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ABSTRACT

A large number of hydraulic devices and systems are started in low ambient temperatures. A good example of such a 
device is the hoisting winch on the ship. Starting hydraulic drive units in thermal shock conditions (rapid supply of hot 
oil to the cold unit) may lead to incorrect operation of the actuating system, for instance, due to the loss of clearance 
between cooperating elements. The article presents methods to prevent the disappearance of effective clearance in a 
hydraulic motor started in thermal shock conditions. For this reason, the structure of the hydraulic satellite motor 
was complemented by elements creating special channels through which hot oil could flow and additionally heat fixed 
parts of the motor. This solution ensures faster heating of motor housing, thus decreasing the temperature difference 
between the housing and the satellites during motor start-up in thermal shock conditions.
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INTRODUCTION

Hydraulic drive is becoming more and more frequently 
used for driving ship’s onboard devices [1, 2, 15], including 
various types of anchor, mooring, trawl-net, and loading 
winches, as well as deck cranes. The power of the hydraulic 
unit can reach 500 kW and more. High efficiency of hydraulic 
motors makes them competitive with other driving systems.  

Compared to the electric drive, the hydraulic drive used 
in anchor and loading installations reveals the following 
advantages:

- high energy efficiency from mass or volume unit,
- simple structure,
- simple and effective overload protection,
- possibility to assemble the device from standard 

components,
- shorter start-up and shut-down times of hydraulic motors, 

compared to electric motors,
- lower power consumption during start-up.

Basic components of the hydraulic system of the ship’s 
onboard equipment are pumps, hydraulic motors, and valves. 
In each of those components energy losses take place, which 
are defined as volumetric, pressure and mechanical losses. 
Exact values of these losses for a given hydraulic device are 
determined in steady-state conditions, neglecting, as a rule, 
the effect of heat transfer inside the device on the total energy 
loss balance  [13, 14, 16-22, 25]. During the hydraulic machine 
start-up, the heat transfer between the working medium 
and machine elements affects significantly the efficiency of 
energy conversion in this machine, especially in the case of 
cold machine supplied with hot working medium, which was 
proved in [3-10], among other sources. Therefore, analysing 
the issues concerning start-ups of hydraulic components 
of ships onboard devices in low ambient temperatures is 
advisable and justified.

Some disadvantages of deck installations with hydraulic 
drives can also be named. One of them is difficult start-up 
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in low ambient temperatures. In lower temperatures the 
resistance of the flow of hydraulic medium through hydraulic 
installations and components is higher, due to higher viscosity 
of the medium. Consequently, situations frequently occur in 
which the heated working medium is supplied to cold onboard 
units (thermal shock conditions) [3-10, 24]. These situations 
may lead to incorrect operation of the installation, which is 
impermissible from the safety point of view. Hydraulic motors 
should meet the requirements of Polish Standard [30] and 
Polish Register of Shipping [26-28]. 

The article presents methods to prevent incorrect operation 
of hydraulic components started in thermal shock conditions.

STARTING HYDRAULIC MOTORS IN 
THERMAL SHOCK CONDITIONS 

When a hydraulic unit is started in low ambient 
temperatures, certain difficulties in its correct operation can 
be observed. Among other cases, Fig. 1, the cold hydraulic 
motor can be supplied with oil having higher temperature 
than the motor, all this leading to thermal shock conditions. 
Moreover, this start-up can be accompanied by uneven 
heating of component elements, due to different structural 
and material properties, which is also a possible source of 
incorrect component operation. 

Fig.  1.  Structure of hydraulic system: marked cold hydraulic motor supplied 
with hot working medium [3]

Low-speed hydraulic motors without axial clearance 
compensation, such as: satellite motor SOK [29, 31] or orbital 
motors [32], can work incorrectly when started in thermal 
shock conditions. The behaviour of some motors in those 

conditions and the accompanying phenomena are described 
in [3, 6-10].

METHODS TO PREVENT THE 
DISAPPEARANCE OF EFFECTIVE 

CLEARANCE IN HYDRAULIC MOTORS 
STARTED IN THERMAL SHOCK 

CONDITIONS 

There are several methods to prevent the disappearance of 
effective clearance between cooperating elements in hydraulic 
motors during their start-up in thermal shock conditions. 
This can be obtained by: 

 - using a hydraulic motor with a large heat transfer surface 
between oil and fixed motor elements (housing), which will 
ensure relatively small changes of effective clearance between 
cooperating elements during motor start-up,

- designing and manufacturing special motor,
- using structural materials with different linear thermal 

expansion for hydraulic motor elements,
- additional heating of fixed hydraulic motor elements 

(housing) before and during the start-up. This can be obtained 
by using additional elements to create special channels and 
thus increase the heat transfer surface between the flowing 
oil and the fixed motor elements (housing),

- electric heating of the housing,
- heating the motor elements before the start-up by hot 

oil flowing through the inner space of the motor housing 
(casing space).

MODELS OF HEATING OF HYDRAULIC 
MOTOR ELEMENTS 

 The hydraulic motor comprises two groups of elements: 
mobile and fixed. Figure 2 shows models of hydraulic motor 
heating. The difference between them is that in the second 
model, Fig. 2.B, the fixed elements of the motor (housing) 
have additional channels through which the hydraulic fluid 
flows. During the motor start-up in thermal shock conditions, 

Fig. 2.  Models of cold motor heating by the flowing hot 
fluid [3, 4, 6, 10]:  

(A)without additional channels in fixed elements (housing);  
(B)with additional channels in fixed elements (housing)  

(A – surface, T –temperature, m – mass, - heat transfer 
coefficient,  - mass flux,  - thermal energy flux, E  - 

flux of energy increase of motor elements, 

Symbols: Wn – inner surface of fixed elements without 
additional channels, Wa- inner surface of additional 
channels, Wr- outer surface of mobile elements, z – outer, 
r – mobile elements, n – fixed elements, a – additional 
element (overlay) creating additional channels in fixed 
elements, 1 – inlet, 2 – outlet
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the hot oil flowing through these channels created by the 
element placed on the motor intensifies the heating of motor 
housing. The additional heat transfer surface between the oil 
and the fixed elements, Fig. 2.B, causes their faster heating 
than in the case shown in Fig. 2.A.
In the motor model shown in Fig. 2, the inlet and outlet mass 
fluxes are equal: 21 mm .
During the motor start-up in thermal shock conditions, the 
thermal energy flux from oil  to mobile elements   and 
fixed elements  of the motor without additional channels 
in housing is equal to [3, 5, 6, 10, 23]:

                  (1)

(2)

where:
Tol - average temperature of oil,
r- refers to mobile elements,
n- refers to fixed elements.
The thermal energy flux from oil to fixed elements of the 
motor with additional channels in housing, , is equal 
to the sum of the thermal energy flux from oil to the inner 
surfaces of fixed elements of the motor,  , and that to the 
surfaces of additional channels,  [3, 6]:

                   (3)

Assuming that the conditions of heat transfer from oil to the 
surfaces of additional channels are similar to those in the 
channels of fixed motor elements:

                                   (4)

Equation (3) can be written in the form:

 

(5)

where: 
AWa – outer surface of the motor washed by the flowing oil 
(motor with overlay)

The energy flowing from oil to fixed elements of the motor 
increases their internal energy (temperature) and the 
thermal energy flowing out through the outer surface to the 
environment:

(6)

where: 
cn- average specific heat of fixed elements,
dTn- increase of average temperature in fixed elements.
In Equation (6), the flux of energy flowing to the environment, 

z , is omitted as very small during the motor start-up, since 
the external temperature of the motor is approximately equal 
to the ambient temperature . The use 
of overlay decreases the outer surface of the motor which is 
in direct contact with the environment.

After transforming Equation (6), the relationship between 
the temperature of fixed elements and time takes the form 
[5, 10]

                (7)

where:

 - the rate of heating of fixed elements 

[3, 5, 10] (the mass of overlay is neglected due to its small 

contact with fixed elements of the motor),  

- difference between oil temperature Tol 

and ambient temperature Tot,

Ψn, Ψr – coefficient of non-uniform temperature distribution 
in fixed and mobile motor elements, respectively [3, 5, 10],

nc , rc - specific heat of fixed and mobile motor elements, 
respectively.

The effective clearance le between cooperating motor elements 
depends on the assembly clearance lm, the difference of 
thermal expansion lt of elements, and deformations of 
elements lp caused by the action of pressure:

                         (8)

Making use of Equations (7) and (8) along with Equation: 
, the effective clearance can be 

given as:
(9)

where:

 - rate of heating of mobile element [3, 5, 10].
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nr , - linear thermal expansion coefficient of mobile 
element (r) and fixed element (n), respectively.

When starting the motor in thermal shock conditions, the 
effective clearance will not disappear (le>0), assuming that the 
effect of pressure on motor elements is small, if the following 
inequality is fulfilled [3, 10]: 

(10)

According to Equation (10), the dimension of the effective 
clearance is affected by: heat transfer surfaces, masses of 
elements, specific heats of elements, heat transfer coefficient 
from oil to motor surfaces, initial clearance, and the difference 
between oil temperature and ambient temperature.

ADDITIONAL HEATING OF HYDRAULIC 
MOTOR HOUSING  

The housing of the hydraulic component started in thermal 
shock conditions can be additionally heated to prevent the 
disappearance of the effective clearance. This heating can be 
executed by the flow of hot oil through the inner space of the 
housing, or heating the housing in another way, electrically, 
for instance.

Both methods consist in delivering additional heat to the 
housing (fixed elements) of the hydraulic motor.

The housing of the satellite motor SOK does not have an 
inner chamber through which hot oil could flow and heat 
it before the start-up. This solution would allow to increase 
the temperature of motor elements before the motor start-up 
in low ambient temperatures. In terms of safety, the best 
method is the use of an additional element (overlay) placed 
on the satellite motor SOK to create special channels through 
which hot oil can flow and heat the outer surface of the motor 

housing, (Fig. 3). This way the total surface of heat transfer 
from oil to fixed motor elements (housing) is increased.

Compared do other types of low-speed motor structures, 
the advantage of satellite motors is their small overall 
dimension with respect to absorbency, and easy assembling 
of the overlay over the motor. The article presents a selected 
structure of the overlay [4, 6, 11, 12, 24]. 

Hot oil flows in through the overlay connector (Fig. 3) 
and flows around the outer surface of the motor, heating it.  
After leaving the overlay through the other connector, the 
oil flows via a pipe (not shown in the figure) to the motor 
collector. By using the overlay on the satellite motor SOK 
100, the heat transfer surface from oil to fixed elements is 
increased by nearly twice.

TESTING THE SATELLITE MOTOR SOK IN 
THERMAL SHOCK CONDITIONS  

Some publications [3-10] describe the performance of the 
motor SOK 100 (geometric working volume 0,4 dm3/rev) in 
thermal shock conditions, along with the accompanying 
phenomena. Satellite motors SOK are produced without axial 
clearance compensation. 

The satellite motors SOK are sensitive to thermal shock 
conditions. The start-up at large temperature difference 
between hot oil and cold motor can lead to incorrect operation 
of the motor.  

The operation of the satellite motor SOK 100 was tested 
at the ambient temperature equal to -20 °C (in the cooling 
chamber) and the oil temperature equal to 50 °C. 

During this test, incorrect operation of the hydraulic motor 
was recorded in the form of the disappearance of effective 
clearances between satellites and covers, and between rotor 
and covers.   

Initially, the pressure at motor inlet increased to about 
7,2 MPa (Fig. 4). Then, after about 150 seconds from the 
start-up, the operation of the motor stabilised. The inlet and 
outlet pressures were equal to 2 MPa, and 1 MPa, respectively.

Fig.  3. Model of satellite motor SOK with heating system of fixed elements [4, 6, 11, 12]
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Fig.  4. Inlet and outlet pressure time-histories of unloaded motor [5, 8]

During the first few seconds after the motor start-up, 
the rotational speed increased to nearly 250 rpm and then 
decreased to about 90 rpm (Fig. 5). Between second 35 and 
150 from the start-up, the rotational speed increased gradually 
to about 255 rpm and then remained stable.

Fig.  5. Time-history of rotational speed [5]

The rotor temperature in the initial time interval increased 
rapidly to reach 60 ºC after 120 seconds. The friction between 
the rotor, satellites, and covers led to the temperature 
increase, mainly in mobile elements. At second 120, the rotor 
temperature was higher by 10 ºC than the temperature of oil 
supplied to the motor (Fig. 6).

Fig.  6. Temperature of rotor and housing, and temperature difference between 
these elements, for start-up parameters [5, 9]: initial motor temperature 
-20 ºC, oil temperature 50 ºC, rotational speed in steady-state conditions     

255 rpm

The effective clearance between the cooperating elements 
was determined using Equation (8).
At second 60, the effective clearance between the rotor and 
the covers disappeared, and this state lasted until second 
130 (Fig. 7).

Fig.  7. Effective clearance between rotor and covers, for start-up parameters 
[5, 9]: initial motor temperature -20 ºC, oil temperature 50 ºC, rotational 

speed in steady-state conditions 255 rpm

The results of experimental tests made the basis for 
determining heat transfer coefficients from oil to mobile 
and fixed elements of the satellite motor SOK 100. These 
data were used for computer simulation of heating of SOK 
100 motor elements. 

A computer simulation test was performed for the 
following start-up parameters: initial motor temperature 
-20 ºC, oil temperature 50 ºC, rotational speed in steady-state 
conditions 255 rpm. The following boundary conditions were 
assumed: heat transfer coefficient from oil to fixed elements      
1460 W/m2K, heat transfer coefficient from oil to mobile 
elements  1150 W/m2K, and heat transfer coefficient from 
outer surface to environment 12 W/m2K. 

Based on the obtained results of computer simulation, 
including temperature characteristics of mobile and fixed 
motor elements, the analysis of the course of motor heating 
was performed. The element which warmed up the fastest was 
the satellite. At second 80, in nominal operating conditions 
its temperature should become already stable, (Fig. 8), while 
during incorrect motor operation, mobile elements warmed 
up to temperatures higher than the oil temperature (Fig. 6). 

The satellite, rotor, and housing temperature characteristics 
obtained from computer simulation (Fig. 8) were used for 
determining temperature differences between satellites and 
housing, and between rotor and housing, (Fig. 9).  
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Fig.  8. Temperature changes in housing, rotor and satellite obtained from 
computer simulation, for start-up parameters: initial motor temperature 
-20 ºC, oil temperature 50 ºC, rotational speed in steady-state conditions 

255 rpm

Fig.  9. Temperature differences between rotor and housing, and between 
satellite and housing, for start-up parameters: initial motor temperature 
-20 ºC, oil temperature 50 ºC, rotational speed in steady-state conditions 

255 rpm

Based on the temperature difference between satellite and 
housing, the effective clearance between satellites and covers 
was calculated from Equation (8). At second 15, the effective 
clearance between satellites and covers disappeared, and 
this lack of clearance lasted until second 75 (Fig. 10). In fact, 
incorrect motor operation could last longer, as the computer 
simulation neglected the heat of friction between satellites 
and covers, and between rotor and covers.  

Fig.  10.  Effective clearance between satellites and covers, and between rotor 
and covers, for start-up parameters [6]: initial motor temperature -20 ºC, oil 

temperature 50 ºC, rotational speed in steady-state conditions 255 rpm

ANALYSING THE HEATING PROCESS 
DURING START-UP OF SATELLITE MOTOR 

SOK WITH ADDITIONAL HEATING 
OF HOUSING IN THERMAL SHOCK 

CONDITIONS  

A computer simulation test was performed to study the 
heating of elements of the satellite motor SOK 100 with 
additional heating of housing executed with the aid of 
an overlay. The test was performed for the same start-up 
conditions in which incorrect motor operation had been 
recorded: ambient temperature -20 ºC, oil temperature 50 ºC, 
and rotational speed in steady-state conditions 255 rpm (Fig. 
11).

The shape of the overlay was designed in such a way as to 
obtain a similar average flow velocity in the channel created 
by the overlay and the housing to that observed in inner motor 
channels. This assumption justified assuming the same value 
of heat transfer coefficient as for the inner motor channels, 
i.e. 1460 W/m2K.  For mobile elements, the assumed heat 
transfer coefficient from oil to elements was 1150 W/m2K, 
while on the outer motor and overlay surfaces this coefficient 
was assumed equal to 12 W/m2K.

The use of an additional channel in the motor through 
which hot oil could flow resulted in faster heating of the motor 
housing. In Fig. 12, after second 320 from motor start-up, 
steady-state heat flow conditions can be already observed, 
unlike the case of motor without overlay (Fig. 6). 

Fig.  12. Temperature changes in housing, rotor and satellite, and temperature 
difference between satellite and housing during start-up of satellite motor 

SOK 100 with overlay 

The highest temperature difference between satellite and 
housing was recorded at second 18 and was equal to 38 K 
(Fig. 12). For the assumed high difference between the cold 
motor SOK 100 and the supplying hot oil, which amounted 
to 70 K, the effective clearance between satellites and covers 
was not entirely closed. It only decreased by 18 μm at second 
18, to the value of 5 μm (Fig. 13). 
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Fig.  13. Effective clearance between satellites and covers, and between rotor 
and covers, for start-up parameters of motor with overlay [6]: initial motor 
temperature -20 ºC, oil temperature 50 ºC, rotational speed in steady-state 

conditions 255 rpm

ANALYSING THE HEATING PROCESS OF 
SOK MOTOR WITH OVERLAY FIXED TO 
HOISTING WINCH FRAME IN THERMAL 

SHOCK CONDITIONS

Analysing the heating process, in thermal shock conditions, 
of a motor which is not fixed to any machine or installation 
frame does not provide comprehensive information on the 
real course of heating od motor elements, and on changes of 
effective clearance between cooperating elements. That is why 
a model test was performed to study heating of elements of the 
SOK 100 motor with overlay fixed to the hoisting winch frame. 
During the start-up, the heating of fixed motor elements is 
expected to take a slower course due to the heat flux flow 
from these elements to the machine frame.   

A computer simulation test was performed for the initial 
conditions: ambient temperature -20 ºC, oil temperature 
50 ºC, rotational speed in steady-state conditions 255 rpm.   

A numerical model of SOK 100 motor fixed to the frame 
being structural part of the hoisting winch was developed. 
The following boundary conditions were assumed in the 
calculations: heat transfer coefficient from oil to fixed 
elements equal to 1460 W/m2K, heat transfer coefficient 
from oil to mobile elements equal to 1150 W/m2K, and heat 

Fig.  11. Temperature distribution in warmed 
elements of satellite motor SOK 100 with 
overlay (initial motor temperature -20 ºC, 

rotational speed in steady-state conditions 255 
rpm) at 10th, 20th, 40th, 80th, 160th and 500th 

second after the supply of oil of temperature 
50ºC [6]
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transfer coefficient from outer surface to environment equal 
to 12 W/m2K.

In Fig.14, the flow of heat flux from the motor (front plate) 

to the hoisting winch frame appears only at second 20 from 
the start-up and then gradually increases. After 320 seconds, 
the temperature of some fixed elements of the motor stabilises, 
while the warming up of the frame is continuing. 

Fig.  14. Temperature distribution in warmed elements of satellite motor SOK 100 with overlay fixed to hoisting winch frame (initial temperature -20 ºC, rotational 
speed in steady-state conditions 255 rpm) at 5th, 10th, 20th, 40th, 80th, 160th, 320th and 500th second after the supply of oil of temperature 50 ºC
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For the same start-up conditions, Fig. 15 shows the housing 
temperature time-histories for three models of satellite motor 
SOK 100: 
- without overlay and without fixing to the hoisting winch 
frame,
- with overlay but without fixing to the hoisting winch frame,
- with overlay and fixed to the hoisting winch frame.

Fig.  15. Temperature of SOK motor housing during start-up in thermal shock 
conditions, for start-up parameters: initial motor temperature -20 ºC, oil 
temperature 50 ºC, rotational speed in steady-state conditions 255 rpm 

The heating process of the SOK motor without overlay 
takes a much slower course that that of the motor with 
overlay. Additional elements which create channels through 
which hot oil flows make it possible to affect the operation of 
hydraulic components in different ambient conditions and 
the accompanying phenomena. 

Fixing the motor to the hoisting winch frame does not 
cause considerable outflow of heat (and resultant cooling of 
motor housing), especially at the beginning of the start-up, 
when incorrect operation of the motor is mostly expected to 
occur. After 100 seconds, the housing temperature difference 
for the motor with overlay fixed and not fixed to the hoisting 
winch frame approximately equalled 2 K. This suggests that 
neglecting the heat outflow to the hoisting winch frame when 
modelling the process of motor heating in thermal shock 
conditions does not cause large error in assessing permissible 
conditions of correct start-up. 

CONCLUSIONS 

The structure of hydraulic motors affects their clearance 
change limits and, consequently, their operation in low 
ambient temperatures. When starting the motor in thermal 
shock conditions, the effective clearance between cooperating 
elements can totally disappear.

By using additional inner channels in the motor housing, 
the motor can be protected against the disappearance of 
clearances between cooperating elements (incorrect motor 
operation) during the start-up in thermal shock conditions. 

Placing an overlay on the hydraulic motor increases the 
surface of heat transfer from hot oil, which contributes to 
better protection of the motor against incorrect operation in 

thermal shock conditions, as shown for the case of the motor 
SOK 100 as an example. 

The use of overlay on the motor increases the oil flow 
resistance and overall dimensions of the hydraulic component. 
The increase of oil flow resistance can be large when the motor 
is started in low ambient temperatures. 

The most effective method to start the motor in thermal 
shock conditions is its earlier heating by the how working 
medium flowing through the inner space of the housing 
(casing space) or through additional channels of the motor. 
Although it extends the time of motor preparation for correct 
start-up, this method is very effective, as it does not generate 
additional oil flow resistance during the start-up.  
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