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A PRELIMINARY STUDY OF THE EFFECT OF BORIC OXIDE DEPOSITS ON THE
PERFORMANCE OF TWO SELECTED TURBINE STATOR-BLADE SHAPES

By Paul C. Setze and William J. Nusbaum

SUMMARY

The performance of two stator-blade shapes with and without boric
oxide deposits was determined in a two-dimensional cascade. The first
blade had a large amount of curvature and suction-surface diffusion
downstream of the throat, while the second blade had no curvature and a
minimum amount of suction-surface diffusion downstream of the throat.
Without deposits, the performance of the two blades was very similar.
The first blade accumulated larger boric oxide deposits on the suction
surface downstream of the throat than did the second blade. The results
show that the boric oxide deposits caused total-pressure losses of 12
and 6 percent and decreases in the blade-exit flow angle of 6.5° and 1.5°
for the first and second blades, respectively.

Separation of the flow from the suction surface of the blade is be-
lieved to have caused the large deposit buildup and the resulting per-
formance loss measured for the first blade. It appears that a blade with

no flow separation on the suction surface would show a minimum performance
loss due to boric oxide deposits.

INTRODUCTION

Recent advances in the design of a turbojet-engine primary com-
bustor for pentaborane fuel (ref. 1) have increased the chances for use
of boron fuels in this component. However, several problem areas remain
to be solved, the major one of these being the effect of boric oxide on
turbine performance. Reference 2 points out that a large share of the
performance loss observed when an engine is operated on a boron-containing
fuel (such as the full-scale engine test of ref. 3) might be attributed
to the turbine stator. An obvious shift in turbine performance occurs be-
cause the boric oxide (BEOS) deposit on the blades decreases the stator

throat area. A second phencmenon that would decrease stator performance
is the increase in frictional pressure drop because of the presence of
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the rough boric oxide layer on the blade surfaces. The third performance
shift, and probably the major reason for the over-all engine performance
loss, occurs because of flow separation on the stator blade. On a number
of today's turbojet engines the velocity distribution along the suction
surface of the stator blade is such that diffusion of the flow occurs
near the trailing edge. This diffusion, when coupled with a rather large
boundary layer in this region, often leads to separation of the flow.

Large accumulations of boric oxide have been observed when flow
separation occurs downstream of the leading edge of a surface (ref. 2).
When boric oxide deposits on a surface, the shear stress exerted on the
liquid film by the flowing gas stream induces motion of the film in the
direction of gas flow. When this moving liquid film enters regions of
flow separation, the shear stress drops to near zero and the film stops
moving. Thus, this region is being continually supplied with liquid
boric oxide that is not being removed. Eventually the deposit builds up
to such a thickness that it either becomes unstable and flows off or
enters the free stream and blows off. Even when removal of oxide from
this region is occurring, the equilibrium thickness of boric oxide in a
region of flow separation is many times thicker than in a region where
the flow is attached.

If this phenomenon occurs on a stator blade, the point of flow
separation probably would be forced upstream, and the tangential compo-
nent of the velocity leaving the stator would be decreased so that an
increase in turbine pressure ratio would be required to maintain con-
stant turbine work. The net effect would be a decrease in engine
efficiency.

This report presents the results of a two-dimensional cascade in-
vestigation of two stator-blade shapes. The objectives of the program

were:

(l) To verify experimentally the presence of large boric oxide
buildups in regions of flow separation on a conventional stator

blade.

(2) To determine the effect of boric oxide deposits on stator-
blade performance.

(3) To attempt to minimize the effect of boric oxide deposits by
changes in the blade profile.

The two blades were designed to have the same inlet and exit flow angles
and the same solidity. One blade was designed with a curved suction
surface downstream of the throat and a thick blade section. The other
blade was designed with a straight suction surface downstream of the
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throat resulting in a comparatively thin blade section. Previous tests
(ref. 4) have shown that a curved-back blade is more susceptible to flow
separation than a straight-back blade.

Total-pressure ratio and flow-angle data are presented for the blades
both with and without the boric oxide deposit. The boric oxide was de-
posited on the blades at some predetermined test condition (a nominal in-
let temperature of 1250° F and a nominal exit total-to-static-pressure
ratio of 2.1). After shutdown the total-pressure and angle surveys were
made at the blade trailing edge with cold air flowing through the cas-
cade; the boric oxide remained on the blade in the frozen state. The
fuel used in this investigation was trimethyl borate - methyl alcohol
azeotrope (TMB).

SYMBOLS
The following symbols are used in this report:

acy critical velocity of sound, ft/sec

© blade chord length, ft

1% total pressure

P static pressure

'/ velocity, ft/sec

o7 flow turning angle, deg

6 boundary~layer momentum thickness, ft
Subscripts:

in conditions at cascade inlet

out conditions at cascade outlet

EXPERIMENTAT. APPARATUS AND PROCEDURE
General Description
A diagram of the test apparatus is presented in figure 1. Combus-
tion air from the laboratory central air system was supplied to the

apparatus. The air was throttled with a remotely operated butterfly
valve and metered through a standard ASME orifice. From the inlet
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plenum the air entered two parallel tubular combustors in which the fuel
was burned. The combustion products entered a large calming chamber
where any large boric oxide particles, sheared from the combustor walls,
would settle out. A two-dimensional cascade of four blades was attached
directly to the downstream face of the calming chamber. The combustion
products, after leaving the cascade, were directed into a pipe that was
connected to the building altitude exhaust system. The open space down-
stream of the cascade section provided a means for photographing the de-
posits on the blades while a test was in progress.

Fuel System

Two almost identical fuel systems, one supplying JP-4 and one
supplying TMB, were used in parallel (fig. 2). By means of an inter-
connection between the two systems, the TMB system was purged with JP-4
fuel after each test. Fuel flow was measured with a rotating-vane-type
flowmeter.

Cascade Section

Figures 3 and 4 show the cascade section which consisted of four
two-dimensional blades positioned and welded between two parallel plates.
The top and bottom blades had plates welded to the leading edge, parallel
to the inlet flow. The four plates made up a rectangular duct, the up-
stream end of which was rounded to form a smooth entry. The inlet duct
extended into the calming chamber.

In an effort to obtain two-dimensional flow near the middle of each
blade, the blade span was made 6 inches. This length was limited by the
flow capacity of the combustors.

The deposition rate from a stream of TMB combustion products is
about one-third that of pentaborane (BgHg) combustion products. Refer-

ence 5 shows that the equilibrium thickness is proportional to the inte-
grated deposition rate over the surface. Therefore, the actual value

of the equilibrium thickness on the blades tested with TMB would be ex-
pected to be the same as the equilibrium thickness on blades one-third
their size tested with pentaborane. For this reason the blades were
made about three times larger (chord equal to about 5.5 in.) than the
stator blades of conventional turbojet engines.

Description of Blades Tested

The two blade profiles investigated were designed with approximately
the same solidity (actual chord divided by pitch equal to 1.5) and the
same amount of turning (67°).
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A description of the two blade profiles tested is presented in fig-
ure 5. Blade 1 (fig. 5(a)) has a curved suction surface downstream of
the throat. The blade-surface velocity distribution on blade 1 for the
choked condition, as calculated by the direct stream-filament method
(ref. 6), is presented in figure 6(a). The dashed-line part of the ve-
locity distribution curves was estimated, because this part of the curve
falls in the unguided portion of the flow channel and cannot be calcu-
lated by the stream-filament method. The blade-surface velocity distri-
bution curves show a gradually increasing velocity on the blade suction
surface from the inlet to a point downstream of the throat, where a
critical velocity ratio V/acr of 1.20 or possibly higher is reached.
From this point on the suction surface the flow must decelerate to an
exit critical velocity ratio of about 1.04. Separation of the flow is

apt to occur on blade 1 somewhere between the throat and the trailing
edge.

Figure 5(b) presents a description of blade 2, which was designed
to have the same solidity and turning as blade 1. However, this blade
has a straight suction surface downstream of the throat. The velocity
distribution curve (fig. 6(b)) shows a rapidly increasing velocity on
the suction surface, reaching a maximum V/aCr of 1.09 about one-third

the length from the leading edge. Downstream of the throat the flow de-
celerates gradually to an exit V'/acr of 1.04. The velocity distribu-

tion curves show less diffusion on the suction surface of blade 2 than
on the suction surface of blade 1.

INSTRUMENTATION

The following table summarizes the instrumentation used for each
test (the station numbers refer to fig. 1):

Station Temperature Pressure
ik One thermocouple One static-pressure
Orifice Ap

One thermocouple? |One static pressure?

&) Two rakes of seven|Two total-pressure rakes®
thermocouples@ One static pressure@

4 Six thermocouples |Two static pressures
None Total-pressure probeb

Angle probeb

8Same instrumentation for each combustor. (Total
pressure at station 4 is assumed to be equal to
static pressure in calming chamber, which is
measured at two positions.)

bSurvey probes installed for cold-flow tests only.
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Test Procedure

Fach test was conducted in two parts. The first part consisted of
burning T™B fuel in the combustors and depositing boric oxide on the
stator blades. The second part consisted of the total-pressure and
angle surveys at station 5, which were run with air at room temperature.

Each of the deposit tests was conducted in the following manner:
When combustor-inlet air temperature had been established, combustion
was initiated on JP-4 fuel. Following ignition, the air and fuel flows
were adjusted to give the desired cascade-inlet temperature and total
pressure. This condition was held until temperature equilibrium in the
apparatus was established. At this time the output from each of the
sensing instruments in the apparatus was recorded. JP-4 fuel flow was
then gradually reduced, while TMB fuel flow was increased (so that tem-
perature was held nearly constant) until only TMB was being injected into
the combustor. The entire fuel changeover procedure took less than 1
minute. During the TMB portion of the test, instrument data were recorded
every minute for the first 10 minutes and every 5 minutes thereafter un-
til conclusion of the test at 30 minutes. Each test was conducted at a
nominal cascade-inlet temperature of 1250° F and a nominal cascade-exit
total-to-static-pressure ratio of 2.10. Motion pictures taken of the
cascade showed that the character of the deposit changed very little
during the shutdown procedure.

After conclusion of the deposit test, detailed total-pressure and
angle surveys were made at station 5. The survey consisted of three trav-
erses across the center blade passage and the two blade wakes on either
side: one traverse at the midspan position of the blade and two trav-
erses 1/2 inch on either side of the midspan position. The blades were
surveyed at these three positions in order to average the normal differ-
ences in the deposit along the blade span. The survey probes were actu-
ated by means of remotely operated probe actuators (fig. 3). The total-
pressure surveys were made with a single-~tube hook-type total-pressure
probe alined with the flow angle. The sensing element was a 0.030-inch-
diameter tube flattened to an inside dimension of 0.010 inch. The probe
was set to within 0.010 inch from the blade trailing edge. The angle
surveys were made with a cobra-type probe that was positioned within
0.25 inch of the blade trailing edge. Each of the survey tests was made
with air at about 70° F and at nominal exit total-to-static-pressure
ratios of 1.16, 1.34, 1.61, and 2.10.

EXPERIMENTAI, RESULTS
The experimental results are presented in figures 7 to 12. Figure

7 shows photographs of the suction surface of blades 1 and 2 after the
deposition test. Data points showing the relation between the cascade

CONFIDENTIAL



NACA RM ES7I18 CONFIDENTTAL 7

throat area (as calculated from the continuity equation) and run time
are plotted in figure 8. 1In figure 9 the ratio of the boundary-layer
momentum thickness to the blade chord 9/c at the blade trailing edge
(as calculated from the total-pressure surveys by the method of ref. 7)
is presented as a function of blade-exit critical velocity ratio; curves
are shown for blades both with and without the boric oxide deposit. The
blade total-pressure ratio (blade-exit total pressure divided by blade-~
inlet total pressure) is plotted as a function of the blade-exit critical
velocity ratio in figure 10. This pressure ratio was calculated fram
the boundary-layer momentum thickness and blade geometry by using the
method presented in reference 7. Figure 11 shows the decrease in angle
through which the gas stream is turned because of the boric oxide de-
posit. This angle decrease was calculated by subtracting the turn angle
with the deposit from the turn angle of the clean blade. The change in
the tangential component of the absolute velocity leaving the blade was
calculated from the change in turn angle and is presented in figure 12.

DISCUSSION OF RESULTS
Cascade Throat Area

Figure 8 shows that the cascade throat area changed very little dur-
ing the deposition tests. This observation is contrary to previous re-
sults because any thickness of oxide on the surface would decrease the
throat area. However, an examination of the dimensions of the system
and the relative deposition rate of B203 from TMB combustion products

provides an explanation for this experimental observation. Previous ob-
servations (ref. 8) indicate that a l-to-3~percent reduction in throat
area can be expected with pentaborane fuel. The boric oxide deposition
rate from a stream of TMB combustion products is about one-third the depo-
sition rate from a stream of pentaborane combustion products. For a given
surface length the equilibrium thickness with TMB would be expected to

be about one-third the equilibrium thickness with pentaborane for the

same temperature, pressure, and combustor temperature rise. For this
reason the blades investigated were made three times larger than conven-
tional size. Therefore, the absolute thickness of the boric oxide de-
posit at the throat should be the same as on a blade one-third this size
with pentaborane as a fuel. In scaling the blades, the ratio of throat
perimeter to throat area was reduced to about one-third that of conven-
tional blades. Consequently, with less deposit surface per unit throat
area than on a conventional blade, there is less percentage change in
throat area due to the boric oxide deposit than is observed on a conven-
tional stator with pentaborane fuel. The amount of throat area reduction
apparently was within the error of the method used in calculating the
area. Consequently, the data presented on figure 8 show little or no

area change with run time.
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Boundary-Layer Momentum Thickness

Up to a free-stream critical velocity ratio V/acr of 0.9, the

ratio of the boundary-layer momentum thickness to blade chord 9/c for
both blades without the boric oxide deposit was about the same (fig. 9).
However, flow separation on the suction surface of blade 1 appeared to

occur for values of V/acr greater than 0.9; this was indicated by the

greatly increased boundary-layer momentum thickness.

Both blades showed a large increase in 6/c because of the equi-
librium boric oxide deposit (after 30 min of run time). A comparison of
the blades with and without the boric oxide deposit at a free-stream
critical velocity ratio of 1 shows that 9/c was 242 percent greater
for blade 1 and 164 percent greater for blade 2 because of the deposits.
At this condition (V/acy = 1, with deposits), 6/c for blade 2 is 37 per-

cent less than for blade 1.

Total-Pressure Ratio

The plot of cascade total-pressure ratio against blade-exit critical
velocity ratio (fig. 10) shows the same trend indicated by the boundary-
layer momentum thickness. For values of the critical velocity ratio less
than 0.99, both blades show about the same total-pressure ratio when no
deposit is present. With the boric oxide deposit present on the blade
surface, the total-pressure ratio is much less for both blades. At a
critical velocity ratio of 1, the decrease in total-pressure ratio be-
cause of the deposits amounts to about 12 percent for blade 1 and 6 per-
cent for blade 2.

The manner in which this decrease in total-pressure ratio (because
of the boric oxide deposit) might effect the performance of an actual
turbine is illustrated in the following discussion. For the purposes of
this discussion, it will be assumed that the turbine has one stage, a
stator total-pressure ratio of 0.960 (blade 1) or 0.964 (blade 2), a ro-
tor total-pressure ratio of 0.422, and is operating with the stator choked
at 85-percent efficiency. By substitution of the values of stator total-
pressure ratio with the boric oxide deposit present (taken from fig. 10
for V/acr = 1) for the values without the deposit (0.960 or 0.964) the
turbine efficiency can be calculated to fall to 76 percent with stator
blade 1 and 80 percent with stator blade 2. These differences amount to
turbine efficiency drops of 9 and 5 percent for stator blades 1 and 2,
respectively.

CONFIDENTIAL



NACA RM E57L18 CONFIDENTTAL 9

Exit Flow Angle and Tangential Component of Velocity

Figure 11 shows that boric oxide deposits caused a 6.5° decrease in
the angle through which blade 1 turns the flow stream (for V/acr = 1),
and a decrease of only 1.5° for blade 2. This decrease in turning angle
amounts to a 5.1 and a 1.3 percent decrease in the tangential component
of the absolute velocity leaving blades 1 and 2, respectively (fig. 12).

At constant speed, turbine work is directly proportional to the
change in the tangential component of velocity across the rotor. There-
fore, at constant turbine speed and rotor-exit conditions, a l-percent
decrease in the tangential component of the stator-exit velocity would
cause a l-percent drop in turbine work.

SUMMARY OF RESULTS

The results of the performance investigation of the two different
stator-blade shapes are summarized as follows:

1. Blade 1 (having a large amount of suction-surface diffusion and
curvature downstream of the throat) accumulated large boric oxide de-
posits on the suction surface downstream of the throat, whereas blade 2
(having a small amount of suction-surface diffusion and no curvature
downstream of the throat) showed a much smaller deposit accumulation.

2. The large deposits on blade 1 resulted in a 5.l1-percent decrease
in the tangential component of the blade-exit velocity at the choked
condition. The decrease in the tangential component of velocity due to
the deposit on blade 2 was 1.3 percent at the same condition.

3. The boric oxide deposits caused a large decrease in the total-
pressure ratio across both blades. (This decrease was greater for blade
1, being about 12 percent at the choked condition as compared with about
6 percent for blade 2.)

CONCLUDING REMARKS

If a boron-containing fuel is to be used in the primary combustor
of a turbojet engine, the performance loss associated with the deposition
of boric oxide on the turbine parts must be accepted. This loss may be
reduced, however, by careful design of the stator and rotor blading. The
data reported herein is an attempt to establish some preliminary criteria
for the design of the stator-blade shape. The results indicate that a
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minimum amount of suction-surface diffusion and curvature downstream of
the throat reduces the loss incurred because of boric oxide deposits.

Iewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, December 20, 1957
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Figure 3. - Cascade mounted on calming chamber, showing probe-actuating mechanism.
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Figure 4. - Cascade-section inlet (blade 1, after 30 minutes of operation
with TMB fuel).
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(a) Blade 1.

Figure 5. - Blade section coordinates, passage, and profile. (A1l dimensions in
inches.)
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(b) Blade 2.
Figure 5. - Concluded. Blade section coordinates, passage, and profile.
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Figure 7. - Cascade-section outlet.
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(b) Blade 2

Figure
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after 30 minutes of operation with TMB fuel.

T. - Concluded. Cascade-section outlet.
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