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Abstract: Oil-coolers are necessary components in high performance diesel engines. The heat
removed by the cooler is a component in the total heat rejection via the engine coolant. Oil-cooler
absorbs the heat rejected during the piston cooling and engine rubbing friction power loss. During
flows of both coolant and engine oil via the oil-cooler, some flow resistances occur. The aim of
the study is to determine values of the flow resistance coefficient for oil going through the cooler
at various temperatures. The test stand was developed to determine time needed to empty tanks
from liquids flowing through oil-cooler. The flow model was elaborated to study the mentioned
flow resistance coefficient with respect to changing liquid temperature. The 20 ◦C increase in liquid
temperature resulted in a flow resistance coefficient decrease of 30% for coolant and of the much
more for engine oil. It was found that better results would be achieved with flows forced by means
of pumps instead of using gravitational forces on the test stand.

Keywords: oil-cooler; coolant; engine oil; resistance to flow; temperature

1. Introduction

To provide their high performances and low emissions many heavy-duty direct in-
jection (DI) compress ignition (CI) engines possess oil-coolers utilizing the engine coolant
for heat transfer therein. The heat took out by the oil-cooler is a component in the total
heat rejection via an engine coolant. Oil-cooler obtains the heat rejected during the piston
cooling and the one resulted from the engine rubbing friction power loss.

According to [1] the total rubbing friction can be estimated by subtracting the nu-
merically determined pumping loss and accessory power from the measured engine
motoring power.

The engine accessories’ power comprises ones of the water pump, the oil pump, the
fuel pump, and the alternator.

The motoring power can be estimated using the Willan’s line [2], where a chart of fuel
flow rate as a function of the brake mean effective pressure (BMEP) allows an extrapolation
to zero fuel flow rate. Such rate is needed to estimate the motoring mean effective pressure
(MEP) or power.

Taraza et al. [3] elaborated a global friction model considering the individual friction
components (e.g., piston assembly, bearings, valvetrain) and auxiliaries (injection pump, oil
one, and coolant one). This global model allowed an enhancement in simulation accuracy
both for steady state and transient engine operations.
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Elaborating the engine friction model for the turbocharged CI engines with the Com-
mon Rail system, Ceausu et al. [4] utilized the generic friction models for the engine
piston-ring-liner assembly, bearings, and valve train. The authors elaborated the separate
models for the mechanical losses introduced by the injection system, the oil and water
pumps. The similar models were utilized in a study presented in [5].

The heat rejection from the engine exhaust port is a part of such rejection from the
base engine coolant. Methods for its determination were reported in [6–8].

Bannister et al. [9] elaborated an exhaust system model comprised of 11 sections
arranged in a series and representing a range of configurations seen in production exhaust
systems. Such sections included differences in the wall thickness, diameter, and bend angle
and radius.

Cylinder head cooling was investigated by Brasmer et al. [10] and Norris et al. [11,12].
Piston cooling and heat rejection was discussed in [9–19].
Oil-cooler design and testing were reported in [20–24].
Various investigations on the engine coolant heat rejection were described in [25–48].
During heat transfer in oil-coolers the flowing coolants and engine oils encounter

increased resistance to flow [49] which can be characterized by the coefficients of the
resistance to flow. Therefore, the goal of the present study was to determine values of such
coefficients under various conditions, namely temperatures of coolant and engine oil.

1.1. Some Considerations Relative to the Engine Oil Systems, Properties, and Components

Heavy-duty diesel engine lubrication system design was discussed by Kluck et al. [50].
The researchers applied such process to the lubrication system for a John Deere 400 Series
engine. Such lubrication system comprised a gear oil pump, a plate-type oil-cooler, full-
flow oil filter, and a feedback pressure regulating valve, belonging to the ‘supply side’
pumping and conditioning the oil. The system comprised also the journal bearings and
piston spray jets belonging to the ‘demand side’ consuming the oil.

Using the flow simulation Liu [51] developed the lubrication system model of BJ493ZLQ4A
diesel engine. The author studied the properties of this lubrication system, such as the oil
flow rate and pressure at different rotational speeds for various schemes involving large-
and small–scale oil filters.

According to Clark et al. [52] the physical properties of diesel engine oil can be
quantified through direct, real–time measurements using an onboard sensor measuring the
oil temperature, density, dynamic viscosity, and dielectric constant.

Qasim et al. [53] studied various properties of Pakistani fresh and used monograde
(SAE–40, SAE–50) and multigrade (SAE–20W/50) engine oils.

Besergil et al. [54] studied the service life of the lubricant utilizing the base oils
of Aliaga Plant, Izmir, in spark-ignition (SI) and CI engines. Team also investigated
high-temperature oxidation, engine-protective properties, and variations of the lubricant
characteristics in performance time.

Kim et al. [55] studied the effect of engine oil composition on particulate matter (PM)
emission from a light-duty CI engine.

Various defects in engine systems may contaminate engine oil with fuel and change
properties of such an oil [56–58].

Engine oils often contain various additives [59]. Those additives are mixtures of
inorganic and/or organic combinations ameliorating the oil features [60]. On average, the
additives make up to 7% of a typical lubricant base [61]. Therefore, an engine oil often
comprises dithiophosphates, over-based calcium sulphonates, succinimidic dispersants,
and polymer VI improvers [62]. Examples of organic additives comprise viscosity modi-
fiers decreasing the rate of viscosity variations with temperature, friction modifiers and
dispersants stabilizing the dispersion of insoluble contaminants in oil. Metallo–organic
compounds, such as zinc dialkyl dithiophosphate (ZDDP), are utilized to improve the
packages [60,63]. Various detergent packages comprise metallo–organic compounds of
sodium, calcium, and magnesium (among others) preventing surfaces from various de-
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posits [60]. The sulfur compounds can play antioxidant role [64]. Various nanoparticles
added to engine oils decrease friction and increase a resistance to wear [65–69].

Mitan et al. [70] studied the effect of commercial oil additive (COA) to mineral and
semi-synthetic lubricants performance in four-stroke motorcycle engine.

A complex tribological model of piston-assembly lubrication dynamics was reported
in [71].

1.2. Application of the Oil-Coolers

According to Wittebrood et al. [72] vehicle engines often utilize plate-type oil-coolers.
The plate heat exchangers are commonly applied during vacuum manufacturing. The
components of such exchanger are brazed with vacuum brazing. The latter is used for
products requiring excellent internal cleanliness. It is needed to prevent any flux residue
to be carried into the engine by the cooled oil as it may cause wear. In some cases, it is
necessary to avoid the coolant side interaction with residual brazing flux.

Palmgren and Wallborg [73] present five concepts of improved oil-coolers and numer-
ically evaluated their performances.

Sarma et al. [74] studied theoretically the properties of engine oil crossflow heat
exchanger cooled with cold air at various flight altitudes. The effect of temperature in the
oil ducts on the properties of engine oil was considered there. The results of theoretical
predictions were compared with the conventional empirical equations of heat transfer
presented in literature. It was found that the calculated effectiveness of the heat exchanger
enhanced with the altitude of the flight. Additionally, the thermal properties varied with
the altitude and hence the effectiveness of the heat exchanger in turn depended on Reynolds
Number of the hot and cold fluids, number of transfer units, and specific heat variations.

Di Battista and Cipollone [75] utilized the heat from exhaust gases to warm up an
engine oil. Researchers tested a turbocharged engine (F1C 3L IVECO), with the oil circuit
modified to heat up the oil during the cold phase of the driving by the exhaust gases. A
significant decrease in fuel consumption and pollutant emissions for an engine tested has
been reported.

Rajpoot et al. [76] conducted the optimization of the finned tube oil/water cooler for
hydro-electric turbine guide bearing application by effective utilization of fin area.

Azadi and Azadi [77] analyzed the failure of a heat exchanger used for cooling the oil
in a marine diesel engine during its operation in the marine environment.

It was found that very little information is available relative to the resistance to flow
for liquids flowing via oil-coolers.

2. Materials and Methods
2.1. Oil-Cooler Studied

An engine oil-cooler (Figure 1) using the engine coolant was used for the tests. The
flow diagram through that cooler is shown in Figure 2.
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The heated oil from the engine flows into the oil-cooler through one collective channel,
which is then divided into several parallel flow paths with complex geometries. Then
the cool liquid is led through one collective channel to the oil–cooler and then divided
into several parallel flow paths with complex geometry. The portion of surface bounding
the volume of the path through which the oil flows in the cooler is circumscribed by
extruded aluminum ribs washed by coolant flowing in adjacent flow paths. The upstream
and downstream flow paths contain the flowing coolant. The heat from the heated oil is
transferred to the cool coolant. The mentioned ribbing intensifies the heat transfer between
the flowing oil and the coolant. The cooled oil flows further to the engine lubrication
system. The warm coolant flows to the engine radiator. There, the heat from the coolant is
picked up by the airflow blowing the radiator.

The tested oil–cooler model was installed in the car models presented in Table 1.

Table 1. Car models with an engine oil-cooler analogous to the studied one.

Ford Jaguar

Type Years of
Production Type Years of

Production

Mondeo Mk3 Hatchback (B5Y) 2000–2007 X–TYPE Combi (X400) 2004–2009
Mondeo Mk3 Combi (BWY) 2000–2007 X–TYPE Sedan (X400) 2003–2009
Mondeo Mk3 Sedan (B4Y) 2000–2007

Transit Mk5 Bus 2000–2006
Transit Mk5 VAN 2000–2006

The tested oil–cooler model was the one installed in the FORD MONDEO MK3. Such
cooler was installed in the engine version given in Table 2.

Table 2. FORD MONDEO MK3 engine versions with oil-cooler analogous to the studied one.

Type Years of Production Displacement [cc] Power (KM)

2.0 DI 08.2000–05.2006 1998 75
2.0 DI 08.2000–05.2006 1998 86

2.0 16V DI/TDDi/TDCi 10.2000–03.2007 1998 90
2.0 DI 08.2000–05.2006 1998 100

2.0 16V TDDi/TDCi 10.2000–03.2007 1998 115
2.0 TDCi 10.2001–03.2007 1998 130

2.2 DI 08.2000–05.2006 2198 146
2.2 D 10.2005–11.2009 2198 150

2.2 TDCi 09.2004–03.2007 2198 150
2.2 D 10.2005–11.2009 2198 155

2.2 TDCi 09.2004–03.2007 2198 155
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2.2. The Oil Studied

For the engines applied in FORD Mondeo MK3 one oil type is predestined [78], as
specified in Table 3.

Table 3. Engine oil type applicable to various FORD MONDEO MK3 engine versions.

Engine Size Engine Type Oil Capacity (L) Oil Type

1.8/2.0 Duratec HE 4.3 5W–30
1.8 Duratec Sci 4.3 5W–30
2.5 Duratec VE 5.5 5W–30
3.0 Duratec SE 5.7 5W–30
2.0 Duratorq Di 6.0 5W–30
2.0 Duratorq TDCi 6.0 5W–30

Such oil can be supplied by various manufacturers. However, its properties, particu-
larly viscosity and density can differ from each other [79], as shown in Table 4.

Table 4. Properties of engine oil 5W–30 from various manufacturers.

Manufacturer Product Line/
Version

ν40
(mm2/s)

ν100
(mm2/s)

ρ
(kg/m3)

Tρ

(◦C) Specifications

ARAL HighTronic F 55 9.7 <1000 15 ILSAC GF-4, ACEA A1/B1, API SL, ACEA
A5/B5, API CF

CAR1
Special F n.a. n.a. n.a. n.a. API SM, API CF, ACEA A5/B5

Special F ECO n.a. n.a. n.a. n.a. API SN, ILSAC GF-5
CARTECHNIC FO 64 11 854 15 ACEA A5/B5

CASTROL

Magnatec
Stop-Start A5 54 9.6 840 15 API SN, ACEA A1/B1, ILSAC GF-5, ACEA

A5/B5
Magnatec

Professional
A5

54 9.6 840 15 ACEA A1/B1, ACEA A5/B5, API SN, API
CF, ILSAC GF-4

EDGE
Professional

A5
53 9.5 850 15 ACEA A1/B1, ACEA A5/B5, API SN, ILSAC

GF-4

EDGE
Professional

A5/B5
n.a. n.a. n.a. n.a. API SN, ILSAC GF-4, API CF, ACEA A1/B1,

ACEA A5/B5

CHAMPION
LUBRICANTS

OEM SPECIFIC
5W30 MS-F 52 n.a.

OEM
SPECIFIC

5W30
MS-F

15 API SL, ACEA A1/B1, ACEA A5/B5, API CF

COMMA
X-Flow F 55 n.a. 870 20 ILSAC GF-4, ACEA A1/B1, API SL, ACEA

A5/B5, API CF
Xtech 55 n.a. 870 20 API SL, ACEA A5/B5, API CF

DYNAMAX Premium Ultra
F 55 n.a. 850 20 API SL, ACEA A1/B1, ACEA A5/B5

ELF Evolution 900
SXR 55.6 9.9 857 15 API SL, ACEA A5/B5, API CF

ENI I-SINT TECH F 56 10.1 853 15 ACEA A1/B1, ACEA A5/B5, API SL, API CF
EUROLUB MULTITEC 45 n.a. 845 15 ACEA A5/B5, API CF, API SL
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Table 4. Cont.

Manufacturer Product Line/
Version

ν40
(mm2/s)

ν100
(mm2/s)

ρ
(kg/m3)

Tρ

(◦C) Specifications

FANFARO
O.E.M. Line
6716 O.E.M. >60 n.a. 846 20 API SN, API CF, ACEA A5/B5

O.E.M. Ford,
Volvo >60 n.a. 846 20 ACEA A5/B5, API SN, API CF

FEBI BILSTEIN Longlife HC-FO > 20.5 10.2 850 15 ACEA A1/B1, ACEA A5/B5, API SN, ILSAC
GF-3, ILSAC GF-4, API CF

K2 TEXAR FUEL
ECONOMY n.a. n.a. n.a. n.a. API SL, API CF

KAMOKA RST A5/B5 n.a. n.a. n.a. n.a. ACEA A5/B5, API SM, API CF

KROON OIL DURANZA
LSP 54.5 9.9 845 15 ACEA A1/B1, ACEA A5/B5, API SL, API CF

LIQUI MOLY Special Tec F 56.5 9.9 855 15 ACEA A5/B5
MAGNETI
MARELLI OILTEK Expert 53.5 9.8 848 15 ACEA A5/B5, API SL

MANNOL O.E.M. 7707 >60 n.a. 846 20 API SN, ACEA A5/B5, ILSAC GF-4

MOTUL
ECO-NERGY

8100 57.6 10.1 847 20 API SL, ACEA A5/B5, API CF

SPECIFIC 913D 58.3 10.2 851 20 ACEA A5/B5

MOBIL Super 3000 X1
Formula FE 53 9.8 850 15 API SL, ACEA A5/B5

MPM

PREMIUM
SYNTHETIC

FUEL
CONSERVING

FORD

52 n.a. 852 15 ACEA A5/B5, API CF, API SN

ORLEN PLATINUM
MaxExpert F 52 9.8 852 20 ACEA A1/B1, API SL, ACEA A5/B5, API CF

PETRONAS SYNTIUM 3000
FR 56.3 10 852 15 API SN, API CF, ACEA A5/B5

RAVENOL
FEL 61.4 n.a. 850 20 API SN, ACEA C2, API CF
FO 53 n.a. 842 20 ILSAC GF-5, API SN, ACEA A5/B5

FDS 59 n.a. 846 20 ACEA A1/B1, ACEA A5/B5, API SL, API CF

REPSOL

ELITE,
COSMOS F,

FUEL
ECONOMY

54 9.9 852 15 API SL, API CF, ACEA A5/B5

SHELL Helix HX7 Prof
AF 57.4 9.5 857 15 ACEA A5/B5

TOTAL Quartz 9000
Future NFC 54 9.8 851 15 API SL, ACEA A5/B5, API CF

VAICO Special F 61.5 n.a. 852 15 ILSAC GF-4, ACEA A1/B1, API SM, ILSAC
GF-2, API CF

Valvoline SynPower FE 63 11 852 15 ACEA A1/B1, ACEA A5/B5, API SL, API CF
VATOIL SynTech FE 54.5 9.9 855 15 ACEA A1/B1, API SL, ACEA A5/B5, API CF

For the tests conducted it was chosen the engine oil ELF Evolution 900 SXR. Its
viscosity index (VI) is equal to 170 [80].

The kinematic viscosity ν is related to the dynamic one µ via Equation (1)

ν(T) =
µ(T)
ρ(T)

, (1)

where ρ(T)—density of oil as a function of temperature, given and tabulated in [81].



Lubricants 2021, 9, 75 7 of 20

To estimate the dynamic viscosity of oil at temperature values different than these
equal to 40 or 100 ◦C the Equation (2) based in the Andrade equation [82] was used

µ = A·eB/T , (2)

where A [Pas]—the proportional factor, B [1/K]—the exponent factor.

2.3. The Coolant Studied

For the engines applied in FORD Mondeo MK3 various coolants from various manu-
facturers [83] can be applied, as specified in Table 5.

Table 5. Properties of engine coolant from various manufacturers.

Manufacturer
Product

Line/
Version

Components ν
(mm2/s)

Tν
(◦C)

ρ

(kg/m3)
Tρ

(◦C) Specifications

CASTROL Radicol SF ethylene glycol >90%, sodium
2–ethylhexanoate <5% n.a. n.a. 1.113 20 G12+

ENEOS Hyper Cool
XLR n.a. n.a. n.a. 1.1 20 G12+

(−35 ◦C)

FEBI
BILSTEIN

BMW GS
94000

ethylene glycol 40–50%, sodium
2–ethylhexanoate <3% n.a. n.a. 1.05–1.07 20 n.a.

ASTMD3306 ethylene glycol 80–90%, potassium
2–ethylhexanoate <2.5% 22 20 1.123 20 n.a.

HEPU ethylene glycol 90–95% >22 20 1.12 20 G12+ (−35
◦C)

LIQUI MOLY ADE ethanediol 25–50%,
sodium-2-ethylhexanoate <3% n.a. n.a. n.a. n.a. n.a.

MANNOL
AF13++,

High-
performance

ethanediol <52.25%,
sodium hydroxide <0.275%,

methyl–1H–benzotriazole <0.22%
n.a. n.a. 1.075 20

SAE J1034,
ASTM D3306,
ASTM D4656,
ASTM D4985

MAXGEAR n.a. n.a. n.a. n.a. n.a. n.a. G12
MICHELIN Expert n.a. n.a. n.a. n.a. n.a. n.a.

MOTUL n.a.
ethylene glycol 50–100%,

2–ethylhexanoate de
sodium 2.5–10%

n.a. n.a. 1.114 20 G12+

MPM
Premium
Longlife

G12+
n.a. n.a. n.a. n.a. n.a. G12+

PRESTONE RTU
ethanediol 30–60%,

2–ethylhexanoic acid 1–5%, sodium
hydroxide <1%, propan–1–ol < 1%

n.a. n.a. 1.07 20 n.a.

SPECOL Glikospec
n.a. n.a. n.a. n.a. n.a. G11
n.a. n.a. n.a. n.a. n.a. G12

ethylene glycol 50–99% n.a. n.a. 1.07 20 G12+
STP n.a. n.a. n.a. n.a. n.a. n.a. n.a.

SWAG ASTMD3306 ethylene glycol 80–90%, potassium
2–ethylhexanoate < 2.5% >22 20 1.123 20 ASTM D3306

TOTAL n.a. n.a. n.a. n.a. n.a. n.a. G12
TRUCKET
AUTOMO-

TIVE
n.a. n.a. n.a. n.a. n.a. n.a. n.a.

VAICO
VA-012 Plus
Ready Mix
−20 ◦C

water 40–60%, ethylene glycol
30–35%, 2–ethylhexanoic acid,

sodium salt 1–5%
n.a. n.a. 1.05 20 n.a.

VALEO Protective 50 ethanediol 70–99% n.a. n.a. 1.11-1.14 20 G12+

VALMA
W51 Cooling,
Fluid G12 +
Long Life

Ethane–1,2–diol 20–50%, sodium
2–ethylhexanoate < 3% n.a. n.a. 1.1 20 G12+

VALVOLINE n.a. n.a. n.a. n.a. n.a. n.a. n.a.

For the tests conducted it was chosen the engine coolant MANNOL AF13++, High-
performance. It was assumed that it is a mixture contain 50% ethanediol, 0.2% sodium
hydroxide, and 49.8% distilled water. Omitting the amount of sodium hydroxide in the
mixture, due its small value, the MANNOL coolant can be treated as the 50/50 mixture
of ethanediol and distilled water. The dynamic viscosity of such mixture is equal to
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3.192 × 10−3 Pa·s at the temperature of 20 ◦C and to 0.979 × 10−3 Pa·s at the temperature
of 40 ◦C [84]. The density of such mixture is equal to 1079 kg/m3 at the temperature of
20 ◦C and to 1067 kg/m3 at the temperature of 40 ◦C [84].

2.4. Test Stand
2.4.1. Hydraulic Diagram of the Test Stand

The diagram of the hydraulic system of the test stand is shown in Figure 3. The system
comprises the upper oil tank 1, the upper coolant tank 2; thermometers 3; the shut–off
valves 4, the oil–cooler studied 5, the lower oil tank 6 and the lower coolant tank 7.
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Figure 3. Diagram of the hydraulic system of the test stand. 1—upper oil tank; 2—upper coolant
tank; 3—thermometer; 4—shut–off valve; 5–oil–cooler; 6—lower oil tank; 7—lower coolant tank.

In the test stand, the flows of heat–exchanging fluids in the tested oil–cooler were
carried out by gravity, by using the differences in the height of the respective tanks: upper
and lower. In addition, thermometers were installed in the hydraulic system of the stand,
measuring the temperature of the coolant and oil in characteristic places.

2.4.2. Design of the Test Stand

The completed test stand is presented in Figure 4.
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The supporting structure of the test stand was based on a frame made of standard
BOSCH 40 × 40 four-groove system profiles connected with each other by means of angle
bracket, screws, and nuts. Three horizontal subframes (three levels) were made. Two
tanks, called upper tanks, were attached to the upper level, one was filled with oil, the
other with coolant. The upper tanks were attached to Fischer FLS 17/1 16 × 20 × 46
C–shaped mounting rails screwed to the frame and sealed with a special adhesive for
sealing hydraulic systems. At the outlet of each upper tank there was a shut-off valve
connected to a pipe made of plastic.

On the middle level, the tested oil–cooler was attached to the profile with a dedicated
adapter. The cooler was attached with DIN EN ISO 7046–1 M6 × 16 screws to the 6
mm thick plates, which were bent at an angle of 90◦ and fixed to the profile with screws
(Figure 5). The cooler has been installed in the same position as it was originally on the
engine to maintain proper flow through the oil-cooler. Shut off valves were placed on the
inlet and the outlet of the oil-cooler to allow for the entire system to be filled with liquids.
The shut-off valves located on the inlet of the oil-cooler are connected to the appropriate
shut-off valves at the outlets of the upper tanks. On the other hand, the shut-off valves
located on the outlet of the oil-cooler are connected to the appropriate shut-off valves
located at the inlets of the lower tanks.
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Figure 5. Mounting of the oil-cooler studied.

On the bottom level, afore mentioned bottom tanks were attached to Fischer FLS
17/1 16 × 20 × 46 C-shaped mounting rails screwed to the subframe and sealed with a
special adhesive for sealing hydraulic systems. At the inlet of each bottom tank there was a
shut-off valve connected to a pipe made of plastic.

The distance between the levels was 600 mm (Figure 6), which allowed the fluid to flow
freely, and the conduit used was routed as straight as possible to limit the flow resistance.
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Figure 6. Dimensions of the test stand.

Four identical digital thermometers were used to monitor the temperature of the
liquids. Temperature was measured on the inlet of the oil–cooler and on the inlet of the
lower tank (Figure 7). Such setup of thermometers was performed in both two flow lines
of the tested liquids.
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2.4.3. The Determination of Resistance to Flow through the Oil-Cooler

Determining of resistance to flow of the liquid studied through the oi-cooler or the
replacing it short section of plastic pipe was conducted using the model presented in
Figure 8. The liquid studied flows from the upper tank successively through:

- the outlet shut-off valve connected to the upper tank, characterized by the local flow
losses factor ζ1 = 0.24 [85],

- the plastic pipe section with length l1 = 10 mm and inner diameter d = 15 mm,
characterized by the length loss factor ζ1 [85],
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- the elbow pipe section, characterized by the local flow losses factor ζ2 = 0.132 [85],
- the plastic pipe section with length l2 = 620 mm and inner diameter d, characterized

by the length loss factor ζ2 [85],
- the elbow pipe section, characterized by the local flow losses factor ζ3 = 0.132 [85],
- the plastic pipe section with length l3 = 250 mm and inner diameter d, characterized

by the the length loss factor ζ3 [85],
- the inlet shut–off valve connected to the oil–cooler or to the alternative short section

of plastic pipe, characterized by the local flow losses factor ζ4 = 0.24 [85],
- the oil–cooler characterized by the coefficient of resistance to flow α, or the alternative

short section of plastic pipe with length l4 = 80 mm and inner diameter d, characterized
by the length loss factor ζ4 [85],

- the outlet shut-off valve connected to the oil–cooler or to the alternative short section
of plastic pipe, characterized by the local flow losses factor ζ5 = 0.24 [85],

- the plastic pipe section with length l5 = 200 mm and inner diameter d, characterized
by the length loss factor ζ5 [85],

- the elbow pipe section, characterized by the local flow losses factor ζ6 = 0.132 [85],
- the plastic pipe section with length l6 = 300 mm and inner diameter d, characterized

by the length loss factor ζ6 [85],
- the elbow pipe section, characterized by the local flow losses factor ζ7 = 0.132 [85],
- the plastic pipe section with length l7 = 200 mm and inner diameter d, characterized

by the length loss factor ζ7 [85],
- the inlet hole of the bottom tank, characterized by the local flow losses factor ζ8 = 0.5 [85],

and finally, to the bottom tank.
An unsteady flow of the studied liquid was considered, due to the time-varying height

h of the liquid column in the upper tank with a constant cross-sectional area along its height.
The height h values are in the range 0–400 mm.

In the model it was assumed that:

- the liquid studied is incompressible,
- the cross–sectional area of the upper tank much larger than the dimensions of the

outlet opening, pipes, valve openings and openings in the oil–cooler (At � Ao),
- the surface of the liquid table is a free one,

The flow speed of the studied liquid was determined on the two characteristic levels:

- the first positioned on the height zt = h + l2 + l6 corresponding to the location of the
center of the outlet shut–off valve connected to the upper tank,

- the second positioned on the height zb = 0 corresponding to the location of the center
of the inlet hole of the bottom tank.

It was assumed that both the liquid table in the upper tank and the liquid flowing
from the inlet hole of the lower tank were under the atmospheric pressure pa.
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of plastic pipe.

The flow speed of the liquid on the level z was marked with v(z).
The Bernoulli equation is given in the form (3) [85]

[v(zt)]
2

2·g +
pa

ρ·g + zt =
[v(zb)]

2

2·g +
pa

ρ·g + zb + ∑ hlosses, (3)

where g = 9.81 m/s2—acceleration due to gravity, ρ—density of the liquid studied, ∑ hlosses—
the sum of the flow losses determined from Equation (4)

∑ hlosses = ∑i=7
i=1 hli + ∑j=8

j=1 hj, (4)

where hli—flow losses in the pipe section of length li, determined from Equation (5) [85]

hli ≈ ξi
[v(zb)]

2

2·g = λ
li
d
[v(zb)]

2

2·g , (5)

where ξi = λ li
d —the length loss factor for the pipe section of length li, λ = 64

Re —the

linear resistance coefficient, for the assumed laminar flow, Re ≈ v(zb)·d
ν —Reynolds number,

ν—the kinematic viscosity of liquid studied, hj—local flow losses at j, determined from
Equation (6) [85]

hj ≈ ζ j·
[v(zb)]

2

2·g , (6)

where ζ j—the local flow losses factor.
The flow speed v(zt) of liquid studied in the upper tank—due to a much larger

cross–sectional area of the upper tank in relation to the cross-sectional area of the inlet hole
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of the bottom tank (At � Ao)–is negligible (v(zt) ≈ 0). Therefore, Equation (3) can be
simplified to the form (7)

zt =
[v(zb)]

2

2·g + ∑ hlosses, (7)

and then it can be obtained Equation (8) allowing determination of the flow speed v(zb)

v(zb) =
√

2·g·(zt − ∑ hlosses), (8)

The flow speed can be the solution of the Equation (9)

[v(zb)]
2·(1 + ∑j=8

j=1 ζ j) + v(zb)·
64ν

d2 ·∑i=7
i=1 li − 2g(h + l2 + l6), (9)

which is given by the Equation (10)

v(zb) =
− 64ν

d2 ·∑i=7
i=1 li +

√
( 64ν

d2 ·∑i=7
i=1 li)

2
+ 8·g(h + l2 + l6)·(1 + ∑

j=8
j=1 ζ j)

2·(1 + ∑
j=8
j=1 ζ j)

, (10)

The flow rate balance is given by Equation (11)

− At·dz = v(zb)·Ao·dt, (11)

where Ao = π·d2

4 —cross–sectional area of the inlet hole of the bottom tank, At = a·b—
cross–sectional area of the upper tank, a = 0.3 m, b = 0.1 m—dimension of cross–section of
the upper tank.

The time of emptying the upper tank is estimated from Equation (12)

T =
∫ T

0
dt = −

∫ l2+l6

h+l2+l6

Atdz
Ao·v(zb)

=
∫ h+l2+l6

l2+l6

Atdz
Ao·
√

2·g·(zt − ∑ hlosses)
, (12)

After rearranging of Equation (12) it was obtained the Formula (13)

T =
2At

Ao
√

2·g

(√
h + l2 + l6 − ∑ hlosses −

√
l2 + l6 − ∑ hlosses

)
, (13)

For the case of the liquid flowing through the oil-cooler the time Toc of emptying the
upper tank was determined from the Equation (14)

Toc =
2At

Ao
√

2·g

(√
h + l2 + l6 − [

32·ν·v(zboc)

d2·g (l1 + l2 + l3 + l5 + l6 + l7) +
[v(zboc)]2

2g
(α + ∑j=8

j=1 ζ j)]−√
l2 + l6 − [

32·ν·v(zboc)

d2·g (l1 + l2 + l3 + l5 + l6 + l7) +
[v(zboc)]2

2g
(α + ∑j=8

j=1 ζ j)]

)
,

(14)

where v(zbo−c)—flow speed v(zb) for the case of liquid flowing through the oil-cooler.
For the case of the liquid flowing through the alternative short plastic pipe section,

the time Tp of emptying the upper tank was determined from the Equation (15)

Tp =
2At

Ao
√

2·g

(√
h + l2 + l6 − [

32·ν·v(zbp)

d2·g (l1 + l2 + l3 + l4 + l5 + l6 + l7) +
[v(zbp)]2

2g
(∑j=8

j=1 ζ j)]−√
l2 + l6 − [

32·ν·v(zbp)

d2·g (l1 + l2 + l3 + l4 + l5 + l6 + l7) +
[v(zbp)]2

2g
(∑j=8

j=1 ζ j)]

)
,

(15)
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where v
(

zbp

)
—flow speed v(zb) for the case of liquid flowing through the alternative

short plastic pipe section.
From Equations (10), (14) and (15) the parameter α can be numerically determined.
After rearrangement of Equation (15) we obtain Equation (16)

32·ν·v
(

zbp

)
d2·g ∑i=7

i=1 li +

[
v
(

zbp

)]2

2g

(
∑j=8

j=1 ζ j

)
=

h2 − 2
gT2

p
2

(
Ao
At

)2
[h + 2(l2 + l6)] +

g2T4
p

4

(
Ao
At

)4

−4
gT2

p
2

(
Ao
At

)2 , (16)

Its solution is given by Equation (17)

v
(

zbp

)
=

− 32·ν
d2·g ∑i=7

i=1 li +

√√√√√[ 32·ν
d2·g ·∑i=7

i=1 li
]2

+ 4 1
2g

(
∑

j=8
j=1 ζ j

) h2−2
gT2

p
2

(
Ao
At

)2
[h+2(l2+l6)]+

g2T4
p

4

(
Ao
At

)4

−4·
gT2

p
2

(
Ao
At

)2

2 1
2g

(
j=8
∑

j=1
ζ j

) , (17)

From the evenness of the flowing volumes of liquid we obtained Equation (18)

v
(

zbp

)
·Tp = v(zboc)·Toc, (18)

After re-arrangement of Equation (14) we obtain Equation (19)

32·ν·v(zboc)

d2·g

(
∑i=7

i=1 li − l4
)
+

[v(zboc)]
2

2g

(
α + ∑j=8

j=1 ζ j

)
=

h2 − 2 gT2
oc

2

(
Ao
At

)2
[h + 2(l2 + l6)] +

g2T4
oc

4

(
Ao
At

)4

−4 gT2
oc

2

(
Ao
At

)2 , (19)

Substituting Equation (18) in Equation (19), after rearrangement we obtained Equa-
tion (20) for the coefficient α

α =
2g[

v
(

zbp

)]2

(
Toc

Tp

)2 h2 − 2 gT2
oc

2

(
Ao
At

)2
[h + 2(l2 + l6)] +

g2T4
oc

4

(
Ao
At

)4

−4 gT2
oc

2

(
Ao
At

)2 − 2g

v
(

zbp

) Toc

Tp

32·ν·
d2·g

(
∑i=7

i=1 li − l4
)
−∑j=8

j=1 ζ j, (20)

The flow rate of liquid flowing through the oil-cooler was determined from Equa-
tion (21)

.
Q = ρ·Aoc·v(zboc), (21)

where ρ—density of the liquid studied flowing through the oil–cooler, Aoc =
πd2

oc
4 —cross

section area of the inlet hole of the oil-cooler, doc = 12 mm—diameter of the inlet hole of the
oil-cooler.

The pressure drops ∆p caused by liquid studied flowing through the oil-cooler was
estimated from Equation (22)

∆p = α·ρ
2
·[v(zboc)]

2, (22)

2.4.4. Measurement Procedure

During the tests, the resistance to the flow of engine oil and engine coolant through
the oil-cooler was measured. The measurement took place at two room temperatures of
20 ◦C and 40 ◦C.

First, the total flow resistance was determined in the flow lines of the tested liquids on
the stand outside the oil-cooler. The mentioned resistances were caused by the presence of
shut-off valves and relatively long lines between the tanks and the oil-cooler. During the
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measurement of those resistances, the oil-cooler was replaced with short sections of plastic
pipes with an internal diameter of 15 mm and a length of 80 mm, which were connected to
the appropriate shut-off valves.

For two room temperatures of 20 ◦C and 40 ◦C, respectively, were measured separately:

- time of flow of a measured amount of coolant without oil flow,
- time of flow of the measured amount of oil without the flow of coolant.

Figure 9 shows a laminar flow of coolant during the measurement of its flow time.
Lubricants 2021, 9, x FOR PEER REVIEW  15  of  20 
 

 

 

Figure 9. Laminar flow of coolant during the measurement of its flow time through the alternative 

short section of plastic pipe replacing the oil‐cooler. 

In the next phase of testing at the stand, the short sections of plastic pipes were re‐

moved, and the shut‐off valves were connected to the relevant stub pipes of the oil‐cooler. 

For a room temperature of 40 °C, it was measured separately: 

‐ the  time  of  the  flow  of  the measured  amount  of  coolant without  the  flow  of  oil 

through the oil‐cooler, 

‐ time of flow of the measured amount of oil without the flow of coolant. 

For a room temperature of 20 °C, it was only measured: 

‐ time of the flow of a measured amount of coolant without the flow of oil through the 

oil‐cooler. 

When the coolant was not circulating through the oil cooler, the time of flow of oil 

could not be determined with a high confidence level. This was due to an increased flow 

resistance caused by higher oil density at tested temperature. Air was appearing in the 

pipes between the upper oil tank and the oil‐cooler, and it was very difficult to remove it 

during the measurement. Therefore, the results of measurements for this case could be 

considered as the coarse ones. 

During all the measurements carried out, the temperature of the fluids was controlled 

in the designated places. There were no differences between the room temperature and 

the temperature of the flowing test liquid. 

In all tested cases, filling the upper tanks with coolant and engine oil, respectively, 

took place with the outlet shut‐off valves of the upper tanks closed. After the upper tank 

was half filled with the  liquid, the outlet shut‐off valve of the upper tank was opened, 

which allowed for gradual filling of the pipe between the outlet shut‐off valve of the upper 

tank and the inlet shut‐off valve connected to the cooler or the alternative short section of 

plastic pipe. After filling said pipe, the outlet shut‐off valve connected to the radiator or 

to the alternative short piece of plastic pipe was opened. This made it possible to gradually 

fill the relevant main  line  in the oil‐cooler with  liquid or a short section of plastic pipe 

replacing this cooler. Finally, the outlet shut‐off valve connected to the oil‐cooler or a short 

piece of plastic pipe replacing of the oil‐cooler was opened and the test liquid gradually 

drained into the lower tank. Such successive opening of the shut‐off valves was dictated 

by safety considerations to properly identify and early eliminate possible leaks in connec‐

tions and prevent unnecessary loss of tested liquids. It also partially prevented the for‐

mation of air bubbles and facilitated their evacuation to the upper reservoir by deliber‐

ately repeatedly moving (deflecting from the original position) the  lines filled with the 

Figure 9. Laminar flow of coolant during the measurement of its flow time through the alternative
short section of plastic pipe replacing the oil-cooler.

In the next phase of testing at the stand, the short sections of plastic pipes were
removed, and the shut-off valves were connected to the relevant stub pipes of the oil-cooler.

For a room temperature of 40 ◦C, it was measured separately:

- the time of the flow of the measured amount of coolant without the flow of oil through
the oil-cooler,

- time of flow of the measured amount of oil without the flow of coolant.

For a room temperature of 20 ◦C, it was only measured:

- time of the flow of a measured amount of coolant without the flow of oil through the
oil-cooler.

When the coolant was not circulating through the oil cooler, the time of flow of oil
could not be determined with a high confidence level. This was due to an increased flow
resistance caused by higher oil density at tested temperature. Air was appearing in the
pipes between the upper oil tank and the oil-cooler, and it was very difficult to remove it
during the measurement. Therefore, the results of measurements for this case could be
considered as the coarse ones.

During all the measurements carried out, the temperature of the fluids was controlled
in the designated places. There were no differences between the room temperature and the
temperature of the flowing test liquid.

In all tested cases, filling the upper tanks with coolant and engine oil, respectively,
took place with the outlet shut-off valves of the upper tanks closed. After the upper tank
was half filled with the liquid, the outlet shut-off valve of the upper tank was opened,
which allowed for gradual filling of the pipe between the outlet shut-off valve of the upper
tank and the inlet shut-off valve connected to the cooler or the alternative short section of
plastic pipe. After filling said pipe, the outlet shut-off valve connected to the radiator or to



Lubricants 2021, 9, 75 16 of 20

the alternative short piece of plastic pipe was opened. This made it possible to gradually
fill the relevant main line in the oil-cooler with liquid or a short section of plastic pipe
replacing this cooler. Finally, the outlet shut-off valve connected to the oil-cooler or a short
piece of plastic pipe replacing of the oil-cooler was opened and the test liquid gradually
drained into the lower tank. Such successive opening of the shut-off valves was dictated by
safety considerations to properly identify and early eliminate possible leaks in connections
and prevent unnecessary loss of tested liquids. It also partially prevented the formation of
air bubbles and facilitated their evacuation to the upper reservoir by deliberately repeatedly
moving (deflecting from the original position) the lines filled with the tested liquid. During
the flow from the upper to the lower tank, the liquid level in the upper tank was lowered
and the tested liquid had to be replenished until the visible air bubbles in the conduits
were eliminated. Then the outlet cut-off valve connected to the oil-cooler or a short piece
of plastic pipe replacing of the oil-cooler was closed, and the liquid in the upper tank was
replenished until the assumed upper (primary) level was reached. At that time, the stand
was considered ready for flow time measurement. The test liquid accumulating in the
lower tank can be poured through the outlet shut-off valve located at the bottom of the
lower tank into a separate canister and re-poured into the upper tank if necessary. The flow
time was measured from the moment of reopening the outlet cut-off valve connected to the
oil-cooler or a short piece of plastic pipe replacing of the oil-cooler until the assumed lower
level of the tested liquid in the upper tank was reached. The time control was carried out
with the use of a camera tracking the changes in the position of the liquid surface tested in
the upper tank.

3. Results and Discussion

The obtained values of kinematic viscosity of the coolant and oil studied were pre-
sented in Table 6. An increase of the temperature with 20 ◦C resulted in the decrease of the
kinematic viscosity, namely, the 3.22-fold one for the coolant and the 2.47-fold one for the
engine oil, respectively.

Table 6. Kinematic viscosity of the liquids studied for various values of its temperature.

Temperature (◦C) Kinematic Viscosity (mm2/s)
Coolant Engine Oil

20 2.96 136
40 0.92 55

The measured values of time needed to empty the upper tank from liquids flowing
under various conditions were presented in Table 7. An increase of the temperature with
20 ◦C resulted in the decrease of the time necessary for the emptying of the upper tank,
namely, the 1.25-fold one and the 1.22-fold one for the coolant flowing via oil-cooler and
via short plastic pipe section, respectively. Similarly, the mentioned increase in temperature
resulted in a much higher decrease of the time needed for the emptying of the upper tank,
namely, the 1.56-fold one and the 1.29-fold one for the engine oil flowing via an oil-cooler
and via a short plastic pipe section, respectively.

Table 7. Time values necessary for the emptying of the upper tank from the liquids flowing at various
conditions.

Temperature
(◦C)

Time of Emptying the Upper Tank (s)

Flow Via Oil-Cooler Short Plastic Pipe Section

Liquid Coolant Engine Oil Coolant Engine Oil

20 125 670 110 490

40 100 430 90 380
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The obtained values of the coefficient of resistance to flow α were shown in Table 8.
An increase of the temperature with 20 ◦C resulted in the decrease of the coefficient of
resistance to flow α, namely, the 1.43-fold one and the 61-fold one for the coolant and the
engine oil, respectively.

Table 8. Coefficient of resistance to flow α for various values of liquid temperature.

Temperature (◦C)
The Coefficient of Resistance to Flow α (–)

Coolant Engine Oil

20 1.39 1652.54

40 0.97 26.92

The obtained values of the flow speed for the liquids studied and relative flow rate
and pressure drop-in oil-cooler were showed in Table 9.

Table 9. Flow speed, flow rate, and pressure drop for the liquids flowing via an oil-cooler.

Temperature
(◦C)

Coolant Engine Oil

Flow
Speed
(m/s)

Flow Rate
(kg/s)

Pressure
Drops (Pa)

Flow
Speed
(m/s)

Flow Rate
(kg/s)

Pressure
Drops (Pa)

20 2.41 0.295 4533 0.03 0.003 1706

40 2.54 0.307 3377 0.35 0.034 1614

The obtained value of pressure drop caused at 20 ◦C by an engine oil flowing through
the oil-cooler was close to that reported in [49], obtained for the other type of oil-cooler
applied in the diesel engine, for the minimal flow rate reported, which was by two orders
higher compared to the case of oil analyzed during the present study. However, the
temperature of an engine oil supplied to the oil-cooler described in [49] was also much
higher resulting in the lower values of the oil viscosity. At the temperature of 40 ◦C
the pressure drop was about 1.4-fold and 1.1-fold lower for a coolant and an engine oil,
respectively than that at temperature of 20 ◦C.

4. Conclusions

Based on the results obtained, we have made some conclusions:

1. The analyzed oil-cooler was filled with engine oils SAE 5W–30 viscosity. Considering
different manufacturers, the kinematic viscosity and density differed from one another.
Apart from that, some manufacturers specified the oil density at 15 ◦C, while the
others used 20 ◦C. Many manufacturers did not report exact values for the mentioned
quantities at all.

2. Similarly, the studied oil-cooler was also filled with coolants supplied by different
manufacturers. Those coolants differed from one another by its kinematic viscosity
and density. Some of manufacturers specified the values of these quantities deter-
mined at a temperature of 20 ◦C, but most of them did not provide such values.

3. The test stand allowed for the time estimation of emptying the upper tanks from a
coolant and an engine oil flowing via the oil-cooler studied.

4. The flow model allowed for estimation of flow resistance coefficient α for the coolant
and the engine oil flowing through the oil-cooler.

5. Obtained values of flow resistance coefficient α were affected by the temperature. An
increase in temperature from 20 ◦C to 40 ◦C resulted in a decrease in flow resistance
coefficient α, namely, the 1.43-fold one and the 61-fold one for the coolant and the
engine oil, respectively.
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6. As the engines are using pumps to force the fluids, instead of using gravity, the flow
model needs to be further developed to consider the possibility of forcing oil and
coolant temperature changes.
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