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Abstract
A method for producing the efficiency map of the hydrostatic drive used in the rotary head of drill machine is discussed in
this article. Such map may be useful for the initial assessment of the drive efficiency. In a drill machine used in open-cast
mining application, the drill bit is rotated by a hydrostatic drive, which consists of a variable displacement pump and two
fixed displacement hydraulic motors along with a gear reducer unit. In this respect, performance investigation of such drive
is carried out through mathematical modelling and experimentation. The results are presented in non-dimensional form for
selecting a transmission of any size. On the basis of results obtained, the best efficient zone of the proposed hydrostatic drive
with respect to the load torque and the drive speed for the rotary head of drill machine is also discussed.

Keywords Hydrostatic (HST)drive · Continuously variable transmission (CVT) · Efficiency map · Pump · Hydraulic motor

List of symbols
Dp Volumetric displacement of the pump (m3/rad)
Dpmax Maximum volumetric displacement of the pump

(m3/rad)
Dm Fixed volumetric displacement of the hydraulic

motor (m3/rad)
P Fluid pressure on the high-pressure side of the drive

(N/m2)

Qm Total volumetric flow rate from the motors (m3/s)
Qp Volumetric flow rate on the discharge side of the

pump (m3/s)
Qlm Leakage flow of the motor (m3/s)
Qlp Leakage flow of the pump (m3/s)
Rel External leakage resistance of the motor (Ns/m5)

Ril Internal leakage resistance of the motor (Ns/m5)

Rpd Drag resistance of the pump (Nsm)
Rpl Leakage resistance of the pump (Ns/m5)

Td Torque on the drive shaft (Nm)
Tm Torque on the output shaft of the each hydraulic

motor (Nm)
Tp Torque on the input shaft of the pump (Nm)
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α Normalized swash plate angle of the pump
�Tloss Torque loss of the each hydraulic motor (Nm)
ηg Efficiency of the gear unit
ηm Efficiency of the hydraulic motor
ηo Overall efficiency of the HST drive
ηp Efficiency of the pump
ωd Angular velocity of the drive shaft (rad/s)
ωm Angular velocity of the motor shaft (rad/s)
ωp Angular velocity of the pump shaft (rad/s)

1 Introduction

In understanding the topographical behaviour of themachiner-
ies, efficiency maps are widely used by the application
engineers. Such maps are generated usually for the prime
movers where the torque speed characteristics of them with
respect to the variation of fuel supply (in case of internal com-
bustion engine) are shown. From such maps, the engineers
are able to determine the operating zone of the prime mover
within reasonable efficiency for the desired output power.
An HST drive is a continuously variable transmission (CVT)
by which the torque and speed can be varied within wide
range without the need of gear unit. They are used to propel
the heavy earth moving machinery used in construction and
mining industries. Considerable literature are available for
the HST drive and its components. However, very limited
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literature are available regarding the efficiency map of the
HST drive.

Manring [1] has proposed a method to generate efficiency
map for theHST drive and has presented a typical set ofmaps
that may be useful for the initial design of the machineries
where suchdrive is used.Efficiencymap for a linear hydraulic
actuator has also proposed by Manring [2] and depicted that
the proposed actuator is operated below a wide-open valve
line that has the efficiencies less than 50%. Wang et al. [3]
have presented the pump and motor models where, based on
the parameter optimization algorithm, nonlinear characteris-
tics of the losses are considered. Vanwalleghem et al. [4] have
investigated the optimization of the efficiency of hydrostatic
drives and proposed a procedure for the speed control of such
drive train and also validated this drive train on a 110kW test
bench. Vardhan et al. [5] have proposed two closed-circuit
HST drives for the rotary head of drill machine. From the
study, they concluded that the low-speed high-torque hydro-
static drive is suitable for slower penetration rate because it
gives better efficiency for operating at lower span of speed. In
contrast, the high-speed low-torque drive is ideal for faster
penetration rate because it gives better efficiency at higher
span of speed. Comellas et al. [6] have worked on mod-
elling and study of driveline with hydrostatic transmission
system of all-terrain vehicles (ATV). They have presented
a methodology for study of hydrostatic transmission system
and procedure to describe mathematical modelling of each
component before developing a global model for whole driv-
eline.

In a drill machine, the drill bit is rotated by a continu-
ously variable hydrostatic drive, which consists of a variable
displacement pump and two fixed displacement high-speed
low-torque motors along with a gear reducer unit [7]. A
schematic representation of the drive arrangement for the
rotary head of a drill machine is shown in Fig. 1. The speed
of the drill bit rotated by fixed displacement hydraulicmotors
along with a gear reducer unit is controlled by variable flow
supplied from a swash plate-controlled variable displace-
ment pump. This article proposes a method for producing the
efficiency map of an HST drive for the rotary head of drill
machine which may be useful as a first approximation in the
assessment of drive’s efficiency. The results of this paper are
presented in non-dimensional form, so that selection of any
size of the HST drive can be made.

2 HST Drive Description

The schematic representationofHSTdrive for the rotary head
of drill machine is given in Fig. 2. A variable displacement
pump driven by a prime mover supplies pressurized fluid
(Qp) to the hydraulic motors. In turn, the motors convert
the fluid power to mechanical power that drives the drill bit

Fig. 1 Drive arrangement for the rotary head system of a drill machine

through gear reducer unit. By varying the swash plate angle
(α), the fluid power from the pump to themotors is regulated.
In Fig. 2, the high-pressure side has fluid pressure denoted
by the symbol P , whereas the pressure of the low-pressure
side is considered to be zero.

The analysis havebeenmadebasedon the above schematic
representation. Themore detailed diagram is discussed in the
experimental test set-up given in “Appendix 1”.

The overall efficiency of the HST drive is expressed as:

ηo = Tdωd

Tpωp
(1)

where Tp, Td, ωp and ωd are the input torque on the pump
shaft, the output torque on the drive shaft, the pump speed
and the drive speed, respectively. In terms of pump, motor
and gear unit efficiencies, Eq. (1) may also be expressed as:

ηo = PQp

Tpωp
× 2Tmωm

PQp
× Tdωd

2Tmωm
= ηp × ηm × ηg (2)

where ηp, ηm and ηg are the pump, motor and the gear unit
efficiencies, respectively. They are analysed and modelled in
Sect. 3 of this article.

3 Analysis andModelling

3.1 Pump Analysis

The overall efficiency of the pump is given by:

ηp = PQp

Tpωp
(3)
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Fig. 2 Schematic of the HST
drive

From Fig. 2, the pump supply is given as:

Qp = Dpmaxωpα − Qlp (4)

where Dpmax is the maximum volumetric displacement of

the pump, α
(
= Dp

Dpmax

)
is the normalized swash plate angle

of the pump which ranges from 0 ≤ α ≤ 1 and Qlp is the
leakage flow of the pump and it is given by:

Qlp = P

Rpl
(5)

where Rpl is the leakage resistance of the pump and it is
determined from the test data.

The variation of Rpl with α shown in Fig. 3 is expressed
by the following empirical equation:

Rpl × 10−11 =
(
10−7P − 0.2318

)
α2

+
(
− 7 × 10−8P + 1.2568

)
α

+
(
− 3 × 10−7P + 7.2137

)
(6)

Substituting Eqs. (5) and (6) into Eq. (4) gives the following
expression for the supply flow of the pump:

Qp = Dpmaxωpα − P × 10−11
[(
10−7P − 0.2318

)
α2 + (− 7 × 10−8P + 1.2568

)
α + (− 3 × 10−7P + 7.2137

)] (7)

The torque input of the pump is a combination of ideal torque
and the torque loss due to mechanical efficiency of the pump.
It is expressed as:

Tp = DpmaxPα + ωpRpd (8)

Fig. 3 Leakage resistance characteristics of the pump

where the second term of Eq. (8) represents the ideal torque
and the third term is the torque loss due to the drag resistance
(Rpd) of the pump. The characteristics of the Rpd are obtained
from the test data.

The variation of Rpd with α shown in Fig. 4 is expressed
by the following empirical equation:

Rpd × 102 = (− 8 × 10−8P + 0.8659
)
α + (

10−7P − 0.1322
)

(9)

Substituting Eq. (9) into Eq. (8) gives the expression for
the input torque on the pump shaft:

Tp = DpmaxPα

+ ωp

[(− 8 × 10−8P + 0.8659
)
α + (

10−7P − 0.1322
)

102

]

(10)
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Fig. 4 Drag resistance characteristics of the pump

Equations (3), (7) and (10) are non-dimensionalized using
the following relations:

Qp = QpDpmaxωp, P = PPmax, Tp = TpDpmaxPmax

(11)

where symbols with bars are non-dimensional. Substituting
them in Eq. (3), the pump efficiency is given by:

ηp = P Qp

Tp
(12)

Similarly, using Eq. (11) in Eq. (7), the non-dimensional sup-
ply flow of the pump is:

Qp = α − K0P[(
K1α

2 − K3α − K5
)
P − K2α

2 + K4α + K6
]

(13)

where

K0 = Pmax

Dpmaxωp
, K1 = 104Pmax,

K2 = 0.2318 × 1011, K3 = 7 × 103Pmax,

K4 = 1.2568 × 1011, K5 = 3 × 104Pmax,

K6 = 7.2137 × 1011 (14)

Finally, using Eq. (11) in Eq. (10), the non-dimensional rep-
resentation of the pump torque may be given as:

Tp = αP + (−B0α + B2) P + B1α − B3 (15)

where

B0 = 8 × 10−10ωp

Dpmax
, B1 = 0.8659 × 10−2ωp

DpmaxPmax
,

B2 = 10−9ωp

Dpmax
, B3 = 0.1322 × 10−2ωp

DpmaxPmax
(16)

After obtaining the values of the coefficients given in Eqs.
(14) and (16), the efficiency map of the pump is generated
from the simultaneous solutions of Eqs. (12), (13) and (15).
This is discussed in Sect. 4.

3.2 Hydraulic Motor Analysis

The overall efficiency of the hydraulic motor is given by:

ηm = 2Tmωm

PQp
(17)

The angular velocity of the motor shaft is:

ωm = Qm
/
2

Dm
(18)

where Qm/2 is the discharge flow from the each motor and
Dm is the fixed volumetric displacement rate of the motor.

The discharge flow from the each motor is given by:

Qm

2
= Qp

2
− Qlm (19)

where, neglecting the line leakage, Qp/2 is the motor inlet
flowandQlm is the leakageflowof themotor that is expressed
as:

Qlm = P

Ril
+ P

Rel
(20)

where Ril and Rel are the internal and the external leakage
resistances of the hydraulic motor and these are determined
from the test data.

The variation of Ril and Rel with α shown in Figs. 5 and 6
is expressed by the following empirical equations:

Ril × 10−12 =
(
− 8 × 10−10P − 0.0006

)
α

+
(
− 3 × 10−9P + 1.1155

)
(21)

Rel × 10−11 =
(
2 × 10−6P − 19.182

)
α

+
(
− 2 × 10−6P + 25.836

)
(22)

CombiningEqs. (7) and (18) through (20) gives the following
expression for the angular speed of the motor output shaft:

ωm = 1

2Dm

[
Dpmaxωpα − P

Rpl
− 2P

Ril
− 2P

Rel

]
(23)

The torque on the each motor shaft is a combination of ideal
torque minus torque loss and it is expressed as:

Tm = DmP − �Tloss (24)
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Fig. 5 Internal leakage resistance characteristics of the hydraulicmotor

Fig. 6 External leakage resistance characteristics of the hydraulic
motor

Fig. 7 Torque loss characteristics of the hydraulic motor

where �Tloss is the torque loss of the each motor and it is
determined by the test data.

The variation of torque loss with ωm shown in Fig. 7 is
expressed by the following empirical equation:

�Tloss =
(
4 × 10−5

)
ω2
m +

(
2 × 10−10P − 0.0065

)
ωm

+
(
4 × 10−8P + 1.2355

)
(25)

Substituting this result into Eq. (24) gives the output torque
on the each motor shaft:

Tm = DmP−
[(

4×10−5
)

ω2
m+

(
2×10−10P−0.0065

)
ωm

+
(
4 × 10−8P + 1.2355

)]
(26)

Equations (17), (23) and (26) are non-dimensionalized using
the following relations:

ωm = ωm
Dpmaxωp

2Dm
, Tm = TmDmPmax,

Qp = QpDpmaxωp, P = PPmax (27)

Substituting them in Eq. (17), the motor efficiency is given
by:

ηm = Tmωm

P Qp
(28)

Similarly, using Eq. (27) in Eq. (23), the non-dimensional
shaft speed for the motor is:

ωm = α − K0P

[
1(

K1α
2 − K3α − K5

)
P − K2α

2 + K4α + K6

+ 2

(−K7α − K9) P − K8α + K10

+ 2

(K11α − K13) P − K12α + K14

]
(29)

where

K7 = 8 × 102Pmax, K8 = 0.0006 × 1012,

K9 = 3 × 103Pmax, K10 = 1.1155 × 1012,

K11 = 2 × 105Pmax, K12 = 19.182 × 1011,

K13 = 2 × 105Pmax, K14 = 25.836 × 1011 (30)

Finally, using Eq. (27) in Eq. (26), the non-dimensional
torque on the output shaft of the each motor is expressed
as:

Tm = P − B4ωm
2 + (−B5P + B6

)
ωm − B7P − B8 (31)

where

B4 = 10−5

(
D2
pmaxω

2
p

D3
mPmax

)
, B5 = 10−10

(
Dpmaxωp

D2
m

)
,

B6 = 0.0065

(
Dpmaxωp

2D2
mPmax

)
, B7 = 4 × 10−8

Dm

and B8 = 1.2355

DmPmax
(32)
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After obtaining the values of the coefficients given in Eqs.
(30) and (32), the efficiency map of the hydraulic motor is
generated from the simultaneous solutions of Eqs. (28), (29)
and (31). This is discussed in Sect. 4.

3.3 Gear Unit Analysis

The efficiency of the gear unit is expressed as:

ηg = Tdωd

2Tmωm
(33)

The output torque on the drive shaft is:

Td = 20Tm (34)

The angular velocity of the drive shaft is:

ωd = ωm

10
(35)

Equations (33), (34) and (35) are non-dimensionalized using
the following relations:

Td = Td (20DmPmax) , ωd = ωd
Dpmaxωp

20Dm
,

ωm = ωm
Dpmaxωp

2Dm
, Tm = TmDmPmax (36)

Substituting them in Eq. (33), the gear unit efficiency is given
by:

ηg = Tdωd

Tmωm
(37)

Similarly, using Eq. (36) in Eq. (34), the non-dimensional
output torque on the drive shaft is:

Td = Tm (38)

Finally, usingEq. (36) in Eq. (35), the non-dimensional angu-
lar velocity of the drive shaft is:

ωd = ωm. (39)

3.4 HST Drive Analysis

The overall efficiency of the HST drive has been presented
in Eq. (1) of this article. Using Eqs. (11) and (36) in Eq. (1),
the overall efficiency of the drive is given as:

ηo = Tdωd

Tp
(40)

Table 1 Parametric values of the hydrostatic components

Symbol Value

Dpmax 4.46 × 10−6 m3/rad

Dm 2.55 × 10−6 m3/rad

Pmax 120 × 105 N/m2

ωp 150.8 rad/s

where Tp, Td and ωd are given by Eqs. (15), (38) and (39),
respectively. These three equations, with Eq. (40) create four
nonlinear independent equations thatmust be simultaneously
solved in order tomap the overall efficiency of theHST drive.

4 Results and Discussion

In order to create the efficiency maps of the pump, hydraulic
motor and the HST drive, the coefficients given in Eqs. (14),
(16), (30) and (32) are determined from the parametric values
of the hydrostatic components given in Table 1. The values
of these coefficients are given in Tables 2 and 3.

In developing the efficiency map of the pump, the three
independent Eqs. (12), (13) and (15) are solved simultane-
ously; they are nonlinear in nature and have five unknown
parameters (α, P, Qp, Tp and ηp). Assuming that the val-
ues of two parameters (α, P) are known out of the five
unknown parameters in Eqs. (12), (13) and (15), simul-
taneously solving these equations using Newton–Raphson
numerical method, the values of the other three unknown
parameters (Qp, Tp and ηp) are determined. Using them, the
efficiency map of the pump is created. Likewise solving Eqs.
(28), (29) and (31) simultaneously, the efficiency map for the
hydraulic motor is developed. Similarly, the efficiency map
of the overall HST drive is made from Eqs. (15), (38), (39)
and (40). The efficiency maps of the pump, hydraulic motor
and the HST drive are given in Figs. 8, 9 and 10, respectively.

Figure 8 illustrates that the pump’s efficiency is indepen-
dent of pump flow at low pressures, whereas it is independent
of fluid pressure at low flow rates. The near-vertical and hor-
izontal lines of the efficiency in the regions of low pressure
and low flow rate indicate the same. It may be noted that at
maximum operating pressure, themaximum efficiency of the
pump may not be obtained. The reasonable efficiency zone
of the pump is obtained in medium to high pressure range
and at high flow rates as it is appears in Fig. 8. The maximum
efficiency of the hydrostatic pump is found to be 94%.

Figure 9 illustrates that the hydraulic motor’s efficiency
is independent of output torque at low motor shaft speeds,
whereas it is independent of motor shaft speed at low output
torque. The near-vertical and horizontal lines of the effi-
ciency in the regions of lowoutput torque and lowmotor shaft

123



Arabian Journal for Science and Engineering (2018) 43:4703–4712 4709

Table 2 Pump coefficients in
Eqs. (14) and (16)

Symbol Value Symbol Value Symbol Value

K0 1.78 × 1010 K1 1.2 × 1011 K2 0.2318 × 1011

K3 8.4 × 1010 K4 1.2568 × 1011 K5 3.6 × 1011

K6 7.2137 × 1011 B0 0.02705 B1 0.0244

B2 0.0338 B3 3.725 × 10−3

Table 3 Hydraulic motor
coefficients in Eqs. (30) and (32)

Symbol Value Symbol Value Symbol Value

K7 9.6 × 109 K8 0.0006 × 1012 K9 3.6 × 1010

K10 1.1155 × 1012 K11 2.4 × 1012 K12 19.182 × 1011

K13 2.4 × 1012 K14 25.836 × 1011 B4 0.022734

B5 0.01034 B6 0.02801 B7 0.01569

B8 0.04038

Fig. 8 A typical efficiency map for the hydraulic pump

Fig. 9 A typical efficiency map for the hydraulic motor

speed indicate the same. The reasonable efficiency zone of
the hydraulic motor is obtained in higher output torque and
speed as it is appears in Fig. 9. The maximum efficiency of
the hydraulic motor is found to be 87%.

Figure 10 gives the efficiency characteristics of an HST
drive considered in the present study. Because of the lim-
itation of the operating pressure, the characteristics of the
drive show similar nature that have been discussed for the
hydraulic motor. Within the maximum operating pressure

Fig. 10 A typical efficiency map for the HST drive

and swash plate angle of the pump, such characteristics are
drawn. The characteristics indicate that the efficiency of the
drive is independent of the output torque at low shaft speed,
whereas it is independent of the shaft speed at low output
torque. The efficiency of the HST drive basically depends
upon the efficiency of the pump and the hydraulic motor. It
is apparent from the visual examination of Fig. 10 which is
more or less an overlay of Figs. 8 and9.As discussed inFig. 9,
the maximum efficiency of the hydraulic motor is obtained at
higher torque and speed range. However, due to the effect of
the pump efficiency (Fig. 8), the maximum efficiency of the
drive is observed for medium to high torque and high speed
range. The maximum efficiency of the HST drive is found to
be 81%.

5 Load Characteristics in Drilling

The torque required to rotate the drill bit is expressed by the
following empirical relation [8–10]:

Td = 1.32 × 10−7 × k × D3.4 × E0.5 × S2 × R

ωd
(41)
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Fig. 11 Characteristics of the penetration rate

where Td is the required torque to rotate the drill bit (Nm),
R is the penetration rate (m/h), E is the feed force (kg), ωd

is the drill bit rotary speed (rad/s), S is the rock compressive
strength (MPa), D is the diameter of the drill bit (mm) and
k is the constant related to the properties of the rock. Values
for the constant k lie between 14 × 10−5 and 4 × 10−5 and
it depends upon the drillability of the rock. For harder rock,
lower value is considered, whereas for the soft rock higher
value is used.

For a constant feed force (E = 13,600kg) and diameter
of a drill bit (D = 174mm), the drill performance for the
soft rock-like coal (S = 30MPa) largely depends upon its
rotational speed (ωd) and drill torque (Td). Substituting the
above values inEq. (41), the drill penetration rate is expressed
as:

R = Tdωd

57.47
(42)

Using Eq. (36) in Eq. (42), the drill penetration rate is:

R = cTdωd (43)

where

c = DpmaxωpPmax

57.47
= 140.44.

With respect to the penetration rate that varies from 5 to
100m/h, the torque speed characteristics for the rotary head
of drill machine for cutting coal is shown in Fig. 11 which
shows that the higher penetration rate is obtained at higher
torque and speed range, whereas it decreases at low speed
and high torque range as well as at high speed and low torque
range.

The effect of drive efficiency on penetration rate is shown
in Fig. 12 which is plotted by overlaying Figs. 10 and 11.
It indicates that at higher torque and higher speed range
with increase in the drive efficiency the penetration rate also

Fig. 12 Performance of the HST drive with the variation of penetration
rate

increases. Usually, for drilling coal the penetration rate varies
from 50 to 80m/h. To achieve higher penetration rate, the
higher torque and speed is needed which may be obtained
from high-capacity plunger pump that exhibits fairly good
efficiency at high operating pressure.

6 Conclusion

In the present work, the studies have been made regard-
ing the efficiency map of the HST drive for the rotary head
of drill machine using two high-speed low-torque hydraulic
motors alongwith a gear reducer unit. In this respect, the sys-
tem model is made which is validated experimentally. While
modelling, the various losses of the HST drive are taken into
account by the resistive elements. Theywere identified exper-
imentally and found to be nonlinear in nature. The results are
presented in non-dimensional form, from where selection of
any size of the HST drive can be made.

The following conclusions are drawn from the studies con-
ducted in this article:

1. In medium to high pressure range and at high flow rates,
the maximum efficiency of the variable displacement
axial piston pump is found to be 94%.

2. At higher output torque and speed, the maximum effi-
ciency of the fixed displacement bent axis hydraulic
motor is found to be 87%.

3. The maximum efficiency of the HST drive is observed
near medium to high torque and high speed range which
is above 81%.

4. The characteristics of the HST drive indicate that the
efficiency of the drive is independent of the output torque
at low shaft speed, whereas it is independent of the shaft
speed at low output torque.
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5. At higher torque and higher speed range with increase in
the drive efficiency, the penetration rate also increases.

The idea for generating the efficiency map for the mining
equipment proposed in this article would have considerable
value to study the control aspect of the drive. It may be useful
for the initial design of the machine from where one can get
an economical solution for the selection of hydrostatic com-
ponents for similar applications. The viability of the HST
drive discussed in this article depends upon the efficiency
gain throughout its working range. Based on that, the system
designer may take decision regarding the use of such drive
for continuously variable transmission application. From the
torque loss and the leakage characteristics of the pump and
the hydraulic motor shown in Figs. 3, 4, 5, 6 and 7, suitable
control scheme may be formulated for varying the pump dis-
placement ratio (α) to obtain higher efficiency of the drive.
This may be a future scope of work.

Appendix 1

Experimental Test Set-Up

The detailed experimental test set-up for evaluating the per-
formance of the HST drive discussed in Sect. 2 is shown in
Fig. 13. Table 4 gives the summary of the major components
used in the test set-up.

In the test set-up, a variable displacement pump (2) rotated
at a constant speed by a primemover (1) supplies pressurized
fluid to the hydraulic motors (5) that in turn drive the load.
Both themotors (5) are connected through a gear reducer unit
(6). The output shaft of which drives a variable displacement
pump (7) in the loading circuit. The loading pump (7) sup-
plies flow to the proportional pressure relief valve (8). By
adjusting the set pressure of the valve (8) or swash plate
angle of the pump (7), the load on the motors (5) is varied.
Such adjustments are made through command signal given

Fig. 13 Experimental test set-up of the HST drive. 1. Electric motor,
2. variable displacement axial piston pump, 3. data acquisition system,
4. pressure relief valve, 5. bent axis hydraulic motor, 6. gear reducer

unit, 7. loading pump, 8. proportional pressure relief valve, 9. speed and
torque sensor, 10. flow sensor, 11. pressure sensor

Table 4 Summary of the major components used in the test set-up of the HST drive

S. No. Items Make/model Descriptions

1. Variable displacement axial
piston pump [11]

Bosch Rexroth Germany
(A4VG28EP2DM1/3X–RPZC10F02D)

DP = 28cc/rev

2. Bent axis motor [12] Bosch Rexroth Germany (A2FM16/61W-VBB030) Dm = 16cc/rev

3. Gear reducer unit [13] New Allenberry Works India, CSB140 Gear ratio=1:10

4. Flow sensor Rockwin Flowmeter India Pvt. Ltd. (TFM 1015) Turbine flow sensor, 0–60 LPM, ± 0.5% (accuracy)

5. Pressure sensor Wika Germany (S-10) 0–200bar, 0.25% (accuracy)

6. Speed sensor Monarch Instrument USA (ROS-W) Non-contact, 0–2500 rpm, ± 1 RPM or 0.005% of
reading

7. Torque sensor Honeywell Sensotec USA (2100A series) 1000Nm, less than ± 0.05% full-scale torque
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from control panel. The pressure, flow, speed and torque are
measured by the respective sensors, and they are recorded
in data acquisition system (3). During experiment, the oil
temperature was maintained at 50 ± 2 ◦C using suitable oil
cooler to keep the viscosity of the fluid almost constant with
reasonable accuracy.
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