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ANALYSIS OF SILICON NITRIDE (SIsN4) FOR USE IN A SMALL RECUPERATED TURBOSHAFT
ENGINE

Richard L. Stark Jr., Michael J. Vick
NRL Code 5712

ABSTRACT

This analysis was performed to determine whether
Silicon Nitride (SizN4) could be used as a material for the
fabrication of the Small Recuperated Turboshaft Heavy Fuel
Engine (SMART-HFE). Oxidation and volatilization of Silicon
Nitride in the presence of water vapor has been an issue under
the conditions of turbine combustion . Through the use of
previous research, the recession rates of Si;N4 were predicted
for various operating conditions. The volatilization rate
required by the SMART engine was chosen to be 1/4 mm per
kilo-hour, the equivalent of the rotor blade tip clearance. The
calculations made showed that Silicon Nitride (SizN,) is an

acceptable material for the use in the SMART-HFE combustion

chamber and turbine.

INTRODUCTION

The purpose of this analysis was to determine whether
Silicon Nitride (Si3N4) could be used as a material for the
fabrication of the Small Recuperated Turboshaft Heavy Fuel
Engine (SMART-HFE).
material choice for construction of the SMART-HFE

Silicon Nitride is the optimum

combustion chamber and turbine. However, oxidation and
volatilization of Silicon Nitride in the presence of water vapor
has proven to be an issue under the conditions of turbine

combustion !

. Utilizing previous research, the recession rates
of SizN, were predicted for various operating conditions.

The prediction of the oxidation and volatilization of
Silicon Nitride was performed for a range of operating
conditions. The pressures, temperatures and velocities used for
the analysis were dictated by the performance specifications set

by the SMART-HFE (Table 1).

Manuscript approved January 25, 2006.

The governing stoichiometric equation for the
combustion of jet fuel (assumed to be Cj,H,;) in air is the

following:

CioHa, +17.5(0, +3.76N,)
— >11H,0+12CO, + 65.8N, )

The conditions required for SMART — HFE dictate
that the air-fuel equivalence ratio be 7.6, which corresponds to

the excess air reaction of:

Cyi,H,, +1330, +500.08N,
——11H,0 +12CO0, +500.08N, +115.50, (2)

The water vapor formed from Equation (2) results in

the following oxidation reaction of the Silicon Nitride:

Si;N, () + 6H,0
—535i0,(5) + 2N, (g) + 6H,(Q) 3)

Simultaneously, the volatilization of the Silica occurs by
Equation (4).
Si0, (s) +2H,0(g) —>Si(OH)4(9) (4)

The oxidation and volatilization reaction have been
previously modeled using paralinear kinetics [ >, The
paralinear kinetic equations show that the reaction will reach a
steady state after time t;. At steady state conditions the oxide
thickness and the recession rate of the Silica will remain
constant, x; and y; 'l Figure 1 shows a graphical

representation of the paralinear model. Semiempirical



equations for the time constant, oxide thickness, and recession
rate are given below ', The only required information to prove
that Silicon Nitride is acceptable for a combustion environment
is the recession rate, however all three paralinear kinetic terms
are calculated here in order to provide a complete kinetic

model.
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Figure 1. Paralinear kinetic oxidation and volatilization model

for ceramics.
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tLisisc =171—=%h (Time constant)  (6)
H,0VY
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Yi131c = 0.18T,u/ h (Recession rate) (7)
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The values calculated from Equations (5) — (7) are at a
temperature of 1315 degrees Celsius. The values were
modified to show temperature variation using the following

proportions:

X, oc o AHor/RT ®)

t, oc @28HheiAHo/ RT )

y o e—AHVO| IRT (10)

The Oak Ridge National Laboratory has collected data
measurements of the recession rates of Silica in water vapor »
31, The data has been scaled according to pressure and velocity
in order for comparison with the calculated oxidation and

volatilization rates of Silicon Nitride.

RESULTS

The calculations for the recession rate of the Silicon
Nitride were made using the pressures and velocity given by
the SMART- HFE. Table 1 shows a summary of the flow

conditions in the heavy fuel engine.

Table 1. SMART-HFE
Pressure (Water Vapor) 0.0413 atm
Pressure (Total) 2.4 atm
Maximum Velocity 400 m/s
Maximum Temperature 1250° C
Recession Rate 0.25 mm/kh

The limiting oxide thickness, time constant, and
recession rate were calculated to be 1.15 pum, 144.6 h, and
0.00925 um / h (mm/ kh) respectively. These values are
calculated at temperatures of 1315° C. Figures (2) — (4) display
the variation of the oxide thickness, time constant, and
recession rate with respect to temperature. The assumed values
of the enthalpy of reaction, AH,, and AH, were 3 and 35
kJ/kmol®). These assumptions are fairly good for temperatures
under 1400° C. It was also assumed that Si(OH), was the major
volatile species.

The data shows that the recession rate at 1250° C is
0.00925 mm /kh. This recession rate is less than 0.25 mm/kh
and therefore acceptable for the SMART-HFE.
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Figure 2. Limiting oxide thickness variation with temperature.
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Figure 3. Steady state time constant variation with temperature.
recession rate

0.0092488 -
0.0092486 -
0.0092484 +
0.0092482 -
0.009248 +
0.0092478 +
0.0092476 +—rrrrrrr T T
R HICIC SR I 0 S
T(C)

rate ( mm/ kh)

Figure 4. Recession rate variation with temperature.

Previously, the combustion intake air has been
assumed to contain 0% humidity. However, this may not
always be the case. The water contained in the ambient air will
affect the recession of the Silica. The “worst case” operating
scenario for SMART-HFE is 50° C and 100% humidity. The

saturated pressure of water vapor at 50° C is equal to 12.349

kPa (100% humidity). This pressure is added to the pressure of
water vapor for the combustion conditions, see Table 1. The
resulting changes in xy, t;, and y; can be seen in Figures (5) —

(7). The recession rate has increased to 0.1472 mm/ kh.
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Figure 5. Limiting oxide thickness at 100 % humidity
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Figure 7. Silicon Nitride recession rates at 100 % humidity.



Experimental data, collected by the Oak Ridge w1 As800
National Laboratory and NASA Glenn, was used along with
proportional constants to verify the calculated results * .

Equation (11) was used to scale the measured data, see Table 2.
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Table 2. Experiment results for different Silicon Nitride alloys. 24
22F
CVD SN282 AS800 Bl
kL mg/cm”2 h
1200° C 5.0*10° 9.8 *10™ 59%10°
1400° C 6.2 %107 1.8 %107 6.6 * 107

recession rate (mm/kh)

The following figures show the experimental data
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scaled to match the SMART-HFE operating conditions shown
in Table 1. Figures 8, 9, and 10 correspond to 0 % humidity Figure 9. SN282 recession rates at 0 % humidity.

and Figures 11, 12, and 13 correspond to 100% humidity. A

linear interpolation between 1200° C and 1400° C was used in X1 oD
order to gain information at the required temperature of 1250° 5
C. 3

Note that the multiple lines show the variation with respect

to velocity changes. The lower most line represents 50 m/s and

recession rate {mm/kh)

the upper-most line represents 400 m/s. Each line is

3

incremented by 10 m/s.
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Figure 10. CVD recession rates at 0 % humidity.
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Figure 11. AS800 recession rates at 100 % humidity.
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Figure 12. SN282 recession rates at 100 % humidity.
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Figure 13. CVD recession rates at 100 % humidity.

The value of the recession rate for pure Silicon Nitride
(CVD) at the SMART-HFE operating conditions is
approximately 0.11 mm/kh. This is lower than the calculated
value of 0.147 mm / kh. The SMART engine is required
recession rate is 0.25 mm/kh, therefore the recession rate of

0.147 mm/ kh is acceptable. Silicon Nitride (SizN4) is an

appropriate material for the use in the SMART-HFE

combustion chamber and turbine.

CONCLUSIONS

After analysis and calculations for the recession rates of
Silicon Nitride under conditions set by SMART-HFE the

following conclusions can be made:

1.  After reaching steady- state at 100 % humidity, the
“worst case” recession rate of SizN, will be
approximately 0.147 mm / kh.

2. Silicon Nitride (Si;Ny) is an acceptable material for the
use in the SMART-HFE combustion chamber and
turbine be because the calculated recession rate is less
than 0.25 mm/kh.
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