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THE EFFuCT OF THER.OPHCFESIS Ol THE PROCESS OF PHECIPITATION

OF AoH PARTICLE Cv COCLED BLADES COF GAo TURBINES

S. Sh. Rozenberg, Engineer

Certain ideas are presented concerning the important
influence exerted by the thermophoresis effect on the
process of precipitation of particles on cooled blades
of gas turbines. eriments on & cooled and an uncooled
plate (a blade model) showed that in camparison with
other factors this phenomenon exerts the most important
influence on the process of precipitetion of particles,

Modern ges=-turbine construction is characterized by the tendency to increase
the gas temperesture in front of the turbine while cooling the most heavily stressed
components of the machine and by the tendency to use inexpensive types of fuel.
However, owing to the presence of ash in the combustion products of heavy liquid
and solid fuels, the use of these fuels causes additional camplications resulting
from erosion, corrosion, end precipitation of ash in the flow-through sections of
gas turbines, Practice shows that these difficulties increase in high-temperature
turbines., Thus the study of the process of brecipitation on cooled surfaces,
including blades, is of indubiteble interest in the field of gas=turbine
construction,

The precipitation of ash on turbine blades is a complex physicochemical

process, in which forces of different origin may play a roie, depending oa the
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oconditions of precipitation of the solid particles, These forces may be mechanical
hydrodynemic, chemical, moliecular, thermal, or electrostatic. One of the causes
of precipitation of ash particles and their retention on a surface is the actiom,
of thermophoresis forces, As is known, the thermophoresis effect occurs when
aerosol perticles suspended in a temperature field move into a region of lower
temperatures, i.e., towards a cold body [1].

The thermophoresis force acting on a spherical aerosol particle in the
absence of convection currents without taking into account radiative heat transfer

from the particle can be calculated from the forwule given in Ref, [1]:

ra u¥r 4T

Fr=—9"parn oF @

(1)
where Ft is the thermophoresis force;
r 1is the radius of the particle;
“ and ® are the viscosity and density of the gas;
T is the absolute temperature of the gas;
‘e and Ay @re the thermal conductivities of the gas and the particle;
dT/dx is the temperature gradient in the gas along the x-axis.

In the case of uniform temperature distribution in an incident flow passing
around a surfece the temperature of which is different from that of the flow the
maximum temperature gradient will occur in the thermal boundary layer [2]. Since
the thermophoresis force is directly proportional to the temperature gradient, it
follows that the thermophoresis effect will be most strongly pronounced in the
boundary layer, where it can have a decisive effect on the nsture of the motion
of the particle.

In particular, if the temperature of the wall is lower than that of the flow,

6.8., in the case of cooled turbine blades, the thermophoresis force will cause
the trajectory of motion of the particle to be deflected towaerds the wall, This

mey considerably increase the number of particles colliding with the wall or
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precipitating on it, in comparison with the case of an uncooled surface, where
the temperature of the flow and the wall i8 the same and the thermophoresis effect
is absent.

Since the wotion of & particle about a turbine blade depends on vaerious forces,
in order to determine the effect of thermophoresis, it is necessary to schematize
e thencmena ., Let us consider the motion of particles in the laminar boundary
layer near a flat wall, This will enable us to ascertain the basic tendencies of
the given phenomenon.

In setting up the equations of motion of a particle in the leminar boundary
layer, let us assume (Fig. 1) the following:

1., The thermophoresis force is calculated from formula (1), the value of T

in this forumula being taken equal to the average temperature of the boundary layer

- _Te+T
T—%'._..“_H.

(1)
2. All the physical constants are assumed to be constant for the entire
thickness of the boundary layer and are determined for the temperature
;o et ()
av 2 :
3« For the temperature distribution in the boundary layer we take the
dependence
b= 8 (2N — NY)L. (2)
Here
b=T—Ty (3)
00 = TQ — Tw
(3')

FTD-TT-62-1025/1+2%4 -3-



where T, T, and T, are the absolute temperatures of the flow outside the boundary
layer, within the boundery layer, and on the well, respectively;

1 7 is the dimensionless ordinate and

=g (4)

T . '
f 7 L:"
T‘ . EL% 7%

{
Ty ——tmrf 4

Bg. 1. Disgram for determining the
trajectory in the boundary layer.

The thickness of the thermal boundary layer b,, 88 is known, is related to

P
the thickness of the hydrodynamic boundary layer by the dependence [ 3]

8r=8Pr 3 (5)
Taking Pr~Q,7 for air, we have
4
i (5°)
The thickness of the hydrodynamic boundary layer is calculated from the
formula [4]. L
_ Y 583,
8 =583 V €o V¥ Re, (6)
where v 18 the kinematic-viascosity factor of the gas.
4., TFor the distridbution of the velocity component °x we teke the
approximation
€ = Cp (2N — MY,
(n
Here
¥ .
n=-3: (a)
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°0 is the flow velocity ocutside the boundary layer;
% i{s the dimensionless ordinate of the hydrodynamic boundary layer.
S5« TYor the diatribution within the boundary layer of the velocity camponent
c:y perpendicular to the wali we take an approximate dependence obtained by the
author by solving the continuity equation with the variation of the ges temperature,

and consequently the variation of the density in the boundary leyer, teken into

account,

This dependence has the form

Co
€y = ——— (ant — bn?3),
¥ VRex ] n

(9)
or
cy = 'isv (an? — o). (9*)
Let us introduce the dimensioniess temperature parameter k
L __ T
k= bu h Tn __°ch ' (10)

The coefficients a and b are functions of this parameter,

Turning to the derivation of the equations of motion of a particle in a
nonisothermal boundary layer, let us consider the action of the forces of inertia,
the resistance of the medium, and thermophoresis.

Preliminary calculaticus show that the velocities of the particles relative
to the flow are such (small Re numbers) thet we can use Stoke's law [5] to express
the resistance of the flow to the motion of the particle.

Then, assuming the motion to be planar, we have

do dy

'"ET mer = Fry—6apr(v—cp);

du d*x
mor = ’"7,7=th"'61‘!”("‘-¢:).

(11)
where y and y are the projections of the velocity of the particle on the y-exis

end x-axis, respectively;

r,‘y end rtx are the projections of the thermophoresis force determined from formula
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(1) on the y-axis and the x-axis;
[¢)
B is the mass of the particle,

From equations (2) and (4) we have

9% I
=20, (1 — ;) ).
Oy o'( ) 4’ (110)
__ﬁ___ b (| —Nr) o
dx %, (11")
From formulas (11') and (11'') it can be seen that
b a6
o ¢ oy
(12)
Hence, taking into account formula (1), we obtain
th € F/y. (12')

This enablea us to neglect the longitudinal component of the thermophoreasis force
in equations (11).

Next, let us consider the two cases, where the particles 1) do not have
considerable velocities and 2) have a considerable velocity relative to the flou.
Of practical interest is the case where the particle velocity is directed towards
the wall.

If the particle does not have a considerable velocity relative to the flow
and, as a consequence of this, does not undergo important accelerations or
retardations resuiting from the resistance cf the medium, we can negiect the
inertial terms, and then equetions (11) with (1) and (12') teken into account will

assume the following forms

ll"'f ’uq

of 2+ A

—6rpr(v—cy =0;
u—cx =0, , (13)

—9a

|
6, (2 — 21¢) — —
o ( nr) 3

After transformations we obtain the system of equations

TN
i
— e (57 ) | w
u=ce(2n—mnd.
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Let us introduce the dimensionless coordinates x) and vy

X
xl=-x—°-;
(15)
Y
h ="
[}
’ (15')
vhere X is the coordinate of the entry of the particle into the hydrodynamic

boundary layer;
50 is the thickness of the hydrodynamic boundary leyer at this spot,

Taking (6) end (8) into secount, we have

n=nVr. (16)
Then, letting

3 Q p,3 Ao
B==g5i 7 P 3 x
and bearing in mind that %’g_: v and 7}‘;_: u, we vbtain after a number of
transformstions and with (16) taken into account
[}
‘ ——
n£1¢=3§*mh‘””‘”(” Tl "
1 2']_"’ —T' (18)

This differential equation is solved by assigning values to the coefficients
4 and b, which, as was noted above, are functions of the temperature parameter K.

In particular, solving this equation for Pr = Q.7 and k = 2 with

a= 2,329;
b= 1644, } (18*)
and teking into account the initial conditions
= hon= 1, (1811)

we obtein a formula relating the coordinetes of a particle moving in a boundary

layer in the presence of thermophoresis forces

- 1,755 + 068
In x, = (1.665 + 0.50) '"[2755:1' W+ 4.587B (1,137 — 'q)]

+(0.409+1,sp)1nl27l5§5556n] i}zs £OIB
--0,13
8

| (19)
ep 108 . m—0sp
X.arct |37V§_-—0—|—3_ﬁ7 rcea |.37VB_:-—0._I3—5’—]‘,
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Jigure 28 shows, in the coordinates x, and Vs the trajectories of a particle
for different values of the parameter fwith k = 2, From the diagrem it cen be
seen that the trajectory of motion of the particle is strongly dependent on the
valus of . The greater the value of B, the greater the thermophoresis force and
the more rapidly the particle reaches the wall, Thus, under the action of a
thermophoresis force, even a particle that does not have a velocity component in
the direction of the wall at the initial moment will still strike the wall,
assuming, of course, that the wall is sufficiently long.

If the particle, upon entering the boundary layer, hes a considereble
velocity relative to the laminar boundary layer, resulting, for exauple, from
pulsations and vorticity in the incident flow or from the action of centrifugal
forces, we can no longer neglect the inertial terms,

Of practical interest is the case where the velocity of the particlie is
directed perpendicularly to the wall, for in this cese its velocity may be
camparable to the velocity component of the flow in the direction of the wall cy
and to the velocity arising as a result of thermophoresis.

In deriving the equations of wmotion, let us nexlect the inertial term along
the x-axis and take it into account along the y-axis.

Then equations (1i) will assume the form

dv d*
mog-=m 7“—": = Fpy — bapr (v—c,);

—c =0
u [4 (20)
Switching over to dimensionles- coordiunastes, after a number of transformetiona

we obtain a systep of eyuations describing the motion of e particle in a laminar

nonisothermal boundary layer for Pr # 1 in the presence of an initial velocity of

the particle in the direction of the wall



E 7 )
(21)
where v.a%.
Lt (22)
l ' (23)
ik 2b - (24)

Here Y; is the specific gravity of the particle,
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Fig. 2. The path of the particle in the direction
of the wall in the laminar boundary layers &) with-
out injtial velocity; b) with initial velocitys 1)

B =0.02; 2) B = 0,01; 3) with thermophoresis forces
taken into account; 4) without taking thermophoresis
forces into account.

The quantity is called the "relexation time® and is widely used in aerosol
mechanics [1].

The systew of equations (2l1) cannot be solved in the general form and must be
solved numerically in each particular case, In order to estimate the nature of the



motioa of a particle with a certein initial velocity in the direction of the wall,
we used Adam's method [6] to obtain a numerical solution to the system of

equations (21) for the following initial conditions:

T, = 973% 8 = 0,02

k =2 Re_ =511

p =1 atm abs v = «0.06

o = 20 m/sec Y; = 2200 kg[m}

r =5.10‘6m(da10u) 5°=5.16.1o"4m

The particle trajectory calculated from the system of equations (21), which
take into account the action of thermophoresis forces, is shown by curve 3 in Fig.
2b, Curve 4 shows the trajectory of the same particle, but without taking into
account the action of thermophoresis forces. As can be seen from the diegram,
in the first case the particle strikes the wall, while in the second case the
particle, having "pierced® as a result of its kinetic energy part of the thickness
of the ooundary layer, after its velocity in the direction of the wall is attenuated
will follow the line of the gas flow and gradually veer away from the wall., This
clearly shows that in the case of a particle moving near a cooled wall and possess-
ing an initiael velocity in the direction of this wall the phenamenon of
thermophoresis also hes a decisive effect on the nature of the mction of the
perticls,

For a given therual ccnductivity of the flow A. the thermal conductivity Ai

of the particle itself has a sircng effect on the neture of the motion of the
perticle., Obviously, the thermal conductivity of the particle is determined by

its chemical end mineralogicel composition, and also by its structure, by the
presence of pores, cavities, etc. Moreover, the velocity of motion of a particle
under the action of thermophoresis is affected by its shape, which is slsc dependent
on its mineralogicel composition end structure. Thus, it is clear thet particles

of different chemical and mineralogicel composition and different crystalline
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structure will have different trajectoriea in the btoundary layer near the cooled
wall and will move anc strike the cooled wall in different ways, as & result of
which particles with a lower thermal conductivity will approach the wall and
precipitate on it faster. This explains the well-kuown fact [7] that different
particles precipitate in different ways on a wall that is colder than the flow.
It is known that in this case the particies that precipitate on the wall are
primarily perticles of definite composition, which may be due to their differing
behavior in a temperature field under the ection of thermophoresis.

Analyzing the equations of woticn of a particle in a laminsr nonisothermel
boundary layer, it is obvious that the motion of a particle with an initiel

velocity will be determined by the following dimensionless complexess

K. g3 % Pt pT.
Ree, = =050 B=ggm v ;o5
Jo. o, Y. p_To
LI ! G ' “’o.

Note that the quantity cof is called the "inertial path" of a particle with
en initisl velocity ¢ (1]s it is equal to the path traversed by a particle

with an initial velocity c¢,. in a medium devoid of external forces, Thus the

0
T¢
complex -x%-eharacterizes the ®piercing power' of the particle with reference to
the thickness of the boundary layer.

Special mention should be mede of the complex 3 and the temperature

peremeter k, which in the case v. = O completely determine the motion of the

1
particle in the dimensionless coordinates xl, yl. In this case they are the
criteria determining the nature of the motion of the perticle. The temperature
pereameter k characterizes the intensity of the cooling of the wall, while 3
characterizes the ratio between the thermophoresis forces and the hydrodynemiec
forces.

For the purpose of making a qualitative experimmntal check of the sbove-

mentioned sssumptions concerning the importent influence of the thermophoresis

effect on the process of precipitation of particles on a cooled wall we carried
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out special experiments with plates, on the surfaces of which different
temperatures were mainteined and which were pleced in & hot gas flow (t = 61000)
containing fine particles of ash,

Three pairs of plates were set up iL the flow: 1) cooled with a wall
temperature of 90003 2) not cooled with a wall temperature of 60703 3) neated
with a wall tempersture of 6800.

Experiments with a cooled and an uncooled plate showed that the cooled
plate wears out many times faster than the uncooled pleate., As a result of an
experiwent with a heated and an unheated plate it was ascertained that precipitatio
was almost entirely absent on the heated plate. Small depositions occurred only
at the sites of roughnesses and eerodynemic shadow. Obviously, in this case the
conditions of precipitation of ash perticles on the plate surfaces were
identical in every respect, except the direction of the heat flux. Thus the great
difference in the amount of precipitation is due to the fact that in the case of
the heated plate the thermophoresis forces were directed away from the plate and
prevented ash particles from precipitating on the surface. The small depositions
that occurred in the zone of aerodynamic shadow and breakaway may be due to the
fact that particles lsnuing in the vortices of the flow received therefram a
velocity in the direction of the wall greater than the velocity received from the
thermophoresis force counteracting this mction,

Obviously, in the experient with the cooled plate the considerable
depositions on it are the consequeuce of the thermophoresis forces acting on the
particlés. These forces are airectea toward the wall and further the increase
of depositions, Thus the experiments carried out corroborate the theory stated
above concerning the important influence of the thermophoresis effect on the
process of precipitation of serosol particles on cooled or heated walls,

On the basis of the aforeseid we can draw the following conclusionss

l. In the form=tion of depositions con coocled surfaces the action of
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thermophoresis is basic in comparison with other fectors affecting the process
of precipitation. This is of particularly great iwportance in the case of high-
temperature cooled turbines operating om combustion products containing volatile
ash. In the case of gas turbines with a uniform temperature distribution in the
incident flow the thermophoresis effect will manifest itself meinly in the
boundary-layer region, where the maximum temperature gradient eesurs.

2. & particle iwpinging on a nonisothermal boundery layer near the cooled
wall, under the action of thermophoresis forces, will necessarily strike the
wall, provided that the wall is sufficieutly loug.

o The nature of the motiou of a particle in a nouisotherwal boundary

T
e To- Ty
and by the ratio betwee. the thermel conductivities of the perticle and the

T
layer is influenced decisively by both the temperature parameter k = 63 = -0

medium )\1/ X..

4. By choosing the systemwm of coordinetes x, a :— and vy 83— in the case of
(¢ 0

absence of an initial velocity of the particle relative to the flow, the nature of
the motion of the particle in a laminar boundary layer will depend only on the

T
temperature parameter k = ,._Q and the dimensionless quentity

2
0 3 6y 3 Ag

B=s85 P 2hg+Ai "
5. 1In the case of greatest practical interest, where the particle has an

initial velocity in tne direction of the wall, the motion of the perticle in the

coordineates xl, yl will be determined by the complexes
. 9 .

Do X%, g 3 8 pF A . G,
Regg =350 P=5gm 7 '32;..+A,‘ =t
_To. %

6. Calculations mede on the basis of the above theory show thet particles
with aifferent chemical and mineralopicel cowpositions and acifferent thermal
conductivities and shapes, when in a field with a temperature gradient, must
move aloug different trajectories with the particles of lower thermel conductivity
striking the wall sooner, This expleins the welleknown phenomenon, where

deposition of different ash components on cooled surfaces occurs dissimilarly
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and "selective deposition® takes place.

EEFLRENCES

le Np. A, Fuks, Aerosol Mechenics, Publiishing House of the icademy of
Seiences of the USSR, 1955.

2. A Study of a Thermal Boundary Leayer. Zhnr, tekh, fiz, .
(7. Tech. Phys.g, 1932, No. 3.

3. 8, S, Kyteteladze, Fundaumentels of the Theory of Heat Transfer, Mashgiz,
1957.
4e L, G, Loytgyenskiy, Fluid and Ges Mechanics, Gostekhizdat, 1950,

5. K I, Strakhovich, MNundamentals of the Theory and Calculation of
Pneumatic Conveyer Devices, ONTI (United Scientific and Technical Publishing
Houses), 1934.

6o A, N, Krylov, Lectures on Approximate Calculations, Gostekhizdat, 1950,

T. W, Guymz, Coal Minerals and Their Importance to Boiler Design and
Operation., Combustion, April, 1956.

FTD-TT=-62-1025/1+2+4 14~



DISTRIBUTION LIST

DEPARTMENT OF DEFENSE Nr. Copies MAJOR AIR COMMANDS Nr. Copies
AFSC

SCPTR 1
ARO 1

HEADQUARTERS USAF ASTIA 10
TD=Bla 3

AFCIN-3D2 1 TD-Blb 3
AEDC (AEY) 1
SsSD (SSF) 2
APGC (PGF) 1

OTHER AGENCIES BSD (BSF) 1
AFFTC FTY) 1

CIA 1

NSA 2

ATD 2

oTs 2

AEC 2

PWS 1

RAND 1

FTD-TT-62-1025/1+2+4 15



