models, different possible configurations were explored, sent to
manufactures for comments, and compared. What developed were mechanical and practical
limitations on what could be manufactured which had to be addressed, as well as the analytical
constraints. The most restrictive was the availability of stamped stainless steel since
manufacturing operations do not allow thickness to length ratios to be larger than 1/10.

The original ideal was to place thin film heaters in between arbitrarily shaped matrix

elements (see figure 2-11).

Figure 2-11
Original Idea for Heater Matrix, Thin Film Heating Elements
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This would allow for accurate control of the temperature, both radially and circumferential, but
the frontal blockage to heat transfer surface was high, leading to long heat exchangers and
hefty pressure losses. In addition, there was the practical problem of creating the matrix so that
it could be disassembled to replace the heaters and insure good thermal contact during heat-up
(in a vacuum).

Two other configurations: brazed tubes and a wrapped matrix, both of which would be
powered by a heater wire in the center, were more promising. The brazed tube configuration
was just that, a whole series of tubes furnace brazed together to provide the heating matrix.
This had a large advantage in that the thickness to length (or in the tubes case, diameter) was
not fixed at being less than .1. However it used many fewer tubes, resulting in a longer overall



matrix. The wrapped matrix was a sandwich of a shaped piece of stainless between two flat
pieces. Wrapped from the inner wall to the outer wall in a spiral configuration and then furnace
brazed together.

Both of these systems had a variety of different sizes which could be constructed. Table
2-2 gives a comparison of the two best designs (in terms of manufacturability and meeting
design criteria) from each system.

Table 2-26

Design Comparison of Wrapped Matrix and Brazed Tubes

Wrapped Matrix Brazed Tubes

Characteristic Length X 4.32" 16.25"

Characteristic Time T .675 Sec 4.16 Sec

Effective Thermal keff 1.22 w/[m2K] 1.54 w/[m2K]
conductivity

Length of Matrix 20" 36"

Number of Tubes 28,308 4,304
Tube Wall Thickness .01" .028"

Hydraulic Diameter .067" .194"

There was an overall maximum length associated with the profile generator due to
physical limitations in the facility of around 3 feet. Given the nature of the problem, the shorter

characteristic length of the wrapped matrix allowed a greater margin of error in fabrication since

the largest value of x* (see figure 2-6) could be around 2 for the brazed tube configuration, but

for the wrapped matrix, x* of 4.5 could be achieved in just twenty inches, reducing the
overall cost of the project considerably. The final decision was to use the wrapped matrix
shown in figure 2-12. The temperature versus time trace at the end of the matrix (20 ") is
shown in figure 2-13 with the final efficiency at a little over 95%

2.2.6 The Input Power

With the final matrix configured and the cooling jackets designed, the last part of the
generator had to be specified: the heater wire. The matrix was broken into three circumferential
sectors, each powered by one phase of a three phase 208 VAC, 30 Amp line. This allowed the

6 One can check these values of the characteristic time and length against the conditions set-up in the analytical
section and see that the assumptions allowing the dismissal of the second order terms exist.



matrix to be heated to three different patterns, if desired, which provided some degree of
circumferential variation. It also reduced the amount of rewiring which would be necessary if
the heater wire failed. The main limit in selecting the heater wire was the expected sheath
temperature which translates directly to the power density (Watts supplied/surface area). When
the wire is in good thermal contact with the surrounding metal, the power density can be
significantly higher than when the wire is in a vacuum since the energy which would raise the
temperature of the sheath above its melting point is conducted away. The wire would be
woven through the matrix the appropriate number of times to give the proper total resistance
and maximum allowable power density. Since parts of the wire are exposed to the vacuum
(where the wire is looped back into the matrix), the length of the wire had to be such that the
total surface area of the wire was large enough to lower the power density to below the melting
point of the wire in vacuum.The heater wire decided on was an ARi manufactured wire shown
in figure 2-14.

Figure 2-14
Cross-section of ARi Heater Wire
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Properties of Heater Wire (joined in Parallel)

Resistance: .102 Ohms/ft Diameter: .114" (originally it had been .125" and .045
Ohms/ft)
Perimeter: .358"

To obtain the proper peak power levels without increasing the power density levels beyond the
limitations of the wires, the wire was quite long, ultimately being fed through every other tube.
The final power connections are shown in table 2-3.



Table 2-3
Power wiring (per sector at peak conditions)

Resistance of wire: .102 Ohms/ft Total Resistance: 14.7 Ohms
Total length of wire in matrix: 21.75" Length of wire in bends (avg): 2.5"
Voltage: 208 VAC

Sector A B C
#tubes Available 102 98 99
Measured Resistance 7  10.3 (ohms) 9.3 (ohms) 9.6 (ohms)
Peak Amps 20.2 A 22.4 A 21.6 A
Peak Power 4.2 Kw 4.6 Kw 4.5 Kw

(Note: In practice Voltages above 100 V were seldom used so power densities were in the

range of 2.25 w/in2 which would put the matrix temperature in the 500-600 °F range)

2.2.7 Final Design and Implementation

The final piece of hardware used in this experiment differed from the designed piece in
that instead of being one continuous matrix 20 inches long, there were four separate matrices
each five inches long and separated by a 3/4" gap. This was due to the inability of the
manufacturer to make one continuous piece. The extra spacing between the matrices raised
serious questions about the generators overall performance. The possibility existed for there to
be a much greater loss of dynamic head since the flow entered and exited four matrices instead
of just one. In addition, it was not known to what extent the flow would diffuse or mix in the
spaces between the matrix.

There were also mechanical problems with the construction of the generator which had
profound consequences on the experiment. There were significant gaps between the matrix
and the walls which varied both circumferential and axially. This caused non-uniform
conduction radially and produced circumferential wall temperature variations. In addition the
thermal expansion coefficient of the brazing oxide and the metal are different. Every time the
generator was heated up small particles of oxide would break-off and come down into the
turbine and basically sand-blast the instrumentation. This phenomenon decreases every time
the generator is run, but even after twenty tests, there was enough of an effect to destroy 57%
of the top gauges on the tip casing. Unfortunately, due to time constraints the experiment had

7 Measured at the power connector on the outside of the generator (average room temperature figures, resistance
varies with matrix temperature)



to be run with the equipment as it arrived. The ability to either steam clean it or "pickle it' with
acid was not available.

There are some limitations to the the operating temperatures of the RTDFG in the present

set-up. The basic problem is that the bounds on the absolute driving temperature (the bulk
temperature) are set at the high end by the highest operating temperature of the oil (around
5000F), and at the low end by the wall temperature of the highest RTDF run on a low bulk
temperature run. This corresponds to a range of about 70 OK and is shown below in table 2-4.

Table 2-4
Temperature Limitations on RTDF

Avg. Temp. 470

[All Temps in K]

Avg. Temp. 400

High 16%

Peak=515
Min=381

Peak-445
Min=310

RTDF

Low 8% None

Peak=493
Min=425

Peak=400
Min-400

Peak-423
Min=357

The minimum temperature is
the lower limit here. The wall
temperature cannot be below room
or city water temperature.

Here the average temp.
is the limit since the oil
cannot be heated much
past this point (pipe
insulation bums)

2.2.8 Actual Performance of the Temperature Profile Generator

The performance of the generator is relatively easy to characterize. The properties which

are of interest are the total pressure drop across the device, the ability to create a desired
temperature profile, and the ability to hold the profile over the test time. And despite the

manufacturing problems with the generator, the device performed quite well. Tables 1-4 in

appendix III show the response of the generator over the entire test matrix. To examine the
performance of the generator in comparison to theory only two types of runs need to be
examined, the no profile run and a high profile run8

8 The two runs used as an example are Testl20 and Testl21

IA

3

Peak--470
Min-470



Thermally, as shown in figure 2-13, at 400 ms the design efficiency (i.e the the value of
0, the non-dimensional gas temperature) of the matrix was .954. The uniform profile run

displays an efficiency which was a little lower, between .94 and .95. For the high profile run
the efficiency was 1.01 on average and had some radial locations at 1.04 efficient. This seems
highly unlikely and the problem probably resides in the instrumentation. The initial matrix
temperature is suspect since the spatial resolution did not exist to resolve local hot spots in the
matrix. In addition there are also limitations on the measurement accuracy due to the four
separate matrices, which are not thermally linked together, except by the heating wire. Thus
the no profile runs (Test 121, Test 124, and Test 130) probably provide the best estimate on
thermal performances.

Overall the performance of the generator was quite close to prediction. The total pressure
profiles after the generator as well as the pressure drop across it remains relatively stable over
the entire test time. The average pressure fluctuates by only 6.9% of the test average for the
high profile run. In the radial direction, the standard deviation for the total pressure rake was
1% of absolute measurements and the pressure drop across the generator corresponded to
about 10.9 dynamic head losses. Table 2-5 shows the performance of the generator for the
375-400 ms time interval; more detailed tables are given in appendix III.

Table 2-5
Generator Performance During Test Sequence

Averaged from 375-400 ms

Test 120 Test 121 Test 122 Test 124 Test 125 Test 126 Test 127 Test 130 Test 131
TT2 462.36 459.38 396.18 398.86 391.53 451.41 459.09 462.5 459.87
RTDF 17.2 .1 12.6 .0 6.7 8.5 7.4 .5 17.1
PT2 3.7103 3.5292 3.7024 3.5618 3.6388 3.6035 3.5985 3.4916 3.7344
--(R Var) .027 .023 .027 .024 .024 .022 .024 .041 .020
--(T Var) 6.9 3.4 6.9 9.5 8.1 9.0 8.9 10.4 6.6
Press Drp .330 .317 .323 .326 .317 .320 .324 .345 .315

Definitions:
TI2 Avg= Area average of the upstream temperature rake
RTDF= Based on area average T mean and the measured profile
PT2 = Area average of the pressure rake behind the generator (Turbine inlet total pressure) in Atm
--(R var) = Radial variation of total pressure averaged over 375-400 ms. Standard deviation of all

rake sensor measurements (Atm)
-(T var) = Variation of average pressure over entire test time [200 -475 ms] (percent)
Press Drp = Pressure drop across generator (Atm)
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Chapter 3 Instrumentation

As mentioned earlier, this experiment is designed to explore the effects of a radial inlet
temperature profile on tip shroud heat transfer. The three variables under investigation, total
average temperature, temperature profile, and tip clearance all need to be measured during the

tests. To accomplish this three groups of instrumentation were required: the facility aero-
instrumentation, the instrumented tip shroud, and finally, the tip clearance device.

3.1 Facility Instrumentation

The MIT facility has instrumentation to measure pressure and temperature in the supply
tank, the rotor speed, and downstream pressure measurements at various locations 1. In
addition to the facility instrumentation which was used to define the conditions of the flow
entering the generator; the total temperature and pressure rakes, designed and modeled

previously at the Gas Turbine Lab2, were used to characterize the flow entering the nozzle
guide vanes. Figures 3-1 to 3-4 show, respectively, the upstream and downstream location
for the measurements, and the geometry of the respective probes.

The upstream total pressure rake was used to measure the variation in total pressure aft of
the generator, the total temperature rake measured the actual profile produced, and the
downstream pressure rake was used to measure the overall pressure drop across the turbine
stage. The upstream pressure rake, with six transducers was designed to specifically measure
the inlet profile while the downstream rake with five sensors was designed to be insensitive to

variations in flow angle. The total temperature probe has five sensor positions each measuring
20% of the total flow area. In this way, Tmean for the profile can be calculated as an area-
averaged number which reduces to the numerical average of all the sensors on the rake. In
addition the total temperature rake was designed to be heated to the expected average
temperature to increase responsiveness of the probe. However, during these tests, this feature
was not used so as not to create random errors caused by bad heating adjustments. Without
using this feature, a systematic error of an increasing temperature of a few degrees over the
test time was inserted. But since the rake measurements were used only to characterize the

1 Epstein, Alan; Gerald Guenette and Rob Norton "The Design of the MIT Blowdown Turbine Facility" ; GTL
report no. 183, April 1985
2 Cattafesta, Lou. "An Experimental Investigation of the Effects of Inlet Radial Temperature Profiles on the
Aerodynamic Performance of a Transonic Turbine Stage"; Master's thesis Aeronautical and Astronautical
Department, MIT August 1988.
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profile of several hundred degrees Kelvin ,the error which arose from this process was small

compared to the error introduced through setting the run conditions.

3.2 Instrumented Tip Shroud

3.2.1 Background

The flow area under investigation is the gap between the turbine blades and the outer
engine lining; the tip shroud. The position of the tip casing is shown in figure 3-5. The gap
between the tip of the blade and the casing allows air to pass from the pressure side over the tip

of the blade to the suction side, creating a loss in efficiency (fig 3-6). This gap is generally
quite small; usually less than 1% of the blade span. For the ACE turbine stage studied the
nominal gap was .8% of span (1.5" at leading edge) resulting in a nominal gap of .012".

Figure 3-5 Figure 3-6

Tip Casing Location Tip Gap Flow Area

iT C i
Casing

Flow direction (pressure side to
suction side of blade)

l-jBlade

Span at Leading Edge

The MIT facility has two removable tip shrouds, 120 * apart which can be instrumented.
Figure 3-7 shows the basic dimensions of the shroud which spans four blades. There are two
basic types of measurements which can be made on the shroud, static temperature and static
pressure. To increase spatial coverage without increasing the amount of instrumentation
required, the tip casing was to be rotated around center pins. Since the fluid dynamics in the
region of the tip casing may be coupled to the locations of the nozzle guide vane wakes, the
instrumentation needed to be positioned to give full resolution of the nozzle guide vane flow
field. The tip casing had to provide three sets of measurements: the static gas temperature at

| -



the wall, the metal temperature, and the static pressure. The instrumentation used to
accomplish this were heat flux gauges, reference temperature devices (RTD's), and absolute
pressure transducers and the next four sections discuss these instruments more fully.

3.2.2 Instrumentation Used on Tip Shroud

The heat flux gauges used on the casing are the same as the ones developed previously at
MIT3 which are essential two resistance thermometers separated by a layer of Kapton (figure
3.8 shows the layout of one resistance thermometer, fig 3.9 shows the combination of a top
with a bottom to form a heat flux gauge). These gauges, which change resistance in response
to temperature changes, are used as one side of a Whetstone bridge which outputs a voltage
signal which can be fed into the A-D system. The gauges are manufactured in sheets of
fourteen and are easily glued to any part of the turbine under experimental investigation. Heat
flux measurements are obtained from gauges using a variety of techniques. For steady levels
(• 20 Hz) the heat flux is just the difference in the upper and lower temperatures multiplied by
the thermal conductivity and divided by the thickness:

k
q- u-TI) (1)

For frequencies > 1500 Hz a semi-infinite model of the heat flux can be used in conjunction
with just the upper temperature. For the range in between, a numerical technique is employed,
developed by Oldfield4 and used by Guenette5 .

The reference temperature devices (Omega model F3105 thin film RTD's) were used to
measure the temperature of the tip shroud at the beginning of the test. These compliment the
lower heat flux sensor measurements which sometimes drift from test to test and are subject to
erosion. The RTD's provide reference measurements which the heat flux sensors usually use
as a zero at the beginning of the run. The RTD's also provide a separate means (besides the
heat flux gauges) to verify that temperature gradients are not present in the tip shroud at the end
of a run; that in fact, the casing has come to equilibrium. The pressure transducers used were
Kulite model XCQ-062-25A type absolute pressure measuring devices. They had absolute
pressure ratings of 75 psia, were temperature compensated from 60 "F to 160 "F, drift
coefficients of around 2% full scale/100 *F and sensitivities of around 2 mV/psia. They were

3 Guenette, Gerald: " A fully Scaled Short Duration Turbine Experiment" , MIT Ph. D. Thesis, August 1985.
4 Oldfield, M.L.G., Burd, HJ. and Doe, N.G., "Design of Wide-Bandwidth analogue Circuits for Heat Transfer
Instrumentation in Transient Tunnels," Heat and Mass Transfer in Rotating Machinery, papers from the 16th
Symposium on the International Center for Heat and Mass Transfer, Dubrovnik, September 1982, Hemisphere
Publ. Corp. N.Y.
5 Guenette, Gerald: " A fully Scaled Short Duration Turbine Experiment" , MIT Ph. D. Thesis, August 1985.



epoxied into tubes which would fit into the holes of the tip casing and were held in place by the
clamping mechanism used on Lemo connectors. The ends were covered with a light coating of
RTV 511 (Emerson and Cummings) to protect from debris and to smooth off the surface of the
tip casing. During assembly two of the seven transducers (number six and seven) were broken
and were mounted downstream for most of the runs.

3.2.3 Instrumentation Placement

Instrumentation placement was designed to meet the necessary design conditions stated

previously. There were two methods which could be used. The instrumentation could be
placed along a blade chord line or in a straight axial line (see figure 3-10) a previous tip casing6

used a combination of both; chord locations for the pressure transducers and axial
measurements for the heat flux gauges. If the number of measurements were to be expanded
by rotating the tip casing, then instrumentation placement along the cord would be useless,
since after the system was rotated, the gauges would be completely out of alignment. The heat
flux gauges, because they are manufactured in a sheet, would have to be cut and glued down
separately to obtain the proper stager associated with cord placement. Given these problems
with cord placement the instrumentation was positioned along axial lines as shown in figure 3-
11.

One set of heat flux gauges was positioned at one half nozzle guide vane spacing (NGV)

from the location pins (.945"), and the other set was one quarter NGV (.4725") on the other
side (total distance between the two rows of gauges is 3/4 NGV). Four pressure transducers
were 1/4 NGV away and three 1/8 NGV away (seven could not be put side-by-side). Thus
when the tip casing was rotated one would in theory have temperature and pressure
measurements at four locations. Three platinum RTD's are positioned in the tip casing in line
with the gauges to give measurements of the metal temperature along the same axial location.
Figure 3-12 shows the position where the measurements occur with respect to the nozzle guide
vane trailing edge for both positions of the tip shroud. As shown, the temperature
measurements span an entire nozzle guide vane passage and the pressure transducers span half
a nozzle guide vane passage.

6 Guenette, Gerald: " A fully Scaled Short Duration Turbine Experiment" , MIT Ph. D. Thesis, August 1985.



3.2.4 Tip Shroud Construction

The tip casing was stripped and clear anodized at Durelectra in Natick, MA. The
anodization keeps the gauges from shorting to the shroud. Feed-throughs for connecting the
gauges to the other side of the tip casing were manufactured by placing Vector boards (84P44)
with Vector pins (T46) in them in the main holes and potting them with Eco-Bondl04
(Emerson and Cummings epoxy) cured at 250-300 OF. These feed-through where fastened
directly to Bendix 20-41 male connectors which were mounted to a plate having a limited range
of motion independent of the tip casing for alignment purposes. These are then screwed down
to the outer window with nuts. The temperature compensation modules for the pressure
transducers are held in Vector boards mounted to the top side of the tip casing, below the
Bendix connector plate. The wires run directly from the compensation modules through the
Bendix connectors, to the amplifiers. Two of them RTD's 1 and 2 were hooked up in a four
wire configuration staring at the sensor. RTD 3, due to lack of feed-through connections had
only two wires leading to the male Bendix connector. The female connector became a four
wire set-up.

There are two Bendix connectors, each carrying about half the instrumentation. There
are two sets of cables, about 20 feet long, with Female Bendix 20-41 wire connectors at one
end and lemo connectors on the other end which make the connection from the tip shroud to the
turbine facility A-D system. The only things slightly unusual in the wiring is that to reduce the
number of feed-through pins in the tip-casing and to reduce the size of the Bendix connectors,
the ground wires for two gauge would be run together to one pin, and then split apart again in
the female Bendix connector to run to separate amplifiers. Thus instead of needing eight wires
for two gauges, four top and four bottom, only five were used.

3.2.5 Tip Shroud Instrumentation Calibration Procedures

Two calibrations of the heat flux gauges are needed to convert the data to engineering
units. First the gauges and the RTD's have to be calibrated against a known thermometer to
obtain the proper temperature coefficient of resistance (the scales and zeros for conversion of
voltages to temperatures). This is usually done before the test matrix and after the test matrix in
an immersion bath using Flo-inert as the bath liquid. This calibration is done with the tip-
casing hooked up through the A-D system just as it will be when it takes data. Therefore
anything which is specific to a particular channel or amplifier is accounted for in the
calibrations.



The second calibration verifies properties of the Kapton substrate which allow for
conversion from temperatures to heat flux in both steady and unsteady situations. As outlined
in ref [5], the two gauge properties which have to be measured are the k/D (the thermal
conduction of the Kapton divided by the thickness) and the 4pCk (the square root of the
density * Specific Heat * Thermal conduction) both of which are functions only of the Kapton
substrate. The process uses a constant heat flux from a laser, finding the temperature
difference between a upper and lower gauge in a steady state environment and calculating the
implied k/D. Ideally this could be done both before and after the testing, but to obtain
absorption of the laser light, the gauges have to be darkened with a pen (Staedtler Lumograph
model 316 non-permanent marking pen). Usually this can be done without increasing the
resistance greatly, but since the gauges are only a few thousand angstroms thick, the potential
to ruin a gauge is always present so it is generally done only after the tests.

The pressure transducers are calibrated after individual tests using the facility pressure
gauges as a reference. Usually two or three measurements are taken as the facility is being
evacuated after a test to obtain data points to derive a scale and zero. Ideally the scales and
zeros should not change over the test matrix, but as demonstrated during the test, these
transducers are quite sensitive to temperature.

3.3 Tip Clearance Measurements

Actually measuring the gap during a turbine run was important to characterize the growth
of the blades as well as to obtain an accurate measurement of the gap. The device used to
accomplish this was an optical lever. The optical lever shines a light on the blade and measures
the reflection to determine the distance and is discussed by Cook and Hamm 7. The optical
lever has the important advantage of being quite simple to construct and operate. It's main
disadvantage is that it is extremely sensitive to environmental factors which could change the
reflectivity of the blades and thus it is hard to get an absolute measurement.

To create the different blade heights, some blades would be slightly altered to decrease
their span. The rotor contains sixty-one blades, after measuring the average height of all the
blades, five blades (blades 46-50) were selected to represent the average height: the reference
set. These were lightly machined to provide a reflective surface for the optical instrument.
Since the tip clearance of the ACE engine translates into a clearance of about .8 % span (12
mils or .012 ") on the blowdown turbine, two more sets of five blades were machined. The
first (blades 26-30) to .006" (1.2 % span) and the second (blades 5-9) to .012" ( 1.6 % span)

7 Cook, R. 0. and C. W. Hamm "Fiber optic Lever Displacement Transducer"; Applied Optics, Vol. 18, No.
19, 1 October 1979; pp. 3230- 3240



below the reference set (corresponding to a fifty percent and 100 percent increase in gap,
respectively).

Placement of the transducer is aided by the fact that the actual device is quite small. The
transducer is mounted at the end of a long tube which is in turn mounted with O-ring seals in
the optical lever holder which screws into the tip shroud. Due to the complexity and
congestion of the instrumented tip casing, the optical lever was mounted on another tip shroud
(window A) and the tip-casing was mounted in window B (these are roughly 120" apart).
Figure 3-13 shows both a schematic of the optical lever itself as well as the holder and its
position on the tip shroud. Placement of the optical lever in this window created the need for
two accurate measurements in addition to the calibrations: the distance from the optical lever in
window A to the actual gauges on the tip casing in window B and the relative difference in gap
between window A and B (due to nonuniformities in the tip shroud).

To calibrate the optical lever two different sets of experiments were run. A static
calibration used a machined blade as a stationary target mounted on a x-y table to accurately
control the distance between the lever and the blade which resulted in a scale factor of 1
Volt=5.56 mils (thousandth of an inch). Another calibration was to measure the output of the
lever during three different runs in a vacuum at low speed, high speed, and then low speed
again. If changes are due only to growth in the blades, then the first and third runs should be
at the same absolute level and the blade traces should be the same shape for all runs. The data
from these tests support three general conclusions.

1) For all three sets of blades, the shape and amplitude of both low speed runs are the
same. This implies that any difference between these measurements and those of the high
speed runs are do to either elastic growth or a systematic error in the optical lever.

2) Data which is averaged over ten revolutions is the same as any given revolution which
demonstrates that the optical lever signal for any blade is constant over a test (i.e there are no
debilitating random errors in the signal during a test).

3) In general, blade shapes remain relatively constant from low to high speed runs.
There are some blades which do change shape but are no different from the other blades in that
group in terms of amplitude; indicating that something to do with the effective reflectivity of the
blade changed, perhaps the angle?
Figure 3-14 and 3-15 compare the optical lever signal from the high speed run to an actual
turbine run. The large change in absolute voltage (3 to -3.4 V) as well as changes in the blade
patterns indicate that the flow field affects the optical lever to the point where comparisons
between the calibration runs and the turbine runs are useless.

However, using the vacuum runs, a scale and zero can be calculated by comparing
relative gap differences in a low speed run between two different blade groups and using that



data to find the growth of the blades from low to high speed. Unfortunately, while the patterns
remain similar for all runs, they jump around considerably implying that this system is
particularly sensitive to angle of mounting, surface finish and dirt. When an amplifier was
pinned, wiping a clean finger across what was seemingly a clean blade reduced the signal
considerably. The variation in signal intensity over any blade is over half the difference
between blade groups. Thus determining the average voltage for a blade is difficult. A straight
numerical average of all the the voltages over five blades in the low speed calibration run
yields a scale factor of 12.7 mils to the volt if one measures from the small clearance blades to
the reference set. This is over twice the value measured on the bench. In addition, static
measurements of the turbine tip clearance indicate that the base clearance was not .012" but
rather .026". As a result the actual gaps of the three groups of blades became: 1.7% of span
for the reference set, 2.1% for the small clearance group, and 2.5% for the large gap group.

The optical lever is too susceptible to reflective differences to be of much use in the
operating turbine environment now, but from the calibration a rough approximation of the
growth of six mils (23% of reference blade gap) is obtained. The optical lever, while unable to
give absolute measurements of the blade gap during the run was able to characterize the
behavior of the blade growth as purely elastic and give an upper bound on the actual growth.
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Chapter 4: Experimental Procedure and Calibrations

This chapter deals specifically with the experimental procedure, the experimental
problems, and the data reduction process. During the testing, the unforeseen problem of
having the heat flux gauges eroded away by small particles of brazing oxide from the profile
generator, caused a reexamination of the calibration procedure and the data reduction
methodology.

4.1 Tests Performed

With the equipment assembled, it was necessary to determine the investigation range of
the three independent variables: temperature profile, average temperature and tip gap. Ideally
for this investigation one would wish to test over the greatest range of profiles and average
temperatures. However, the present set-up of the facility imposes a trade-off between the
absolute temperature and profile (discused in section 2.2.6). The compromise settings which
give the greatest range of profiles and average temperatures are to run three profiles: no profile
(uniform flow), low profile (8%) and high profile (16%), at the two mass average temperatures
of 400 "K and 475 "K. To measure circumferential non-uniformities in the test facility and to
give better resolution of the nozzle guide vane flow area the tip shroud was inverted. The final
test matrix configuration is shown in table 4-1.

Table 4-1
Test Matrix

Profile Settin s
Average Temperature

High 475 "K
Low 400 "K
High (Tip shroud

reversed) 475 "K

High
Test 120
Test 122
Test 127

Low
Test 126
Test 125
Test 131

None
Test 121
Test 123 &Test 124
Test 130

The convoluted method in which the tests were done represented the order of importance which
was placed on the individual tests. This method attempted to extract the most information from
the tests done in case of catastrophic failure during the testing sequence.

The placement of the tip casing is shown in figures 4-1 and 4-2. For tests 1-7 the tip
casing was positioned so that gauges 41 and 51 are upstream (fig. 4-1). When the tip casing
was inverted for test 8-10, gauges 57 and 47 were upstream (fig 4-2). Figure 3-12 shows the



casing instrument locations for all tests with respect to the nozzle guide vanes. Figure 4-3
shows the gauge locations with respect to rotor coordinates.

Figure 4-1 Figure 4-2
Tests 120-126 Tip Casing Orientation Tests127-131 Tip Casing Orientation

I I-- -i

57 56 55 54 53 52 51
Rotor
Rotation

Zotor 7 1 Line of
totation otation

4low

4 464 44 4241
V

, Pressure Transducers

* Heat Flux Guages

4.1.1 Test Procedure

The test procedure had two distinct levels. There were the calibrations which needed to
be done before and after the test matrix and there were the calibrations which needed to be done

during each test. Before it was installed in the facility, the tip shroud had to be calibrated in a

temperature bath to obtain the proper conversion factors to transform the voltages measured by
the gauges and the RTDs into temperatures (Cal 1). During each run the facility differential
pressure transducers were calibrated twice. Once before the test gas was added to the supply
tank and once afterwards, just before the test. After the test is completed and the data has been
stored on the computer (five to ten minutes after firing), the absolute pressure transducers on
the tip shroud are calibrated at different times and pressures as the gas is evacuated from the
facility. After the test matrix was finished, two more temperature bath calibrations were done
(Cal 2 and Cal 3) to obtain final temperature-voltage conversions for comparison against Cal 1.
The final calibration performed involved verifying the Kapton properties needed to convert



temperature measurements to heat flux measurements using the laser set-up described by
Guenettel.

4.1.2 Test Results

Ten tests were performed over the space of fifteen days. Test 123 was performed under
conditions not used in the test matrix because of a mistake in the absolute temperature settings
and was redone under the name of Test 124. A summary table of the test characteristics is
given in table 4-2 ( a more complete table with variations over the test time is given in appendix

II).

Table 4-2
Run Conditions and Test Variances

Averaged from 375 to 400 ms

Test 120 Test 121 Test 122 Test 124 Test 125 Test 126 Test 127 Test 130 Test 131
TI'2 Avg 462.36 459.38 396.18 398.86 391.53 451.41 459.09 462.50 459.87
RTDF 17.2 .1 12.6 .0 6.7 8.5 7.4 .5 17.1
Corr. Spd 1.48 1.47 1.46 1.47 1.49 1.52 1.51 1.52 1.51
Speed 122.47 121.66 111.83 113.58 113.67 124.60 125.14 125.83 124.79
Fract. Spd 1.20 1.19 1.18 1.19 1.21 1.23 1.23 1.223 1.22
PT2 3.71 3.53 3.70 3.56 3.64 3.60 3.60 3.49 3.73
PT5 .89 .82 .88 .85 .89 .88 .85 .82 .89
Press. Ratio 4.19 4.28 4.20 4.17 4.07 4.10 4.22 4.23 4.21

Definitions:
TT2 Avg= Area average of the upstream total temperature rake
RTDF= Based on area average T mean and the measured profile (eqn 1, chapter 2)

Corr. Spd = Corrected Speed- N
i'i;/ref

Speed = Tip speed in revolutions per second
Fract. Spd = Speed/Design Speed
PT2 = Area average of the pressure rake behind the generator (Turbine inlet total pressure)
PT5 = Area average of the total pressure downstream of the rotor
Press. Ratio = PT2/PT5

Neither the profiles nor the temperatures were the exactly the ones which were aimed for.
The reason for this was that once the first test of either the high average temperature series or
the low average temperature series was run, the desire was to replicate the average temperature
obtained on that run. Thus when Test 120 obtained an average temperature of 462 *K that was
the average temperature aimed for in tests 121, 126, 127, 130, and 131. The profiles obtained
in both of the high average temperature runs was close to what was planned. For the low

1 Guenette, Ph.D thesis



average temperature run the peak profile was limited to 12 % by the outside wall temperature.
Thus to compare to the other temperature range it was decided to measure at half of this profile
(i.e. at 6 % ) instead of the planned 8 % and in this manner the effect of the profiles could be
normalized between the two temperatures for better comparison.

The tests ran according to plan except for the unexpected sand-blasting of the
instrumentation by the brazing oxide from the profile generator. This was a serious problem:
57% of the top gauges were destroyed by the end of the testing sequence. Many gauges, while
not completely destroyed, did not yield useful information during a run for a variety of
reasons. The erosion of the gauges caused changes in the scale factors and zeros (the
conversion factors which convert the voltages measured to temperature). This caused
problems for previous calibration schemes and required a new run-time calibration scheme
described in the data reduction section.

4.2 Instrumentation calibration

4.2.1 Voltage-Temperature Calibrations

As outlined in the MIT facility report2 The heat flux gauges are set up as one side of a
Whetstone bridge. Changes in resistance are converted to voltage changes which are amplified
and can be set to vary from -5 to 5 volts, corresponding to the maximum and minimum
temperatures expected to be encountered during a test. The nature of a whetstone bridge is to
be stable when the resistance being measured is close to a balance resistor in the bridge. The
amplifiers are constructed to put a resistor of nominally the same value as the gauge on the

other arm of the bridge and to fine tune the resistance to exactly match the gauge at some
reference temperature with a variable resistor. If however, the resistance of the gauge changes
greatly, the amplifier becomes more unstable, sometimes pinning or oscillating requiring the
rebalancing of the amplifier, or replacement of the balance resistor with a new one.

This has serious repercussions for the calibration procedures outline in the previous
chapter. The bath calibrations, which are done with the shroud connected to the amplifiers
used during the test, use straight line fits to calculate the temperature from the measured
voltage. However the scales ( "C/V) and the zero (X volts =Y * C) measure are a combination
of the scales and zeros of the gauges and the biases and zeros of the amplifiers. Thus changes
in amplifier settings during the run can cause great changes in the measured scale and zero for
the gauge, even if the actual scale and zero changes only a little.

2 MIT Report no 183



Three separate temperature bath calibrations were performed on the tip shroud. Cal 1
was before tunnel testing, Cal 2 was after tunnel testing, and Cal 3 was immediately after Cal 2
with a new balance resistor for TCB47T and rebalancing for the gauges marked to observe the
effect that changing the amplifier had on the gauge scales and zeros (Table 4-3). One can see
that changes in the scales and zeros is less than 1% for the gauges which were not rebalanced,
but for those gauges which were altered variations existed between .2% and 3%, indicating the
variety of reactions between the different amplifiers. As a comparison, some of the bottom
gauges (the reference set, 41B, 42B, 43B, and 47B) vary in scales by less than 1% over the
entire test matrix (table 4-4).

The comparison between Cal 2 and Cal 3 shows the strong influence of the amplifiers on
the measured scales and zeros for the gauges. Unfortunately the sand blasting caused
significant changes in the resistance of the gauges (table 4-5) necessitating amplifier changers
during the test matrix (table 4-6).

The sensitivity of the calibration factors to the calibration range also needs to be
investigated. Two different calibration ranges, using two different error reducing techniques,
were used in both Cal 1 and Cal 2 ranging from a 30 to 50 "C range to a 30-85 "C range. For
the reference bottom gauges (those gauges which were uneroded over the test sequence) table
4-4 shows the changes in calibration for scales and zeros for both cals and then over the entire
test sequence. The variation within any one calibration is less than .64 % and the total variation
in scales over the test sequence is independent of the range to within .9%.

4.2.2 The Heat Flux Calibration

As mentioned in the previous chapter, the laser calibrations are used to obtain the
properties of the kapton which are used to calibrate the heat flux. The laser calibrations require
that the power levels be constant over the testing times, and that the steady-state heat flux

measurements be one dimensional in nature. In both cases, these can be hard to insure during

testing. The laser beam in its unaltered form has a beam diameter of approximately 1.3 mm
(beam diameter is defined by the diameter in which l/e of the energy of the beam is contained).
This is roughly the same size as the gauges (1.3 mm x 1 mm) leading to two dimensional
effects on the edges of the gauges. Expanding the beam eliminates these effects but also drives
the power density down. Calibrations need to be done in the power density range measured in
the actual experiment, so a 4 Watt Argon laser was used. The step response in the laser beam
was created by an electo-optical modulation system (rise time of 25 ns) which ideally can
obtain extinction ratios of 250:1. However, the modulator can only work on one wavelength,
so the output of the beam was split and a maximum power of .8 W (a 30% loss through the



modulator) was obtained after the modulator at maximum laser power. While the ýpC

measurements require constant power, the K/D measurements require proper scales and zeros
to provide the upper and lower temperatures. The power levels can fluctuate during a test for
three reasons: power jumps in the laser, modulator drift, and focusing effects due to the fluid
used for the calibration. To observe power fluctuations based on the first two problems, an
optical power meter was positioned behind a reflective ND2 filter after the modulator. Thus
1% of the power was transmitted to the meter and 99% was reflected onto the gauge. The trace
of the power meter could be stored on an oscilloscope and compared with others to see if the
power levels fluctuated. Data for the calibrations were taken on a digital oscilloscope and
transferred to a floppy disk for storage. Using this method, power fluctuations could be
observed to an accuracy of about 5%.

Unfortunately, the last source of power fluctuations, due to focusing effects of the fluid
on the laser beam is not easily quantifiable during the test conditions since the amount of
curvature present in the fluid at the time of the test is not readily quantifiable. The fluid used
for the calibrations, Dibutyl phthalate was chosen because it did not dissolve the ink used to
darken the gauges, and because it presented a relatively flat surface to the laser beam.
However the overall accuracy of this calibration depends a great deal upon the technique used.

To insure a proper calibration technique a calibration block with a gauge with known properties

was used with different amounts of DBT (Dibutyl phthalate) and different amounts of inking.

For a test with the edge of the DBT placed close to the gauge a -pCk measurement was
W

493.3 ( -- ) while placing an amount of DBT of about 1.5 cm in diameter produced

a of 584 (accepted value is 586. W The amount of inking is also important

since it tends to change the time delay before one can see a straight correlation between iie
and temperature (as measured by extrapolating the slope of the fit between time and temperature
until it crosses the time axis). This is an indication of how well the gauge performes is
corresponding to the model and can be used as an indication of calibration problems. Usually
time delays of less then 10 ms are observed, but different inking levels can obtain time delays

of up to 40 ms. Using techniques which worked best on the calibration block, the "pCk of

the gauge was found to be 593 (m2 S ) .m2 4"Kec K
The accuracy of the k/D tests is directly proportional to the accuracy of the scales and

zeros as well as the overall calibration procedure. Using the above value for "pCk six

measurements of k/d were made at 8067, 8079, 8434, 8203, 8379, and 8365 for the
m2

gauges which survived the test sequence. The differences may be due to inaccuracies in the



scales and zeros calculated for the different gauges. A sensitivity analysis of the measurement
of k/D based on fluctuations in the power and changes in the upper scale sensor is shown

below. The basic relationship between k/D, -ýpCk , and temperature is given as:

Pzr k p Fn m
k/D- (Tu -TI)2 (1)

where m is the slope of the response of the temperature to eTtime . If Am is the change in
slope due to changes in power and AS is the change in the upper sensor scale factor, then the
change in calculated k/D can be written as the old k/D plus Ak/D as shown in eqn 2.

(m + Am)(1+AS/S)
(Tu (1+AS/S) - T) (2)

where C1 represents 2 and S is the old scale factor for the top sensor. This reduces

Ak/D 1+AS/S +Am/mto T /- -1 (3)k/D 1+Tu AS/S
Tu-TI

for the calibrations which we used (Tu-TI)/Tu ranged from about .7 to .8. Using .75 as an
approximate value yields a .3% decrease in k/D for a 1% increase in gauge scale factor and one
to one correspondence to increases in k/D to increases in power. A 5% change in power and a

5 % change in scale factor will result in a 3% change in k/D measured. Nominal k/D's for

Kapton have been measured at 8086 (W/m2) which yield a range of 8328 to 7843 (W/m2).
The variations in k/D measured are most likely due to the variations in scale and zeros

caused by the darkening process and variations in the laser power. Resistance changes in the
gauge which gave high values offers credence to this explanation since the gauge that gave the
closest values to 8086 was the only one whose resistance did not change after the darkening
process. Another check on the suitability of gauge to the calibration process is by checking the
implied power levels from gauge to gauge, provided that the power remains relatively constant.
For example during these calibration runs two different power levels were recorded; 38 and 49
Kw/m 2, at nominally the same power level. This represents a 29% increase in the power levels
which indicating a change in the scaling factors.

The final result, is that most of these gauge had been so badly damaged during the testing
that they were too sensitive to the inking process to keep constant scale factors. After every
test the gauges would have to be recalibrated using a bath calibration. The resources were not
available to pursue the problems mentioned here in depth, mostly because the laser was giving
out (it would have to be rebuilt) and the gauges were breaking after repeated applications of the
pen ink. To obtain an estimate of how k/D value could vary from gauge to gauge, results from



previous work with these gauges which were extensively analyzed were employed which
showed that the k/D value changed by 1.5% of the mean value. Thus, given the limitations in
calibrating the individual gauges on this shroud, the average value calculated from the gauge
which did not change resistance was used with this variation as an estimate of the k/D values or

the other gauges. Using this gauge, a value ofpk = 593 W ) and a k/D =
m2 N K

8073 W/m2 were used as the average values which relate well to established values based on

good gauge of 580 (m ) and 8086 W/m2.

4.2.3 The Pressure Transducer Calibrations

Calibration of the pressure transducers was done after the test as the facility was being
evacuated. During the evacuation process readings would be made by turning off the pumps
temporarily and taking temperature and pressure measurements. There were some intrinsic
problems with this procedure that were unavoidable. For instance, temperature changes, due
to the facility cooling, caused the transducers to drift. A time trace of this procedure is shown
in figure 4.4 for Test 131. One can see the spikes where the A-D was disconnected for the
measurements. It is apparent that transducer number five has some considerable time lag
associated with it. In addition, by using an average scale and zero calculated over all the runs (
a good approximation since the total variance of these properties is small over the test

sequence), a measurement of how much drift occurs due to temperature can be found by

looking at the response of the pressure transducers during the bath calibrations. Figure 4.5

shows the variation of the pressure measurements around the one atmosphere condition as the

temperature decreases in the bath. Over the entire test matrix, the scales and zeros of the

pressure transducers are good to with a 5% error (see table 4-7 for exact figures) and the
accuracy of the RTD's (2 and 3) are good to within 2% (table 4-4).

4.3 Methodology Used for Data Recovery

As mentioned earlier, the standard calibration procedures developed for this facility do
not work well when the instrumentation goes through a continuous process of erosion due to
sand blasting. The main engineering question imposed by this process is "Can scales and
zeros be accurately reconstructed at the end of a test, which represent, on average, what
actually occurred during the run?"



The erosion process probably reveals itself in two ways: through constant low level
erosion which results in gradual changes in the scales and zeros of the gauges over the test
time, and in the visual jumps in the data which probably occur when significantly sized pieces
of debris hit the gauge and damage it (fig. 4-6). The problem is exsasperated because in the
past, jumps in the data are due to electrical problems which do not reflect a change in gauge
resistance. Even if a methodology for reproducing the actual scales and zeros after each jump
existed, the jump would still have to be located. This problem is not important during the
actual test time, where sampling speeds can sort out random fluctuations from jumps, but at the
beginning of the test the temperature gradients are of the same order as the sampling speed and
thus it becomes quite hard to tell where a jump is. The final problem imposed by the jumps is
that once they are located they have to be evaluated to compensate for them. This is usually not
easy since it creates an error which generally can not be evaluated in any method other than a
worst case scenario (i.e. within the peak to peak variation of the cycle before it). Working with

the limitations imposed by the erosion, a method for evaluating the scales and zeros for each

gauge and every test was developed.
The problem becomes one of finding the appropriate reference thermometer. As shown

in table 4-4, the "reference gauges" had scales which varied by less than 1 % over the entire
test matrix, and while the zeros changed any where from 7 to 3 % the RTD's (2 and 3) have
scales and zeros good to about 3%.

The calibration scheme developed was to use an average of RTDs 2 and 3 (the most

stable ones) to give a reference temperature at the beginning of the run. This temperature was

used to provide the appropriate zero for the reference gauge set. Now that the reference gauge

set had scales (from the bath calibrations) and a zero specific to the test, the temperature at the
end of the run can be found from the reference gauges (in fact one could also get it from the

RTDs and a comparison between the reference gauge temperatures and the RTDs is shown in
table 4-8). Using the final temperature, gauges which had all the jumps removed could be
calibrated against its bottom gauge (if it was part of the reference set) or against an average of
the reference set gauges to get appropriate scales and zeros for that test. In order to do this,
the gauges had to be clear of jumps from the end of the testing time until the end of the run
dramatically increasing the number of jumps which had to be removed, and thus the error
imparted to the data.

Table 4-9 shows the number of corrections made to gauges before the end of the test time
at 500 ms (the number in "()" is the number of jumps removed during the entire test).



Gauge

TCB41T

TCB42T

TCB43T

TCB44T
TCB45T
TCB46T

TCB47T
TCB51T
TCB52T

TCB53T

TCB54T
TCB55T

TCB56T

TCB57T

Table 4-9
Jumps in Data Before 500 ms, () after 500 ms

120
D
2 (3)
2 (4)

NU/DE

o (0)
o (2)
o (0)
o (TM)
NU

3 (P)
1 (P)
2 (0)
0o (0)
o (0)

121
D

6 (0)

3 (5)
NU/DD
2 (0)
o (0)
o (0)
2 (3)
D
D
2 (0)
NU

NU
o (0)

122
D

2 (P)
1 (2)

NU/DD
o (0)
o (0)
0o (2)
1 (TM)
D
D
NU
1 (2)

o (1)
NU

124

D
1 (2)

2 (3)

0o (3)
P/NU
2 (2)

o (0)
D

D
D

1 (2)

3 (4)
1(1)

o (0)

Run

125
D

D

0o (3)
0 (2)
1 (2)

o (1)
o (0)
D

D

D

1 (3)
1 (1)
o (0)
NU

126

D
D
1 (1)

NU

5 (5)
0 (0)
0 (0)
D
D

D

0(1)
o (0)
o (0)
o (1)

127
D

D

1 (2)
1 (2)

1 (1)
NU
o (0)
D

D

D

1(1)
0 (P)
1 (2)

0o (TM)

130
D
D

NU

1 (3)
D
D
1 (BA)
D
D

D

o (0)
D

3 (3)
NU

131

D
D
2 (3)
0 (2)
D
D

1 (P)
D

D

D

2 (5)
D

2 (9)
1 (2)

where NU represents a gauge which was not used due to either to many jumps in this time
period or due to a problem with an A-D channel yielding bad data (DD). D indicates a dead
gauge, P a pinned amplifier. TM state that there are too many small jumps to sort out. BA
represents a bad amplifier after the testing time.

Once the jumps were eliminated, the gauges could be rescaled. However, there were some
gauges which either pinned after the test time, or contained so many jumps they could not be
rescaled; another, separate method for checking the scales and zeros was needed.

Many methods were tried, but the one which met with the most success was to plot the
tail end of the data, from when the turbine stopped to when the test was over (from about 160 -
300 secs). Based on how well the top gauge tracked with the bottom gauge during this time
differentiated the different gauge classifications. Gauges which were within .4 * C of the
bottom gauge when the rotor stopped were considered class A gauges. Class B gauges were
those which tracked within .4 to .8 * centigrade, and C+ gauges were those over .8 * C. Some
gauges could not be rescaled either because they pinned after 500 ms or contained too many
jumps and were classified as group C. B+ gauges were those gauges which exhibited higher
drift, but looked as though, given the spread of the other gauges, this was do to the casing not
being at equilibrium.

A temperature difference of .4 "C between the upper and lower sensor of a gauge, at the
point were the rotor stops, corresponds approximately to a heat flux of 3229 W/ m2. If one

Run



divides by an average temperature difference of 100 *C as the difference between the gas
temperature and the metal temperature at this point, then the heat transfer coefficient is
approximately 32 [W/(M2-K)], a reasonable value for free convection. Table 4-10 shows the
final grouping of the gauges.

Table 4-10
Final Grouping of

Gauge

TCB41T
TCB42T
TCB43T

TCB44T
TCB45T

TCB46T

TCB47T
TCB51T

TCB52T

TCB53T
TCB54T

TCB55T
TCB56T

TCB57T

1210

D
A
A

NU
A

A

A

C
NU

C
B

B

A

121

D
A

B

NU
B

A
A

NU

D
D
B

NU

NU

122

D
C
A

NU
A
A-

A

C

D
D

NU
C+

A

NU

124

D

NU

A
A
NU

A
A
D
D
D

A

A

A
A

Run
1521

D

D

B
A-
A-

A-
A-
D

D
D

B+

A

A

NU

Gauges

126

D

D
B+

NU
B

B+
B+

D

D

D
B+

B+

B+

127

D

D
A
A

A

NU
B-
D
D

D

A

D

A

I13

D

D
NU

A

D

D
NU
D
D

D

A

D

NU

NU

11

where Ni represents a gauge which was not used due to either to many jumps in this time
period or due to a problem with an A-D channel yielding bad data (DD). D indicates a dead
gauge, P a pinned amplifier.

4.4 Approximate Uncertainty Analysis

4.4.1 Error in Heat Flux Gauge Calibrations

Moffat3 describes a system of categorizing test variables into three different groups each
of which has its own error term associated with it; zeroth order, first order and nth order,
roughly correlating to errors associated with time invariant phenomenon (reading a

3 Moffat, RJ. "Contributions to the Theory of Single Sample Uncertainty Analysis" in Journals of Fluids
Engineering; June 1982, vol. 104, p. 250-259.
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measurement wrong), only time variant phenomenon (drift in calibrations over time), and
everything else (misalignment in transducers, etc.). In an ideal situation, one can not get better
than the zeroth order errors and by running the experiment several times before the actual data
is taken (i.e mock runs), approximate values for these errors can be derived and thus a
conclusion reached about whether the experiment is refined enough to continue on and take
data, or whether any data obtained would be so racked with error as to render it useless.

Past experiments using this facility have treated individual heat flux gauges as one
instrument which undergoes drift during the testing sequence, recorded by comparing the pre-
test and post test bath calibrations. The difference in the scale factors and zeros measured in
these two calibrations becomes the uncertainty associated with the gauges over the entire testing
sequence. The experimental problems exhibited during this project suggests that perhaps a
more accurate representation of the sensors would be to consider them completely seperate
instruments for each test, since the amplifiers are reset in almost every test. If this assumption
is accepted the problem becomes one of estimating the uncertainty involved in calculating the
scales and zeros for each test.

To find the effect of uncertainty of the scales and zeros on the calculated heat flux the
Steady-state Heat Flux equation (1) can be reduced to the components that are measured
through eqn (2) to get (3) which allows partial derivatives to be taken and used in eqn. (4)
which describes the uncertainty in heat flux as a function of measured parameters. The steady-
state heat flux is:

Q=(k/D)*(Tu-T1) (1)
Where Q is the heat flux, k/D is the thermal conductivity of the Kapton/Kapton Thickness, Tu
is the upper temperature and T1 is the lower temperature.
In terms of what is actually measured:

T=(V-Z)S (2)
Where T is the calculated temperature, V the measured voltage, Z and S are the calculated (or
calibrated, depending on how one looks at it) zero and scale for a particular gauge. Thus Q in
terms of measured quantities is:

Q=(k/D)*[(Vu-Zu)Su - (VI-ZI)Si] (3)

Thus if one uses the standard form for constant odds error, then the error in Q, AQ becomes:



AQ= [( )2 AXi2 ]. 5  (4)

where Xi represents the ith variable and AXi the error (what ever that definition of error may
be) associated with that variable. In Moffat's analysis AXi would be the culmination of all
zeroth, first, and nth order terms for that particular variable, which he states will be dominated,
in general, by the nth order terms. Equation 4 can be rewritten as a percent error equation after
taking the appropriate derivatives and substituting the steady state level of heat flux.

Q -((k/D (Tu-T1) * ERR,, (5)

Where ERR is:

ERR=AVu2*(Su2+Sl2)+(Vu-Zu)2Su2((AU )2)

((Vl-Zl)2Sl2(212)+(ZuSu) u2 +(Zll) 2A12

The problem is estimating the different uncertainties in eqn. 5. AV is just the cut on the A to D

or 2.44 *10-4 V (AVI=AVu). Estimates of •kID could be obtained from the laser calibrations,

but due to the lack of usable data from this experiment, an estimate for this term of 1.5% was
used which came from extensive testing on gauges in previous experiments.

Using this model there are many ways to obtain the variations in scales and zeros. One
could use the variation between bath cals over the entire test matrix; or one could calculate the

change of scales and zeros from one run to the next as the uncertainty. Both of these methods
include, in the error terms, variations which are necessary to get better signals. Another way to
estimate the uncertainty in the calculated scales and zeros for each run is to try to match the
sensors at points other than just the beginning and the end of the run, yielding an independent
calculation of the scales and zeros which can be compared to the previous one to obtain an
uncertainty. If one assumes that there is no error in the lower gauge (this implies that the lower
gauge acts as a reference thermometer) then the upper gauge can be matched to the lower gauge
at the end of the run and when the rotor stops turning (for the reasons mentioned in the
previous section, see figure 4.7)



Figure 4-7
md Zeros

Rotor stop Time End of Test

Unfortunately recalculating the zeros and scales in this manner is susceptible to error since ATr

is on the order of .2 to .4 * C and the absolute temperature difference, ATt is about 2 *C and

the noise in the signal is .06 "C.
Another method which could be used would be to calculate the uncertainties directly due

to temperature and k/D and not reduce it to the actual measured quantities. For example,

assuming that there is no error in the lower gauge (as done earlier), taking the partial derivitives
of Q as a function of k/D and Tu in eqn 1 yields:

Ak AK
AQ=(Tu - TI) + + ATu (6)

Dividing by Q and squaring the error terms yields:

Q /kI2 DJ + Tu 1/2 (7)

This form has the advantage of being directly measurable from the calibrated data. Using this

method, the uncertainty in the DC heat flux is shown in table 4-11. This method overestimates
the error as well since one would expect some residual heat transfer to occur to the surrounding
metal (since the gas is still much hotter than room temperature) after the rotor stops

4.4.2 Error in Pressure Transducer Calibrations

The pressure measurements, while not subject to the same type of problems as the
temperature measurements have their own problems with time, temperature and pressure drift.
Our uncertainty is contained in our ability to correctly estimate both the scale and the zero of the
transducer over any particular test. By writing the equation for the percent error of pressure as
a function of the percent error in scales and zeros we get



(AP/p) 2= (AS/S) 2+(AZ/Z) 2*Z2/(V-Z) 2  (10)
If we use the average total variation of the transducers over the entire matrix of roughly 4% for
both scales and zeros (which is what is actually measured) the total error of the pressure
becomes about 9%. This of course is another worst case analysis, but given the temperature
drift of some of the sensors the pressure drift of others, an average over the entire test matrix is
probably not a bad estimate, although it could be improved upon for individual transducers.
As will be shown in chapter five, the different pressure transducers have different response
patterns and in all probability only two or three of the transducers are actually working well.
This information coupled with the poor temperature independence of some of the transducers
indicates that the actual error on the operating transducers is probably less than the 9% listed
here and will be improved upon at a later date.
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Figure 4-3
Axial Gauge Location and Coordinates with Respect to the Rotor Blade

x/c

mm -2.184 2.885 7.965 13.045 18.125

Gauge Location

(Units) I
Distance from leading 1 .1006

edge of tip shroud (inches)
Distance from leading I -.086

edge of blade (inches)
Axial Distance

C -.085P

Position of center of J N.A.

.3006

.1136

.112

REF

Gauee Position

.5006

.3136

.308

-1.835
blade relative to center of blade
at gauge 2 (+ is opposite rotation direction) (inches)

Blade thickness
N.A .284 .391

Span

Span= 28.517 mm distance between blades

N.A.= Not Applicable
REF= Reference

.7006

.5136

.505

-.291

.410

.9006

.7136

.701

5.271

.324

23.205 28.285
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.898

14.69

.132
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1.1136
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Chapter 5: Data Presentation

The previous four chapters dealt with the set-up and running of this project; this chapter
shall present the data and attempt to quantify the effects of tip gap, temperature profile, and
average gas temperature on the tip shroud heat flux. The first section of this chapter outlines
the different components of heat flux which are studied, the physical significance of the non-
dimensional parameters used for comparing the different tests, and some of data reduction
techniques used. The second section of the chapter confronts the main engineering questions
which were the purpose of this investigation: what are the effects of profile, gap and absolute
temperature on heat flux to the tip shroud. The final section discusses briefly the results of the
total uncertainty associated with the heat flux measurements and the pressure data. Analysis
and conclusions are stated in the final chapter along with recommendations for future work.

5.1 Data Reduction

The fundamental goal of this experiment was to accurately measure the affect of the
independent variables on the heat flux to the tip shroud. The heat flux is primarily an unsteady
process and can be divided into two components: a time averaged part and an instantaneous
part. Thus the total heat flux at any point can be described as a combination of these two
variables (eqn 1).

q= q [Xi] +q'[Yi] (1)
where q [Xi] is the time averaged heat flux influenced primarily by the geometric and flow

parameters [Xi] and q'[Yi] is the time dependent heat flux which may depend on geometric and
flow variables as well as time. In splitting the heat flux into these two parts it is important to
ensure that the averaging period selected does not influence the results of the time averaged
quantity. The experimental question is what do the independent variables [Xi] and [Yi]
physically represent. Are they related mostly to geometric properties such as the nozzle guide
vane geometry or the tip clearance; are they flow variables such as total temperature, total
pressure, or the profile, or are they a combination of the two.

Thus one has to be careful in how the data analysis is done to ensure that possible
variations among these variables for different tests are not eliminated as noise. One way to do
this would be to run several different tests at one condition; yielding an appropriate value of the
randomness associated with any one set of geometry and flow variables. Another method
which would allow separation of some geometric variables would be to take measurements at
the same axial location, but different circumferential locations. There, is of course, all
independent of a separate question; how accurately do the measurements taken at any point



reflect the flow that occurred.

These goals of multiple tests at the same conditions and different circumferential
measurements were not completely fulfilled due to the erosion of the gauges. There were no
multiple runs since there were virtually no gauges left at the end of the first test matrix and there
were not enough operating gauges at any one point to yield many circumferential comparisons.
The sand-blasting also had an effect on the calibration procedures and the data reduction
process limiting the extent of the uncertainty analysis. These problems imply that some limits
exist on the conclusions that can be drawn from this experiment. Answering the ultimate
question of what the data really represents (i.e what causes the flow to behave the way it does,
which is beyond the scope of this project), may require additional work. Much of the
investigation of the data done in this paper will look at the questions of how well does one
know the flow field and what are the significant effects present in the data, in the hope that this
data can better guide future experiments.

5.1.1 Interpretation of Non-Dimensional Quantities

The questions which can be answered revolve around the influence of the various
investigation variables on the tip shroud heat transfer in both a time-averaged environment and
the time resolved regime. However the question remains as to what is the best way to compare
different tests to bring out the points of interest - what is the best way to non-dimensionalize
the data for the different possible causes ( the variables [Xi] and [Yi] in eqn. 1). Two

traditional non-dimensional parameters which could be used, the Nusselt number and the
Stanton number have problems in their implementation. The Nusselt number, which is a
comparison of the convective heat transfer to the conduction through a slice of fluid L units
thick (eqn 2):

NuL=hl/kf (2)
where h is the convective heat transfer coefficient given by h=q/(Tref-Twall), L is the length
scale and kf is the thermal conductivity of the fluid.

requires a free stream total temperature (Tref) for the calculation of h, which is not available.
The Stanton number:

h NuL
Stl (3)St-pCpU -ReLP r  (3)

Where ReL is the Reynolds number based on the same length scale as the Nusselt number and
Pr is the Prandtl number.

has the same problem since it to relies upon a calculation of h. Thus the only physical
interpretation left for these numbers in this case, is a global interpretation which would be



based on the inlet total temperature and on some global length scale (perhaps blade chord or
rotor diameter). The total temperature could be either the mass-average temperature entering
the turbine stage, or the temperature at the tip of the upstream temperature rake.

Thus the question of how to best resolve the different geometric and flow influences

remains largely unresolved. Differences can be observed and compared, but the analytical
framework is not developed to the point where their underlying causes can be evaluated.
Nusselt numbers will be used to compare test of different conditions but because of limits on
what is known, (the Nusselt and Stanton numbers represent global information; information
which may be of use in designing a stage, but which is of little use in understanding the
dependence of heat flux on the flow variables) most comparisons, where appropriate, will be
done between heat flux measurements.

Another problem is defining the inlet conditions in non-dimensional terms so that they
can be properly compared. For these tests, generally, global variables are used. For the
description of the temperature profile, the RTDF parameter is used, as described in chapter
two, eqn. 1, using the measured peak, mean and minimum temperatures at the upstream
temperature rake. The blade gaps were normalized by the blade span at the leading edge of the
rotor blade. And the inlet temperature was normalized by calculating a driving temperature
ratio:

Driving Temperature Ratio = Tw (4)

where Tw is the metal temperature at the beginning of the test and Tg can be either the average
temperature at the Nozzle guide vane inlet, or the temperature at the tip of the nozzle guide
vane.

5.1.2 Analysis of the Time-Averaged and Instantaneous Heat Flux.

The decomposition of the total heat flux into the two groups, time-averaged and
instantaneous requires different observational methods in isolating the various effects. When
looking at the time-averaged data alone one has to be certain the fluctuations in the results due
to different averaging periods are small compared to the other errors present in the data. One
would expect that as the averaging period is increased, the percentage of change in the results
decreases. Thus , when the appropriate level is reached this part of the data becomes "steady"
(even though the process is primarily unsteady). Comparison between "steady" data is
relatively straight forward, however the possibility exists that although the "steady" (or DC as
it will be referred to from here on) may be the same for different tests, the heat load could be
occurring in different ways which could lead to the problems exhibited in jet engine tip shroud



bum out. It has been noted that the AC (time resolved) fluctuations are large, sometimes 30%
of the peak heat flux loads indicating that the problem is not generally one of small
perturbations and thus examining the changes which occur in the AC loading are important.

How one does this is not clear. Since interconnections between AC fluctuations in the
heat flux and the mechanical degradation of aircraft engine parts has not been fully established
analyzing the AC data becomes almost purely qualitative. Magnitudes, shapes and variations
based on axial and circumferential positions can be observed, but more sophisticated models
of the flow are needed for technical conclusions. When answering the engineering questions
poised at the beginning of this chapter, both the DC and the total heat flux (AC+DC) data will
be presented.

5.1.3 Data Processing

There were many different programs used to help decipher the data, some of which were
used to organize the data and others which were used to fundamentally change it. Three of
these programs actually change the data and should be mentioned: the filtering program, the
averaging program, and the unsteady heat flux calculating program.

Filtering the Data-
To reduce the random noise which occurs during the experiment, a low-pass filter

program was used to cut the signals off at above 40 KHZ. This is approximately five times the
blade passing frequency. The filter used is a "Nearly Equal Ripple" type (based on papers by
Kaiser and co.1) which is specified by the cut-off frequency, the band width of the transition
zone, and the relative error allowed in the ripple after the transition period. Unless otherwise
noted the filter program used during these tests was a 40 Khz cut-off with a 3 Khz transition
and a 40 Db error. As a comparison, some data was re-run with a 3 Db error and no difference
was detected. This is probably due to a high signal to noise ratio and the fact that by 40 Khz
the harmonics are as small as the noise which is an order of magnitude less than the main
harmonics.

Averaging-
There were many different types of averages which are of interest during the tests. There

are averages of blade "A" with blade "A" one revolution later and so on over the specified
number of revolutions (Blade averaging). Rotor averages consist of every blade being
averaged together (all 61 blades) for the required number of revolutions. And there are group

1 Kaiser, J.F. and W. A. Red, Review of Scientific Instruments, 48,1447 (1977); 49,1103 (1978)



averages, which average the different blade values over one group. The results of these
procedures would be, if one was averaging over 10 revolutions: for a blade average, 61
separate signals per revolution, where each signal represents one blade passing which is the
average of that exact blade over ten revolutions. The rotor average would have one pattern,
repeated 61 times (per revolution) and would be the result of an average of 610 blades. The
group average would be the average of the five blade averaged signals in one group (reference,
small, or large) and would represent an average over 50 blades. Unless otherwise noted, all
DC data presented will be rotor averages from 350 ms over 10 revolutions and will be revered
to as the standard average.

To do the averaging, a position encoder is located on the rotor system that provides the
angular position of the rotor at any point in time. This provides a once per revolution signal
which occurs in the same physical location for every test (it changes only when the rotor is
removed), but can occur at different times depending on where the rotor was at the beginning
of the test. This information is important because since the data really starts being averaged
when the first "once/rev" signal occurs after the initial starting time. In this manner the data can
be averaged exactly over the proper number of revolutions. The 1/rev signal is also used to
convert the time axis to blade passing. Data for different tests have been time shifted to account
for the differences in the speed and the once/rev signal, but variations in the signal between
axial positions for any given test have been preserved.

The Heat Flux Program-

Steady state heat flux is obtained relatively easily by measuring the upper and lower
sensor temperatures at any given time and multiplying by the k/D of the gauge. For the time
resolved measurements, a model of the Kapton as a filter was used to calculate the heat flux.
The theory behind this program comes from a paper done at Oxford by Oldfield 2 and verified
at the MIT Gas Turbine Lab3. This allows the complete reduction of the heat flux over the
entire frequency range. For these tests the Frequency range of the model was from 200 Hz to
40 KHZ using a nine stage model

2 Oldfield, M.L.G. and H.J. Burd, N.G. Doe "Design of Wide Bandwidth Analogue Circuits for Heat Transfer
in Transient Tunnels" Oxford University Engineering Laboratory Report 1382/81
3 Epstein, A., G. Guenette, R. Norton, and C. Yuzhang "High Frequency Response Heat Flux Gauge." in
Review of Scientific Instruments, Vol. 57, No. 4, April 1986, pp. 639-649.



5.2 Data Presentation

5.2.1 Instrument Locations

When presenting the data, it is important to remember the parameters which are changing
and how they relate to the instrumentation position. This information is culled from the
preceding chapters and reproduced in the following tables. Table 5-1 shows the different
circumferential positions in which measurements are taken (see fig. 3-12 for more
information). Table 5-2 shows the different axial locations of the instruments, and table 5-3

shows the different blade gaps studied.

Circumferential

Test
120
121
122
124
125
126
127
130
131

Where positions

40 series gauges

1-6

Circ. Pos. 2=.197 C
CP 2 C
CP 2 C
CP 2 C
CP 2 C
CP 2 C
CP 5 = -.303 C
CP 5 C
CP 5 C

are defined in figure 3-12.

Table 5-1
I Position of Instruments

Instruments
50 series gauges Odd #

Pressur
'P 6=-.554
'P 6
]P 6
,P 6
'P 6
,P 6
:P 1 = .447
1P 1
:P 1

Even #
e Transducers

CP 5=-.303
CP5
CP 5
CP 5
CP 5
CP 5
CP 2= .197
CP 2
CP 2

CP 4=-.178
CP 4
CP 4
CP 4
CP 4
CP 4

CP 3 =.072
CP 3
CP 3

G1
Gauge /

Table 5-2
Axial Location of Instrumentation

(see fig 4-3)

Axial Location
ion # Position (x/C)

.112

.308

.505

.701

.898
1.094



Table 5-3
Blade Gaps

Blade Group Nominal Static Gap Amount Removed Gap/Span
Reference .026" 0.000 1.7%

Small .006" 2.1%
large .012" 2.5%

5.2.2 Preliminary Analysis and Analysis Techniques

Before the heat flux dependance on temperature and profile can be studied three questions
must be asked. The first question involves developing a proper analytical procedure for
evaluating the data. Questions such as "What defines the average value?", "Should one
average the temperature data and then calculate the heat flux, or calculate the heat flux and then
average it ?" or "Does it matter how one does it ?" must be answered. The last two questions
involve the dependence of the data on the tip gap and the circumferential locations of the
instruments. One might expect some variation due to either of these geometric variables, but
they may not be visible in this experiment and thus their elimination could reduce the amount of
separation needed in the data. Answering these last two questions can eliminate some of the
options in the first question and establish a consistent way of presenting the data developed.

For the DC data the problem becomes one of averaging times. Should a blade average,
group average or a rotor average be used to express the mean values of the data. If one uses
group or blade averages then only a small amount of total time is being averaged and the final
results may be susceptible to the averaging period. One way around this problem is to ask if
there is indeed any visible variation between different tip gaps, for if there is no variation, this
problem can be eliminated.

5.2.3 Differences Due to Tip Gaps

Table 5-4 (a) lists the heat flux measurements for all the tests for the 1.7% gap and the
2.5% gap blades (for types "A" and "B" gauges, see chapter four). The data presented is a
filtered group average of the 1.7% gap blades and the 2.5% gap blades. Heat flux
measurements can be used in this case (versus non-dimensional measurements) since
comparisons are being made only for one gauge at any one run condition. There is not even a
comparison between different gauges at the same axial location for the same run, thus all the
variables are the same except blade gap and non-dimensionalization is not needed. Table 5-4



(b) shows the differences between these two different gaps (1.7%-2.5%), normalized by the
1.7% gap. Two key points lead to the conclusion that variations in tip gap do not play an
important role in the DC data. First, no clear pattern establishing which gap maintained a larger
heat flux was present; half the time it changed from one group to the next. The second point is
that while a few gauges demonstrated large fluctuations between groups, the majority had low
levels of variations. The only exception occurs on the low temperature tests where the absolute
level of heat flux becomes quite low (even negative on one run) making the percentage change
large. This suggests that variations between blade groups are too small to be acceptably
quantified in this experiment. A majority of the differences are of the same order of magnitude
as the error introduced through the calibration process (see table 4-11). However, a
supplemental question needs to be addressed before a conclusion is reached. How accurately
do these averages represent the "true average " of the data.

Unfortunately multiple runs at the same conditions were not done so the only process
available to estimate the variation in the data averages is to establish its dependence on the
averaging times. The averaging times can influence the data through the selection of the
starting time and the length of averaging period. To check the influence of the averaging
technique on the results, different blade averages were calculated as well as a rotor average (the
rotor average has the effect of dramatically increasing the averaging times). Comparing these
results there was no significant difference beyond the levels seen separating the two different
blade gaps. Figures 5-1 (a-c) show the different heat flux patterns for the blade averaged
values of 5, 7, and 11 revolutions for test 120 gauge 46. While there is some difference it is
small compared to the overall circumferential variation seen throughout the rotor. Fig 5-1 (d)
compares these plots directly on an expanded time scale. From this information it is apparent
that the data does not depend on the averaging technique to any greater extent than the data
depends on the average gap variations. The final question which must be answered before the
tip gaps are eliminated as a variable is, "Is there any variation due to the clearance present in the
AC data?".

Figure 5-2 (a-f) show the "turbine signatures" (blade averaged data) for three different
runs (high temperature high profile, high temperature no profile, and low temperature no
profile). The blade passing frequency is approx. 7.2 Khz and two gauges are plotted for each
run. Gauge 47 at the trailing edge where there is little direct blade interaction and gauge 43
where the blade thickness represents approximately 40 % of the blade spacing. If there is any
effect due to tip gaps, one of these two extremes should show indications of it. From these
graphs it is apparent that variations exist in the rotor but they do not seem directly linked to the
blade height. There are only three groups of blades, and the reference gap (1.7% span)
represents 84 % of the blades and any variation which is due to blade gap should appear



concentrated around the small and large gaps, which it does not. To get more detail, group
averages of the 1.7% gap blades and the 2.5% gap blades were compared for different tests.
Test 120 provides a good example of the differences.

Figure 5-3 (a-j) compares the blade averaged AC heat flux of the 1.7% group with the
2.5% gap group. Test 120 shows evidence of circumferential variations between different
gauges at the same axial location which can be large. Typically, the 1.7% gap has higher AC
values of heat flux than the 2.5% gap; however on many gauges, such as gauge 56, the
variations between gaps is smaller than the blade to blade variation within a gap. In addition
the greatest variance seems to be between gauges at the same axial position, but different
circumferential positions. This behavior suggests that the variation due to gap clearance, if
they exist, are drowned out by the circumferential and blade to blade variation.

Thus it appears as if the influence of tip gap on this experiment is of a much smaller scale
than the other investigation variables. This may be due to an increase in the static gap of the
MIT facility which is essentially twice the design condition or it could be due to the resolution
of the instruments. But based on these results: no steady-state effect or transient effect, the
task of analyzing the rest of the data will be simplified. Instead of using blade or group
averages, the unsteady data can be averaged over many more blades using a rotor average
which should help to provide more consistent measurements.

5.2.4 Procedure for Evaluating the Time-Resolved Data

A remaining problem is analyzing the data involving the unsteady measurements. The
program which calculates the unsteady heat flux is a non-linear system; meaning that if one
filters some data and then uses this program, the result may not be the same as if one applies
the heat flux program directly to the data and then filter it. For data which is averaged over
many cycles either before or after this program is run the data results should converge. Using
many different procedures, data from a variety of tests was evaluated. For the main procedure
in question, should one first rotor average the data and then perform the heat flux calculations ,
or do the heat flux calculations and then average the result; no difference was found in the final
results when a rotor average of the data was used.

The conclusion at this point is that there is no variation due to tip gap. This implies that
the best averaging technique to use is a rotor average, since it averages enough blades to
guarantee no cut-off due to the filtering aspects of the Kapton in the steady state calculations.
For the unsteady investigations there is no difference in results due to the order of operation,
and thus for all unsteady data, the data will be calculated using a standard filter and the standard
rotor average (350 ms over 10 revolutions). The last question is, "Are the variations due to
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circumferential location important in all the runs?"

5.2.5 Circumferential Variation in the Results Due to Instrument Location

Table 5-5 shows the DC values of the heat flux measurements for each run using the
standard data. Since only gauges are compared which are in the same run, using the heat flux
measurements as a indication of the variation is legitimate. The only variations are due to the
different circumferential measurement locations which are not accounted for in the non-

dimensional parameters studied so far. All the gauges which produced some kind of data are
presented and the ones which are in group B or below (see chapter four) are highlighted. The
chief suspect for circumferential variation would be the presence of the nozzle guide vane
wakes. To quantify the circumferential position of the gauges, the nozzle guide vane closest to
the center of the tip casing (see fig. 3-12) was used as a reference (see table 5-1). The
measurement used in table 5-5 is the distance of the gauges from this nozzle guide vane divided
by the nozzle guide vane spacing with the positive axis being counter rotational. The variations

were calculated by taking the difference in circumferential values and normalizing by the free
stream value of heat flux (the value obtained in the center of the nozzle guide vane passage). It
should be noted that using this system is only good for comparison purposes since during any
different set of run conditions the gas exiting the nozzle guide vanes may have vastly different
angles associated with it implying that the wakes due to the nozzle guide vanes could be offset
by quite a large amount. But since we are examining comparisons between gauges for one run
condition it is only important to know the relative distances between the two measurement
locations, not where they occur in the nozzle guide vane wake, to show a difference.

The results indicate variation which seems to be both a function of profile and absolute
temperature. As an example, notice that the amount of variation seems to decrease as the
profile decreases for the high temperature runs. And for the low temperature runs, the
relationship seems to invert, with the highest values of heat flux being closest to the nozzle
guide vanes. Figure 5-4 (a-u) represents a comparison of the total unsteady heat flux for all
runs which have two gauges at the same axial location (basically the AC+DC plots of the points
discussed in table 5-4 b). The time axis has been normalized in these plots to represent blade
passing. This data has many interesting points. Most of the blade shapes are similar between
axial location, except for positions six and seven where a distinct difference between the
circumferential positions develops. As an example, looking at figures 5-4 (a-d, test 120) it is
apparent the maximum heat flux variations (the AC component) are of a similar order of
magnitude, but in the troughs a secondary peak appears in fig 5-4 (c, location 6, test 120)
which develops into a bigger peak at the next axial location 7 (fig 5-4 d). One may notice the
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strange time shift for gauges 47 and 57 in tests 127 and 131 (fig. 5-4, r and u). This is

probably the influence of the nozzle guide vane wakes since in these runs, gauges 57 and 47
are at the leading edge. Another interesting point is that in most cases, positions with large

differences in steady-state results have differences in AC results, although the relationship

between the magnitudes of the two measurements is not clear. An example of this is shown in
fig 5-4 ( k, test 125, location four), where the DC difference is 25 % and the variability in the
magnitudes of the AC data is relatively small (since the two signals are slightly shifted

vertically due to their shapes) and fig 5-4 (q, test 127, location 4) where the DC difference is

10 % and the differences in AC values are quite large. There is also a tendency for the AC

component of the heat flux to decay slightly as one approaches the trailing edge.
In conclusion there does appear to be variation with circumferential position, although its

causes are not clear. DC variations of up to 50 % have been observed, however the median

variation is about 20%. The amount of variation also appears to be loosely coupled with both
the axial position and the profile, with the amount of variation increasing with axial position
and decreasing with profile, although not consistently. It also appears as if the sensors are
detecting some flow phenomenon such as the wakes behind the nozzle guide vanes and the
development of the second spike (perhaps a shock or wake) at the trailing edge of the casing.

The conclusion that can be reached at this point is that directly comparing gauges from different
circumferential positions is not valid and when examining the effects of profile and temperature
on heat flux to the shroud, measurements taken at different circumferential positions have to be
separated.

5.2.6 Turbine flow With and Without the Profile Generator Installed.

Perhaps one of the most fundamental questions, from the standpoint of comparing data
from this test to past experiments is does the physical addition of the flow generator alter the
flow. To answer that question the operating conditions of this test sequence where chosen to
match a run done several years earlier, test 21. The two tests involved in this experiment were
test 121 and test 130, the high temperature, uniform flow runs (test 130 had the tip casing
inverted). A nominal comparison of the run conditions is given below in table 5-6.
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Table 5-6
Run Conditions of High Temperature, Uniform Flow Runs

Test 21 Test 121 Test 130
Total Temp ("K) 468.72 467.71 471.15

Total Pressure (atm) 3.504 3.547 3.511

Speed (rps) 121.74 121.71 125.68
Gamma 1.279 1.284 1.281
Mean Tip Gap .8 (est) 1.7 1.7

(% of Span)

As one can see the run conditions are close. Comparison of these tests should be done with

Nusselt numbers even though the test conditions are marginally the same. Before this can be
done the uncertainty of the heat flux measurements are needed.

Presently there are two sources of error in the heat flux measurements; those from the
calibration procedure and those due to the averaging technique. These errors have been
estimated; the calibration error was shown in table 4-11 and the error due to averaging was
estimated earlier by comparing the different results between the group averages (more on this in
the final section). These errors can be combined using the root mean square of the terms
because they are independent. The Nusselt number in terms of what is measured is given by
eqn. 4:

Qmeasured L
NUL-kf (Tref-Twall)

By taking the partial derivatives of this equation one finds the error in Nusselt number as a

function of the percentage changes of the unknown variables Q, Tref, and Twall is shown in
eqn 5.

ANuL ý[AQ]2 + ATref ]2 [ ATwall]2
Nu- V Q + J +f T[ ]2 (5)NuL- (TrefTwall) (TrefTwall)

The last two terms can be neglected since the gas temperature is , at its smallest level is 70 "K
above the wall temperature. Typical values for ATref/Tref are on the order of .16 %4.
Calibration errors associated with the upper sensor on the heat flux gauge, while unknown, can
be estimated in the same fashion as the calibration error was in chapter four and therefore
ATwall is on the order of .2 to .4 "C. Therefore the errors in these last two terms will be much
smaller than the error estimated for Q and as a result the error in Q becomes the error in Nusselt
number.

Table 5-7 shows the heat flux, errors, and variations between test 21 and tests 121 and

4 Cattafesta, Lou "An Experimental Investigation of Inlet Radial Temperature Profiles on the Aerodynamic
Performance of a Transonic Turbine Stage", Master's Thesis, August 1988, p.65
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130. Table 5-8 shows similar results for the Nusselt number. The length scale used for the

Nusselt number calculations is the rotor blade chord, and the Nusselt number was calculated
using both the area-averaged inlet total temperature (which is the same as the mass averaged
inlet temperature in this facility) and the total temperature at the tip of the temperature rake.
The data used is a filtered and rotor averaged from 350 to 400 ms (these results are plotted in
figures 5-5 , heat flux and 5-6, a and b, Nusselt numbers based on average and tip

temperatures respectively).

Table 5-7
Heat Flux Measurements and Variation

for Tests 121, 130, and 21
(KW/M2)

Test 121 Test 130
57 54 47 46 45 43 42 54 44

Circumferential Pos. -----6---- ------------- 2--------------------- 1 5
Heat Flux (avg) 32.1 113 29.2 31.1 69.0 103 111 99.2 92.5
Calibration error 2 2 2 4 3 2 2 2 2

(table 4-11, %)
Averaging error 1.83 0 1.68 0 .43 0 0 .20 .65
Total Error(%) 2.7 2 2.61 4. 3.03 2 2 2.01 2.1
Heat Flux

Test 21 13.5 105 13.5 30 82.5 116 112 105 105
Circumferential Pos ---------- ------- 5 --------------------- ------ 5-------
% Variation 81.6 7.3 73.5 3.6 17.8 11.9 .9 5.6 13.6
Group Types A B A A B A A A A

for Test 121,130
Errors are in percentage change of variables
Variation from Test 121 and 130 to test 21 is (Maximum-Minimum)/Average
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Table 5-8
Nusselt Numbers

for Tests 121, 130, and 21

Test 121 Test 130
57 54 47 46 45 43 42 54 44

Circumferential Pos. ----- 6---- -------------- ------------------------- 1 5
Nusselt No. 390 1450 353 376 860 1310 1430 1220 1130

Based on total temperature at tip
Nusselt No. 379 1400 343 365 834 1270 1380 1190 1110

Based on total average temperature
Total Error(%) 2.7 2 2.61 4. 3.03 2 2 2.01 2.1
Nusselt No

Test 21 164 1309 164 363 991 1454 1418 1309 1309
Circumferential Pos -------------------- 5 ------------------------ ------ 5-------
% Variation

Ttip-Test 21 81.6 10.2 73.1 3.5 14.2 10.4 .8 7.0 14.7
Tavg-Test 21 79.2 6.7 70.6 .55 17.2 13.5 2.7 9.5 16.5

Group pTypes A B A A B A A A A
for Test 121,130

Errors are in percentage change of variables
Variation from Test 121 and 130 to test 21 is (Maximum-Minimum)/Average

First, it should be noted that the circumferential location of test 21's measurements
coincide with circumferential location 5, the same location as the 40 series on the high
temperature tip casing reversed tests of which there is only one measurement. But a
comparison will still be made in the hope that some useful information will be obtained. Two
key points shown in table 5-7. First is the significant increase in heat transfer at the trailing
edge of the tip casing for both circumferential positions. The second is the circumferential
variation which occurs between gauges at the same axial location (not surprisingly). The
steady-state data definitely suggests that something unexpected is happening at the trailing edge
of the tip casing, examination of the time resolved measurements may provide more evidence
as to what is happening in this region.

Figures 5-7 (a-f) compares the total unsteady Nusselt number based on average
temperature at the nozzle guide vane inlet for the gauges in tests 121, 130 and 21. One can see
that tests 121 and 21 have nominally equal Nusselt numbers at the trailing edge. At the 70%
blade chord (axial position 5) the AC component of the Nusselt number for test 21 has begun
to shrink compared to test 121 which continues to the leading edge. In addition to changes in
levels of heat flux, the blade patterns change for test 21 (it starts out with two distinct peaks per
blade passing and then becomes one peak as the flow progresses down stream). In
comparison tests 121 and 130 have blade shapes and relative fluctuations which stay
approximately constant for all the axial locations. Figure 5-7 (e) also shows the variations
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which seem to exist for three different circumferential measurements.

These two items: the difference in heat flux at the trailing edge and the changes in blade

shape at the leading edge, suggest that the flow field which presently exists is not exactly the

same as when the data was taken for test 21, but is quite similar. This could be due to the

different circumferential measurement locations or it is possible that due to mechanical reasons

involving the MIT facility, the blade gap may have grown from the design gap, due to

modifications of the facility and tip shroud erosion. This leaves unresolved the exact influence

of the profile generator on the flow of the facility. The variations which are seen are generally

small compared to the blade to blade variation, except at the trailing edge, were the DC

differences between test 21 and 121 and 130 are large, possibly due to the different

circumferential locations involved. To fully solve this problem more measurements will be

needed.

5.2.7 Variation Due to Temperature Effects

There are two questions here which need to be separated for analysis; what is the effect

due to driving temperature and what is the effect due to the profile. One way to separate these

questions would be to estimate the true driving temperature for the Nusselt number calculation

(Tref in eqn 2) and in this way the effects due to temperature can be isolated from the profile

effects. However, as mentioned earlier, that option is not available and the best which can be

done is to use the temperature at the tip of the rake, at the nozzle guide vane inlet, as the
normalizing temperature. While this is a better approximation that the average bulk

temperature, the implicit assumption or hope is that the flow patterns through the nozzle guide

vanes do not change greatly over the different test conditions. To answer these questions, runs

with different test conditions have to be compared which means that the best form of
comparison will be the Nusselt number (despite its limitations) and the average heat flux

measurements, are given only as a reference.

5.2.7.1 Variation Due to Driving Temperature
To separate the effect of absolute gas temperature from profile effects, the three uniform

flows runs (test 121, 124, and 130) were compared. The run conditions were set so that the
turbine would be operating on the same efficiency curve for the same corrected speed, thus the
only variation between these runs should be due to the change in inlet temperature. Figures 5-
8, 5-9, and 5-10 show the difference in heat flux, Nusselt number based on the average
temperature and Nusselt Number based on the tip temperature for the three runs. Since there
are apparent differences in the circumferential measurements the 50 series and 40 series gauges
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are plotted separately. It should also be noted that the circumferential positions of the gauges in
the tip casing reversed runs (127-131) are not the same as the other runs and some variation
may be due to that.

Figure 5-8 shows a decrease in heat flux, which is expected, due to the lower gas
temperature for the low temperature run. Figures 5-9 and 5-10, the different representations of
the Nusselt number, are almost identical since the variation between the average gas
temperature and the tip temperature is quite small. Focusing on fig. 5-10 (since the tip
temperature probably has a closer relationship to the temperature at the tip of the rotor than the
average temperature) one sees that the gauges group more closely around a central curve.
Unfortunately there are not really enough points at the same axial location to make a good
comparison. At the trailing edge differences due to circumferential position can be observed.

The total time resolved values of the Nusselt number (based on the tip temperature) are
shown in figure 5-11 (a-f) for the uniform flow runs. These graphs show that while the blade
shapes and the relative magnitude of the AC fluctuations remain relatively constant for the
different runs for different axial positions, circumferential variations are present. And
normalizing with respect to the inlet temperature did not collapse these curves to one shape
since the Nusselt number variation is greater (although only marginally so) at all axial locations
for the low temperature test (124).

5.2.7.2 Variation in Heat Flux Due to Radial Profiles
There are three separate cases which can be studied to observe the effects of radial profile;

the high temperature runs (tests 120, 121, and 126), the low temperature runs (tests (122, 124,
and 125) and the reversed casing runs (tests 127, 130, and 131). Any effects which are due
solely to radial profiles should be observed in all cases, otherwise the phenomenon could be
due to the absolute temperature differences between the runs. In addition, the tip casing
reversed runs should display similar patterns as the high temperature runs since the only
difference between these runs are the circumferential measurement locations. Figures 5-12, 5-
13 (a and b), and 5-14 show the heat flux for the averaged data with the different
circumferential positions plotted for the three different cases Since the high temperature, tip
casing reversed runs (127-131) have different circumferential locations than the other runs and
offer so few measurement that it is plotted with the other high temperature runs in fig 5-13 (b).
Plots of the DC Nusselt number using the average temperature of the gas as the reference
temperature yields figures 5-15, 16(a and b), and 17, while using the tip temperature yields
figures 5-18, 19(a and b), and 20. The Nusselt number plots based on average temperature do
not show any physical dependance of the heat flux on the average temperature; but when the
Nusselt number based on tip temperature is used the curves tend to collapse to a signal curve
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for any given circumferential position, indicated a dependence of heat flux on inlet temperature.
This behavior is most pronounced in the high temperature runs (figure 5-20) where the
difference between circumferential locations is greater than the difference between runs. For
the low speed runs the difference in circumferential positioning is not as important.

The AC component of the unsteady Nusselt number is not enlightening either. Similar to
fig. 5-11 (shown before), the variation is large, 33% of the peak values and remains relatively
constant over the entire length of the tip shroud, indicating that the variations are easily the
same order as the time average values at the trailing edge. The relative magnitudes of the
fluctuations seem to be dependent on both the profile and the axial position.

5.3 Conclusions

The analysis of what this data actually means and the work which needs to be done is
addressed in the next chapter. This section discusses the last two items needed to complete this
chapter: the DC uncertainty analysis and the pressure data.

5.3.1 The DC Uncertainty Results

As the data is represented, there are two distinct sources where error can be introduced
into the final calculation of the heat flux (and ultimately into the Nusselt number as shown in
section 5.2.6). One is through the calibration procedure of the individual gauges and the other
is through the error introduced in the averaging process. As shown earlier in this chapter this
error is small, generally less than 4%, and it represents the uncertainty associated with the
average value chosen for the calculations. For instance instead of using a rotor averaged value
we could have used a blade average for either one of the different gap groups. These errors are
independent of each other and can be combined using the root-sqaure method. Table 5-9
yields the final approximation of the DC heat flux error for the different gauges using the
method the:

% total error= -(Calibration Error)2 +(Averaging Error)2

It should be kept in mind how these numbers were arrived at since there are many
approximations involved.

It is conceivable that this uncertainty analysis could be improved with a considerable
amount of work. The question which must be asked in this case is whether, given what this
data represents is it worth the effort. The experiment was designed to show trends, which it
does, but there just may not be enough data to support any more exact conclusions even if an
exact error analysis is known.
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5.3.2 The Pressure Data

Figure 5-21 (a-e) show the blade averaged traces of the pressure transducers for tests

120. It is apparent that some of the transducers work well and actually picked up the variation

due to tip gap (transducers 2 and 4, although they give opposite readings) while transducer # 3

seems not to be able to decipher between the blade groups, and transducer # 5 appears to be

damped (which it is given the time lag shown in the calibrations (see fig 4-4). Thus there is
probably more information which can be gathered about the flow in the passage from the
transducers which are working properly, but that effort will have to come at a later time and is

discussed in the next chapter.

As a preliminary analysis, assuming that the techniques developed for reducing the heat

flux data can also be used on the pressure data, figure 5-22 shows the different pressure

signals for the high temperature runs (tests 120, 121, and 126) as a function of temperature

profile. The data used is a filtered blade averaged representation of the 1.7% gap blades. The

DC data is shown in figure 5-23. Two things are apparent from these graphs. First, if some

of this data is correct, the variations due to profile seem to only occur at the DC level, with the
pressure dropping as a function of wall temperature (temperature profile). Secondly, the data

is questionable since two of the transducers (two and five) record high levels of fluctuations,
while the two between them (three and four) show much lower levels of variation in the blade

passage. This may be a real phenomenon or it could be an artifact of any of the transducers

and more work will be needed to decide which it actually is.
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FIGURE 5-4 ((o&8/
CIRCUMFERENTIRL VRRIRTION IN TOTRL HERT FLUX
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FIGURE 5-L(611t)
CIRCUMFERENTIRL VRRIATION IN TOTAL HERT FLUX

FOR TEST 122, 11% RTDF
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FIGURE 5-L ( 0o )
CIRCUMFERENTIRL VRRIRTION IN TOTRL HERT FLUX
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FIGURE 5-41
CIRCUMFERENTIRL VRRIRTION IN TOTRL HERT FLUX

FOR TEST 125, 6% RTDF
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FIGURE 5
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FIGURE 5-L CCo')
CIRCUMFERENTIRL VRRIRTIONS IN TOTRL HERT FLUX

FOR TEST 130, 0% RTDF
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FIGURE 5-4 o')
CIRCUMFERENTIRL VRRIRTION IN TOTRL HERT FLUX

FOR TEST 131, 16% RTDF
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FIGURE 5-7
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FIGURE 5-7 Cok )
TOTAL UNSTEADY NUSSELT NUMBER BASED ON

NGV AVERAGE INLET TEMPERATURE FOR
TESTS 21, 121, RND 130 (D% RTDF)
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FIGURE 5-11
VRRIRTIONS IN TOTRL NUSSELT NUMBER BRSED

TIP TEMPERRTURE RT NGV INLET
FOR TESTS 121c~ 1l24 (OZ RTDF)
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FIGURE 5-11
VRRIRTIONS IN TOTRL UNSTERDY NUSSELT NUMBER
BRSED ON TIP TEMPERRTURE RT INLET TO NGV
FOR TESTS 121, 124, RND 130 (OZ RTDF)
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Chapter 6 Conclusions and Future Work

6.1 Conclusions

The data presented poise interesting questions which remain to be answered. In

summary the data presented showed the following items:

* There was no variation in heat flux between the different blade gaps of 1.7% span and

2.5 % span for either the time averaged or the time resolved flows. This could be a function of

the blade gap which was twice its design value of .8%.

* Circumferential variation exists and varies with both axial position and inlet conditions;
existing as both a time-averaged and time-resolved phenomenon. This variation seems to be
loosely coupled with the profile, which decreases as the profile decreases and increases

towards the trailing edge of the tip casing. Variations of up to 50% have been observed, but

the median variation is approximately 20%. This leads credence to the belief that the nozzle
guide vane endwall flows may interact with the rotor endwall flow.

* In general the heat flux decayed with axial distance from the leading edge by

approximately a factor of five to one (small difference existed for the different circumferential
measuring locations), and the Nusselt number (based on NGV inlet tip temperature) decayed
by a factor of approximately four to one for the high temperature tests and six to one for the
low temperature tests.

* Not enough data points were available to draw concrete conclusions about the

behavior of the uniform flow runs which only varied due to driving temperature ratio
differences. However they seemed to move towards one one curve shape.

* Variations which existed in heat flux between runs at different average temperatures
and different radial profiles seemed to collapse to one curve for each circumferential measuring
station, when calculating the Nusselt number using the inlet temperature at the rake was used as
the non-dimensionalizing reference temperature. While this number is not an exact
representation of the tip temperature entering the rotor it represents a closer approximation than
the average temperature which did not collapse the curves.

This is implies that any variation in tip shroud Nusselt number can be accounted for by
normalizing out the driving temperature difference (Tref-Twall) used in calculating the heat
transfer coefficient, h.

* The pressure data obtained shows influences of the blade gap differences in its
measurements, but more work has to be done to verify the proper working condition of the
different pressure transducers.

The end result is that the changes in flow patterns in the rotor endwall which were
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anticipated due to the secondary flow generated by the radial temperature profiles were not
measured. Leaving the reason for tip shroud degradation which occurs at the trailing edge of
the tip shroud in some jet engines unresolved.

6.2 Future Work

Two separate items will be discussed in this section: future analysis which can be done
with the present data and possible modifications to the experimental set-up which could be of
benefit when running a similar experiment in the future.

6.2.1 Data Analysis

Basically, all the data reduction to this point has been at the level of the blade passage.
How did one blade passage vary from another, how did they vary axially were all questions
which were asked. The next level of analysis would be to break down where the AC heat flux
occurs on the blade, what is the relationship between the heat flux and the pressure. This type
of analysis would require more accurate timing information to accurately match the different
signals and would require the data from the pressure transducer to be sorted out and verified.
However it could yield interesting results. It may be that the Nusselt number (normalized by
the appropriate driving temperature) over the blade is constant with axial position and that what
really matters is the relative thickness of the blade. Another analytical technique would be to
try to estimate the total temperature as a function of axial distance down the turbine stage. This
could provide a better driving temperature difference. It would be useful to compare computer
codes which estimate the pressure distribution across blade tips with the measured pressures if
that data is ever recoverable.

Another option, requiring less work, is to concentrate on the uniform flow runs and to try
to find the appropriate length scales which account for the different geometric variables. Since
these runs do not have radial temperature profiles, the free stream temperature in the endwall
region can be estimated from assuming a linear temperature drop across the turbine stage. This
provides the opportunity to compare different axial locations. This could yield answers to
interesting questions, such as "Does the heat transfer coefficient change axially?" and "Can one
collapse the traditional curve developed by the tip temperature based Nusselt number to a line,
given the right local length scale?" It would also be easy to obtain an estimate of the effect on
blade width on the local heat transfer.
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6.2.2 Experimental Apparatus

The following section will be of primary interest to people who plan to modify this
experiment using the MIT blowdown facility. There are five areas in which specific actions
can be recommended.

1) Tip Casing Construction

The RTD's which were placed on the outside of the shroud might have been exposed to
some gases. The time traces of the RTD's show definite position variations which seem to be
independent of the RTD. Thus if RTD's are to be used it might be better to drill holes for them
partially through the tip shroud from the back side (similar to the pressure transducer holes).
This would insure that their measurements are true metal temperatures and not some
combination of metal temperature and moving air. When positioning instrumentation, it would
be worthwhile to have duplicate measuring locations offset by one nozzle guide vane to
determine what the variation is between nozzle guide vane passages. If another tip casing
experiment is performed it would be useful to increase the spatial resolution of the heat flux
sensors which would serve the dual role of providing more detailed information and would
provide back-up for individual gauge failure.

2) The Facility

The only real problem which was encountered during this experiment was the
interconnection of the amplifier gains and biases with the instrumentation scales and zeros. It
would be worthwhile to devise a system of calibrating each amplifier's gain and biases before
each test, in this way if problems do occur and amplifiers have to be changed, the ability to
back out the instrumentations physical calibration constants would be possible. It might also
be useful to run a temperature bath calibration on the tip shroud before every test.

3) The Profile Generator
Besides "pickling" the insides of the generator with whatever method is deemed best

(steam cleaning or a solvent bath), which is a requirement before the generator is used again,
the best addition to the profile generator would be the addition of secondary heat exchangers
which could help control the temperature and flow to each of the jackets independently. This
could be accomplished by exchanging heat from either oil or water to a working secondary
medium which actually flows through the RTDFG. An example of the layout is shown in Fig
6-1
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Figure 6-1
Potential Reconfiguration of Cooling System for RTDFG

Secondary Heat Exchangers

This type of design has many advantages. It provides a way to estimate the heat flux to
the cooling jackets through the temperature change of the oil. In addition, this set-up allows
both the inlet and outlet flows to be completely separated. In most cases, one would be trying
to keep the jacket temperatures at the same temperature, thus the fluid temperatures in the
jackets should only vary by the differences imposed by the different thermal conduction rates.
This new configuration could allow the creation of a linear profile across the RTDFG to

investigate secondary flow creation.
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Appendix I

Temperature Profile Generator Drawings
Figures 1-4

(All Dimensions in Inches)
Figure 1: Main Cross-sectional View (facing downstream) of Generator

This diagram shows the locations of the other views given in figures 2, 3,and 4. It is

also the easiest one to see the cooling water flow path. Cooling water for both jackets enters at

the bottom (they could enter from the other side, but in our case they are connected to the
bottom). for the outer jacket the water immediately enters a plenum at the bottom of a diagram

and is forced to flow up both sides of the jacket to the top where it exits. The inner cooling

water enters through a pipe in the strut (210 * from TDC) on the downstream side of the

RTDFG and flows into a cylindrical tank with a dividing wall in it. There is a one inch

opening into a plenum at the bottom of the RTDFG where the water enters. It is forced

through the jacket until it flows out of the upper plenunm,and into the other half of the

cylindrical tank were it exits through the strut/pipe combination at 330 " from TDC

Figure 2: Expanded View of Cooling Jackets (View A-A)
This view gives position of the bolt holes, struts as well as some of the dimensions for

the cooling jackets.

Note A: These black dots are the mixing lobes. They are spaced around the cooling jacket to
both provide support for the outer wall of the jacket and to stir up the flow inside.

Figure 3 and 4: View B-B is Lower Axial Cross-Section of RTDFG. View C-
C is Sectional through Struts.

These drawings give more detailed measurements of the RTDFG.

Note A: These spacers were originally designed to line up the different matrices. However
because of the one continuous piece of matrix used for the wire, these may either be shorter
that tney are in the drawings or not there at all. No one was sure if they were put in or not and
it was not an important issue at the time and presently there is no way to check.

Note B: The struts were originally made to fit with the alignment struts all ready present in
the turbine facility. Upon arrival, the down stream struts had to be ground down by several
tenths of an inch in order to get the struts to fit. Thus the cross-sections seen here may not be
fully accurate.
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Figure 5 Heater Matrix
This drawing shows the two different parts of the heater matrix. The smaller cross-

sectional passageways are for heating the air, while the large one is for the heater wire. There
are approximately 21 rows on either side of the center wire matrix.
Notes on Construction:

Looking at the main drawings, one probably notices three items which are not readily
explainable. First, the RTDFG is broken into three sections. The metal supports which go
from the outer wall to the center annulus are there to position the center annulus and support it.
These posts also have matching faces to be used for alignment between the test section and the
fast acting valve. Also by breaking the RTDFG into three sections the possibility of
experimenting with circumferential temperature non-uniformities also exists. The second
problem is the spacing in the matrix. One will note that the main heating matrix is broken into
four sections with a gap between them while the section that the heater wire passes through is
bigger and continuous. Kentucky Metals could not wrap the small matrix twenty inches long
and if we put the matrices adjacent to each other then there may be an extraordinary pressure
loss every time the flow enters a new section. The answer was to put a gap between the
sections, but that would have exposed the heater wire to high power densities in that open
area, possibly leading to burn out. Since the matrix for the heater wire had to be larger (to
accommodate the wire) it had to be made a continuous piece and span the entire length of the
RTDFG. The third point of interest is the pipe leading from the center section to atmosphere.
This was designed as a relief pipe in case the water jacket leaked and water vapor built up
inside the RTDFG. In actuality, the rubber seal between the inner section (normally at
atmosphere) and the test annulus (at vaccum) could not support the pressure differential
(probably due to the bad alignment of the parts) and had a tendency to pop open and cause a
vaccum leak, necessitating the break down of the whole facility to get to it. As a result we
hooked this pipe up to the vaccum system to keep both sides of the seal at the same relative
pressure.
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Appendix II

Instrumented Tip Shroud Drawings
Figures 1-4

(all Dimensions in Inches)

Figure 1: Instrument Location
This figure shows the location of every instrument on the shroud. The pressure

transducer numbers correspond to the following Kulite numbers (for reference):
1- 201 2- 223 3-202 4-194 5-229 6-203 7-219

This drawing is not an actual machine drawing and leaves out some dimensions which have no

importance to the actual instrumentation. The casing is designed to be rotated about the two

center pins giving two different sets of measurements. In other words either gauges 41 and 51

will be facing upstream or gauges 57 and 47 will be.
Figure 2: Tip Casing components

For completeness this drawing which shows the various "accessories" which go with the

tip casing are drawn here only because they show up in the assembly drawing. Other
mounting hardware, such as the window and the window plate are not shown.
Figure 3: Tip Casing Assembly

This drawing shows how the various parts are put together. The wires go to the Bendix

connectors which have an O-ring seal which mounts against the window. The force and

congestion of the wires hold the connector plate up. The alignment pins can be machined
down to accommodate any slack that might be needed when the casing is reversed.
Figure 4: Tip Casing Instrument Locations with Respect to NGV's

This figure shows the relationship between the gauge positions and the NGV's trailing

edge.
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Appendix III

Characterization of Temperature Profile Generator Performance

Definitions used in figures 1-4

Figure 1: Run Conditions and Test Variances

TT2 Avg= Average Total Temperature of the gas leaving the matrix as measured by the

upstream total temperature rake. The temperature rakes are designed so that each probe

measures equal areas of the flow. Since there are five sensors on the upstream total

temperature rake, each sensor measures 20% of the flow. Thus numerical averaging of the five

sensors gives an area averaged measurement, which because of the relatively constant total
pressure measurement (see table 2) is extremely similar to a mass- averaged measurement.
Figures 2-5 to 2-8 show the axial locations of the measuring ports as well as the radial
locations of the sensors on the three probes used, upstream total temperature, upstream total
pressure, and downstream total pressure.

RTDF= In this particular diagram, RTDF stands for an area averaged definition of Tmean based
on the measured profile. Equation 1 on pg. 4 describes the parameter called the RTDF. But
like many other non-dimensional fluid parameters, the actual number obtained depends on how
one defines Tmean, Tmax, Tmin, and ultimately Tref. Now in this case Tref is not being debated,
but the Rolls- Royce definition of Tmean might be improved upon for our situation. Since the
inlet is an annulus, doing an area average of the temperature may yield a different mean
temperature than the Rolls-Royce definition. There is also a problem in defining what the
maximum and minimum temperatures are. Does one define the max and min to be what is
actually measured, or does one fit a curve to the data and extrapolate. Since there is no clear
answer to any of these questions, table 9 uses all three definitions. But in this case Tmean is
based on an area average of the measured profile (not a fitted one)

Corr. Spd = Corrected speed which is the tip speed/square root of the ratio of the temperature
to a reference temperature)

Speed = Tip Speed in Revolutions per Second

Fract. Spd = Fractional speed or Speed/Design Speed

PT2 = Area Averaged (i.e. average of the sensors) of the total pressure behind the RTDFG
PT5 = Area Averaged (i.e. average of the sensors) of the total pressure behind the rotor
Press. Ratio = PT2/PT5. This parameter along with the corrected speed should put us in one
specific area of the turbine map, if one new the map. If these properties are held constant
between the runs, then the turbine will always be operating with the same efficiency.
Avg = Average values for 375-400 ms
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Test S = Values for start of test time 200-225 ms.

Test F = Values at end of test time 450-475 ms

Notice the average test times are not in the middle of total available test time. The

averages are placed here for the simple reason that many other parameters which this data may

also be compared to is typically evaluated in the range of 375-400 ms.

A%= (Test Final values-Test Start Values)*200/(Test Final values-Test Start values). this

implies that the total variation from Start to Finish is twice what is recorded. This works fine

since we are generally measuring around some average value which we take to be the actual run

conditions. The only place where this measurement does not work well is with the low RTDF

runs, where the values are small to begin with.

Table 2: Pressure Drop Across the Profile Generator (All Pressures in Atm.)

This table shows two things, the actual pressure drop and variation over time across the

RTDFG, and the relative uniformity of the total pressure behind the RTDFG

PTOA= Total Pressure measurement in the supply tank

PT2ARx = name of sensor (radial locations are shown at the bottom of the table as well as in

figure 2-7. The GTL system for naming its probes is shown here. PT-Total Pressure, 2 -axial

location, A is Window or section that it is in. Thus this probe was positioned upstream of the
optical lever window.

mean= Average of pressure measurements

S. Dev. = standard deviation of measurements from mean value

Press. Drop = pressure drop across the RTDFG
Dyn Hd= Dynamic head upstream of the RTDFG (poV 2)
Delp/Hd= Pressure drop/ dynamic head
In Legend

Avg Loss=Average Delp/Hd for all runs
Max Variation= maximum variation of above number
%= this variation represented as a percent of total loss.

Table 3: Variation in Rake Temperatures
(Temperatures given in degrees Kelvin)

This table basically shows how the individual rake sensors vary over the test time.
Rake location refers to the distance (in inches) the sensors are from the center of the annulus.
Goal Temp = test condition desired

AT= temperature at 475 ms - temp. at 225 ms
Mean = Average temperature
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RTDF(1)= An RTDF based on a profile fitted to the data and using a Rolls-Royce definition of
Tmean.

RTDF(2)= An RTDF based again on a profile fitted to the data, but using an area averaged
definition for Tmean.
RTDF(3)= an RTDF based on the measured profile (thus smaller since there are no accurate
measurements of the wall gas temperature) and an area based Tmean
The only place where RTDF(1) and (2) are not used is when working with a no RTDF run. In
that case one would be trying to fit a parabola to something which does not really have that
shape.
Table 4: Variation from Matrix Temperatures to Upstream Temperature Rake

(Temperatures in Deg K)
This table basically shows how the individual rake sensors vary over the test time.

Rake location refers to the distance (in inches) the sensors are from the center of the annulus.
Goal Temp = test condition desired
Matrix Firing Temperatures = firing temperatures of the matrix thermocouples fitted to a
parabola and extrapolated to the same radial locations at the temperature rake.
375-400 ms = temperatures of rakes at 375-400 ms (avg)
Eff.= Temperature of rake/Temperature (predicted) at matrix
Mean= Average of all temperature sensors (same as area averaging)
RDTF definitions as defined in previous table.



00C's 00 -
-0000
'r0 0- n

0c \OT ýr iC W) 00 N -
r n It N I W) 0 V06 6ý4 1ý ol<-wo-o 1

C: - I 00 ýo~ 00 -
,It -1:r-

olN0

Jwr 00Ccn 6 4O

o00-10 00 1

clý ll cf

cl la0\ C
N 0 r- 0

1-4"RO
cONOC ~

< -
ad ar d

0Cl1 In~fl "- rC~
Es-4rbvllr?
<ec ~ 0-4 0

'ZI0 0oqc N V-a\ 00
-4 m r 00 ON

-4 C 0 C'

,.. 0 C 00 00 m
do r

N O N ONC 00

0 ~l l N N~ON~0-4 00c00 OC-
SON ON 00
666"~

ON

N \C ~.c 00 Mo

0000

V')00Om
en 00 0C

O 00 C

oN C, N
000Cl"

S00 ON
00 -

0

> KCt e04 u cX

C t- 00
0N00)

ot00-4 Cc' i6

00 N N 00
Wý - s 00 -*

00 d ; \ n~
00 - CfN-4

m C:) IttON -4

0

C l a)

Co0

N l I-
WC)m

clI 'D C,4

mn 00
'r£ c

"r-

m C-N 00 Vj I
cN cn 00 mC NC E

00 00 Ccn C0

Wý oCON~f

S00 C
C1'd~tv r

Nc

ooo• 0 0ONor

0\
NC

cl o00

> ON O

N 00

Cl ~

CN 0 00 0
0 rl 0 cl

I'-nm - (O
N 00

S.4 <-4
c~ ~~
v) 'V1
H)

nO ~C)'''
0j d1

d

0Coo
a j

N C) r- sNON
cN 0

Cl~CC o

Cl 00 -4~~cN*0*Cl-> 0·-) C
Hc ~0

-4-ON

cl

Cl 000
Cl 4- 00~t00

ON \O 00
r-00 m
cl: 6

.O a\ W) O\
ON C4 C14 ClCN VI) 00 CIA

ON
00

ON

Cl

d\
ON

V-) m

00
oN

\o
I/;

r-4 00
N boN

> r

H,

N 00

Nl

Cl"

ecr 00 tt
cl00 -r

0cl'0 CI

4N00 Cf)
cl l • -

N 00" cN m

Ný " 17

0 0
>.) "v1

Ho

St cl
,~Cl

C>

o 0!
mym b~

248

e-0 m N06 6 6 6 <6 C00 41 1 1 1 1 \dc~

<> •



cli cli

SCcl

mN 00
00 rm000

00C\

cl l

r- 00 W X m M ýc \ \C Na-, ýc ýc ýc \0 \O ýc \0 0- c C. ,O4e9emcm

00oc
N V) m

.(CNeO r-elNCC CD\O60@6 m *
E Edd d o

UN W

04-.4

3 c*~0
e~L:

v, O O \ ON N 00
rj t c CN CC

Ni clý ct ; Ci c; Ci Cfi

00
S \

00 emeMccl( 0 Mtri *
\C 00 C - - ~ 00 00 00

~C O

Cl
IIc 00 O \ \ scIt I~

c l; c~

00 \0 C.~ \ 00 N c krj CO) 00 r 00 00WWf VC0000
cc-

V) ONCc;C kCci ) cc f r ; vsfc C Cf i

*- 0 0 e C1
1)c 00 ýc w r- w V) CD r- - N00 tf10 C V) rf) 00 ON ON N m N V ) m E

N xn 0 00 ýc c N "t \ -) N - r - w wV000 0Ne t 'Tw 00 m cn 0 E

Cfi Cfi rlCci c; C C ; Cfi cr; cc; clCl1

V-) V) O' E oc C) o oc r-
C- Nz n mN O c Cr t

r t ,r-,t c0n l~Cl !O -ý rc0N lNN f W 00clý 5l; Cfi0 c0; N 5 Vrnm m W

"tC~ ":O t PC~\ W) COO r- r- O cn cnr v \ O~c voO\ 00 V" ) WC) 00 C*N N ') m 0000 rl ) 00 0 0 m m0ý 0 ý en 00 00 r; C ,ý C; 00 00 C\m m c l; ~ ~ cl ; cvs\ l;vsv oC
00 rnc c;CiC; c In C14 cn N C N Cc \ V) C\ 00
m N 00 v v 0 \ N ý c cn m cn w) r- 00 00 ff) ON c]C\rn m m Clý C; CCl C; Cc m

ClN00 -cv ~ Clr~O\C \ 0 C,' Cl ) NClC) '~ 00 0O~ Sn~~ ~ ~O ~ c O v~Oc

"o \O -

00lo e cO'Cl
00 00 C) I- mrfý cli * rr? q

ClO

C-' 00

00

00
5 00

C-' CO\
S -

N - "t 00
c1 ) N W)

Ccl
00 . -- 4

It rNO Cl Ccl ~ Cr

00 00 -
00m rc-

~Cl

-Clce- NM V1:4 0 N

m N~ 00 t -- tnkr) In V) V-) NN tn
IA a

V'

Cl
6a

0

ClE

tfs

Nr



-4 00 kr -CN CN
6 06 000

mN r
q: 4 Iý ý -m r 00 C4 00 tt\O\

88 8 8 6 lIc ~~ t \ýoClNCs

cn 0-0000Ci000cq 00%r) C r-CD \4 C i ll C, -l

c -- tt N n 't

0 M00

,It Rz t ý 0

C0000 000 C) C:r- r- r-c r- r- C`
"It Zt t 'I Nt ll~

M ý ":t C') In "Dtn C) 4 06 Cý C'?eq I r.
NN 'o~c

W) CN aN m N vi W? N r-

4 cr 06 4 V lý r-- -lm0-04 W ci4?- --

C>00C~0\ C
lq I -

8

N

S00 O --

00 W \ýc -0 \O
(1; 4: cli kr )*00 -4 C N C)
ItV)qtK

It k 00meCOCIN

IN N

&6OIc NtIctt 6

cn r- 00 r- \CC\ i0 0000000

1r16 00i c

r- \ O \ 00 000

Cf )r : 00clý 06 -i

C\. 6o ~ \

or)

ON 00 0r0

Eci

EE
Be0H

* 0 C

E
tH

<CN

a

Eo

v,

~c~1
d

\nE
I rcr

QH

r~

bLI
a)

fi

E
~LI

rn
a)

1
u

t~

a

E
a,

Cc

Nci -1 n i
a

C14 tr

cn r•



cl 00 cli 00 Cý

ONOD 0 r-c"

06 c ; C CclCcv~ ~-· cr ~~cl 000
Cl~

C:) C C,4\c 0lq- RT C) I

0000

00 00 00SC000000
,-I tIT q It~t Nt

IW CN - m

cclc

Cl Cl00'r

c- vi0 6r 1\.C \C \. C \C I ·It It 19t It rcNQtC0 -0\ D~·O\

Cl) ~ ~N Nl~

O 00000

N- V N 'r iWI 00

c 0-r\ CD l- C\i mCc oc 4 w) 6 r;
't VI) n Nt "It I~

o

- C r ":-

"0 - Cl - c n
ONOOOOO

4 t 6 1.6S00It Ntr
V\ 0 r0\O

W c) mM 00 Cl r-

cl\ cl, ",I- d O
ýc Vn 00 ml ON 'I C

0 0000000
m r- NN- r- - r-

ýc ON 00 oN\ C 00

a,\ tnm m 0N 00 01\ 000T 0"It NTo; od r- 06 r- :

00 0N\Or- ý
\C ON m m 00 ) 00

ff) r- C 00 Ccn
inON -c, ON 00
OON ON \ON ON

00 ON\D~
C6 N6 00; '0 cl ;m r- 00 \O c en W)I~ It ~f11 I "

.0 o .
clý

6ý 06

en cn 00 0 00

ON 00 cnI

E

E

r-00H E
C,

t A

0H

0A s

0H09

In. 00* 00* * ell *
rco .nelr

I-

I-u

Cu
I-u

- V?

vr \O ~ O ~D

~ 0\0 d~

C'I C'n W


