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ANATYTTCAL STUDY OF THE BEQUILIBRIUM THICKNESS OF BORIC
OXIDE DEPOSITS ON JET-ENGINE SURFACES

By Paul C. Setze

SUMMARY

An analytical sgtudy 1s presented of a laminar liquid film flowing
along a surface lmmersed in a gas stream. The results of the analysils
indicate that: (1) The equilibrium film thickness i1s directly proportional
to the square root of the liquid deposition rate; (2) the equilibrium
f1lm thicknegs 1g directly proportlonal to the square root of the liquid .
viscosity; and (3) the equilibrium film thickness is inversely proportional
to the square root of the shear stress at the surface.

The results are intended to show the parsmeters affecting the thick-
ness of this film, but are not intended to be quantitative. A caleculation
made from the analysis does appear reasonsble, however, when compared
with the scant experimental data available. The analyslis indicates that
the equilibrium f£ilm thickness wlll be less in regions of high liguid-film
temperature (reduced viscosity) and high free-stream momentum.

INTRODUCTION

The presence of boric oxlide on the surfaces of Jet engines utlilizing
boron~containing fuels will probably necessltate & new design of some
engine components in order to obtaln the most efficient operation. If
the thickness of the deposit on any surface could be calculdted as a
function of engine conditions, this new design could be made with greater
confidence. Until recently, the two problem areas with regard to deposits
were the primary combustor and the turbine of the turbojet engine. How-
ever, recent advances in the design of a primary combustor for pentaborane
fuel (ref. 1) indicate that boric oxide deposits in the combustor can
probably be greatly reduced. Therefore, the turbine is now the major
problem area.

In the turbine, the flow-area relatlons are quite critlcal, and any
change in these relastions due to deposits on the blades should be
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congidered during the turbine design. Either the flow-area relations or
the operating conditions (temperature, pressure, and pressure ratic) of
the turbine would have to be changed tc obtain maximum efficiency with
depositS- P . . . . . . e . — e -

The purpose of the analysis reported herein is to determine the
parameters affecting the equilibrium thickness of boric oxide on jJet-
engine surfaces, sc that the engine desigper will have an indication of
the optimum design conditlions. This report does not intend to give a
comprehensive analysis of the equilibrium thickness of the boric oxide
film. The results of the analysie are semiquantitetive and should be
used only over the range of conditions included in the assumptions listed
in the ANALYSIS section. Before the analysls, several experimentel tests
were conducted in which motion plctures were made of a boric oxide film
on a flat plate. These tests were to determine the characteristics of
such a film. The results of these tests and the methods by which they
aided in the analytical model are also presented.

The analysie is restricted to a laminar liquid film and assumes that
the borle oxide in the free stream is in the form of liquid particles
of near molecular-size.

EXPERIMENTAL AFPPARATUS AND PROCEDURE

The apparatus used in the photographlc studles of boric oxide film
on e flat plate was very simllar to that reported in reference 2. Tri-
methyl borate - methyl alcohol azeotrope was burned in a single tubular
combustor supplied with elr from the central leboratory ailr supply. At
the combustor exit a transitlion section reduced the flow aree to a rec-
tengular opening 3.7 by 4 inches wide. The Jjet emerging from thils opening
was allowed to enter the room and pass over a flat plate positlioned on
the centerline of the Jet with the leading edge about 1/2 inch from the
transition section exit. About 8 linches of free space was allowed for
photographs. The free Jet was then captured by a duct leadlng to water
sprays and then to the bullding altitude exhaust system, which was main-
talned at as low a pressure as pogslble in order to ensure the exhausting
of most of thé combustion products. A dlagram and a photograph of the
apparatus are shown in figures 1 and 2, respectively. The fuel system
was the same as that reported in reference 2.

The instrumentation used 1n the tests is summarized Iin the following
table:
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Combustion airflow ASME orifice

Fuel flow ] Rotating-vane flowmeter
Combustor-inlet temperature Average of 3 thermocouples
Conmbustor-outlet tempersture Average of 6 thermocouples

Flat-plate surface temperatures | 14 Thermocouples, 1 in. zpart on
plate centerline
Flat~-plate static pressure Assumed anblent

A preliminsry test was conducted to determlne the persistence of the
potential core of the free Jet. In this test, a moveble total-pressure
probe was used to survey the core of the Jjet. The test was made at
ambient temperature-with a Jet veloclty of about 800 feet per second.

The results of this test showed that the total pressure, 1/2 ineh gbove
the surface of the flat plate, was constant for the entire plate length.

EXPERTMENTAT, OBSERVATIONS AND RESULTS
Experimental testing covered the following conditions:

Core tempersture, OF . & &« ¢ v« & ¢« v s = s s s+ « = « &+ +» » 1000 to 16800
Core velocity, f£/s€c « v v ¢ « v v ¢ 4 ¢« ¢ o o ¢ o« = « o . 600 to 1200
Static pressure (amblent), 8LM o+ « « o « o o « o o « s s o o o o « + o L1

The motion pilctures showed that there was no observable change in
the thickness or chseracteristics of the plate deposits efter 20 to 30
minutes of opersitlion. In other words, the equilibriwm condition had
been very closely approached.

The motion pictures and inspection of the flat plate after shutdown
showed that the liquid film was smooth (referred to as the laminar region)
over the first 2 to 5 inches (depending on the test conditions), and
then & transition to a wavy film (turbulent region) occurred. These
regions are illustrated in the following sketch:

— == Flow

|= Iaminar £film L Tarbulent £ilm

Il
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It was also observed that when a large liquid particle (torn from the
combustor liner) impinged on the leading edge of the flat plate, the
film behlind the point of impingement was always turbulent.

Messurements of the lamliner f1lm thickness Jjust upstream of the
transition point showed that 1t varied from 0.010 to 0.030 inch depending
on the conditions. The film thickness varied in & manner similar to thsat
predicted by the following analysis; thet is, the film was thinner at
high free-stream velocities and tempersgtures.

TLST

Severel determinations were made of the turbulent-film velocity
about 6 inches from the leading edge of the flat plate. These values
were taken from the motion pictures and varied from sbout 0.0004 (gas
temperature, 1450° F; gas veloclty, 650 ft/sec; plate temperature,

13700 F) to 0.008 foot per second (gas temperature, 1480° ¥; gas velocity,
1150 ft/sec; plate temperature, 1380° F). A photograph of the flat plate
after a typical run is shown in figure 3.

ANALYSIS

A completely theoretical analysis of the turbulent reglon of the
liguid £f1ilm would be quite difficult if not lmpossible. However, an
empirical analysls can be made after experimental data become avallaeble. -
Consequently, only the laminar liquid flim will be treated analybilcally
in this report.

From observations of liquid £ilm on the f£flat plate and deposiis on
the stator blades of a two-stage turbine englne operated on pentaborane
(ref. 3), it was believed that an analysis of the laminar f£ilm would be
helpful to the designer because in a number of cases 1t appears that a
laminar £1ilm would be present. An analysis of the lamlnar f£ilm follows.

It should be again emphasized that the analysis is only intended
t0 show the relatlon among the varlsbles affecting the egquilibrium thick-
ness asnd is not intended to be a quantitative caleculetion method from
which the equilibriuvm thickness can be obtailned.

The model assumed has a laminer ligquid film on e surface immersed
in & flowing gas stream. Iilquld particles suspended in the gas stream
deposlt onto the surface at a known rate. The shear siress csused by
the gas stream acting on the 1iquild film induces a f1ilm motion in the
direction of the gas flow. A point is reached where the volume flow rete
past any statlon in the film is equal to the tobtal volume of liquld being
deposited upstream of that station. This is the condition of egquilibrdium.
Once equilibrivm has been reached, provided that shear stress and the
deposition rate are both held constant, the film thickness will alseo ¢
remain constant.
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For simplificetion of the analysis, the following assumptions are
made:

(1) The rate at which the liquid deposits on the surface 1s known.

(2) The f£ilm is lasminar (free from waves).

(3) The £ilm moves at & negligible velocity when compared with the
veloclty of the gas stream. Therefore, the shear stress acting on the
film will be the same as the shear stress acting on the surface if po
film was present (verified by the experimental observations).

(4) The shear stress across the film is constant (in the y-
direction).

(5) The film is at an equilibrium condition.

Two additional conditions will also be considered assuming that (1)
the liquid film is isothermal in the y-direction, end (2) a known temper-
ature gradient exists across the liguid film in the y-directilon.

Isothermal Condition

For the isothermsal condition i1t is essumed that the £ilm is iso-
thermal in the direction normal to the surface,

Consider an element of the liquid film (abecd of the following sketch)
x-3distance from the leading edge of a surface.

-» Direction of flow

e pe— —_— —— ——— —_———
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The total volume flow rate of liquld through the element Vy can be
expressed by '

X Z
Vy = f f Vdx dz (1)
o Jo

where V 1is the local depositlon rate. Using the equation of flow
continulty for the film results in

Wx -
E; = Vx = ur xbeq,x2 (2)

From the definition of shear stress in a fluid (ref. 4),

=B (@) (3=)

g \dy

or from the use of assumption 4 and assuming no temperature gradient
(v and u, are constant),

du)f = & _ constant (3b)

ayle ~ g

Therefore, the veloclty gradlent through the £ilm is linear and
varies from wuy at the liquid-gas lnterface to O st the surface so that

— 1
Up =3 W (4)
When egquation (4) is substituted into equation (2),

1
Vg = §'ui,xteq,xz (5)

The following expression results from setting up equetion (Sa) for

integration:
t
eq iy W
0 0]

= EEEE (7)

which gives

T IOF
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Equetions (5) and (7) can be solved simunltaneously for either the
equilibrium thickness teq or the interfacisl velocity wuji to give the

followlng results:
‘Fix"'z
tE =z s 8

<8
iz

ug = (9)

Nonlsothermal Condition

Where a large temperature gradient exists ascross the 1iquid film
(in the y-direction), the same general analysis shown previously can be
used (with one exception). This exception 1s discussed as follows:

Equation (3a) can be written

¥

= ay
uy = %€ | (10)

In order to solve eguation (10), the viscosity p must be expressed
a8 g functlon of temperature, and the temperature inserted as a function
of ¥ [T = £(y), p = £(T}]. (A curve of viscosity against tempersture
for boric oxide (from ref. 5) 1s presented in fig. 4.) The result of
this substltution is an expression for the local velocity in the liquid
film uy as a functlon of Y. With this information, the average film

veloclty Tr as a function of %eq may be found from

uydy
0

" (teq
dy
o

Equations (10} and (11) together with the necessary temperature-
viscosity relations can be used simultaneously with equation (2) to
sbtain a value of the equilibrium thickness.

(11)
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Application of Equations (8) and (9) to a Flat Plate with
8 Turbulent Gas Boundary Layer

The equation for the shear sitress on a flat plate with a turbulent
gas boundary lsyer is given in reference 4 as

7 PO Jots]
s =75 g U6 5x (12)
where
38  0.296
3x ~ Rel/5 (13)
and therefaore,
2
P00
T, = 0.0288 14)
) Reoi 75g (
where
xUnp
Reo = oo (]5)
Mo
From sssumption (3),

Substitution of equations (14), (15), and (16) into equations (8)
end (9) results in the following expressions for teq and ui:

[ 69.5 V,p;x0-2

teq = ‘vng.sué.sug.z a7
and
_ o [0:0578 v,03-8ud-8,8-2 (18)
e uyx0+ 2
Now
Vy = ngz (19)

TLSY
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where (which is a function of temperature, pressure, and fuel-air
ratio onﬁy, see ref. 2) is the average deposition rate (ft/sec) over the
distence x. Substltution of equation (19) into equations (17) and (18)

glves .
V69.5 Fxp.le'z (20)
t = 20
e 0.8;71.8.0.2
¢ Po E;Uo Eo

and

— 0B I.50.2.08
00576 o0 UG g " xg

Bz

ui = (21)

which express the equilibrium thickness of boric oxide and the inter-
faclal velocity in terms of known varilables (r can be obtalned by the
method of ref. 2).

Equations (20) and (21) were solved for the condition of an isothefmal

liquid f£ilm over a temperature range from 1000° to 2000° F and for the
following fixed conditions:

< S o I -
Ugs, £t/BeC « v & v @t o i i i e i et it e i e e e e e e e .. 1000
Pgs TH/CW B « « v v o w i it i oL e e i e e .. . 0.024
T ftfsec o« L Lo oo .o Lo Lo oo ... . 5x10

The results of the calculation are presented in figures 5 and 6.
The solutlon indicates that qualitative agreement was obtained (well
within one order of magnitude) between the analysis and the experimental
observations discussed previously. No quantitative experimental data are
avallable to compare with the theoretical values of flgures 5 and 6. The
experimental values of film thickness cobtalned previously are merely
average values for the combined laminar and wavy portlions of the £ilm.
As previously noted, however, the qualitative effects of the operating
variables on liquid-film thickness appear to be predicted by the theo-
retical equation.

Point of Transition from a Lamipar to & Turbulent Liquid Film
Reference 6 shows that for a liquid film, flowing along the walls

of a tube, transition from a laminar to a turbulent motion was observed
when the value of y= was between 12 and 21, where
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- (), =2

Equation (22) was put in terms of varisbles consistent with the
ligquid-film anselysis reported herein and wes used to indicate where flow
transition might be expected to occwr.

Substitution of equstion (7) into equation (22) gives

v = (;Juzui;tquz) -

23
kz/P2 (23)
Substitution of teq for y and inclusion of all the terms on the
right side of equation (23) under the radical yield
(24a)
which reduces to
P
yr= Y (24v)
A film Reynolds number was defined =as
t P
Rep = _;mLui._ (25)
Hy
Therefore,
Reg = (y+)2 (26)

The following can then be concluded: for leaminar film, Rep < 144;

for the transition region, 144 < Rer < 441; and for turbulent £ilm,

For the conditions at which the sample calculation was mede (in the
previous section), the £ilm Reynolds number varies from 1.685x10-° (at
1000° F) to 233%10-5 (at 2000° F). It was observed in the motion
plctures that transition occurred at a Reynolds number several orders
of magnitude less than the transition Reynolds number reported in
reference 6.

TLS?
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Discussion and Application of Results

The purpose of the analysis reported herein was only to determine
the relation between the varlables influencing the equilibrium thickness.
It was not the purpose of the analysis to derive an exact quantitative
expression relating equilibrium thickness with any set of variables. On
this basis, two general concluslons can be drawn from equation (20):

(1) The equilibrium thickness 1s approximately proportional to the
square root of the liquid viscosity.

(2) The equilibrium thickness is approximately inversely proportional
to the square root of the free-stream momentum (poUg).

From these conclusions, the two following deslign practices can be derived.
On surfaces where excessive build-up of boric oxide can cause losses in
engine performance, it is desirable to (1) keep the surface temperature
as high as possible (thereby 1cw§ring the viscosity); and (2) keep the
momentum of the free streanm (poUo) as high as possible.

It should be pointed out, however, that, although a quantitative
analysis was not the intended purpose of this report, the results of the
gsample calculatlon appear guite reasonsable.

The exact point at which transition from a lamlnar to & turbulent
liquid film occurs is unknown. On the basis of the results reported in
reference 6, 1t appears that a laminar £ilm would be present over & large
portion of the conditions of interest. .

The experimental observation reported hereln indicates that transi-
tion occurs much sooner than reported in reference 6, although & laminar
film would still be present over a range of conditions of Interest. The
reason for thils dlsagreement is unknown, but maey be because of surface
roughness or impingement of large droplets on the leading edge of the
plate.

The experimental observations zlso point out that & laminar film
would not be present downstream of & polnt where lerge liquid droplets
were allowed to lmplinge.

CONCLUDING REMARKS

From the qualitative experimental cbservations and the anslysis re-
ported herein the :following conclusions mey be drawn:
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l. If & laminar liquid film is present, 1its thickness will be leas
in regions of high free-stream momentum (pOUg where pg 1s free-stiream

density and Ug is free-stream velocity).

2. If a laminar liquid film 1s present, its thickness will be less
in regions of high liquid-film temperature.

3. The liquid film will be turbulent downstream of points where
large liguid droplets are allowed to impinge.

Lewis Flight Propulsion Leboratory S
Netional Advisory Committee for Aeronesutics
Cleveland, Ohio, June 14, 1957
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APPENDIX - SYMBOLS
acceleration due to gravity, 32.17 ft/secz

average deposition rate over distance x, ft/sec
Reynolds number bhased on ligquid f£ilm
Reynolds number based on free stream

temperature, °F

equilibriuvm £ilm thickness, ft

free-stream velocity, ft/sec

local velocity, ft/sec

average fllm velocity, ft/éec
interfacial velocity, ft/sec
local f£ilm velocity y distance from surface, ft/éec

local oxide deposition rate, cu f£t/sec

integrated f£ilm volumetric flow over distance x, cu ft/sec
integrated f£ilm weight flow over distance =x, lb/éec

distance parallel to exis of flow, £t

distance normal to axis of flow, £t

wall distasnce parameter defined in equation (22)
distance across width of surface, ft
boundery-layer thickness, £t

viscosity, 1b/(ft)(sec)

liguid viscosity, 1b/(ft)(sec)
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free-stream viscosity, 1b/(ft)(sec)
Py liquid density, 1lb/cu ft

free-stream density, 1b/cu ft

T shear stress, lb/sq £t

Te shear stress in film, 1b/sq ft

Tq shear stress acting on surface, Ib/sq ft
Subscripts:
£ £ilm
b'd distance from leading edge
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Boric oxide viscosity, 1b/ft mec
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Figure 4. - Viscosity of borie oxide liquid.
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Bquilibrium thickness of boric oxide on a flat plate, thousandths of an in.
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Figure 5. - Equilibrium thickness against temperature. Distance

from leading edge, 0.08 foot; free-stream velocity, 1000 feet
per second; free-stream densitz, 0.024 pound per cubic foot;

average deposltlion rate, 5x10™% foot per

o

second.
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Interfacial velocity of liquid film, ft/sec
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Figure 6. - Interfacial veloclty agailnst temperature.
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