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Abstract 

The paper presets flow characteristics of a hydraulic unit made up of a cylinder and a plunger, which is typical 
for most of precision pairs, as a function of contamination content in the working fluid. The consideration cover 
typical cases, including flow of contaminated fluid via an interstice (positive allowance), when the manifold plunger 
(spool) is in its initial position and the flow rate Qz of the working fluid at the manifold inlet is higher than the flow 
rate Q via the interstice, the manifold plunger (spool) is in its initial position and the flow rate Qz of the working fluid 
at the manifold inlet is lower than the flow rate Q via the interstice and when the manifold plunger moves against the 
manifold cylinder (body). Mathematical relationships, determined for all the above cases, define the following 
characteristics: volume of contaminants captured upstream the interstice, volume of contaminants captured in the 
interstice, volume of contaminants that flow out downstream the interstice, flow rate of the working flow downstream 
the interstice as a function of time, average velocity for the working fluid that flows out of the interstice as well as time 
interval that is necessary to fill in the interstice. Distribution of contaminants along the interstice length is described 
as well. The determined relationships served as a basis to find out interconnections between volumes of fluid that 
flows via an interstice and duration of the flow process.  

Keywords: interstice, positive allowance, manifold plunger (spool), flow rate, volumetric content of contaminations, 
filtration, contamination concentration  

 
1. Introduction 
 

Specific phenomena associated with flow of suspensions via an interstice (positive allowance) 
have not been investigated so far with sufficient thoroughness and only scarce number of studies 
dedicated to that phenomenon has been published. Most of these studies represent the attempt to 
explain the phenomenon of so called obliteration, i.e. gradual diminishment of the interstice active 
cross section, which results from adsorption of particles dispersed in the fluid and deposited on the 
interstice walls. As solids are considered the major component of contaminations that are present 
in the working fluid, a part of solid particles is captured in the interstice. Sedimentation of solids 
in interstices results from differences of dimensions between particles present in the working fluid 
and the interstice itself. As a consequence, reduction of the effective surface of the interstice occurs 
and concentration of suspension downstream the interstice is altered. Contamination particles, which 
are much larger than the positive allowance of the hydraulic node (a hydraulic precision pair) [1] 
or smaller than that clearance are not a reason for damages and consequential increase of friction 
in the hydraulic node. Working surfaces of the manifold body and the control plunger (spool) are 
vulnerable to particles of the same size as the positive allowance, as such particles pose the reason 
to growth of forces (torques) in control parts and then wear of hydraulic node surfaces in the 
hydraulic appliances. It results in many unfavourable effects, such increase of leaks, jamming of 
the slide (spool), postponing of the switchover time, changes in characteristic curves of flow, 
slowdown of movements executed by the driven parts or even total immobility of them, mispositioning 
and vibrations, deviations in speed adjustment, different speed of movements executed by driven 
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parts depending on the movement directions, step movements of driven parts when the control signal 
changes in continuous (infinite) manner, decrease of the system stiffness and reduction of speed 
achieved by driven parts.  

Therefore, there is a need to define relationships between flow parameters of contaminated 
working fluids passing the design clearances (interstices) and the contamination degree. These 
relationships are necessary to carry out theoretical calculations concerning flow of inhomogeneous 
fluids via design clearances, to estimate the effect of contamination onto reliable operation and growth 
of frictions in hydraulic nodes as well as to appropriate design of various hydraulic appliances. 
This paper describes relationships between various flow parameters of contaminated working fluids 
passing the design clearances (interstices) of a manifold unit. In case of manifold units, the interaction 
between the slide (spool) and the manifold cylinder (body) is considered as the hydraulic node, 
where a cylindrical plunger (spool) with ring-shaped recesses serves as a working component for such 
an appliance, where this plunger (spool) moves axially inside a cylinder (manifold body) having 
inlet and outlet ports to deliver and drain the working fluid.  

The following cases shall be considered, where the contaminated working fluid passes an 
interstice: 
a) the manifold plunger (spool) is immobile with regard to the cylinder (no slide/spool movements) 

and the flow rate Qz of the working fluid at the manifold inlet is higher than the flow rate Q via 
the interstice,  

b) the manifold plunger (spool) is immobile with regard to the cylinder (no slide/spool movements) 
and the flow rate Qz of the working fluid at the manifold inlet is lower than the flow rate Q via 
the interstice,  

c) the manifold plunger (spool) moves inside the cylinder (body).  
 
2. Flow of contaminated working fluid via an interstice when manifold plunger (spool) is 

immobile with regard to the cylinder and the flow rate Qz of the working fluid at the 
manifold inlet is higher than the flow rate Q via the interstice 

 
The volumetric degree of contamination for the working fluid ZV can be calculated with the 

formula [2]: 

 
tVtV

tVtVtVZ
S

V
1

321 , (1) 

where:  
V1(t) - volume of contamination captured upstream the interstice inlet, 
V2(t) - volume of contamination captured in the interstice, 
V3(t) - volume of contamination that passes through the interstice, 
VS(t) - volume of contaminated fluid that is fed to the interstice, i.e. VS = VC + V1(t) + V2(t) + V3(t), 

where VC is the volume of pure (uncontaminated) fluid.  
Volume of contamination captured upstream (at the inlet of) the interstice depends on the flow 

rate of the fluid that is fed to the unit. In that sense the entire interstice can be considered as a filtering 
device. Based on the filtration theory [3] the assumption can be made that concentration of particles 
that are deposited both upstream and downstream the interstice is constant, which is expressed by 
the equation:  

 const
tV
tV

S

1 , const
tV
tV

S

2 . (2) 

If so, one can infer that concentration of contaminations captured upstream the interstice (at its 
inlet)  as well as concentration of contaminations captured in the interstice  is constant, which 
can be noted in the following manner:  

1VX
2VX
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 constX
tVtV

tV
V

S
1
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1 , (3) 

 constX
tVtV

tV
V

S
2

2

2 . (4) 

Similarly, volumetric concentration of particles that pass through the interstice  is also 
a constant value, which is expressed by the formula:  

3VX

 constZXXZX VVVVV 1
213

. (5) 

When the contaminated working fluid only starts flowing towards the interstice, i.e. at the 
moment t = t0 and when no movements of the plunger (spool) inside the manifold cylinder (body) 
occur and flow rate Qz of the fluid at the manifold inlet is higher that the flow rate Q via the 
interstice, the volume of contaminated fluid that flows into the interstice can be expressed in the 
following way:  
 110 00 afahdVV SZrSZS , 
where: 
VSZ - volume of the interstice, 

d r -  average diameter of the interstice, i.e. 
2

1DDd r ,  

D - cylinder diameter of the manifold, 
D1 - diameter of the working part of the plunger (spool), 
h0 - positive allowance,  
a1 - length of the working part of the plunger (spool),  
fSZ(0) - cross-section of the interstice at the moment t = 0. 

The equation (4) leads to the following: 

 1
02

02 0
11

2

2

2

2 af
X

X
X

tVX
tV SZ

V

V

V

V . (6) 

Particles that are deposited in an interstice with its volume V2(t) reduce its cross-section. It is 
why the average cross-section area 0tfSZ  at the moment of t0 equals to:  

 
0

02

11

02
0 100

tV
tV

a
V

a
tVV

tf
S

SZSZ
SZ . 

The above relationships make it possible to note that: 

 
2

1
100

V
SZSZ X

ftf . (7) 

When the contaminated working fluid passes via the interstice and starts to flow out of it, i.e. 
t > t0 and when no movements of the plunger (spool) inside the manifold cylinder (body) occur 
and flow rate Qz of the fluid at the manifold inlet is higher that the flow rate Q via the interstice, 
the equation (4) can be converted to the following form:  

 
00

02

02

0202
2 ttttQ

ttV
X

ttV
tVttV

V
, (8) 

where:  
V(t – t0) - volume of contaminated working fluid downstream the interstice,  

(t – t0) - time differential,  
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Q(t – t0) - flow rate of the working fluid downstream the interstice, 
V2(t – t0) -  increase of contamination volume in the interstice. 

As the pressured drop across the interstice is constant and h0 « a1 the assumption can be made 
that the working fluid behaviour is governed by the rule of laminar flow. Flow rate of the working 
fluid via the interstice can be defined by the equation [4]: 

 0
1212

3
2

11

3
0

0 SZ
r

zzr f
da

p
a

phd
Q . 

Based on the above relationship the flow rate of the contaminated working fluid downstream the 
interstice and at the moment of (t – t0) can be expressed as:  

 0
3

3
0

0 0
ttf

f
QttQ SZ
SZ

, (9) 

whilst increase of contamination volume in the interstice: 

 1010002 attfatfttfttV SZSZSZ . (10) 

Substitution of equations (9) and (10) to the formula (8) leads to the following: 

03
1

0

0

3
0

0
2 tt

fa
QX

ttf

ttf

SZ

V

SZ

SZ , 

or  (11) 
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0
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0
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SZ

V

SZ

SZ . 

After resolving the equation (11) with the initial condition 00 0
tfttf SZttSZ  the expression 

for the cross-section area is obtained:  

0
2

1 3
1

00

2

0

0
0

2

SZ

SZV

SZ
SZ

fa
tttfQX

tfttf . 

As 
2

1
100

V
SZSZ X

ftf , the average cross-section area of the interstice shall reach at the 

moment (t – t0) the value:  
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00
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2

2

2
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2

1

1
10
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V

V
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Xfa

ttQX

X
f

ttf . (12) 

On the other hand, the equation (10) makes it possible to derive the relationship for increase of 
contamination volume in the interstice:  

 

2
1

00
102

2
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10
2

1
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VV
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Xfa

ttQXX
fattV . (13) 
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The volume of contaminations captured in the interstice is defined by the formula:  
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ttV . (14) 

Flow rate of the working fluid downstream the interstice at the moment (t – t0) is expressed in 
the following way:  
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Xfa

ttQX

X
Qttf

f
Q

ttQ . (15) 

Whereas the average velocity of the working fluid flow outside of the interstice is described by 
the relationship:  

 2

2
1

00

2
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2

2

2

10
2

1

1
1

0
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V
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SZSZ

Xfa

ttQX

X
f
Q

ttf
ttQ

tt . (16) 

The volume of contaminated working fluid downstream the interstice is the following:  
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Xfa
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ttV , (17) 

whilst the volume of contaminations that flow out of the interstice is defined by the formula:  
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XttVXttV . (18) 

Volume of contaminations captured upstream the interstice can be calculated as:  

2
1
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Flow rate of working fluid upstream the interstice at the moment of t0 is the following: 

0
3

3
0

0 0
tf

f
Q

tQ SZ
SZ

 . 

The time that is necessary to fill in the interstice with the working fluid (until the interstice is 
completely filled) can be calculated in the following way:  

2

0

1

0

0

1
0 2

10
V

SZ

SZ

X 
Q
fa

tf
tQ

a
t . (20) 

 
ce when manifold plunger (spool) is 

immobile with regard to the cylinder and the flow rate Qz of the working fluid at the 
manifold inlet is less or equal than the flow rate Q via the i

 
It is also the case when contaminations, captured at the inlet to the interstice, lead to gradual 

logging of the same. In accordance to the basic equation for the filtering process with gradual 

a s

3. Flow of contaminated working fluid via an intersti

nterstice 

c
clogging of filtering components the supply of contaminated working fluid to the interstice of 

lide (spool) manifold at the moment of t = t0 shall be defined by the following general equation:  

tQQtkV , S 0 (21) 
wh

The time t01 that is necessary to fill in the interstices sh

ere: 
k - constant coefficient,  
VS(t) - volume of contaminated fluid that is supplied to the interstice,  
Q(t) - flow rate of the contaminated fluid that is supplied to the interstice.  

all be the following: 

 
20 VSZ

tf
1

1
0

01

01

1
01

SZ

XkVQ
fa

tQ
a

t . (22) 

 into the interstice. 
The volum oment (t – t01) is 

efined by the following equation: 

 

01SZ

Gradual clogging of the interstice inlet results in decrease of the flow rate
e of contaminated working fluid downstream the interstice at the m

d

2
01010

1
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2

1
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)1( VVV
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Xfa

ttttkVQXXX
ttV , (23) 

1 2

10

VSZ

fa

whereas the volume of contaminations that flow out of the interstice at the moment (t – t01) is the 
following:  
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Flow rate of the working fluid downstream the interstice at the moment of (t – t01) can be 
calculated as:  

 
2

3

1

3

01001
3

3
010

01

2
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1
1

0

VSZ

V
SZ

SZ ttttkVQX

X
ttkVQttf

f
ttkVQttQ , (25) 

whereas the average velocity of the working fluid that flows out of the interstice is defined by the 
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relationship:  
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ttf
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Volume of contaminations captured upstream the interstice at the moment (t01) is calculated in 
the following way:  
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4. Flow of contaminated working fluid via an interstice when manifold plunger (spool) moves 

inside the cylinder and the flow rate Qz of the working fluid at the manifold inlet is h
than the flow rate Q via the interstice 

 
The equilibrium state for the flow of liquid via the interstice shall be reached within the time of 

 after the plunger (spool) starts its movement, which is denoted as:  

wh

t

1  1w

2
01010222

10
1 VVVV

Xfa

igher 

tr

tr = t0 + t1 , 
ere t1 stands for the time when the particles are stopped in the interstice during abrasion and 
mersion into the interstice surface.  im
The time when particles remain in the interstice during the processes of abrasion (undercutting) 

and immersion into the interstice surface is defined by the relationship:  

1 = t1  + t1w , 
where t1 , t1w - the time for abrasion and immersion into the interstice surface.  

The respective times for abrasion t and for immersion into the interstice surfaces t  are 
expressed by the equations:  

1D
, 

2
0

2
max14 hln

11 nt 2
1

1 nt w , 

n1, 
icles,  

, 1 - translocation angles of the plunger (spool) during abrasion and immersion into the interstice 
surface,  

where:  
n2 - multiplicity for participation of particles in abrasion and immersion into the interstice surface,  

lmax - maximum size of part
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D1 - working diameter of the plunger (spool) part,  
h0 - positive allowance.  

The time tr that expires from the moment when the plunger (spool) starts moving until the 
um of the fluid flow via the interstice is reached shall be calculated in the following way:  equilibri

1

0max1
12

2

0

1 1
2 D

nX
Q

t V
SZ

r . 
41 hln

o  starts flowing towards the interstice and the 
 r nlet is higher that the flow rate Q via the interstice, volume of particles 

cap

 

220fa

F r the case, when the contaminated working fluid
flow ate Q  at the manifold iz

tured in the interstice at the moment tr is defined by the relationship:  

2
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whereas flow rate of the working fluid downstream the interstice at the m
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oment tr is calculated 
by the formula:  
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r
e equation:  

 

The average velocity of the working fluid that flows out of the interstice at the moment of t  
is expressed by th
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Volume of the working fluid downstream the interstice at the moment of tr:  

. (31)  
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, (32) 
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ereas the volume of contaminations captured at the moment of tr upstream the interstice is:  wh

0 rt
. (33)  
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ves 
against the cylinder and the flow rate Qz of the working fluid at the manifold inlet is lower 
or equal to the flow rate Q via the interstice 

 
When feeding of the contaminated working fluid to the interstice is commenced

rate Qz of the working fluid at the manifold inlet is less or equal to the flow rate Q via the 
interstice, the volume of contaminations captured in the interstice at the moment of tr is defined by 

e following relationship:  

 

 
5. Flow of contaminated working fluid via an interstice when manifold plunger (spool) mo
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Therefore the flow rate of working fluid downstream the interstice of the moment of tr shall be 
calculated as:  
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3 , (36) 
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with the average velocity of fluid that flows out the interstice:  
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Volume of contaminations that are captured upstream the interstice at the moment of tr shall be 
the following:  
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. (38)  
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For the condition 
1a

tVdxtxf  concentration of contaminations Z  in the interstice is 
0

21 ,

txftV
txftVxZ

S
psz ,

,

1

10 , 

where:  
V0(t) - volume of contaminations that penetrate into the interstice,  
VS(t) - volume of contaminated fluid that flows into the interstice,  
f1(x contaminations th

The function f1(x,t) is the relationship that depends on the distance from the interstice inlet and 
n of the working fluid flow throughout (see Fig. 1).  

 

,t) - distribution of at are captured down the interstice length.  

the duratio

 

x

x

y

a1

deposit 

 
Fig. 1. Illustrative sketch for distribution of contaminations down the interstice length  

 
Volume of contaminations that penetrate into the interstice can be calculated by the formula:  

tVZtV
X

X
ZtVtVtVZtV SVS

V

V
VSV

2

2

1
1110 . 

On the other hand, the function f1(x,t) is determined from the relationship:  

txU
tV

,1
1 , txf

x

,

h
Vx(t
U1(x,t) - capture factor for the entire volume of contaminations down the interst

The factor U1(x,t) chiefly depends on the surface roughness. Under the assumption that the 
fac f the contamination 

deposit inside the interstice from the interstice edge, i.e. 

w ere: 
) - volume of contaminations along a small distance dx from the interstice inlet,  

ice length.  

tor U1(x,t) is time-independent and linearly decreases with the distance o

 where 
1

1
a

kkxxU 11 , then  
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which leads to the equation:  
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After having the above equations substituted to the fo centrati
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rmula for con on of contaminations 
Zpsz along the interstice it is possible to obtain the following result:  
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Distribution of contamination concentration Zpsz along the interstice length as a function of the 
deposit distance from the interstice edge is exhibited in Fig. 2.  

  

a1 x 0 

Zpsz(x) 

 
Fig. 2. Distribution of contamination concentration Zpsz along the interstice length as a function of the deposit 

distance from the interstice edge  
 
6. Summary  
 

The foregoing deliberations demonstrate that only those particles that are larger than the interstice 
height can be captured during the initial phase of flow. Sedimentation of such particles results in 
reduction of active width of the interstice available for the flux by the total value of their 
characteristic dimensions. Increase of the particle amount (contaminations) captured at the interstice 
inlet increases the probability that the approaching particles shall be deposited as well. Any higher 

of the ber of segments that is quite near to the number of captured 
articles. Mostly those particles penetrate into the interstice and are deposited therein that are of the 

e near the interstice height (with dimensions not much different from the clearance/ 

number of particles with their dimensions that meet the condition x > h0 results in faster subdivision 
interstice width into the num

p
size that is quit
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ositive allowance value). This leads to increase of friction in a hydraulic node. As particles with 
larg

ume that only a small part of the deposit that penetrates 
into

. In case of as many as three grooves the friction force 
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p
er sizes than the positive allowance h0 also inflow to the interstice, they abrade surfaces of the 

plunger (spool) and the manifold cylinder. That effect results in increase of the momentary value 
of friction in a hydraulic node. After the plunger (spool) movement starts, nearly all particles with 
dimensions x > h0 shall simultaneously abrade and immerse into the interstice surface. During 
movements of the plunger (spool) volume V2 of the deposit is reduced, especially when working 
fluid passes the interstice. Even large particles that abrade the plunger (spool) and the manifold 
cylinder surfaces get blunt or are crushed, therefore they no more interact with the plunger (spool) 
and the manifold cylinder surfaces and are discharged from the interstice. If the interstice is flushed 
with fresh working fluid the degree of resistance to the plunger (spool) movements drops down to 
the value of viscous friction. However, if contaminated working fluid passes the interstice, the amount 
of deposit V2 tends to a new, lower level.  

In order to reduce friction that results from distribution of particles down the interstice length it 
is suggested to cut relief (ring-shaped) groves on perimeter surfaces of plungers (spools). Owing to 
application of relief grooves the interstice length a1 is reduced (cf. Fig. 1) and distances of abrasive 
affect exerted by large particles as well as multiplicity of abrasion and immersion is reduced. Due 
to decreasing concentration of the deposit volume along the interstice length most of particles are 
deposited at the interstice inlet. Particles that are able to penetrate across the first lip on the plunger 
(spool) are then deposited in the groove where the velocity of lowing fluid rapidly decreases, 
therefore further migration of these particles into the interstice is difficult, the more that the groove 
volume is many times higher than the interstice volume. Provided that the particles are uniformly 
distributed in the fluid volume one can ass

 the interstice shall remain on lip surfaces. It is why the following measures are recommended:  
a) make cuts within the shortest possible distance to the interstice inlet,  
b) deploy grooves as close to one another as possible, within distances that are shorter that the 

working stroke of the plunger (spool),  
c) make cuts with their depth not less than their width and with their bottoms as flat as possible,  
d) maintain sharp edges of grooves,  
e) cut grooves with the following dimensions: groove width 0.3-0.5 mm, groove depth 0.8-1.0 mm,  
f) maintain the lowest possible positive allowance at the interstice inlet and in case of constant 

pressured drop across the interstice, shape the farther conical part of the cylinder with gradual 
decrease of he interstice width towards the lower pressure,  

g) make the plunger (spool) longer than the cylinder (due to bevelling of the plunger/spool ends).  
Experiments that were carried out by the author of this study have revealed that a single relief 

groove on the plunger (spool) surface reduces both static and dynamic friction forces from 45 N 
(with plain plunger/spool surfaces) to 19 N
decreases from 45 N to 3.2 N.  
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