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Experimental Measurement of VVapor
Pressure over a Condensed Phase

Direct vaporization:
Congruent: Ni(s) = Ni(g)
Incongruent: Mo;Te,(s) = 3 Mo(s) + 2 Te,(Q)

Reactive Vaporization: SiO,(s) + 2H,0(g) = Si(OH),(g)
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Vapor Pressure/Thermodynamic Parameter
Measurements Employed at GRC

« Knudsen cell: Direct Vaporization; some applicability to Reactive
Vaporization

— Vapors flux can be characterized with mass loss, mass
spectrometry, target collection, etc.

« Transpiration: Direct Vaporization and Reactive Vaporization

 Boundary Layer Limited Vaporization: Direct Vaporization and
Reactive Vaporization

WWW.nasa.gov
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Vacuum Studies are Based on Knudsen Cell

Effusion "l' |
orifice — |~ —

Thermocouple
well or pyrometer
sighting port — _|_

— Typically 1 cm diameter x 1 cm high with a 1 mm orifice

— Cell orifice diameter must be 10X mean free path—only molecule/wall collisions on
escape

— Near equilibrium established in cell

— Vapor effusing from orifice leads to a weight loss (measure wt of cell or collect effusate
on target) rate which relates to pressure; vapor can also be analyzed with spectrometer

Www.nasa.gov 4
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Vacuum Microbalance

__—Recording
D v Electrobalance

_~——Hangwire

Tare Weight —~

Pumped_by
[b; Diffusion —Water-Cooled Shell
ump — _

and Door

Tungsten Mesh
Heating Element—

Flux (mg/cm”"2-sec) to Pressure

P
] =

2nMRT
Range: to 1800C +, 100 gr, + 0.1 mg "
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Temperature Measurement

« Critical parameter for thermodynamic measurements

* High temperature processes are very sensitive to temperature
~ exp (-E/RT)

« Accurate methods to measure temperature
— Thermocouple tightly coupled to sample
— Pyrometer sighting in black body hole with appropriate corrections

* Frequent calibrations
— ITS-90: Melting of Au (1337.33K), Ag (1234.93K)

WWw.nasa.gov s
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Hertz-Knudsen-Langmuir Equation

« Maximum Flux: Hertz-Knudsen-Langmuir
(HKL) Equation

M(g)
(R jo__ P
N J27MRT

* P isin units of force/unit area
In familiar units:

44.32P(atm)
JM (gm/mole)T (K)

J(mole/cm® —sec) =

« Valid only in a vacuum or rapidly moving
gas.

WWW.nasa.gov
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Knudsen Ce

Il Method: Sample Vapor in near

Equilibrium with Condensed Phase

1L-—Gas

_.—Solid

44.32P(atm)

J(mole/cm“ —sec) = \/M (Grmole) T (K)

Flux of Au(g) from Knudsen Cell

]
4]

y =-5.8783x + 69.822
R?*=10.9993

(2]
()]

T=1419C

65
=
E64
£
(=)
'® 63
£ y =-0.8222x + 62.886
- R?=0.9998
61
60
0 0.5 1 1.5 2 25

Time (h)

Take slope and divide by surface area of orifice for Flux

www.nasa.gov
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Sample Data from Vacuum Microbalance

Vapor Pressure of Gold vs. 1/T Au(f) = Au(g)
N dlnk,  AyH°
1, R

0| J2(7)

1| AyH® = -R*(-41.399) =
a o L
c
- 344.19 kJ/mol

14 | Tables = 346.33 kJ/mol

y=-41399x+ 13.159

15 e . Checks temperature

. | | | | | | calibration and

5.50E-04  5.70E-04  5.90E-04 6.10E-04  6.30E-04  6.50E-04  6.70E-04  6.90E-04 instrument Opera’[ion

1/T(K)
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Glenn Research Center
Knudsen Effusion Mass Spectrometer

ion pump

Hegrish oS
supply

lon beam —;
/—A

T
1
| /

g a?
:

50 I/s
ion pump
\
—Movable faraday cup
240 1/s
\— 20-dynode turbo-
electron pump S
multiplier i
Molecular beam /e - @
- defining apertures—* -
Knudsen cell vapor source — \\

Electrometer

W element, Ta shields —"

— View port
/

High-voltage
source/
divider

- —Molecular
beam

Emission
regulator

500 I/'s
turbo-
pump

Low-voltage,
high-current

supply

CD-03-82268

Resistance heated cell; single cell flange for this study

Cross axis electron impact ionizer; 90° magnetic sector; ion counting detector

To 1800C, Pressure to 1 x 10710 bar

jCD-01-81225
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Mass Spectrometry: Magnetic Sector

Accelerator Repeller
voltage potential

Magnet current

regulator |
Magnetic = l/
field into e 3
plane 19 oi\
- Anode
Colsllcia;:tor 7 Sample
probe

Electron :
mulfiplier

Amplifier

Intensity

Recorder

From Pasto and Johnson, Organic Structure Determination

Positive ions accelerated by
Voltage:

Yomv? =eV

Deflected by magnetic field
r=mv/eB

Relation m/e to B
m/e = B2r2/2V

Advantages:
Very stable
High resolution
No mass discrimination

Disadvantages:
Large, expensive
Slow scanning rates

WWW.nasa.gov
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Mass Spectrometry: Quadrupole

Form positive ions—as in Magnetic
Sector Instrument

RF voltage and DC voltage applied
| | | Sotcted lons to four rods

Only one m/e passes through poles

—j:%m;wd at a particular DC voltage: “mass filter”
Advantages:
) Compact
mr—— (osdra 1 '@"‘ Circuit dizgram of the four i
EECRREEA ® [op iz ‘ Less $$ than Magnetic Sector
—~——o  [BCvohage u Sensitive

Rapid Scanning

Disadvantages:
Lower resolution
Mass discrimination

WWW.nasa.gov
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Standard Heat of Vaporization Measurement

Au(f) = Au(g)

1300 1200 1100C

2 * . . P=KIT/c ocIT
19 . dInkK, OdInIT  AyH°

_ ] 1. ~ . 1. R
. ~. 0 ()

_ \%4\ y = -41162x +44.532
; 2 3 R?= 019999 AyH® = -R*(-41.162) =

10
. 8 342.20 kJ/mol
N

' \ Tables = 346.33 kJ/mol
15 s

[ o mumbers bvter gorn kn an 214740 Checks temperature
14 I i
6.0E-04 6.5E-04 1T 7.0E-04 7.5E-04 Callbratlon and

iInstrument operation

Stable over several days
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Recent Studies

« Thermodynamics of vaporization of B,O4(f) in a reducing atmosphere

— Integral molar quantity
— B,03(6) = B,05(9)
« Cannot use B—phase separates

* FeB a convenient reducing agent which mixed well with B,O4(l)

THERMO-CALC (2010.08.10:09.24) :
DATABASE:USER
AC(0)=1, N=1, P=1.01325E5;

2800

« Thermodynamics of a rare earth silicates
— Partial molar quantity
— Need to know the thermodynamic

2600

N
N
o
=]

N
N
o
=]

TEMPERATURE_KELVIN
N
o
S
S

activity of silica in the Y,03-Y,SIO,

two phase field.

1600

— Measurement of partial molar quantity.

T T T T T T T T
g 0 01 02 03 04 05 06 07 08 09 1.0

MOLE_FRACTION SI02

WWW.nasa.gov 1
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1:1:1 FeB:Fe,B:B,0,; Mixture

1300
18 !

1200 K

16 \\'“

=
\-: B,05() = B,Os(g
“\\- AH(1290) =389

F 1.3 kd/mol

In(K/cps-K)
=
¥

4/3 FeB(s) + 2/3 B,0,(l) = B,O,(g) + 2/3 Fe,B(s)

AH(1290)=384.1+ 1.5 kJ/mol
12

10
7.00E-04

7 50E-04 8.00E-04 8.50E-04
1T(K)
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Analysis of Data: Determine A,H ;s
"X Plot’ method [Cubicciotti]
A{_ (gefzgals)} RIn(I()T)=A+B/T
gef 015 = (Gr — H§9815)/T

— Plot A{—(gef,e.)—RIN(I@)T)vs1/T Slope=A H2y,

e ‘Third Law’ method
T [A{~(gf yoq15) 3~ RIN(K) ] = A Hiyes

— Obtain A Hj, .for each temperature

« Use experimental Gibbs Energy Functions (gef) [JANAF]—
preferred over calculated (ab initio methods)

www.nasa.gov s
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B,0O5(g) Results: ExtractA Hz,,(B,0;)

Selected Studies AHg,o AHog,o A Hoams
Investigator/method and reaction kJ/mol—2n Law | kJ/mol—3' Law

Hildenbrand (Torsion) et al [1963] -825.9 -836.0
B,Os(l) = B;05(9)
Scheer (Torsion) [1957] -848.2 -829.2
B,O5(l) = B;05(9)
Shultz et al. (KEMS/Weight loss) [1978] | -841.3+8.8 -837.9+2.5
B,O5(l) = B;05(9)
Nguyen et al. (ab initio) [2009] -830.1
B,O;(g) = 3B(g, doublet) + 20(g, triplet)
This study (KEMS) [2011] -843.3+ 6.6 -823.6 + 1.0
B,Os(I) = B,O3(9)
This study (ab initio) [2011] -857.4+17.2
B,O;(g) = 3B(g, doublet) + 20(g, triplet)

This study (ab initio) [2011] -831.8+5.3
B,O5(9) + 6HF(g) = 2BF5(g) + 2H,0(9)

Within 20 kJ/mol ~ 2% of 840 kJ/mol

WWWw.nasa.gov 17
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B,O,(g) Results: Extract A;Hsu.s(B,0,) @

Investigator/method and reaction A Hooass A¢Hzsq1s A¢Hzoa1s
kJ/mol—2nd kJ/mol—3 Law
Law

Inghram (KEMS) [1956] -509.4 -444.1
2/3 B + 2/3 B,O4(l) = B,0,(q)

Inghram (KEMS) [1956] -455.2 -458.7
2/3 B + 2/3 B,04(g) = B,0,(q)

Scheer (Torsion) [1958] -428.6 -462.9
2/3 B + 2/3 B,O4(l) = B,O,(9)

Rentzepis et al. (Collection) [1960] -466.2
C(s) + B,O4(l) = B,O,(9) + CO(9)
Searcy and Myers [1957] -458.9
2MgO(s) + 2B(s) = 2Mg(9) + B,0,(9)
Nguyen et al. (ab initio) [2009] -457.7
B,O,(g) = 2B(g, doublet) + 20(g, triplet)
This study (KEMS) [2011] -484.8 +25.7 | -474.6 + 25.7
4/3 FeB(s) + 2/3 B,0O4(l) = B,0O,(g) + 2/3 Fe,B(s)
This study (ab initio) [2011] -479.9+17.2
B,O,(g) = 2B(g, doublet) + 20(qg, triplet)

This study (ab initio) [2011] -456.7 + 5.3
B,0,(9) + 6HF(g) = 2BF5(g) + 2H,0(g) + Hx(9)

WWW.nasa.gov s
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Measurement of Silica Activity in Coating Materials:
Rare Earth Silicates

WWW.nasa.gov 1o



National Aeronautics and Space Administration Boundary Layer Limited Gas Transport:
Model Silica Ceramic Degradation (Opila)

Free Stream Gas

Velocity v,,
Gas Boundary Layer

Combustion Gases Si(OH)4@) 0
g ' 0 T T T T T T V<_
! T SI0,) l 1 |
L
Flux of Vapor Species (i) = 0.664(Re)** (Sc)™* —F?ﬁ_
0.5 0.33

_0664 VoopooL 77 D|I:)| . ]
T n D.p RT L Laminar Flow, Expression for

turbulent flow similar

Fluid parameters

www.nhasa.gov 2o
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ey Parameters in Boundary Layer Limited
Transport Modeling

* SIO,(pure or in silicate soln) + 2 H,0(g) = Si(OH),(9)
« Combustion environment—always 10-15% water vapor

PSi(OH )a PSiOz
- (Puof Asi0: = po
Asio, \FH,0 Sio,
05 0.33
Flux :0.664(‘/“"0“’ "j 7 Dsicor, siony, _
n DSi(OH s Poo RT L

05 0.33D
e I e
n Si(OH ), P t t

« Critical parameters to know are equilibrium constant for
hydroxide formation and activity of SiO,

« Either eliminate SiO, or reduce its activity

www.nhasa.gov 21
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Environmental Barrier Coatings (EBCs) Developed
for Low Thermodynamic Activity of SIO,, (K. Lee)

« Mullite: Lower than pure silica, but not low enough

« Ba-Sr-aluminosilicate: Low silica activity

« Rare earth silicates: Low silica activity

YbgSiOs .

Wwww.nasa.gov 2
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alculated Y,0,-SIO, Phase Diagram:
Fabrichnaya-Seifert Database

THERMO-CALC (2010.08.10:09.24) :
DATABASE:USER
AC(0)=1, N=1, P=1.01325E5;

2800 | | | | |

2600 L

N
i
o
o
|
I

N
N
o
o
|
I

TEMPERATURE_KELVIN
N
o
S
T
T

1800 -

1600 I I I I I I I I
@ 0 01 0.2 0.3 04 05 06 0.7 0.8 09 1.0

MOLE_FRACTION SI02

TABLE ACR

A

THERMO-CALC (2010.08.10:11.43) :
DATABASE:USER

AC(O)=1, T=1600, P=1.01325E5, N=1;

[ 2 |

|

1

13

013

0013

2

10

5

2

2

10

MOLE_FRACTION s102

0 01 02 03 04 05 06 07 08 09 1.0

E 1:X(SI02), ACR(SI02)
[ 2:X(S102), ACR(Y203)

Indirect evidence suggests that the SiO, thermodynamic activity is

low in the Y,05-Y,SiO; and Y,SiO¢-Y,Si,O- regions
But there are no direct measurements!

www.nasa.gov 2z
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Issues with Measuring a(SiO,) in RE Silicates

Vapor pressure of SiO, too low to measure in temperature range of
Interest

* Need measurable signal for SIO,—use reducing agent. Tried
several, selected Ta

— Reaction depends on a(SiO,) (underline indicates a(SiO,) < 1)
* Ta+23I0, = 2SI0(g) + TaO,(g)

— Use Ta cell

* Non-equilibrium vaporization: Need to account for this with the
Whitman-Motzfeld extrapolation to zero orifice size

WWW.nasa.gov 2
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Use Multi-Cell Flange for a(SiO,)

Knudsen Cell ———~

Mo Knudsen Cell Holder — =~

Pyrometer Sight —

CD-10-83223-A

G

 Three cells, computer
controlled positioning in
X-y plane

* Internal temperature
calibration

* Internal standard

 Frequent re-calibration,
If needed

Design of E. Copland 2002

WWW.nasa.gov s
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Approach
THERMO CALC (2010.08.10:00.24):
e Two cells: ORI PRoIsEs
- One Wlth AU 2600

N
N
o
[<]

N
o
o
(=]

TEMPERATURE_KELVIN

i

 Based on 7 |

— Ta+ 2Si0, = 2Si0(g) + TaO,(qg) ™75 0 o o o4 0 e o o o 1o

MOLE_FRACTION SI02

« Measure I(SiO)—convert to P(SIO)
— P =kIT/o k from Au melting point
— Need a good o(SiO)

 Extrapolate to zero orifice size—obtain P,(SIO)

* Using P,(SIO) and FactSage (free energy minimization)
calculation--determine a(SiO,) from above reaction

WWW.nasa.gov 2
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y
Cell 1: Au Cell 2:Ta + Y,04-(Si0,) + Y,0,
1-31-12 to 2-3-12 (Raw Data)
9
> ‘L\.\iu
. . AH(Au-1558K)=342.6 kj/mol
7.5 \ y==17891x+19.251
- SiOfrom \ R2=0.9997
?,;; 7 B Ta+Y,0,1(Si0,) M
° \
585 y=25777x+22.487
R2=0.9974
6 \
55
5

580E-04 B6.00E-04 6.20E-04 6.40E-04 6.60E-04 B6.80E-04 7.00E-04 7.20E-04 7.40E-04
1IT(K)

Www.nasa.gov 27
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Need to Correct for Non-equilibrium Vaporization

For a Knudsen cell, apply Whitman-Motzfeld extrapolation to zero-orifice size
« Measure vapor fluxes at different orifice sizes and extrapolate to zero-orifice

size
« Rate of vaporization = rate of effusion from orifice + rate of condensation
« Derive
Area B
1 1 Clausigg factor Wy
szpeq—me£—+——2J ez s ey,
a ’ UzT Idz
A
P =Measured pressure |
ili 1 ‘.wmmgﬁ"siﬁreaa?or A
P., = Equilibrium pressure Gl ok W
f =W,B/A | |
U dy
o = evaporation coefficient N :

I:)measured =a I:)equilibrium

For oxides a =107% —0.5 (Searcy)

* Plot P, vs Pf= interceptis P,

WWW.nasa.gov 2s
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Calibration Curve for P(SiO) as an Indicator of Silica Activity

]

3Ta + SiO, 1500K- P(SiO) as an Indicator of a(SiO,)
FactSage (Free energy minimizer) Calculations

0
y = 1.1667x + 5.8264
05 ~
y //
15 //
= ~"| 4Ta + 4si0, = 35i0(g) + Ta,05 + Ta,Si
I Ta + 280, = SiO(g) + Ta0, (9) el
©
o
o
25 /4 +4.7653
5 //
-35
-4
-8 -7.5 -7 -6.5 -6 -5.5 -5
log P(SiO)

WWW.Nnasa.gov 29
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Activity of SiO, for [(Y,0,).(SiO,) + Y,05] as f(1/T)

+ KEMS Au std
-1.5
B Fabrichnaya-Seifert Database
) (estimate)
2.5
= y =-5564/2x + 0.5552
Q =
0o B E—
E 3 3 —8 —3
o
o
-3.5
4 - . | .
y| = -2864.9x-[2.0853
-4.5
-5
0.00059 0.0006 0.00061 0.00062 0.00063 0.00064 0.00065
1/T(K)

0.00066

WWW.Nnasa.gov o
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Building New KEMS Instrument with Extrel Quad

@ag (ag7]
HIKIMUM CHANIER 1D

ol 3

#.6 [e41)

= o
i } ';:‘*._
-4 |} . i o
e
L LARGE [OWIZER BOLT CIRCLE ?[::g;?gsg‘;:ﬁ:;’:
T
i 19mm TRI-FILTER QUATRUPOLE STANDARD HMULTIPLIER
ana resEl HASE FILTER, HOW-WENWTED HOUSING HOUSING " ;
SHALL [OWIZER BOLT CIRCLE
GUAT ENTRAWCE LEMS

EOLT PATTERME AND MIN
CHAMBER DIMENSIONS
|
AN
= /
DR
E A &4 (1523

I

1L

i

SOLECULAR BEAM IONIZER

¥ 3
o+ 1.? ) s
! —
&1 T & Boe |l
. ot o )|
K 4
RF EDHQE:T[DNS/\

o [13B]

23 [210] al [ao

8.9 [E£3]

143 [367]

164 [416]

» Use existing KEMS flanges/furnaces

* On axis ionizer—maximum sensitivity

» Advantages of Quad—sensitivity, rapid mass scans

» Disadvantages of Quad—mass discrimination effects, lower resolution

WWW.nasa.gov s
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Many Applications of
Knudsen Cells
« Analysis of vapor composition

« Thermodynamic data

« Thermodynamic activity in solutions
 Phase changes

 |sotope measurements

« Gas leak cell for (low pressure) reactive vaporization

WWW.nasa.gov
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Transpiration
m ?ﬁfﬁ/:f/f///// | Gas mixture enters point A
= . (C® . ==t Reacts with solid at C
ST W/ _ ' Products collected and analyzed at E

B & D—constraints to minimize diffusion
and heat loss

Select Flow Rates and Design System to Avoid
Diffusion Limitation and Kinetic Limitation

¢

- Mole fraction of vapor ———»

N

Flow rate ——

www.nasa.gov
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GRC Transpiration System

Fused quartz
condensation tube

B | e s n(Ar) =PV, /RT, (Point1Ar Inlet)
Ol 4

Oxygenfargonwater \j — RT, (n(H,0) +n(Ar))/ P, (Point 2 H,O inlet)
Fused quartz
condensation tube —

V, =RT,(n(H,0) +n(Ar)+n(Si))/ P, (Point3reaction cell)

Furnace

Pt/Rh reaction —~

chamber ,— Thermo=

couple

A(Si) << (N(H,0) +n(Ar)) V, =V,

,— Chromia
pellets

0.64 cm
diam.

Blanket argon in

P(Si)/ P(T) = n(Si)/(n(H,0) + n(Ar) +r(Si)) = n(Si)RT, /V,P,

—
<25 cm*|

Peristaltic —-= :
pump Hz0 in diam.
<—Oxygen/argon . .
g carrier gas in « Calculate dn(Si)/dt from Si collected = pressure
lrRCopS of Si species

« Dependence on water vapor pressure and oxygen
pressure gives identity of species

WWW.nasa.gov
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Data for Si(OH),(Q)

05 . . ; 1400 1200 1100 T
'5.':' | T T T T
‘oLl ® ArCarrierGas 1
' A 10% O,/Ar Carrier Gas
o S5
o —
= L 1]
T -5 =
Q o
@, L 80} ]
B ool ] X,
= o
=2 k=]
25 B5[ 1
a0 20 . . . .
30 3.5 40 4.5 50 0.00070 0.00075 0.00080 0.00085 000090 0.00005

log [P(H,0)/Pa] KT
FIGURE 4. Plot of the pressure of the Si-containing species against _ _ _

the water vapor at T'= 1673 K. The solid line is for data taken with an H,0(g) = SHOH),(g) as gk, against reciprocal temperature for
Ar carrier gas and has a slope of (1.71 + 0.02). The dashed line is for T'<=1375 K. The second law enthalpy derived from this plot is

data taken with a 10% OsAr carrier gas and has a slope of AHC(1200 K) = (346 £ 2.7)
(1.65 £0.06).

FIGURE 5. Plot of equilibrium constant for the reaction 5i04(cr) + 2-

k] mol™' and entropy change is
AST(I200 K)=(—67.5+21) kJ-mol™"- K"

WWW.nasa.gov
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Boundary Layer Limited Vaporization

« Useful for direct and reactive vaporization

 Have intentional, but known, diffusion limited
vaporization

« Useful for approximate vapor pressures, but not
accurate thermodynamic data

« Encountered in most applications

WWW.nasa.gov



National Aeronautics and Space Administration Boundary Layer Limited Gas Transport:
Model Silica Ceramic Degradation

Free Stream Gas

Velocity v,,
Gas Boundary Layer

Combustion Gases Si(OH)4@) 0
AR EN N N I N I
! S0, 1 I |
L
: . 0.5 0.33 DP
Flux of Vapor Speciesi = 0.664(Re)* (Sc)™* ——L
RTL
0.5 0.33
Voopoo L 77 D|F)|
=0.664 n D p RT L Laminar Flow, Expression for

turbulent flow similar

www.nasa.gov sz
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Thermogravimetric Apparatus:

NASA “Homemade”

Balance

Servo
driven

valve

1” ||

~— Gasin

I'I—,_ Capacitance
I-I_| manometer

— Sample

Thermocouple

T

-1 Furnace

L

= To vacuum pump

CD-09-83193¢

Large hot zone = larger samples
Wide range of atmospheres possible

* H,0(g), CO,(9), SO4(9), Cl,(9), 5%H,/Ar

“‘g 0021
) -0.04 -
E  008-
% 008
5 010
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Silica coupon in 50% H,O/O, (E. Opila)
SI0, + 2 H,0(g) = SI(OH),(9)
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Systems Studied: For many of these higher
pressures of Water Vapor are Needed

* SIO, + 2H,0(g) = Si(OH),(g) (BL Limited; Transpiration)
Note: Will not see this species at low pressures of H,0(g)

« Al,O; + 3H,0(g) = Al(OH)4(g) (BL Limited)
« Cr,0; + H,0(g) = CrO,(OH),(g) (Transpiration)
* TIO, + H,0(g) = TIO(OH),(g) (Transpiration)

 RE,O; + 3H,0(g) = RE(OH);(g) (In progress!)
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Experimental Data--A,H(298) (kJ/mol), A,S(298) (J/mol-K)
for Reaction from Oxide to Stable Hydroxide/Oxy-hydroxide
Reaction based on 1 mole of Solid

1A 1A 1A IVA VA VIA VIIA Vil Vil Vil 1B 1B 1B VB VB ViB VIiIB 0
He
H
Li(OH) Be(OH) BO(OH) C INO2(OH)2 [0 F Ne
186, 97 614, 153 196, 128
Be(OH) 2 B(OH)2
174, 31 401, 75
B(OH)3
6.4,-15
Na(OH) Mg(OH) Al(OH) SIO(OH)2 P SO2(OH)2 Cl Ar
228,164 [657, 156 779, 199 718, 188
Mg(OH) 2 IAIO(CH) SIO(OH)2
271, 52 498, 134 317, 64
Al(OH)2 Si(OH)4
572,121 55, -76
Al(OH)3
188, -7.3
K(OH) ICa(OH) Sc TiO2(OH)2 vV Cr(OH)) Mn(OH) Fe(OH) [Co Ni Cu(OH) [Zn(OH)z2|Ga(OH) Ge As Se Br Kr
192,157 |562, 154 770, 227 664,268 (669, 229 429, 161 (201, 55 |570, 224
ICa(OH) 2 CrO2(OH)2 MnO(OH) |Fe(OH)2
266, 59 61, -26 469,219  |324, 153
Mn(OH)2
442, 311
Rb(OH)  |Sr(OH) Y Zr Nb MoO2(OH)z2 Tc Ru Rh Pd Ag Cd In(OH) Sn Sb Te Xe
177,156 507, 148 135, 89 513, 228
ISr(OH) 2
238, 61
Cs(OH) Ba(OH) La-Lu Hf Ta \WO2(OH)2 Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
157,156 [448, 138 530, 87
Ba(OH) 2
163, 54
La Ce Pr INd Pm Eu Gd Th Dy Ho Er Tm Yb Lu
Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr

Green boxes: Coating Constituents. Studied at GRC: Si-O-H, Cr-O-H, Ti-O-H,
Y-O-H (in progress), only ~50 to go!
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How do we ldentify Vapor Constituents formed at Higher Pressures?

www.nhasa.gov 4
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Sampling Mass Spectrometer @/

Guadrupole mass filker

1%
300 lsec
Collimator —
Chopper — 2400 fsec
Skimmer — 10,000 ljsec

Sampling cone
Alumina frit

P latinum cone

Furnace

Aumina thermocouple
suUpport

¥

Lirconia tube ———e]

Gasin _-.Jh J

. Use the a mass spectrometer to directly sample vapors from a one
atmosphere process (Qualitative only!)

— Flame
— Deposition process
— Corrosion process
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Free Jet Expansion Preserves
Chemical and Dynamic Integrity of Gas

AEPREN - T
/ / & - - —_— i i e O
/‘ NL "b/}’ —t e ey —
/',»- e B X SN
| | -_
‘ _ S~
_ B A I e T N B B S B NS S S
Distance (X/D) | o 20 30 . 4 SO 60
Mach number - s 26 32 - 38 a4 80
 Temperature(K) | 40 16 09 06 05 04
‘Density (S.T.P.torr) | s 3.7 1.6 .09 06 04
~ Pressure (mtorr) ' 1 150 - 5 35 1.5 v 0.7 0.4
Collisions (5 +X) 80 106 nz2 w8 n7T e

T. A. Miller, Science 223 (4636), 545 (1984)
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Analysis of Combustion Products

Flame Chemistry

104
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E COr _______ v ]

§ 103 -

& :

g 102t

O - 1

~ 3 ’

£ g

E ~ :

§ '%f

10-1; _— L ! I ! E
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Equivalence Ratio
Fuel Lean: Fuel Rich:

0,(9), CO,(g), H,0(9) CO(g), Hx(9), CO,(g), H,0(9)

Experiments also done with seeding flame with corrosive salts, found in combustion environments
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Studies of Volatile Hydroxides formed as Corrosion
Products in Combustion Environments

«  Combustion products always ~10% water vapor

«  Water vapor can react with protective oxides
Oxide (s,l) + H,0O(g) = Hydroxide (g) or Oxy-hydroxide (Q)

Examples:
SiOy(s) + 2H,0(g) = Si(OH),(9)

SiO,(s) + H,0(g) = SiO(OH),(g)
Al,O54(s) + 3H,0(g) = 2AI(OH)4(9)

« Instrument can directly identify the species, other indirect
techniques provide gquantitative information on thermodynamics

WWW.nasa.gov s
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First Direct Observation of Si(OH),(9)

777777777777777777777777777777777777777777777777777777777777

I ~ Si(OH)," (fragment)
: I |

—————————————————————————————————————————————————————————————————————————————

Sio, + 0,

Intensity

,,,,,,,,,,
|

Si0, + H,0/0,

11260°C LN WAar

70 75 80 85 90 95 100
m/e

www.nasa.gov ss



National Aeronautics and Space Administration

First Direct Observation of Al(OH);(g)

0.3 — AI(OH)," 1378°C

(fragment) \ 1372°C

o
N

o
[EEY

intensity (arbitrary units)

0.0
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Orbiter Wing Leading Edge Deposits

 HPMS Indicated Zn, NaCl

« Zn from weathering paint on launch structure

« NaCl from coastal environment

« Znin particular led to pinholes! Implemented
launch structure wash.

WWW.nasa.gov s
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Summary: Methods used at GRC to Measure
Vapor Pressure over Condensed Phases

* Knudsen cell: Molecular beam sampling from a nearly closed
chamber. Limited to low pressures

« Transpiration: Downstream sampling of a vapor. Useful at
higher pressures.

« Boundary Layer Limited Vaporization: Rapid test. Approximate
vapor pressures. Also useful at higher pressures.

» ldentify species at higher pressures with sampling mass
spectrometer.

WWW.nasa.gov
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Supplemental Material
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Boundary Layers: Region of Flow around
an Object Affected by that Object (Viscous Drag)

Y4

Vo

Undisturbed region: v, or v, = free stream velocity
Key Parameter: Reynold’s Number (Re) = inertial force/viscous force

v,p0, L n = viscosity (g/cm-s = poise)
n n/p = kinematic viscosity (cm?/s)

For our typical conditions v,, = 400 cm3/min*1 min/60 s*1/[x*(1.8 cm)?] = 0.65 cm/s

n =7x10%g/lcm-s L=2cm p_,=n/V*M = P*M/RT = 1*40/(82.057*298) = 1.64 x 10-3 g/cm?3

Note that room temperature is used for velocity and density—corrections to temperature (1573K) cancel
Re = (0.65*1.64*10-3*2/7*104) = 3.05 Laminar; Turbulent Re > 2100

WWW.nasa.gov
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Boundary Layer Thickness Calculations

First Need Gas Phase Diffusivity (cm?/s)

— Chapman-Enskog correlation 5 18x10°( 1 X 1 P Ter
ot (M, M, P

— o--average collision diameter (angstroms) from Svehla

— Q collision integral—first get force constants from Svehla and Q2 from Sherwood
— Note T32 dependence and 1/P dependence

— Generally at 1 atm 1-2 cm?/s

— Calculated for Si(OH),(g) in Ar—1.68 cm?/s

Schmidt Number = viscous momentum transport/diffusion transport
- p, =n/V*M = P*M/RT = 1*40/(82.057*1573) = 3.10 x 104 g/cm?® (Note now at temperature)
- ( n j = (7*10-%/(1.68*3.10%104)) = 1.34

Dipoo

Boundary Layer thickness o) 1oL = 1.5*2/[(3.05)12(1.34)3] = 1.56

cm = (Re)1/2(SC)1/3
— 3o (UP)2 § o (LV)12

WWW.nasa.gov
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Thermogravimetric Apparatus

« Commercial Netzsch 409: Weight loss of SIC fiber

TG /% DTA /(uV/mg)
T ex
7
100.5 Y \ 0.08
Vs |
/
s
-~ / r 0.06
100.0
- 0.04
99.5
r0.02
99.0 L 0.00
Mass Change: -1.90 %
98.5 F-0.02
Peak: 63.3 °C
——— r-0.04
98.0
Mass Change: -0.07 %
r-0.06
97.5
Peak: 394.6 °C F-0.08
0 200 400 600 800 1000 1200 1400
Temperature /°C
Instrument : NETZSCH STA409 C/CD File: C:\r \LOX M SiC ffiber 7-20-10.dss Remark :  Graphite crucibles PN3-F1B301
Project : 599489.02.07.03.02.11.02 Material : Crucible : DTA/TG crucible Al203
Identity : LOX M SiC fiber Correction file : Carrier 4 1275C graphite cruc 7-19-10.bss Atmosphere : He /40 / -/ [ -~
Date/time :  7/20/2010 9:12:49 AM Temp.Cal./Sens. Files :  Tcalzero.tcx / Senszero.exx TGm.range: 500 mg
Laboratory :  Glenn Research Center Sample car./TC : DTA(/TG) HIGHRG 2/S DSC m. range: 5000 puvV
Operator : A.Palczer Mode/type of meas. : DTA-TG / Sample + Correction
Sample : Lot L10B-0010514, 55.400 mg Segments 2
[#] Type Range Acq.Rate STC G1 G2 G3 Corr.
[1.1] Dynamic 25.0/10.0(K/min)/1285.0 40.00 0 0 0 0 DTA:020, TG:820
[1.2] Dynamic 1285.0/10.0(K/min)/20.0 40.00 0 0 0 0 DTA:820, TG:820
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