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The erosion of materials is closely connected with the type of gas 
or liquid flow over their surfaces. In this paper we shall consider gas 
flow over a rough surface, and the effect of this on the material, from 
the point of view of erosion. 
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1. Fundamentals. When a gas flows over a solid surface, it may 

give rise to mechanical disintegration and removal of the material in 
its initial state, i . e . ,  erosion. To investigate the mechanism of ero- 
sive disintegration of materials we must know something about the gas- 
solid interaction. Studies of the surface geometry of polycrystalline 
materials such as, for example, graphite, have shown that the surface 
always becomes rougher as a result of erosion (the only exception oc- 
curs for materials on which a continuous liquid film is formed). The 
properties of gas flows over rough surfaces are important in connection 
with hydraulic resistance, heat transfer, and certain other problems. 

It is known [1] that flow-velocity fluctuations, which have a peri- 
odic character in a very broad range of mean flow velocity u, occur 
at the wall. The velocity fluctuations occur even for very small values 
of the Reynolds number R, i . e . ,  in the laminar region. The depend- 
dence of the fluctuation frequency w on u at low velocities, i . e . ,  
small Reynolds numbers, can be represented by a straight line to a 
good approximation [1]. Since the experiments leading to this result 
were carried out in the same tube, it follows that the Strouhal number 
S can be regarded as constant for small Reynolds number R. Velikanov 
[1] found that S = 0.45. Experimental evidence [1] leads to the con- 
clusion that the flow fluctuations are due to eddies which appear pe- 
riodically at the wall and spread from it. 

Rough surfaces of many polycrystalline materials used in practice 
have irregularities whose height is of the order of a few hundredths of 
a millimeter, so that direct studies of gas flow within such irregulari- 
ties are obviously impossible. The only alternative is to model the gas 

flow ever a rough surface. 

2. Model conditions. It is well known that, in the immediate 
neighborhood of a solid wall, the velocity profiles in the boundary 
layer can be regarded as rectilinear regardless of the nature of the 
fiow (laminar or turbulent), and it is always possible to find a region 
near the wall where the Mach numbers are small and changes in den- 
sity and temperature can be neglected. Boundary-layer calculations 
show that the linear dimensions of such regions are of the order of the 
height of surface irregularities. The flow of a viscous gas in the im- 
mediate neighborhood of a solid surface can therefore be approximately 

regarded as the flow of an incompressible fluid, i . e . ,  viscous flow 
described by the Navier-Stokes equations without convective terms. 

Studies of gas flow over a rough surface can be carried out on the 
assumption that the incident flow is stationary. The undisturbed flow 
is defined as a flow whose parameters can be determined by calcula- 
tion without allowance for the effect of surface roughness. Stationarity 
of these parameters is taken to mean that the mean values of the ac- 
tual flow parameters, which are equal to the calculated values, are 

time-independent. 
It is well known that the velocity and pressure fields in a flow are 

determined by the boundary velocity distribution [2]. One need then 
specify only the velocity profile on the entrance section of the bound- 
ary of the region under investigation, where it can be controlled. 

Therefore, the space boundary abcda can be divided into the 
following characteristic regions (Fig. 1): ab (or even abc)--entrance re- 

gion where the velocity profile can be controlled; cd--exit region 
where the velocity profile is the same or nearly the same as the veloc- 
ity profile on nb, and da--region coinciding with the surface of the 
solid wall where the adhesion conditions are satisfied. 

Under these conditions the equations of motion and continuity, and 
the boundary conditions, can be written in the form 

powlOt  = - -  grad p + I~V 2w, 

div  w = O, Wab = ~ (lab, W*), (2.1) 

where p is the density, p the excess pressure, w the velocity vector, t 
the time, # the dynamic viscosity, w* the parametric value of the veloc- 
ity, l the radius vector, and V 2 the Laplace operator. 

Fig. 2 

We shall use the scale transformations 

l =/oL,  lab = (oLab , t = toT, w = woW, 

w * = w o W * ,  [~=l~oM, p = p o P ,  p = p o R ,  

so that the above equations and boundary conditions can be written in 

the dimensionless form 

poWo ~' / OW ~ ~t~176 ~,,~7~w 

[ \ WO 
t ~ )  thv w = o, woWo~ = ,  (loLo~, woW*), (2.2) 
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Hence we have 

powo/to  = po / lo  = l~owo/lo 2. (2.3) 

Since among the dimensional physical quantities in the differential 
equations and boundary conditions, only three have independent di- 
mensions, it follows that one further relation must be found to deter- 
mine the remaining quantities in terms of these three. This third 
relation can be taken to be 

p0 = p0wo z. (2.4) 

The scales with independent dimensions will be taken to be: 10, 
the mean height of surface irreguIarities, and w*, the velocity of the 
undisturbed flow at this height. 

We then have W* = 1 and M = 1. The remaining scales and dimen- 
sionless quantities wilt then be expressed in terms of the above arbi- 
trary quantities as follows: 

Fw* Fo 10 1 
P o = ~ ,  P o - = ~ ,  tO=w,  ' L - -  lo ' 

Lab - -  lab w plow* 
/o ' W = ~ - ,  R =  ix = / to* ,  

tw* 1 plo 
T Io = So* ' P : p.w* = E R o * .  

It is known that the time in the dimensionless complex S~ represents 
the period of the oscillations. We shall therefore interpret t as the 
period of fluctuations which can occur during the flow of a gas (liquid) 
over a rough surface. 

The dimensionless form of the differential equations and boundary 
conditions is then 

B0* (0W / OT) == -- grad P @ V2W, div W = 0, 

W~ = ~ (L~b). (2.5) 

The solution of these differential equations satisfying the boundary 
conditions can be written in the form 

T = F r ( W ,  L, V~:ab, Ro*),  P = F p ( W ,  L, Wab , ]~0"), (2.6) 

but W = ~(Wab,L), and therefore. 

T = F~ (We> L, Ro*), P = Fp(Wa~, L, Ro*), (2.7) 

or, written out in full, 

I _ FT  [ Web 1 ) 
S \ w *  ' -~o '  R o * , ,  

wab 1 \ 
E R o * =  F p  w* ' [o ' Ro*) .  (2.8) 

Hence, it is clear that similarity can be achieved by ensuring the s~me 
distribution of Wab, L, and R'~ in the model and in the specimen. This 
will ensure that the T and P criteria will be identical, i . e . ,  

T~ = T.~ or (S0")1 = (S0')2. (2.9) 

Pl = P~ or (EBo*) l  = (El?o*)2, (2.10) 

where subscripts 1 and 2 represent the model and the specimen, 
respectively. 

From gq. (2.9) we can obtain the relation between the fluctuation 
frequency w = 1/t in the model and in the specimen 

(w* / 10)1 (2.11) 
oi = r iw. / lob" 

Since the velocity profile for the undisturbed flow over a rough sur- 
face can be assumed to be rectilinear, it follows that when the veloc- 
ity profile in the model is also rectilinear, we have identical boundary 

velocity distributions on the entrance section of the boundary i. e.,  

(Wab)l =- (Web)> 
This means that, in the solution given by Eq. (2.7), we can omit 

the dimensionless boundary velocity and, consequently, 

T = F~. (L,  B~*) ,  P = F p  (g, Ro*~, (2.12) 

For a rectilinear velocity profile w*/ lo  = (dw/dy)y=0 expression 

(2.11) becomes 

(dw / ~)~--=o 1 
o)1 = o~ (dw / dy)y=o 2 ' (2.13) 

and the frequency of the flow fluctuations can be determined from 

o = So* (dw/dy)u=o. (2.14) 

It is important to note that, as far as simulation of gas flow over 
rough surfaces is concerned, the use of differential equations, and of 
their solution satisfying the boundary conditions given by (2.12), is 
valid for different viscous flow conditions. However, each of these 
flows occurs because viscous flow is self-similar in a definite range 
of values of P~. Therefore, the numbers R~' for creep will differ from 
the values of R~ for which we have laminar flow in a tube, or flow in 
the laminar sublayer of the boundary layer. Consequently, the flow of 
a liquid or gas in a model will be similar to the flow in the specimen 
only if the values of P~ are in the range in which a given viscous flow 
takes place. 

Other things being equal, the simulation possibilities are restxicted 
by the minimum size of the surface irregularities, which is determined 
by the height below which the equations for a continuous medium must 
be treated with caution, or cannot be used at all, since the mean free 
path of the m01ecules may be comparable with the linear dimensions 
of the surface irreguiarities. 

8. Model experiments. The gas flow over a rough surface was simu- 

lated using the relations given by (2.12). The experiments were car- 
ried out in a water tank, using models which were geometrically sim- 
ilar to the surface profile of irregularities on the rough surface of 
graphite models which were taken as the specimens. Therefore, L 1 = 
= L2. The roughness models were set up near the side wall of the tank 
in such a way that the current of water incident on them was steady. 
The edges of the model were just above the water level. 

The undisturbed flow had a rectilinear velocity profile at the wall 
(this profile was determined in preliminary experiments). This was 
used to ensure that the boundary-velocity distribution was the same in 
the model and in the specimen, i . e . ,  (Wab)l = (Wab)2. The size of 
the models and the velocity of the undisturbed flow were chosen so 
that (R~)I = (P~)2. 

We have also carried out experiments with (R~) r greater or less than 
(t~)z for the same boundary-velocity distribution of the undisturbed 
flow. In these experiments we varied only the height of the model, re- 
taining the geometric similarity. Moreover, we have carried out ex- 
periments for comtant linear dimensions of the models but different 
absolute magnitudes of the velocity gradients in the undisturbed flow 
at the wall. The numbers (R~) 1 were varied in the range 1 < (R~) 1 < 
< 2000, and the height l0 of the models in the range between 4 and 
32 mm. 

Long-exposure and motion-picture photography of the water flow 
around the models was carried out. Aluminum powder was used to 
make the state of the water surface visible. 

The motion of the liquid around the roughness model was found to 
be analogous to the gas (liquid) flow in separation zones [3-6] .  

The essence of this can be summarized as follows: a separation 
boundary is initiatlly established between the external flow and the 
liquid in the troughs of the model, and this eventually becomes un- 
stable due to the eddies which break off from the front wall, of the 
trough, decay, and give rise to a turbulent separation layes [7]. 

Experiments have shown that the liquid in the trough is brought 
into rotational motion, and the external eddies moving along the 
separation layer periodically penetrate the trough. This is associ- 
ated with an increase in the amount of liquid in the tsough, and 
a time is eventually reached when the equilibrium between the 
liquid and the incident flow is violated, the separation layer 
breaks off from the rear (relative to the flow) wall of the trough, 
and the excess mass is ejected into the incident flow. Equi- 
librium is then re-established, the separation layer closes again 
on the rear wall of the trough, and the entire cycle is repeated 
once again. 

We have thus established that the flow of the liquid in the troughs 
of the roughness model, and hence the flow of a gas in the troughs of 
a rough surface, has a fluctuational character. 
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Figure 2 illustrates the motion of the liquid in one of the models, 
during the fluctuationiperiod , while Figs. 3a and 3b show flow photo- 
graphs for the two models investigated in water-tank experiments. 

Analysis of the experiments has resulted in numerical values for 
tire fluctuation frequency in ~ e  troughs of the model and the Strouhal 
numer. Figure 4 shows the results of water-tank tests on the roughness 
models whose profiles are indicated, and on the graphite models in 
high-temperature flows of argon and air. The notation is as follows: 

Points I 2 3 4 5 6 7 
~o = 0 . 9  0.4--t.1 0.7 0.3--0.8 0.9 f . t  (0.6--3.8) i0asec -r .  

4, Analysis of results, It is clear that velocity fluctuations in the 
troughs are accompanied by a change in the parameters of the liquid 
(gas) and, in particular, there is a change in the pressure along the 
walls [5, 6]. The net result of this is a periodic variation in the pres- 
sure over the crests of the model; this appears to be responsible for 

erosion of the surface. 
It is clear from Fig. 4 that the Strouhal numbers depend on the 

shape and the relative size of the surface irregularities, but do not 
depend on the number R~ for a given roughness, within the limits in- 
vestigated in the water-tank experiments. Consequently, for a given 
boundary-velociry distribution in geometrically similar models, the 
fluctuation frequency should be independent of their size. This is 
confirmed by experiments carried out on models of different size with 
constant boundary distribution of the undisturbed flow velocity. Experi- 
ments with different velocity gradients in the undisturbed flow show 
that the fluctuation frequency is directly proportional to the velocity 
gradient, confirming the results given by Eq. (2.14). 

The experimentally established similarity between flows at differ- 
ent Reynolds numbers confirms that the self-similarity conditions of Eq. 
(2.12) can therefore be written in an even simpler form, and namely: 

T =  F~(L), P = Fp  (L), (4.1) 

and the similarity of such flows will occur only when the rough surfaces 
are geometrically similar, the boundary velocity distribution is rectil- 
tinear, and the numbers P,~ are such that the given viscous flow takes 

place. 
We note that the dependence of the fluctuation frequency in the 

~trface troughs on the velocity gradient in the undistrubed flow occurs 
not only in the case of an external f!ow over a rough surface, for 
example, in fluids flowing past conical graphite moctels, but also for 
flows over the inner surface of a tube. In fact, for gases flowing in a 
tube we have 

(dw / dy)y=o = 1A pu~)./~, (4.2) 

which is valid for all degrees of roughness of its walls [8] ( \  represents 

frictional losses). 
For a laminar flow in a tube of diameter d, and R = udp/p ,  we 

have 

)~ = 64 R -r . (4.3) 

If we substitute for k and R in Eq. (4.2) we obtain 

(dw/dy)~=o = 8 u/d 

and 

(o = 8 So*u/d. (4.4) 

It is thus clear that the fluctuation frequency in the surface troughs 
in the tube wall can be determined either from the velocity gradient 
of the undisturbed flow at the wall, or from n. Let us verify this using 
the data given in [1] which show that, for small R, 

= 0 .6  u. ( 4 . 5 )  

We must now find the dependence of w on u, using Eq. (4.4). The 
Strouhal number in this expression is 

So* = (olo/w*. (4.6) 

Let us express the velocity w* and the height l0 of the surface crests 
in terms of u and the tube radius r. The velocity profile in the tube in 
the case of laminar flow is described by the Poiseuille parabola 

w = wo ( i  - -  aZ/r~),  ( 4 . 7 )  

where w0= 2u is the maximum flow velocity [8] anda is the modulus 
of the position vector of points on a circle in the cross-sectional plane 
in which the flow velocity is equal to w. 

Hence, 

w* = 2u  [ t  - -  ( r - -  Io)2 /r2] ,  ( 4 . 8 )  

or, neglecting k~/r z in comparison with 2 l / r ,  we have 

w* = 2u  (2 lo / r  - -  lo~/r ~) ~ (410/r)~.  ( 4 . 9 )  

Substituting Eq. (4.9) into (4.6), we obtain the relation between S~, 
which characterizes the pulsation frequency in the troughs on the rough 

surface, and the Strouhal number S: 

So* = I/4X. (4.10) 

Using Eq. (4.10), let us transform Eq. (4.4) into the following rela- 

tion between co and u: 

�9 (o = 2 SuM. (4.11) 

In the experiments described in [I], S = 0.45 and d = 1.5 cm. Con- 

sequently, 

co = 0.6U, 

which is identical with Eq, (4.5). 
From the experimental results shown in Fig. 4 it follows that, the 

fluctuation frequency near irregularities with edges that are tess sharp 
is characterized by smaller Strouhal numbers S~ ~. In the experiments 
described in [1], S~ = 0.11, which indicates that the surface of the 
ebonite tube used in these experiments was sufficiently smooth. 

Since roughness models tested in the water tank are similar to the 
irregularities on the surface of graphite models, we may consider that 
the most probable values of the Strouhal number for these irregularities 
will like in the range used in water-tank experiments, i. e.,  S~ = 0.45- 
0.55, and the fluctuation frequency can be determined from Eq. (2.14). 
The gas-flow fluctuation frequency determined in the experiments 
with graphite models, which were carried out on the assumption that 
ghe frequency of these fluctuations was equal to the proper oscillations 
of the individual grains, resulted in the value S~' = 0.5 (Fig. 4). 

The author is grateful to G. I. Petrov for his interest in this work. 
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