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ABSTRACT

An innovative approach has been used to provide optical access to a combustor

exhaust flow for nonintrusive measurements in the high temperature flow. This hybrid

probe system combines a line-of-sight optical measurement system with an intrusive,

high temperature - capable probe for emission, absorption, or transmission spectral

measurements in the high temperature flow.

A single 0.94 inch diameter probe concept was selected to be compatible with

existing pitot / emission combustor exit rakes and to avoid the significant design

challenge of maintaining optical alignment across long path lengths. The optical

components were positioned at the top and bottom of a 0.25 inch flow-through slot and

protected by a rearward facing step and a local circumferential air purge flow. The

optical components housed inside the probe included two sets of lenses and fiber optic

cables. The probe was designed for easy installation and removal of the optical

assemblies from each end of the probe.

Water cooling passages running longitudinally within 0.050-inch from the surface

provided a thermal barrier for the optical components. A hydraulic and thermal analysis

of the probe identified the water flow rate required to maintain the probe surface

temperature at 1200 °F.

The aerodynamic shape of the flow-through slot in the probe was designed so that

the gas properties at the optical line of sight were minimally disturbed fi-om fi-ee stream

conditions. A numerical solution of the flow field through the slot predicted a maximum
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density change from the free stream density of less than 1.0 percent and a Mach number

change of 0.05.

The first application of the hybrid probe was to obtain transmission measurements

of a continuum light source in a natural gas / air combustor exhaust at 200 psia and

3000 °F. The source fiber optic cable was severed during installation prior to the test

and no optical transmission data were obtained,

satisfactory with no signs of external thermal distress. The use of purged orifices as

windows to protect the internal optical components of the probe from damage or

contamination was successful.

The presence of the hybrid probe was shown to have a negligible effect on flow

conditions at the optical path of the transmitted beam - a necessary condition for directly

inferring free-stream conditions from hybrid probe measurements. The hybrid probe was

also shown to be dimensionally stable since the optical alignment repeated pre- and post-

However, probe durability was

test.



TABLE OF CONTENTS

Page
SECTION

11. INTRODUCTION
Previous Experience
Concept Selection

2. PROBE DESIGN REQUIREMENTS
Gas Properties
Duct Geometry

2

4

6

6

7

8PROBE THERMAL DESIGN...
Probe Heating Load Analysis
Convection Heating Load
Radiation Heating Load
Gaseous Emission Heating Load.
Total Probe Heating Distribution
Heating Load to the Slot Walls..
Hydraulic Calculations

3.
8

8

11

11

13

13

13

18PROBE AERODYNAMIC DESIGN
On-Design Performance
Ofif-Design Performance

4.
18

19

22DESIGN VALIDATION TEST RESULTS5.

256. CONCLUSIONS AND RECOMMENDATIONS

27REFERENCES

30APPENDIX A

53APPENDIX B

66APPENDIX C

68APPENDIX D

83APPENDIX E

85VITA

VI



LIST OF TABLES

Page
Table

1  Combustor Exit Gas Properties 31

Vll



LIST OF FIGURES

PageFigure
1. Water Cooled Pitot / Emission Probe Assembly 32

332. Hybrid Probe Concepts

363. Gas Properties versus Temperature

374. Combustor Duct Geometry

385. Convective Heating Model Options

6. Nusselt Number Distribution Over Probe Surface 39

7. Total Heating Load Distribution Over Probe 40

418. Probe Hydraulic Schematic

429. Water Flow Rate versus Supply Pressure

10. Water Pressure Loss Through the Probe 43

11. One - Dimensional Heat Flux Model of the Probe Surface 44

12. Water Temperature Increase Across the Probe 45

13. Effect of Thermal Deformation on Optical Alignment 46

14. NPARC Solution 47

15. UTSI Water Tunnel Test Results 51

16. Slot Static Pressure versus Free Stream Static Pressure 52

Dl. Typical Hydraulic Calculations 80

D2. Typical Cooling Calculations 82

vm



1.0 INTRODUCTION

The design of combustors for modem, state-of-the-art gas turbine engines is

primarily concerned with three objectives: 1) maximum combustion eflBciency, 2)

economical operation, and 3) compliance with regulatory limits on exhaust gas

pollutants. During development testing of a prototype combustor, gas measurements

made at the combustor exit include static pressure, pitot pressure, stagnation temperature,

and species concentration (e.g. [CO2], [CO], unbumed fuel [HC], [NO], [NOx], and [O2])

and particulate or smoke.

Nonintmsive optical emission / absorption techniques provide fast response gas

measurements without altering the flow properties. These techmques require clear optical

to the flow for transmission of a continuum radiation light source in the ultraviolet

(UV), infrared (IR) and visible wavelength spectmm. When optical access to the flow is

not available, flow property measurements are facilitated by probes positioned in the flow.

The presence of the probe, especially the extractive tubing, alters the properties of the

flow and provides an averaged measurement with relatively slow time response.

A method of providing optical access to a combustor exit flow is required to

facilitate optical measurement of the thermodynamic properties of the chemically reacting

combustion gas. The goal of this work is to develop a minimally intrusive “hybrid” probe

system that will provide optical diagnostic measurements of high temperature, high

velocity flows that are generally inaccessible to optical diagnostic techniques.

A hybrid probe is an optical measurement system packaged in a probe positioned in

or adjacent to a flowing gas. The presence of the probe has a minimal affect on the flow

access
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providing a clear optical path for radiation transmission measurements Development of

the proposed hybrid probe system is expected to result in an improved method for

measuring the gas properties at the exit of a gas turbine engine combustor. The feasibility

of this technique depends on probe structural integrity (durability and optical alignment).

Previous Experience

Optical probe systems have been used for many years for internal engine diagnostic

During the late 1960’s pyrometer probes were developed to measure the

surface temperatures of aircraft turbine blades during operation. The first optical systems

employed simple lenses to focus radiation energy fi-om high temperature turbine blades

onto a detector mounted on the engine case. Fiber optic cables were used to transmit the

signal to a detector in a benign location. During the 1970’s traversing pyrometer probes

developed to provide three dimensional surface temperature maps [1]\

Development of pyrometry probes continues in the 1990’s with a focus on laser

excitation of thermographic phosphors. Miniaturization of optical fibers allows bundles

of fused silica fibers (source and detector optics) to be contained in a single probe. Air-

cooling maintains the probe structural integrity and also purges the sapphire lens [2].

An optical probe system was developed to survey a small ethylene / air turbulent

flame with a helium neon (HeNe) laser to measure the soot volume fi-action by absorption

and temperature by two-color pyrometry. Two water cooled probes were positioned near

the flame, one housing the source optics and the other supporting the detector optics.

The spatial separation of the two probes was 5 mm. The influence of the presence of this

measurements.

were

Numbers in brackets identify references which are located on pages 28 and 29.
2



probe system was considered to be negligible by comparisons of the probe results with

nonintrusive measurements in this symmetrical flame [3],

Advances in fabrication techniques have been incorporated into optical probe

designs. New methods of bonding sapphire to high-temperature capable metals have

extended the temperature range of uncooled probes to 1100°F and beyond 5000 psia [4],

An insertion type probe has been developed to aid in the understanding and reduction

in the infrared (IR) signatures of jet aircraft engines. The probe scans the internal

surfaces of a jet engine exhaust nozzle for the presence of hot spots and non-functional

The probe inserts from the engine exit to position a

periscope - type rotating optical head with an IR sensor. The air film - cooled probe is

mounted on a water cooled probe pusher mechanism [5].

Only Coppalle and Joyeux [3] provided experience with separate probes for the

and detector optics. But their application was limited to a laboratory small scale

burner. Aeromet, Inc. has developed a flight - worthy forward scattering spectrometer

probe (FSSP), the primary instrument for measuring small ice particles and water

droplets in the atmosphere. The measurement is based on the in-situ scattering of a light

directed from a source in one arm to a detector in another arm of the same assembly [6].

Although the measurement conditions are not thermally severe, this design alleviates the

optical alignment problems associated Avith long optical path lengths in a dynamic

environment.

High temperature probes have been developed at AEDC for measurement of

temperature, pressure and species concentration in very high temperature environments.

film or slot-cooling sections.

source
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The durabUity of these probes depends on water - cooled assembUes of stainless steel

(Figure [7]). These probes have been used for gas turbine engine exit measurements,

hypersonic test facility caUbrations, combustor development tests and to validate

nonintrusive measurements of the same parameters [8],

Concept Selection

The baseline concept for a hybrid probe combustor diagnostic tool assumed that the

prototype system would make a qualitative particulate assessment of the flow by

transmission of a continuum source. An initial conceptual system was modeled after the

laboratory success of Coppalle and Joyeux with two probes positioned on opposite sides

of the combustor exit duct (Figure 2a). However, maintaining optical alignment across a

5 inch by 12 inch duct with high dynamic loads was considered to be high risk. An

innovative approach was conceived based on a successful pitot / emission probe design

(Figure 1) which spanned a single probe across the flow. A slot in the probe guided the

flow passed the source and detector optics positioned in the top and bottom center of the

slot (Figures 2b and 2c).

The technical challenges faced in this hybrid probe development are:

1. The slot inlet radius of curvature will be selected to minimize acceleration of the

flow through the slot in the vicinity of the optical line of sight without increasing

the stagnation point convective heating.

2. Structural integrity of the probe will be maintained by an active cooling system.

The probe metal temperature will be controlled to preserve optical alignment and

^ All tables and figures are contained in Appendix A.
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keep the optical components within their operational limits.

3. The optical components must be kept free of soot. A rearward facing step ahead

of the optical line of sight wiU guide the flow over the optics. A purge flow

around the optics will be applied to remove any particulate that may be trapped i_.

the eddy behind the step.

m
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2.0 PROBE DESIGN REQUIREMENTS

Gas Properties

The design requirements for the hybrid probe are based on measured gas properties

in the exhaust flow of a hydrocarbon fueled combustor including mass flow rate, static

and stagnation pressure and the gas composition. The measured gas composition

included the mole fractions of oxygen, [O2], carbon dioxide, [CO2], carbon monoxide,

[CO], nitric oxide, [NO], the oxides of nitrogen [NOx], and unbumed hydrocarbons [HC].

In order to calculate the heat flux from the gas to the probe several other flow parameters

are required.

The Society of Automotive Engineers (SAE) aerospace recommended practice for

calculating combustion gas properties [9] was used to derive the water vapor mole

fraction, H2O, and the nitrogen mole fraction, N2. This procedure uses a matrix solution

of the set of molecular balance equations (0, N, H, C) for the chemical equation for

combustion of a hydrocarbon fuel in wet jut (Appendbc B).

CmHn + X[R[01\ + S[N2] + nC02] + SPHUMl[H20]] =
P\[C02] + P2[N2] + P3[02] + P4[H20] + P5{CO] + P6{CxHy] + PW02] + PS[NO]

The calculated mole fractions that balance the combustion equation were used to

calculate the thermodynamic properties: gas molecular weight, specific heat at constant

pressure, gas constant, and the ratio of specific heats. These calculated parameters

combined with the measured combustor exit static and stagnation pressures and total

flow rate yield Mach number, velocity, density, and the adiabatic flame temperature.mass
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Convective heat transfer calculations require absolute viscosity, thermal conductivity,

Reynolds number, Prandtl number. The Thermodynamic Equilibrium Program (TEP™,

[10]) was used to calculate these properties for the combustor exhaust gas. This personal

computer (PC) software solves a variety of chemical gas equilibrium problems. In this

case the scramjet problem solver was used. Natural gas (Ci,o3iH4.i7) and wet inlet air

specified along with the combustion chamber static pressure and temperature and

the oxidizer-to-fuel ratio. The combustor exit velocity was specified so that the scramjet

problem solver would give a subsonic solution. The measured and predicted combustor

exhaust gas properties are summarized in Table 1. Confidence in the TEP™ solution is

demonstrated by comparing the measured and predicted products of combustion, within ±

3.3 percent.

The convective heat transfer calculations also require Reynolds number, Prandtl

number and thermal conductivity of the gas evaluated at the specified probe surface

(TSURF = 1200°F). TEP™ was used to evaluate these parameters over the temperature

range from 1000°R to 3500 °R (Figure 3).

Duct Geometry

The geometry of the duct where the prototype probe design validation testing

occurred is presented in Figure 4. The duct is a converging S-duct. The hybrid probe

replaced the fifth of the seven pitot / sampling rakes two inches upstream of the duct exit.

The size of the prototype hybrid probe was dictated by existing accommodations in the

boilerplate rig for the pitot / emissions probes. The maximum probe diameter was 1.0

inch and the probe must span the 4.8 inch duct.

were

7



3 .0 PROBE THERMAL DESIGN

Probe Heating Load Analysis

The heating load on the probe in the combustor exhaust duct consists of the

convection heating, radiation heating, and gaseous emission heating. Knowledge of the

heating load distribution over the probe surface is required to match the cooling water

distribution with the heating distribution. Normally, cooling water flow distributed

evenly around the probe creates a thermal barrier to maintain structural integrity. Since

optical misalignment will result from non-uniform thermal deformation of the probe

taken to balance the water flow rates in the probe coolingstructure, more care was

water passages with the heating load distribution on the surface of the probe. The

heating load calculation was done as a conservative engineering analysis because of the

relatively high uncertainty (± 25 percent) in heat transfer coefficients.

Convection Heating Load

The prototype hybrid probe will be tested in a rectangular duct in a row with six

pitot / emission probes. The duct blockage due to the seven one inch diameter probes is

52 percent causing the flow accelerate fi-om a Mach number of 0.20 to 0.47. Three

options were considered for the convective heating thermal model, a single probe in the

flow at a Mach number of 0.20, a single probe in the flow at a Mach number of 0.47, and

a single row of seven probes at a Mach number of 0.47. The literature offers several

choices for the temperature differential that drives the heat transfer. In low speed flow

either (Tw.ii - Tg..) or (Tw.u - Tfum) have been used [11]. As the flow velocity increases

In flow across banks of tubes in a crossflow(Twjii - Tadiabatic wall) is rcquircd [12].
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) is required [11]. The average convective heat flux to the hybrid(Twall ■ Tarithmetic mean.

probe for each of these three options, considering the large uncertainties in the heat

/ftZ-aec (Figure 5). Therefore, the simplestBTU
transfer coefficients, was approximately 200

model, the single probe in the flow at a Mach number of 0.20, was selected for the

convective heating load analysis.

The average convective heating load was calculated from the equation;

<ic

Nujj X k
, film coefficient,where: h =

D

Nujj = Nusselt number

A, = probe surface area, fl^

T, = probe surface temperature, °R

Too = gas static temperature, °R

k = gas thermal conductivity, "’7.ec-»R

D = probe diameter, ft

Three equations were selected for use in finding an average Nusselt number, Nu^

[11]. All were based on empirical data over specific ranges of Reynolds number and

Prandtl number. These particular equations were selected because there was a good

match on the Reynolds number and Prandtl number range of application.

( PrV (Zhukauskas, [11])Nuj^ = C X Re^" X Pr" x

with all parameters except Pr, evaluated at T,
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C = 0.26 for 10^ ̂  Reo < 2x10*

= 0.26 for 10* <ReD< 2x10*m

where;

n = 0.37forPr< 10

Pr, = Prandtl number evaluated at the probe surface

temperature, T,

4

5>11

r Re0.62xReo^2xPr/3
-  j X

Df (Churchill and Bumstein, [11])1 +Nuj, = 0.3 + U82,000j
2 \4

'o.4y
.Pr/J1 +

with all properties evaluated at the film temperature, 7)- = ̂ x (i; + 7;).
1

(Hilpert, [11])=CxReo/xPr^3
/

with all properties evaluated at the film temperature, T^=^x(t^ + T„)

C = 0.027 for 4x10'* < Rod < 4x10*

= 0.805 for 4x10'’<ReD< 4x10*

Prf = Prandtl number evaluated at the film

where:

m

temperature

The Nusselt numbers calculated fi-om the three methods were 302.27 fi-om

Zhukauskas [11], 422.41 from Churchill and Bumstein [11], and 550.02 from HUpert

[11]. The average of the three Nusselt numbers was 424.9 with a quoted uncertainty of ±

/ft2^ec-°R- The total
BTU

25 %. The average film coefficient was calculated to be 0.1008

BTU
/«c.convective heating load to the probe was 16.85
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The convective heating distribution around the probe was derived from local

Nusselt number data for airflow normal to a circular cylinder [11]. The data from

Reynolds numbers of 1.7x10* and 1.4x10* were interpolated to find a Nusselt number

versus probe angle for design Reynolds number, Ren = 158,341. The average Nusselt

number for the interpolated Reynolds number was 406. The final Nusselt number curve

was achieved by adjusting the curve upward by the ratio of 424.9 / 406. Figure 6

presents the Nusselt number distribution over the surface of the hybrid probe.

Radiation Heating Load

The radiation heating load on the probe was estimated for a uniform probe surface

temperature, Tsurf= 1200°F, and a black body with  a temperature, Tbb, of 1600°F:

~ ̂PROBE ̂  O’ ̂  ~ '^SURF )

where: o = 0.1714 ®™/hr.ft2-»R4

The total radiation heating load on the total probe surface was calculated to be

0.487 The black body approximation for the radiation heating load on the probe

used rather than the more rigorous shape factor approach for two reasons. First,

due to ‘S” curve in the duct, the probe sees nothing but hot carbon steel walls. Second,

the precise temperature distribution along the uncooled duct walls is unknown.

Gaseous Emission Heating Load

The products of combustion contain approximately ten percent water vapor and

four percent carbon dioxide at a gas temperature of 3359 °R so the heat transfer to the

probe from gaseous emissions is significant. The heat load from gaseous emissions was

calculated from the equation:

was
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qe = egXA^x<jxTj

Initially, the emissivity of the gas, Eg, was calculated using the empirical relations in [11].

The mean beam length L* for probe surface area As in duct volume Vduct of arbitrary

shape is

^DVCT
= 1.718 meters.L, = 3.6 X

As

The static pressure in the duct is 184.4 psia and the partial pressures for carbon

dioxide and water vapor are 7.28 psia and 18.35 psia, respectively. The emissivities of

carbon dioxide and water vapor were estimated to be 0.154 and 0.378, respectively. The

emissivity of the combined gases was estimated to be 0.472. However, the pressure

correction terms for the carbon dioxide, water vapor, and combined gas emissivities at

the high duct static pressure required large extrapolations of the empirical data. For this

reason, an additional approach was considered. The Standardized Infrared Radiation

Model, (SIRRM, [13]) was used. The SIRRM code returns a gaseous emissivity

W
8.68

cm^ -sr = 0.397e = -
W

21.88
cm^ -sr

which is the combined water vapor - carbon dioxide spectral emissivity divided by the

Planck’s function at the gas temperature of 3359 °R. Agreement between the two

emissivities was within 16 percent but the SIRRM code value was used. The total heat

load to the probe surface from gaseous emissions was calculated to be 2.366
BTU

/,sec •
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Total Heatinp Load Distribution

The total heating to the probe surface is the sum of the convective, radiation, and

gaseous emission heating loads. The total heating load on the probe was 19.929

Radiation and gaseous emission heating is distributed uniformly over the probe surface.

Convective heating varies \wth the Nusselt number around the probe. The total heating

load distribution over the probe is presented as  a fiinction of angle from the flow in

Figure 7.

Heating Load to the Slot Walls

The convective heating load to the slot side walls was modeled as turbulent flow over a

flat plate. The average Nusselt number was calculated from:

BTU
tec*

(Chilton - Colburn, [11])= 0.0296 X Re ~5xPr^

The average film coefficient was 0.092The average Nusselt number was 362.78.

®™/ft2-8ec-°R and the total convective heating load to each side wall was 1.436

The slot wall heating load calculations are contained in Appendbc C. The gaseous

emission heating load was considered negligible due to the small surface area involved.

The radiation heating load was considered negligible due to the small view factor

BTU
/,sec* •

involved.

Hydraulic Calculations

A model of the probe cooling system was assembled using an EXCEL™

spreadsheet [14]. The model included the facility water supply and return tubing and the

individual flow paths connecting the probe supply manifold to the return manifold

(Figure 8). The hydraulic calculation methodology is summarized in Appendix D. A

ten
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preliminary estimate of the water flow rate, MDOTW, versus the square root of the

difference in water supply and discharge pressures ((PS - PB)’"', Figure 9) was used in

the hydraulic calculations. The preliminary water flow rate estimate was based on data

recorded during flow checks of a water cooled pitot / emissions probe of similar design

[7], The water supply temperature, TS, was assumed to be constant at 70°F for the

open loop cooling water system.

Since the actual water flow rate through the probe is controlled by the system back

pressure, a maximum back pressure of 100 psia was assumed. The pressure losses in the

probe return tubing were calculated, added to the maximum back pressure, and assumed

to be the minimum return manifold water pressure. The pressure in the return manifold

must exceed this minimum pressure or the water flow rate will be reduced below the

preliminary total flow rate estimate.

The minor losses in each water flow path, A - J, were estimated including entrance

losses, elbow losses (E and F only), flow path fiiction losses, and sudden expansion

The flow path entrances at the supply and turn around manifolds were

considered to be sharp edged. The flow paths were considered to be smooth pipes. The

sudden expansions at the turn around and return manifolds were estimated based on the

ratio of the flow path and the local manifold effective diameter. The elbows were

considered to be short radius elbows [15].

Once the hydraulic model was assembled in the spreadsheet, a first estimate of the

water flow rate through each flow path, MDOTIX, was made such that the sum of the

rates, MDOTIX equaled the total flow rate, MDOTW, for the given (PS - PB)^'. The

losses.
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water pressure in the turn around manifold, PTM, was calculated based on the first flow

rate assumption. Then, using the EXCEL™ “GOALSEEK” function, the turn around

manifold pressure was iterated until the sum of the ten flow path flow rates equaled the

total probe flow rate within ± 0.5 %.

The water flow rate through each supply flow path, MOOT IX, was used as a first

estimate for the flow rate through each return flow path, MDOT4X. Again, using the

EXCEL™ “GOALSEEK” function, the return manifold pressure, PRM, was iterated

until the sum of the ten return flow path flow rates equaled the total return water flow

rate, MDOTW.

The predicted water pressure loss through the probe system is presented in Figure

10. The output of the pressure loss model was used as the input for the cooling

efficiency model. The dimensions, water mass flow rate, and Reynolds number for each

flow path were linked to another EXCEL™ spreadsheet containing the cooling efficiency

model. This model was used to determine the total heat removed fi-om the probe by the

cooling water.

The Nusselt number for the water flow was calculated using the Dittus-Boelter

equation for turbulent flow in circular tubes with heating [11].

NUd = 0.023 X Re^I x Pr^
0.7 < Pr ̂  160

Re^ > 10"
L
— ̂10
D
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A one-dimensional energy balance from the probe surface to each water flow path

solved to obtain the cooling water temperature increase (Appendix E). A segment

of the probe surface area and a maximum metal path length were assigned to each flow

path (Figure 11). The wall temperature of each flow path was calculated from

was

(KSSTL X ASURFX x TSURF x 12
+ HWlXxPXxTS

LMX
TFPWALLX = -

KSSTL X ASURFX x 12
+ HW\XxPX

LMX

and the cooling water temperature increase in each flow path was calculated from

QDOTFPX

MDOnX X CPW
+ TIMTFPWATERX =

The water temperature in the turn around manifold, TTM, was calculated from an

energy balance of each of the supply flow paths and used in the pressure loss calculations

and the cooling efficiency calculations for the return flow paths. The water temperature

across the probe is plotted in Figure 12 for a range of water supply pressures.

Review of the probe cooling results shows that the average flow path wall

temperature increases as the water flow rate decreases. This is as expected because heat

transfer to the cooling water is greater at lower water velocities. Figure 12 shows that

the slower water heats more quickly and the temperature difference between the water

The net result is the average probe structure

increase

and the probe surface is reduced,

temperature approaches the design probe surface temperature as the cooling water flow

rate is reduced.

The affect of cooling water flow rate on optical alignment was assessed by

calculating the difference between the supply and return wall temperatures for each flow
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path, A- J. Figure 13 plots this temperature difference for each flow path for cooling

water flow rates from 1.78 to 2.97 gpm. The average flow path wall temperature

increases from 1146°F at the maximum water flow rate to 1163°F at the minimum water

At the maximum and minimum water flow rates, the flow path wallflow rate.

temperature differences are half of the temperature differences at the intermediate water

flow rates. The maximum temperature differences are approximately 20°F and occur in

the vicinity of the slot. The thermal deformation across the slot is calculated from

A = axST X L

where A = linear deformation, in.

a = coefficient of thermal expansion, 6.5 xlO ■^in/in-°F

6T = supply flow path minus return flow path wall

temperature difference,°F

L = length of the flow-through slot, 1.76 in.

For the 20°F temperature difference, the thermal deformation of 2.2x10'^ in.

corresponds to and angular misalignment of 7.16x10'^ degrees or 0.43 minutes. The

spherical optics used on the prototype hybrid probe optics can tolerate up to 1 degree of

misalignment [16].
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4.0 PROBE AERODYNAMIC DESIGN

Success of the hybrid probe design depends on the flow through the slot remaining

unchanged from the free stream conditions. The inlet radius of curvature on the slot

walls was selected to avoid accelerating the flow in the slot without drastically increasing

the stagnation point heat transfer. The width of the slot was sized such that the

boundary layer build-up on either side of the slot would not reach the slot centerline.

The rearward facing step was sized such that the flow would not reattach upstream of

the optical line of sight. The effect of the slot comers on the flow through the slot was

unknown. An assessment of the flow quality in the slot was required both at the design

conditions and the off-design conditions.

On-Design Performance

A numerical model of the hybrid probe was used to select the best inlet radius of

curvature on the slot walls and to predict the properties of the flow in the slot. At the

request of the author, Michael A. McClure, Sverdmp Technology, Inc., AEDC Group,

modeled the flow field around the probe and through the slot and provided the numerical

solutions for interpretation by the author. Mr. McClure used the NPARC code, a three

dimensional viscous flow solver [17]. The gas properties at the design conditions (Table

1) were used as inputs to the code. An axis-symmetric model was assembled which

included three inlet radii of curvature on the horizontal and vertical edges (0.03125 inch.

0.0625 inch, and 0.125 inch), the 0.13 inch rearward facing step in the slot, and the

probe exterior. The two dimensional NPARC solution for the 0.03125 inch radius of

curvature predicted a Mach number at the optical line of sight of 0.250 (Figure 14) and
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the probe stagnation point and separation point locations, as well as gradients of Mach

number, static pressure and static temperature through the slot. Also, the location of the

flow reattachment point behind the rearward facing step was identified [18],

A comparison of the fi-ee stream flow properties and the flow properties at the

optical line of sight is summarized below:

Conditions at the

Optical Line of
Sight (3-D
Solution)

Free Stream

Conditions Difference

0.050.250.201Mach Number
-1.36 percent181.9184.4Static Pressure, psia
-0.39 percent33463359Static Temperature, °R

Density, Ibm/ft^ -0,98 percent0.14250.1439

The flow reattachment point occurred 0.51 inches down stream of the step and 0.38

inches downstream of the optical line of sight. This reattachment point does not account

for the purge flow around the optics which is expected to add further protection of the

optics.

Off-Design Performance

A water tunnel test was conducted to visually assess the complex flow through the

slot in the probe to determine if the flow at the optical line of sight was perturbed by the

presence of the probe at off-design conditions.

The UTSI water tunnel [19] is a horizontal, closed circuit with a plexiglass side wall

in the test section which measures 30.5 cm by 45.7 cm by 150 cm long. The tunnel is

powered by a 25 cm diameter two-bladed propeller which is located at the second bend

downstream of the test section. The water velocity is variable up to 11 inches per
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second. The velocity is determined by correlating the propeller shaft speed with the

velocity previously calibrated by a hot film probe. Streak lines, lines showing the

path of dye particles that passed through a single point were created by mjectmg
illuminated in the horizontal

water

fluorescent dye with a hypodermic needle. The dye was

plane by an argon ion laser. Video data was recorded by a camera positioned above the

test section. Still color photographs were also made fi-om the open top and through the

plexiglas side wall.

The actual probe body was used for the water tunnel study. At the time of the

water tunnel test, the probe was partially complete, unplugged holes and open manifolds

plugged for this test. The approximate one-inch diameter base of the probe fit

exactly into an existing model support in the floor of the water tunnel test section.

The maximum water tunnel Reynolds number was limited to 5,400 by the maximum

tunnel velocity of eleven inches per second and water temperature of 60°F. Even

though this was considerably lower than the design Reynolds number of 158,000, the

water tunnel test was usefiil in visualizing flow through the slot fi'om 0 to 10 degrees

approach angle. The preliminary and strictly qualitative results of the water tunnel

test are summarized below;

• Changes in the location of the flow stagnation point on either side of the middle of

the slot could not be visually detected as the probe was rotated ± 10 degrees.

• The flow separated at the 100 -110 degree point on the lee side of the probe. The

location of the flow separation point confirmed the NPARC results showing no

were

water

water

20



influence of the slot on the flow separation angle from the cylindrical probe

(Figure 15).

• Even at inlet flow angles up to ten degrees, the streak lines tended towards stream

lines through the slot. The stream line flow persisted for almost one probe

diameter down stream of the slot.

• The size of the probe made it too difficult to assess the flow over the rearward

facing step ahead of the fiber optic ports in the top and bottom of the slot.

• Since the data of most interest was the presence of near-stream line flow,

interpretation of the illusory vortices [20] behind the probe were of little concern.
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5.0 DESIGN VALIDATION TEST RESULTS

Water flow checks were completed on the finished prototype probe and compared

to the estimated water flow rates used in the hydraulic design. When the measured

supply and discharge water pressures are adjusted to account for the differences in the

supply and discharge tubing lengths, the actual water flow rates agree well with the

preliminary estimate in the range of design flow rates (Figure 10).

The initial validation test of the prototype hybrid probe design validation testing

conducted in a full-scale combustor development test rig. The hybrid probe replaced the

fifth of seven pitot emission probes (just off-centerline). The combustor rig burned

natural gas and air in a test period lasting eight hours. The most severe steady state test

conditions for the design validation test were essentially the same as the design

was

conditions.

The effectiveness of the cooling water in maintaining the integrity of the probe

structure and alignment of the optical components was the critical test objective.

Considering the integrity of the probe itself, there was no evidence of dimension change,

melting, or indications of excessive probe surface temperature. Dark deposits of

combustion product condensate were found in moderate surface temperature regions and

bare metal in the hotter regions. This result is typical of the emissions probes and

indicates that the structural cooling of the hybrid is at least as effective as that for other

probes of the same design concept.

Another indication that the probe cooling was successful was found when the probe

could be completely disassembled without difficulty. All of the small locking screws
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removed without undue stress or breakage. All threads were clean and free of

burrs. The internal carriages that hold the optical components in alignment were also

removed with ease. These internal parts exhibit no evidence of high temperature. It is

therefore concluded that the probe design is successful with respect to cooling design,

maintainability, and operability.

The second critical test objective was to demonstrate optical alignment as the probe

subjected to heating and cooling cycles in the combustor test rig. Unfortunately one

of the fiber bundles was severed following initial installation and was not discovered until

after the test. Consequently transmission between the source optics and the detector

optics could not be used as a measure of maintenance of optical alignment during the

test. However the alignment was examined following the test by transmitting light

through the operable fiber optic. The light through this fiber bundle fell at the same spot

as before the test. This pre- and post-test observation is a necessary condition that the

probe optics stay aligned during a test and hence is a positive but not conclusive result.

Additional tests are planned in the combustor test rig when optical alignment will be

were

was

checked again.

The ability of the purge to keep the optical components clean and free of

combustion product residue was another critical test objective that was successfully

demonstrated during this design validation test. The internal components were

examined with an electron microscope following the test. No evidence of combustion

products was found on any of the internal optical or mounting components.
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The final test objective to confirm that the flow at the optical line of sight was

undisturbed from the fi-ee stream flow. The static pressure of the flow measured in the

slot is compared with the measured duct static pressure in Figure 16. At the design fi-ee

Mach number of 0.20, the NPARC solution predicted  a slot Mach number of

0.25 in the slot at the optical line of sight. RecaU that the NPARC solution was for a

single probe in the flow. The Mach number corresponding to the measured slot static

pressure of 169.7 psia is 0.47 which precisely matches the Mach number of the flow at

the minimum area between the seven probes. Even though the flow around the hybrid

probe was accelerated, the pressure of the flow in the slot matched the local conditions.

This implies that when the flow is not accelerated around the probe (i.e. when the hybrid

probe alone is used) the flow through the slot will remain unchanged fi-om the fi-ee

stream conditions.

stream
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6.0 CONCLUSIONS AND RECOMMENDATIONS

An innovative approach has been used to provide optical access to combustor flow

paths. A single probe that spans the duct has been designed which contains the optical

components required for emission, absorption, or transmission measurements in the high

The aerodynamic and thermal design concepts employed on

previously validated pitot / sampling probes have resulted in a hybrid probe with

demonstrated durability and operability in turbine engine combustors.

The hybrid probe has been shown to have negligible effect on flow conditions in the

optical path of the transmitted beam - a necessary condition for directly inferring fi-ee-

stream conditions from hybrid probe measurements. The hybrid probe was also shovm

to be dimensionally stable since the optical alignment repeated pre- and post-test.

The use of purged orifices as windows to protect the internal optical components of

the probe from damage or contamination caused by combustion gas has been

demonstrated to be completely satisfactory.

The only remaining feature to be demonstrated before the hybrid probe can be

transitioned for use as an operational probe for specific applications is the invariance of

the optical alignment as the probe is thermally cycled in the combustion gas. This is the

final design validation test planned for the hybrid probe since the probe has satisfied all

other design requirements.

This hybrid probe concept has many potential applications including an emission /

absorption measurement for nitric oxide, a transmission measurement to quantify

particulate (soot) in the flow, and a visible light endoscope probe to measure clearances

temperature flow.
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within an operating combustor. Continued development of this hybrid probe concept

will focus on the use of improved optics to maximize light through-put, miniaturization

of the probe cross section and simplification of the manufacturing process.
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Table 1. Combustor Exhaust Gas Properties

TEP™

PREDICTIONS % DIFF.TYPICAL DATA

Reactants

C1.031H4.17Fuel - Natural Gas C1.031H4.17

Oxidizer - Air

(98,72 %)

Oxidizer - Water

(1.28%)

Gas Composition

N2, %

N1.562O.4196AR.009C.0003 N1.5620.4196AR.009C.0003

H2OH2O

74.29 73.18 -1.5

O2, %

H2O, %

11.78 -3.311.4

9.95 10.05 1.0

CO2, % 3.95 4.04 2.2

N/AHC, ppm 7.8 N/A

NOx, ppm 60.1 3927 98.5

CO, ppm 95.2 13 -632.3

NO, ppm 41.9 3906 98.9

NO2, ppm 18.2 21 13.3

Gas Properties
Inn

AbmoleMW 28.123 28.216 0.33
ITU

/Cp, |bm-R 0.25 0.3376 25.95

RGC, /ibm-R 54.938 54.767 -0.31

GAMMA 1.394 1.277 -9.16

Static Pressure, psia 184.4 184.4

Pitot Pressure, psia 189.9 189.9

Flame Temp., R 3359 3359

Total Temp., R 3386 3386

Mach Number

Velocity//.e7
Density, “*”/ft3

0.201 0.212 5.01

578.9 578.9

0.144 0.144 0.07

Absolute Viscosity,
Ibf

1.28E-6
-i
7ft2

Therm. Conductivity,
ibf

0.0145

/s-R
Reynolds Number
(d = 0.0783 ft)

158,494

Prandtl Number 0.7131
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APPENDIX B

Summary of Gas Property Calculations
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Background

The method of calculations contained in this Appendix were used to specify the gas

properties at the hybrid probe design conditions. The basic combustion equation for

hydrocarbon fuel and air is:

CmHn + x[B{01\ + 5[ A^2] + J\C01\ + SPHUM\[H20^ =
P1[C(92] + P2{N2] + P'i[02] + PA,[H20] + P5{CO] + P({CxHy] + P7[M?2] + P9[NO]

where PI, P2, P3, P4, P5, P6, P7, and P8 are the number of moles of each species

produced in the combustion of one mole on fuel, CmHn , with X moles of air. The form

of the unbumed fuel, CxHy, is assumed to be the same as CmHn. A matrix solution of

ten simultaneous equations is used to solve for the P terms.

M + T*X = P1+P5+M*P6C Balance;

N + 2*SPHUM1*X = 2*P4 + N*P6H Balance:

(2*R + 2*T + SPHUM1)*X = 2*P1 + 2*P3 + P4 + P5 + 2*P7 + P8O Balance:

2*S*X = 2*P2 + P7 + P8N Balance:

(where [C02] is the measured CO2 concentration)PI =PT*[C02]

(where [CO] is the measured CO concentration)P5=PT*[CO]

(where [CmHn] is the measured CmHn concentration)M*P6 = PT* [CmHn]

(where [NOX] is the measured NOx concentration)P7 + P8 = PT*[NOX]

(where [NO] is the measured NO concentration)P8=PT* [NO]

PT = PI + P2 + P3 + P4 + P5 + P6 + P7 + P8 (where PT is the total number of moles)
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Constants And Seldom Changed Variables

DESCRIPTIONNAME VALUE

molecular weight of airMWAIR 28.965

atomic weight of carbonMWC 12.011

molecular weight of carbon monoxideMWCO 28.0104

molecular weight of carbon dioxide44.0098MWC02

atomic weight of hydrogen1.008MWH

atomic weight of nitrogen14.0067MWN

molecular weight of nitric oxideMWNO 30.0061

molecular weight of nitrous oxideMWNOX 46.0055

molecular weight of nitrogen dioxideMWN02 46.0055

atomic weight of oxygen15.9994MWO

molecular weight of natural gasMWNG 16.586

molecular weight of methaneMWCH4 16.043

molecular weight of water18.0154MWH20

mass fraction of O2 in air0.20948R

mass fraction of N2 and Ar in airS 0.7902

mass fraction of CO2 in airT 0.00032

CO2 interference on COL 0

H2O interference on COM 0

CO2 interference on NOxLPRIME 0

H2O interference on NOxMPRIME 0
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02 interference on CO20J

NOx converter efficiency0.975ETA

Enthalpy curve fit, C02 slopeMl 12.2801

Enthalpy curve fit, C02 intercept-1822.48B1

Enthalpy curve fit, N2 slopeM2 7.60735

Enthalpy curve fit, N2 intercept-311.267B2

Enthalpy curve fit, 02 slope8.06743M3

Enthalpy curve fit, 02 intercept-480.476B3

Enthalpy curve fit, H20 slope9.48444M4

Enthalpy curve fit, H20 interceptB4 -694.484

Enthalpy curve fit, CO slope7.69892M5

Enthalpy curve fit, CO interceptB5 -347.429

Enthalpy curve fit, CH4 slope15.4444M6

Enthalpy curve fit, CH4 interceptB6 -3200.39

Enthalpy curve fit, NO slopeM8 7.88043

Enthalpy curve fit, NO interceptB8 -281.971

C02 Enthalpy of formation, cal/moleHFC02 -93,987.5

C02 Absolute enthalpy at 298 K, cal/moleDHC02 2,238.11

CO Enthalpy of formation, cal/moleHFCO -26,392.9

CO Absolute enthalpy at 298 K, cal/moleDHCO 2,072.63

HFNO 21,544.3 NO Enthalpy of formation, cal/mole

DHNO 2,194.2 NO Absolute enthalpy at 298 K, cal/mole
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H20 Enthalpy of formation, cal/mole-57,753.9HFH20

H20 Absolute enthalpy at 298 K, cal/mole

CH4 Enthalpy of formation, cal/mole

CH4 absolute enthalpy at 298 K, cal/mole

DHH20 2,367.7

-17,770.4HFCH4

2,397.0DHCH4

N2 Absolute enthalpy at 298 K, cal/mole

02 Absolute enthalpy at 298 K, cal/mole

Gravitational constant, ft-lbm/lbf-sec^

2,072.3DHN2

2,069.8DH02

32.174GC

Required Measurements

measured semi-dry carbon monoxide concentration, ppm[CO]

measured semi-dry carbon dioxide concentration, percent

measured semi-dry oxygen concentration, percent

[C02]

[02]

measured wet unbumed hydrocarbon concentration, ppm[HC]

measured semi-dry nitric oxide concentration, ppm[NO]

measured semi-dry nitrous oxide concentration, ppm[NOJ

measured inlet air static (and total) pressure, psiaPS06

inlet air total temperature, °FTG06

combustor exit static pressure, psiaPS12

combustor exit total pressure, psiaPT12

specific humidity of the inlet air, moleswv/moleAiR

specific humidity of the gas sample before the dryer, moleswv/moleMR

specific humidity of gas sample after the dryer, moleswv/moleAiR

SPHUMl

SPHUM2

SPHUM3

inlet air mass flow rate, Ibm/secWAIR
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natural gas fuel flow rate, Ibm/secWNGTOT

air / fuel ratio fi-om facility air and fuel flow metersAFR

equivalence ratio fi’om facility air and fuel flow metersER

Fuel and Oxidizer Descriptions

1. Natural gas flow rate, moles/sec

WNGTOT
WNGM =

MWNG

2. Air flow rate, moles/sec

WAIR
WAIRM =

MWAIR

3. Total fuel flow rate measure by the facility fuel flow meters, Ibm/sec

WFT= WNGTOT

4. Total fuel flow rate, moles/sec

WFTM=WNGM

5. Number of carbon atoms in the fuel

EM = \m\

6. Number of hydrogen atoms in the fuel

EN = 4.17

7. Lower heating value of natural gas, BTU/lbm

FLHV = 20^00

8. Heat of formation of natural gas, BTU/lbm

ENTHALPY = -\l,110
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Matrix “A” Construction

The elements of the ten-by-ten matrix “A” are defined as [row, column];

(1 + SPHUM3 *
(1+MPRIME))
♦[NOX]
LPRIME * [NOX]

[8,1][4,8] 1
[4,9] 1
[4,10] -2 ♦ S
[5,1] (1+ SPHUM3) ♦ [C02] [8.2]
[5.2] -1
[5,3] 0
[5,4] J*[C02]
[5,5] -1 * (1 + SPHUM3)

* [C02]

[8,3]

[1.1] 0
[1,2] 1
[1,3] 0
[1,4] 0
[1.5] 0
[1,6] 1
[1,7] EM
[1,8] 0
[1,9] 0
[1,10] -T
[2,1] 0
[2,2] 0
[2,3] 0
[2,4] 0
[2,5] 2
[2,6] 0
[2,7] EN
[2,8] 0
[2,9] 0
[2,10] -2 * SPHUMl
[3,1] 0
[3,2] 2
[3,3] 0
[3,4] 2
[3,5] 1
[3,6] 1
[3,7] 0
[3,8] 2
[3,9] 1
[3,10] -2 *R-SPHUMl

-2*T

 0
[8,4] 0
[8,5] -(1 + SPHUM3 ♦

(1+ MPRIME))
* [NOX]

[8.6] 0
[8,7] 0
[8,8] -ETA
[8,9] -1
[8,10] 0
[9,1] (1 + SPHUM3 *

(1+MPRIME))
♦[NO]

[9,2] LPRIME * [NO]
[9,3] 0
[9,4] 0

[5,6] 0
[5.7] 0
[5,8] 0
[5,9] 0
[5,10] 0

(1 + SPHUM3) ♦
[CO] + SPHUM3

[6,1]

♦M
[6,2] L
[6,3] 0
[6,4] 0
[6,5] - (1 + SPHUM3) ♦

[CO] - SPHUM3
- (1 + SPHUM3 *
(1 + MPRIME))
♦[NO]

[9,5]

♦M
[9,6] 0
[9,7] 0
[9,8] 0
[9,9] -1
[9,10] 0
[10.1] -1
[10,2] 1
[10,3] 1
[10,4] 1
[10,5] 1
[10.6] 1
[10.7] 1
[10.8] 1
[10,9] 1
[10,10] 0

[6,6] -1
[6,7] 0
[6,8] 0
[6,9] 0
[6,10] 0
[7,1] [HC]
[7,2] 0
[7,3] 0
[7.4] 0
[7,5] 0
[7.6] 0
[7,7] -EM
[7,8] 0
[7,9] 0
[7,10] 0

[4,1] 0
[4,2] 0
[4,3] 2
[4,4] 0
[4,5] 0
[4,6] 0
[4,7] 0
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Matrix “B” Construction

The elements of the one-by-ten matrix [B] are defined as [row, column];

[1,1] EM

EN[2,1]
0[3.1]
0[4,1]
0[5,1]

[6,1] 0

0[7,1]
0[8,1]
0[9,1]
0[10,1]

Matrix Operations

Step 1: Using the EXCEL™ matrix solver, calculate the inverse of Matrix [A], [A]'\

Step 2: Multiply the inverse of Matrix [A] times Matrix [B] and define the solution as

Matrix [C],

C] = Ur x[B]

The elements of the one-by-ten Matrix [C] are defined as [row, column]:

total number of moles

number of moles of CO2
number of moles of N2

number of moles of O2
number of moles of H2O

number of moles of CO

number of moles of HC

number of moles of NO2
number of moles of NO

number of moles of Air

[1,1] PT

[2,1] PI

[3,1] P2

[4,1] P3

[5,1] P4

P5[6,1]
[7,1] P6

[8,1] P7

[9,1] P8

[10,1] X

60



Standard Analysis Of Measured Emissions

1. Wet basis concentration of NOX, moles

P9 = P7 + PS

2. Atomic hydrogen - carbon ratio in fuel

EN
ALPHA =

EM

3. Average exhaust gas molecular weight, Ibm/mole

MW = { P\xMWC02 + P2x2xMWN + P3x2xMW0 + P4x
MWH20 + PS X MWCO + P6x {EM x MWC + ENx MWH) +

PI X MWN02 + P8 X MWNO + P9x MWNOX ) -5- PT

4. Exhaust gas constant, ft-lbf/lbm-°R

1545.3
RGC =

MW

5. Air to fuel ratio calculated from measured emissions

MWAIRX
AFREMS = Em"" MWC + ALPHA X MWH

6. Air to fuel equivalence ratio calculated from measured emissions

AFREMS
AFEREMS =

2 X MWO X EM + 0.5 X MWO x EN

MWC X EM + MWH X EN

Wet Basis Mole Fractions

P\
1. CO,= X100, percent

PT

P2
2. N,^ X 100, percent

PT
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P3
3. 0,= xlOO, percent

PT

P4
4. H^O = X 100, percent

PT

P5
X 1,000,000, parts per million5. C0 =

PT

P6
X 1,000,000, parts per million6. HC =

PT

PI
X 1,000,000, parts per million7. NO^ =

PT

PS
X 1,000,000, parts per million8. N0 =

PT

9. NO^ = NO2 + NO, parts per million

Emission Index Calculations

1. Carbon monoxide emission index, lbmco/1000 Ib^ei

-  1000 xWCO

MWC + ALPHA X MWH

P5

2. Unbumed hydrocarbons emission index, lbmHc/1000 Ibiuei

EMxP6 I000x( MWC X EM + MWH xEN )
~ ‘ "" MWC + ALPHAxMWHEI[HC] =
EM

3. Combustion efficiency

/ iNEI[CO] EI[HC]

FLHV ~ 1000 J
xlOOETAb= 1.0-4.346 X

V
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Calculation Of Adiabatic Flame Temperature

1. Percent fuel flow, moles of fuel per total moles of fuel and air

WFJM
WFP =

WFJM + WAIRM

2. Percent air flow, moles of air per total moles of fuel and air

WAIRM
WAP =

WFJM + WAIRM

3. Adjusted number of moles of fuel required to conserve mass, moles of fuel

WFMADJ = PT xWFP

4. Adjusted number of moles of air required to conserve mass, moles of air

WAMADJ = PTxWAP

5. Temperature of fuel and air in combustion process, ®K

(7’G06 + 460)
TG06K =

1.8

6. Heat of formation of the products minus the reactants, cal

HF = PI X HFC02 + P5x HFCO + P8 x HFNO + P4x

HFH20 + (P6 - WFMADJ) x ENTHALPY

1. Enthalpy of the products minus the reactants at 298 °K, cal

/fO = {WFMADJ - P6) X DHCH4 + (0.21 x WAMADJ - P3) x DH02
+ (0.79 X WAMADJ - P2) x DHN2 - PI x DHC02 - PS x DHCO - P8
X DHNO - P4 X DHH20

8. Enthalpy of the reactants at the combustor inlet temperature, cal

HR = -WFMADJ X (A/6 x TGQ6K - B6) - 0.21 x WAMADJ

X {M3 X TGQ6K - B3) - 0.79 x WAMADJ x {M2 x TG06K  -B2)
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9. Sum of curve fit intercepts for products at the flame temperature, cal

BTF = P2 X 52 + /*3 X 53 + PI X J?1 + P5 X 55 + P8 X 58 + ̂4 X 54 + P6 X 56

10. Sum of curve fit slopes for products at the flame temperature, cal

MTF = P2 X A/2 + P3 X M3 + PI X Ml + P5 X M5 + P8  X M8 + P4 X M4 + P6 X M6

11. Adiabatic flame temperature, ®K

{HF-^HO+HR^BTF)
TFK =

MTF

12. Adiabatic flame temperature, °R

TFR=TFKx 1.8

13. Adiabatic flame temperature, °F

TFF=TFR-460

Combustor Performance Analysis

1. Exhaust gas ratio of specific heat, cal/mole-°K

f(7FA: xMl + 51) X MWC02 + {TFKxM2 + B2) x 2 xMWN  +^
{TFK X M3 + 53) X 2 X MWO + {TFK x M4 + 54) x MWH20 +
(JFK X M5 + 55) X MWCO + {TFK x M6 + 56) x MWCH4 +

(JFK X M8 + 58) X MWNO

CPK = ^TFK

2. Exhaust gas ratio of specific heat, BTU/lbm-°R

CPATx 4.186
CPR =

lOSSxMW

3. Ratio of specific heats

CPR X 778
GAMMA ̂

CPRxll%-RGC
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4. Combustor exit Mach number

N 0.5
aM£M-\'\

(PTM^ 2GAMMA

-\MU-- ^ {GAMMA -1)
J  )

\PS\1)

5. Combustor exit total temperature, °F

(  GAMMA-l
xA/12' -4607T12= TFRx 1 +

2 yy

6. Total mass flow at the combustor exit, Ibm/sec

MDOT\2 = WFT + WAIR

1. Velocity at combustor exit, ft/sec

F12 = {GAMMA x RGC x GC x TFRf x M12
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APPENDIX C

Slot Wall Heating Calculation
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The heat transfer to the probe surface inside the slot is required in the probe cooling

calculations. The side walls of the slot were modeled as two flat plates 0.88 inches in

length. The Mach number in the slot is 0.47 and the Reynolds number is 3.72 x 10 ̂

Fully turbulent flow was assumed over the entire length of the slot. Due to the small

radiation and gaseous emission heating is

considered negligible. Due to the complex flow over the top and bottom of the slot, the

surface area and limited view factor,

heat flux in these areas is unknown.

1. Prandtl number is nearly constant over the temperature range from 1500 to 3500 °R

Pr = 0.713

2. The Nusselt number is calculated from the Chilton-Colbum analogy [11]

1

= 0.0296 X ReJ x Pr^ = 756.5

3. The film coefficient is

Nux X k BTU
h = = 0.192

f-s-RL

4. The slot wall is maintained at 1660 °R so the convective heating load into each slot

wall is

BTUq = h^A^x[T^-T^) = 2S9
sec
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APPENDIX D

Summary of Hydraulic Calculations
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The method of calculations contained in this Appendix was used to determine the

water flow distribution through each of the machined flow paths in the probe and the

total pressure loss across the probe for a range of water supply pressures. Given the

probe design surface temperature of 1200 °F and the total heating load on the probe

surface, the cooling efficiency of each flow path was calculated.

1. Probe diameter, in

PROBED =

2. Probe length, in

PROBEL^AH

3. Probe design surface temperature, °F

TSURF^ 1200

4. Facility water supply pressure estimated to range fi'om 300 to 600 psia

300 <PS< 600

5. Maximum facility water system back pressure, psia

PB= 100

6. Facility water supply temperature, °F

TS = 10

7. Gravitational acceleration, ft/sec^

GC= 32.174

8. Specific weight of water, Ibm/fl^

SW=623
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9. Specific heat of water, BTU/lbm-R

CPW= 1.0012

10. Water dynamic viscosity at TS, Ibf-s/ft^

-1.1535
MUW = X TS

11. Water thermal conductivity at TS, Ibf-s/ft^

0.1032
ATT = 0.226 xr5

12. Water Prandtl number at TS

-1.2468
PRW = 1387.3 X TS

13. Cooling water flow rate for a given facility water supply pressure obtained fi'om flow

characteristics of a similar probe design, gpm

1

MDOTW = {PS - PB)2 X 0.1456- 0.2829

14. DFX - diameter of facility water supply / return tube “X”, ft.

15. LFX - length of facility water supply / return tube “X”, ft.

16. AFX - area of facility water supply / return tube “X”, ft̂

17. Velocity in facility water supply / return tube “X”, ft/sec

MDOTW
VFX =

SWxAFX

18. Reynolds number in facility water supply / return tube “X”

SWxVFXxDFX
REFX =

MUWxGC

19. Friction fartor for facility water supply / return tube “X”

FFX = (l.82 X \o%REFX - 1.64)''
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20. Head loss for facility supply / return tube “X”, ft.

FFX X LFX
HFX =

DFXxVFX^xlxGC

21. Total head loss in facility water supply tubing, ft

HFST=HFA + HFB

22. Total head loss in facility water return tubing, ft.

HFRT=HFC + HFD

23. Water pressure in probe supply manifold, psia

HFSTxSW
PSM = PS-

144

24. Minimum water pressure required in probe return manifold, psia

HFRTxSW
PRM = PB +

144

25. Water supply manifold area, ft̂

ASM = lOlE-"

26. Water turn around manifold area, ft̂

ATM = 9.26E-^

27. Water return manifold area, ft̂

ARM = 1.01£''

28. Water supply manifold velocity, ft/sec

MDOTW
VSM =

SWxASM
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29. Water turn around manifold velocity, ft/sec

MDOTW
vm=

SWxATM

Water return manifold velocity, ft/sec30.

MDOTW
VRM =

SWxAEM

DX - diameter of flow path “X”, in.31.

LX - length of flow path “X”, in.32.

AX - cross sectional area of flow path “X”, ft̂

Flow path wetted surface area,

33.

34.

DX X LXxn
PX =

144

SEGX - probe surface segment above each flow path “X”, deg. (see Figure 11)

LMX - maximum metal path length from the surface to the cooling water, in. (see

Figure 11)

Probe surface area above each flow path,

35.

36.

37.

PROBED X SEGX xnx PROBEL
ASURFX =

2 X 180 X 144
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Surface

Area

Above

Flow

Path,

Arc

Maximum

Metal

Distance

to Surface,

Segment
Above

Flow

Path,

Cross

Sectional

Area,
Wetted

Area,Length,Diameter,Flow

ft'ft' deg mPath mm

0.0784.10E-3153.89E-34.9E-65.940.03A
0.0783.56E-3133.89E-34.9E-65.94B 0.03

0.0855.74E-37.65E-3 211.9E-55.94C 0.059

0.0955.74E-3217.65E-31.9E-55.94D 0.059

0.0955.47E-3208.37E-36.5 1.9E-50.059E
0.0955.47E-38.37E-3 201.9E-56.50.059F

0.0955.74E-3217.65E-31.9E-55.94G 0.059

0.0855.74E-3217.65E-31.9E-55.94H 0.059

0.0783.56E-3133.89E-34.9E-65.940.03I

4.10E-3 0.078153.89E-34.9E-65.940.03J

38. MDOTIX - water mass flow rate through supply flow path “X”, Ibm/sec

MDOTIX = The mass flow rate through each flow path is adjusted until MDOTST

= MDOTW and PTM is the same for each flow path.

39. Total supply water flow rate, Ibm/sec

MDOTST = MDOTIA + MDOTW + MDOTIC + MDOTIE + MDOTIF

+ MDOTIG + MDOTIH + MDOTU + MDOTIJ

40. Water velocity through supply flow path “X”, ft/sec

MDOTIX
V\X =

SWxAX

41. Water flow Reynolds number through supply flow path “X”

SWxVlXxDX
REIX==

MUWxGCxM
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42. Friction factor for supply flow path “X”

F\X = (l.82 X logRElX - 1.64)'' (Daugherty and Franzini, [15])

43. Friction loss for supply flow path “X”, ft

FlXxLSX
HF\X =

DXxVlX^xlxGC

44. Entrance loss factor for supply flow path “X”

KE1X = f(DX/local manifold diameter, DIX) (Daugherty and Franzini, [15])

(DX/DIX) KEIXFlow path
0.3370.476Alii
0.3440.453C,H

2

0.3820.320D,G
0.4090.236E.F

2

45. Entrance loss for supply flow path “X”, ft

KE\XxV\X^
HEIX =

2xGC

46. Four - elbow loss factor for supply flow path “X”

(Daugherty and Franzini, [15])KLIX = 0.9 for short radius elbow

47. Four - elbow loss for supply flow path “X”, ft

KLlXxVXX^
HL2X =

2xGC

48. Sudden expansion loss for supply flow path “X”, ft

{vix-vmf
HX3X =

2xGC
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Water pressure in the turn around manifold, psia49.

PSM X144 V\X^ - Vm^ {HF\X + HE\X + HL2E + HX3X) x SW
PJM =

1442xGCSW

MDOT4X - water mass flow rate through return flow path “X”, Ibm/sec

MDOT4X = The mass flow rate through each flow path is adjusted until MDOTRT

= MDOTW and PRM is the same for each flow path.

50.

Total return water flow rate, Ibm/sec51.

MDOTRT = MDOT4A + MDOT4B + MDOT4C + MDOT4E + MDOT4F

+ MDOT4G + MDOT4H + MDOT4I + MDOT4J

Water velocity through return flow path “X’, ft/sec52.

MDOT4X
V4X =

SWxAX

Water flow Reynolds number through return flow path “X’53.

SWxV4XxDX
RE4X =

MUWxGCxM

54. Friction factor for return flow path “X’

F4X = (l.82 X \ogRE4X - 1.64)'' (Incropera and DeWitt, [11])

55. Friction loss for return flow path “X’, ft

F4XxLX
HF4X =

DXxV4X^ x2xGC

56. Entrance loss factor for return flow path “X’

KE4X = f (DX/local manifold diameter, D4X) (Daugherty and Franzini, [15])
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(DX/D4X) KE4XFlow path
0.4820.137A

0.137 0.482B

0.3990.269C

0.3860.315D

0.3670.378E

0.3380.472F

0.2630.628G

01.269H

01.0I

01.0J

57. Entrance loss for return flow path “X”, ft

KEAXxVAX^
HE4X =

2xGC

58. Four - elbow loss factor for return flow path “X”

(Daugherty and Franzini, [15])KL5X = 0.9 for short radius elbow

59. Four - elbow loss for return flow path “X”, ft

KLSXxVAX^
HL5X =

2xGC

60. Sudden expansion loss for return flow path “X”, ft

{VAX-VEMf
HX6X =

2xGC

61. Water pressure in the return manifold, psia

pm X144 Vm^ - VRM^ {HF4X + HE4X + HL5E + HX6X)xSW
PRM =

1442xGCSW

62. Total pressure loss across the probe, psia

DEEP = PSM-PPM
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63. Prandtl number of the return water at TS

-1.2468
PRW = 1387.3 X TS

64. Local Nusselt number for supply flow path “X”

NU\X = 0.023 X RE\X'‘*PRW^*

65. Water thermal conductivity at TS, BTU/ft-hr-°R

KW= 0.226 xTS

66. Water film coefficient for supply flow path “X”, BTU/hr-ft^-°F

NUlXxKWSxU

0.1032

HW\X =
DX

67. QDOTFPX - total heat load to the surface area segment above flow path “X” fi-om

heat load analysis, BTU/sec

68. Thermal conductivity of AISI304 stainless steel at TSURF, BTU/ft-s-°F

KSSTL = 0.0046 x TSURF + 8.4213

69. Wall temperature of supply flow path “X”, °F

f KSSTL X ASURFX x TSURF x 12
+ HW\XxPXxTS

IMX\

TFPWALLX =
KSSTL X ASURFX x 12

+ HW\XxPX
IMX

70. Bulk water temperature at the exit of supply flow path “X”, °F

QDOTFPX
+ TSTFPWATERX =

MDOTIX X CPW
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71. Water temperature in the turn around manifold, °F

J^iMDOTPX X TFPWATERX)
A

TIM =
{MDOTW)

72. Prandtl number for water at TTM

-1.2468
= 1387.3 X TTM

73. Local Nusselt number for return flow path “X”

NUAX = 0.023 X REAX°*PRW^*

74. Water thermal conductivity at TTM, BTU/ft-hr-°R

KW = 0.226 X nif

75. Water film coefficient for return flow path “X”, BTU/hr-fl^-F

1032

NUAX X KWR X 12
HWAX =

DX

76. Wall temperature of return flow path “X”, °F

(KSSTL X ASURFX x TSURF x 12
■^HWAXxPXxTIM

LMX
TFPWALLX = KSSTL X ASURFX x 12

+ HWAX^PX
LMX

77. Bulk water temperature at the exit of return flow path “X”, °F

QDOTFP
+ TTMTFPWATERX =

MOOT AX X CP W

78. Water temperature in the return manifold, °F

j

Y^iMDOTPX X TFPWATERX)
A7K = {MDOTW)
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79. Total temperature rise across the probe, °F

DELT=TR-TS
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APPENDIX E

Derivation of the One - Dimensional

Heat Transfer Model
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Referring to Figure 11, a one - dimensional heat transfer model was constructed to

calculate the wall temperatures of each cooling water flow path. The difference in the

flow path wall temperatures across the probe were used to estimate the thermal

deformation and misalignment of the optical components. The one - dimensional model

is derived below.

1. The total heat load to the probe surface segment ASURFX above each cooling water

BTU
/flow path “X” from the heating load calculations, •ec>

QDOTFPX = q
c Eradiation Etmissiononvection

BTUThe steady state heat transfer from the probe surface to the cooling water,2.
sec-

k X ASURX
^ {jsUKF ^WALl) ~ ̂ATER ̂  ^ ijwALL ^WATE^QDOTFPX =

LMX

3. The heat added to the cooling water is derived from an energy balance of the cooling

water system where Twater inlet is specified, ®™/,•ec

\

QDOTFPX = MDOTX x Cp,
W

X T
W -TWATER ATER ATER

ISLET /

Equation 3. is solved for Tester, °R.4.

QDOTFPX
T̂WATER + TISLET

WATERMDOTX X Cp
WATER

5. The right part of Equation 2. is solved for Twall, °R

kX ASURFX X T
SURF

^ATER ̂  EX X TnWATERLMX6. L
WALL - kX ASURFX

xPX-\r'ATBt
LMX
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