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An experimental study is carried out for the quenching of a stainless steel plate
using a single oil jet impinging on the bottom surface of the plate. The objective
of this study is to investigate the effect of the oil jet flow operating conditions on
the heat transfer effectiveness when the plate is heated to temperatures ranging
from around 115 to 630 °C, and the oil is heated to temperatures ranging from
60 to 75 °C. Tests are conducted on the oil at various temperatures to determine
its viscosity. Experiments are conducted for nozzle exit flow rates ranging from
113 to 381 ml/min., oil jet pressures from 3.1 to 12 psi, and nozzle-to-plate sur-
face distances of 0.6 and 1 cm. The variation of the oil heat flux and heat transfer
coefficient with the surface temperature for the different quenching parameters is
calculated from the acquired temperature data. Tests results show the oil heat
transfer effectiveness keeps increasing for increasing plate temperature. Oil jet
pressure is shown to have a considerable effect on the oil heat transfer, while the
nozzle-to-plate surface distance is shown to have a lesser effect. The results of
this study shall lead to a better understanding of the parameters that play an im-
portant role in oil quenching for applications that are of interest to the metal
process industry.
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Introduction

Quenching of steel material has been the subject of investigations and experience
with different cooling systems for many years. Cooling by forced air has very low heat
transfer effectiveness. At room temperature, forced air convection has a maximum heat flux
ranging from 0.02 to 0.03 kW/m?®. Water has much superior thermo-physical properties.
Quenching by water bath (pool boiling) can provide heat fluxes that range from 20 to 1,500
kW/m? [1]. Water jets provide much higher cooling rate (~6,000 kW/m?) [2-4]. Multi-phase
cooling using air-assisted water sprays can generate cooling heat fluxes between 1000 to
10,000 kW/m? at atmospheric pressure conditions depending on the liquid mass flux [5, 6].
Oil has lower thermo-physical properties than that of water, and as a quenchant it is expected
to provide heat fluxes lower than that for water pool boiling. However, little is known in the
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open literature about the quenching process of a steel plate bottom surface when oil is used as
a quenchant.

Quenching of steel material by water jets or sprays is corrosive to the ferrite material
because of the oxidation layer that quickly builds up on the steel surface. Therefore, water has
detrimental effect on the steel surface quality. Quenching by oil has been commercially used
in industrial applications where surface quality is of concern and achieving high cooling rates
is not an issue. Several investigators have studied the heat transfer associated with immersion
in an oil bath. Chen et al. [7] conducted tests on oil quenching of machined connecting rods
for high-power diesel engine. Oil was shown to have lower cooling power compared to other
guenchants such as water and aqueous polymers. Abou-Ziyan [8] investigated the pool
boiling heat transfer from high temperature parts in internal combustion engines. Oil was
heated at atmospheric pressure to temperatures ranging from 40 to 175 °C, and the cast iron
test specimen was heated to 200 °C above the oil saturation temperature. Lower oil
temperatures resulted in higher heat transfer capability. Prabhu et al. [9], and Fernandes et al.
[10], conducted pool quenching experiments on AlSI 304 stainless steel and AISI 1040 steel
specimens immersed in palm oil and mineral oil baths. Palm oil was shown to have slightly
higher cooling power than mineral oil in still pool. Agitation of the pool was shown to
improve the heat transfer capability. De Paepe et al. [11] investigated the performance of oil
cooling by atomization in an oil injected screw compressor. Their experiments showed that
reducing the oil droplet size considerably enhanced the heat transfer. Ma et al. [12]
investigated the local convective heat transfer from a vertical heated surface to an obliquely
impinging free-surface jet of transformer oil. The heat transfer coefficient was found to
decrease with the increase in jet inclination. Akbarpour [13] conducted mechanical property
tests on triple phase steel plates where oil was used to pool quench the steel from 400 °C to
room temperature after the plates were annealed at 780 °C and held isothermally for several
minutes at 400 °C. Tensile tests showed the yield and ultimate tensile strength decreased with
increasing temperature. Zhukauskas et al. [14] conducted experiments on the quenching of 50
mm and 100 mm wide plates immersed in a rectangular channels 100 x 50 mm and 100 x 200
mm in cross-section, respectively. Turbulent flow conditions were created and varieties of
fluids were used including transformer oil.

Although there have been some studies published on oil quenching, most of these
studies have been performed on the immersion of test specimens in an oil bath (pool boiling).
Very limited studies have been conducted on oil using jets impinging downward on a surface.
Furthermore, there is also lack of studies conducted on upward jet impingement using oil.

Stagnation Several factors will influence the cooling

point effectiveness of an oil jet that is impinging

upward on a heated surface. Some of these

factors include: oil pressure and flow rate,

nozzle-to-plate distance, and plate temper-
ature.

Figure 1 represents the condition for a
planar, free-surface oil jet impinging on
the bottom surface of a plate. The flow
velocity is zero at the stagnation point but
increases to the jet surface velocity with
the increasing distance along the surface.
Figure 1. Schematic of the oil jet configuration On the other hand, the pressure is a maxi-
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mum at the stagnation point due to the dynamic contribution of the impinging flow, but
decreases to the ambient pressure with the increasing distance along the surface.

For an upward jet impingement, the velocity of the free-surface jet varies between
the nozzle exit velocity, V,, and the jet surface velocity, V.. Gravity decelerates the free-
surface jet velocity with the increase in the vertical distance according to the following

relationship:
1
V, = Aan -29z (1)

Oil jets having low incoming momentum result in poor cooling because the oil film
can not spread effectively on the surface. The more the oil film spreads during impaction, the
higher will be the cooling effectiveness. For a downward-facing surface, oil flooding on the
surface is not an issue to be concerned with, and this acts favorably on the heat transfer.
However, for the same flow operating conditions as that for a top surface, the jet impactions
on a downward-facing surface is weaker than that on an upward facing surface due to the
effect of gravitational and drag forces acting on the jet. Therefore, a higher oil jet pressure (or
higher oil mass flow flux) is needed to increase the impaction force on the bottom surface.

Experimental set-up

Figure 2 shows the overall experi- Heated samless
mental system set-up. The oil used in the l
conducted tests is SAE 5W-30 synthetic Prossure PO (L i

gauge meter

oil having a flash point temperature 39— Nozzle manitold
higher than that of non-synthetic oil. A @ Computer
digital gear-pump by Fisher Scientific ook |

Inc. increases the oil pressure to a level \ — pata acaustien
necessary for jet injection. The gear pump % | Electric Stainless piate
provides a continuous oil flow rate that | I

ranges from about 113 to 381 ml/min. for Water bath Electric plate heater

the current experimental setup. Oil is

heated to a temperature ranging from 60 Figure 2. Overall experimental system set-up

to 75 °C before it is pumped. This temper-

ature range sufficiently lowers the oil viscosity to ensure smooth and continuous flow for the
oil jet exiting the nozzle. The heating of the oil is achieved by placing the oil reservoir into a
hot water bath. The water temperature is controlled by two electric resisters and the oil
temperature is closely monitored. An oil chamber is built to retain the oil after it makes
impact with the plate, fig. 3(a). Drainage from the base of the oil chamber directs the flow
back to the oil reservoir. A flow rate and a pressure gauge are installed on the PVC tube
leading to the nozzle manifold. The nozzle manifold system is custom made using stainless
steel material, and has an exit orifice diameter of 1 mm.

The test section consists of a square stainless steel plate with a side dimension of 7
cm, and a thickness of 4.2 mm. Fifteen holes (2 mm in diameter, and 2 mm deep) are drilled
from the top side of the plate. Figure 3(a) shows a close-up view of the location of the drilled
holes along the plate. Nine thermocouples of type K are imbedded inside the drilled holes to
record the temperature variation during the quenching of the plate. A plate heater from Omega
Engineering is used to heat the plate to temperature ranging from 115 to 630 °C. Once the
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plate reaches the desired
temperature, it is removed and
positioned on a holding rack

by above the nozzle manifold —

G Ol refer to fig. 3(b), that has a

e o o nozzle exit of 1 mm in diame-

- e 9 ter. In this study, the
dimensions of the steel plate

— are selected to be large com-

pared to the oil jet diameter.
This is because the objective of
Figure 3(a). Oil jet chamber ~ Figure 3(b). Stainless steel plate this research is to study the
heat transfer for a mild oil
guenching process. An additional thermocouple is cemented on the cartridge heater surface to
control the temperature setting of the heater. Two more thermocouples are also used to record
the ambient and oil temperatures. All thermocouple wires are connected to a data acquisition
device (Omega OMB-CHARTSCAN-1400), which in turn is connected to a portable
computer that records the temperature data on the hard disk drive at a rate of 1 data point per
second. To reduce any signal noise during sampling, the data acquisition device was set to
average every 32 measurements per line cycle per channel. In the tests conducted during this
study, the quenching of the steel plate by oil did not produce very rapid initial heat transfer.
This is because the oil flow rate that was selected in the tests was relatively low. In addition,
oil does not have a high cooling power compared to other fluids such as water. Therefore, the
data recording rate and the data averaging technique that was adopted was deemed
appropriate for the conducted tests. Table 1 shows the uncertainties in the experimental data.

Table 1. Uncertainties in experimental data

Variables Uncertainty Results and discussion

Measured variables
— Temperatures (K-type thermocouples) | £1.1 °C

Oil viscosity tests

—0i 0,

_8:: Efvsvs l:;fe ii(;z Rheology tests were conducted on
_ Dimensions +0.05 mm the synthetic oil using a digital
~ Properties Negligible Brookfield viscometer (Model No.
Calculated variables LVDV-11+Pro) to determine the con-
— Oil heat transfer coefficient +11% stitutive equations of the fluid at

various operating temperatures: 23.5
(room temperature), 50.1, and 67.0 °C. Brookfield viscometer measures the torque required to
rotate a spindle of known dimensions while being immersed in the test fluid. In this study,
LV-1 type of spindle is used. (This is a cylindrical spindle with the following dimensions:
spindle length: 6.51 cm, and spindle diameter: 1.884 cm). The maximum spring torque
provided by the motor is 67.3:10° Nm.

The constitutive equation for a non-Newtonian fluid can be represented by the
power law or Ostwald-de-Wale equation given by:

r=Ky" )
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where K is a consistency coefficient and n is the power law index of the flow. n can be
experimentally calculated from the slope of the double logarithmic plot for the motor torque
vs. spindle angular velocity [15]:

e dinT,,
dinw 3)
Figure 4 shows the viscometer 5.0 SAE 5W-30 synthetic oil
motor torque vs. the spindle angular o7 205G InT,, = 0.99 Inm\+ 2840 InT,, = 0.99 Ine + 1.88

velocity. The calculated power law 254.0— ®T-50.1°C
index is shown to range from 0.99to -~ *7=%¥°
1.04 for the three oil temperatures 3.0
that are tested. Since n is close to 1,
this suggests that the synthetic oil is 20
behaving like a Newtonian fluid at

i
InT,, = 1.04 Ine: +1.00

all temperatures. 109
In a Brookfield viscometer, the
spindle is driven by a motor through %20 o5 00 05 10 15 20 25
a calibrated spring. The shear stress In o
at the spindle is proportional to the Figure 4. Motor torque vs. angular velocity (full synthetic
motor torque and is calculated as: motor oil)
Tm
T 2nRIL “)

The shear rate for this Newtonian fluid can be evaluated at the spindle wall and is shown to be
proportional to the spindle angular velocity:
; 20R¢ -
=52 p? 5
Rc - Rs
The radius for the oil container, R;, is 4.175 cm. Because the tested oil behaves in a
Newtonian fashion, its constitutive equation can then simply be expressed by:

T =py (6)

where g is the oil dynamic viscosity.

The effect of temperature on the SAE 5W-30 synthetic ol

o
-
o=}

oil’s dynamic viscosity is very T or6l © Room temp. oil: T=23.5 °C
. . E V1P r=0.01505 ® Heated oil: T=50.1°C
strong (as shown in fig. 5). The dy- N Rl 4 Hoated ol T— 67°C
namic viscosity is calculated from g F 00057
. . ¢ 01z PR
the slope of the linear curve relating g F
the shear stress to shear rate. The § 10
viscosity is shown to drop consi- @ 0.08¢
derably from 0.015 Ns/m? at 23.5 °C 0.06
t0 0.0027 Ns/m” at 67 °C, a decrease 004" 1
of more than 80% in viscosity for a 002] P 00087
temperature increase of 43.5 °C. For . ‘ ‘ .
this temperature range, a correlation 0 5 10 15 20 25
- - - . -1,
between the viscosity and operating Shear rate, j [s”]

temperature can then be obtained: Figure 5. Shear stress vs. shear rate for oil
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1=396-10°T2? —-6.41.10*T +2.79-10°° (7)

Heat transfer test measurements

As mentioned earlier, there are several factors that influence the heat transfer
effectiveness during oil quenching. These include oil temperature, oil pressure, target surface
temperature, and nozzle-to-surface distance. Simulation results will be presented to portray
the sensitivity effect of these parameters. Table 2 shows the conducted test cases.

Table 2. Test cases operating conditions

e | TLe0) | Ta[°C] | Tur[°C] | Pautpsi) | Qoo | ot eance
1 115 64.8 27.8 3.2 117 1
2 144 58.8 23.4 3.2 117 1
3 202 58.7 249 3.3 121 1
4 284 58.5 24.8 3.1 113 1
5 417 65.0 28.0 3.4 125 1
6 535 75.2 27.2 34 125 1
7 615 65.0 28.5 3.1 113 1
8 124 61.5 27.0 5.8 210 1
9 238 63.5 27.9 5.6 205 1
10 314 66.3 28.3 5.6 205 1
11 431 67.5 28.5 6.0 218 1
12 522 60.6 28.3 6.3 226 1
13 628 62.2 29.8 6.1 222 1
14 136 68.8 28.0 6.1 222 0.6
15 227 66.5 28.0 6.0 218 0.6
16 338 68.0 28.2 6.5 235 0.6
17 454 69.4 28.8 6.7 241 0.6
18 539 67.6 28.0 6.5 235 0.6
19 630 69.2 27.7 6.7 241 0.6
20 535 66.7 27.2 9.0 309 1
21 559 66.4 27.0 12.0 381 1

Figure 6 shows characteristic curve for the oil flow in the system. The figure shows
a parabolic relationship between the oil flow rate and pressure when oil is operating at an
average temperature of 66.5 °C. Qil flow rate is strongly dependent on temperature, and is
inversely proportional to viscosity. The higher the oil temperature, the lower is its viscosity
and therefore the higher is the flow rate. In all test cases, the stainless steel plate is heated to a
temperature ranging from 115 to around 630 °C. Thermocouples of type K are imbedded into
nine of the fifteen drilled holes around the center of the plate. The temperature time history of
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the thermocouples is recorded using a — 400

digital data acquisition system (Omega IE SAE 5W-30 synthetic oil

Chartscan-1400). At the beginning of g 300 Oltemperature:

each test case, the plate is placed on an o B

electric plate heater (Omega Model No. & 200/ Q@=-1.025F* + 45,65 P — 18.86
WS-605), and after the desired steady- 2

-state temperature is reached, the plate is = 100

then transported to be repositioned on a

rack in the oil chamber just above the 0 Joii

nozzle manifold. The oil pump is then
turned ON while the data acquisition sys-
tem records the temperature on the hard
disk drive of a portable computer. Figures

Qil pressure, P [psi]

Figure 6. Qil flow rate vs. operating pressure

7 through 9 show the temperature time history of the plate (based on the area-weighted
average of the 9 thermocouple readings) for cases 1 through 7 (P, ~3 psi, z =1 cm), cases 8
through 13 (P,j ~6 psi, z = 1 cm), and cases 14 through 19 (P, ~6 psi, z = 0.6 cm).

SAE 5W-30 synthetic oil

SAE 5W-30 synthetic oil

- - - 700 ¢ . .
700 - Test A operating conditions: P, = 3.1-3.5 psi — [ Tests B operating conditions:
T goo | ar=23:4285°C Q, =11281284 mimin. £ goo 1 Tar=27-29.8°C
= 2 —_ | 5 o
» Tai=58.5-75.2°C Plate distance = 1 cm o | Ta=60.6-67.5°C
2 5001 2 5g0 4 Poi=556.5psi _
g b 5 1 Qg = 201.2-234.6 ml/min.
[ o o It =
g 400 — Case1: T Initial= 115°C £ 400 || Plate distance = 1 cm ~
2z A Case 2. T Initial = 144 °C 2 — Case 8: T_Initial = 124 °C
S 200+ —— Case 3: T_lInitial = 202 °C 2 300 4 Case 9: T Initial = 238 °C
H ~— Case 4: T Initial = 284 °C & | — Case 10: T_Initial = 314 °C
o ] 7 Case 5: T Initial = 41?:C 2 200 1 — Case 11: T Initial = 431 °C
a 207 Cased: T inital - 935 ¢ a 200 Case 12. T Initial = 522 °C
: —nial= ' Case 13 T Initial = 628 °C
100 | 100
F ] =
0 ' ! " ’ , Q e s S A —
0 300 600 900 1200 1500 0 300 600 900 1200 1500
Time [s] Time [s]

Figure 7. Temperature time history for cases 1
through 7 (P ~ 3 psi, z=1 cm)

Figure 8. Temperature time history for cases 8
through 13 (P ~ 6 psi,z=1cm)

The .thlckness of the plate was chosz_an 7007 <€ 5W-30 synthetic o
to be thin enough so that lumped capacit- © .
.y - . 2. 600 Test C operating conditions:
ance method to be valid in the evaluation ¢ T,=27.7-288°C
g o El T,=66.5-69.4 °C
of the oil heat transfer coefficient, and the € 500 7 -60-67psi ,
. R R 2 A Q,=218.1-241.0 ml/min
inverse conduction method is not neces- £ 4 | Pite distance =06 cm
sary. Since oil in general has a low heat o — Case 14: T Initial = 136 °C
transfer coefficient (much lower than that ~ § ** o - §g§g ig ﬁg;ﬁ:gi:% §
1 1 1 3] — ase . niial = -
of water) the Biot number associated with g 200 Gase 18 TIntial - 539 °C
oil quenching is less than 0.1 for the cases 100 Case 19: T_Initial = 630 °C
considered. Therefore, the heat transfer g =
coefficient can be calculated from: % 30 o0 %00 1500 1500
Time [s]

mC%—I=hA5(T—Tw) (8)

Figure 9. Temperature time history for cases 14
through 19 (P ~ 6 psi, z=0.6 cm)



Issa, R. J.: Heat Transfer Performance of an Oil Jet Impinging on a...

404 THERMAL SCIENCE, Year 2011, Vol. 15, No. 2, pp. 397-408

The Biot number is defined as:
hL,
k

Bi=

9)
S

where L. is the characteristic length defined as the plate thickness, L. In the experimental
setup, the plate bottom surface is exposed to oil, while the top surface (where thermocouples
are installed) is covered by a layer of cement to secure the thermocouples in place. This
cement layer acts as insulation on the top surface.

300 - SAE 5W-30 synthetic oil

Radiation heat transfer at

low temperatures (~100 °C)
Te om0 | T e aa s g ondtions: A corresponds to about 5% of the
3 T = 585.75.2°C pd total heat transfer, but this
& pog | Par=31-35pd . ® Tests A oil prfssure = 3.1-3.5 ps increases to about 19% for
po Qi = 1128423.4 mifmin. ATestsBr;ﬁ-ﬁressufe=5‘5*6-5w temperatures around 630 °C.

iy ate distance =1 cm —Tests A — t it - - - g
£ 150 | Tests B operating conditons: ___TZitsjBf_tf:st it Staln_less steel material oxidizes
o Toi = 27-29.8°C / at high temperatures, and the
,00_;@‘22@:;;;0 o plate emissivity is approx-
Quy = 201 2208 6 milmin, A imated to be 0.8. The oil heat
50 - Plate distance = 1cm transfer cofficient is calculated
by subtracting the effective
0 ‘ ; : : ‘ - radiation heat transfer, h,, from
0 100 200 300 400 500 600 700 tha total heat transfer coeffi-

Plate temperature [°C] cient ht

Figure 10. Oil heat flux vs. plate temperature for various

operating pressures (z =1 cm)

600+ SAE 5W-30 synthetic oil
T, =23.4-285°C

T, =585-7562°C

P, =3.1-3.5 psi

Q= 112.8-128.4 ml/min.

500

Qy = 201.2-234.6 mi/min.

200

A~

100+

Oil heat transfer coefficient [Wm=2K]

Plate distance =1 cm g ’

Tests A operating conditions:

® Tests A: oil pressure = 3.1-3.5 psi,
plate dist. = 1 cm

A Tests B: oil pressure = 5.5-6.5 psi,
plate dist. = 1 cm A

-
— Tests A —best fit e -

0 100 200

300

500 600 700
Plate temperture [°C]

400

Figure 11. Oil heat transfer coefficient vs. plate temperature
for various operating pressures (z=1 cm)

Figures 10 and 11 show the
calculated oil heat flux and heat
transfer coefficient for various
operating pressures and surface
temperatures. The results are
presented for the configuration
where the oil jet distance is 1 cm.
The results show the oil heat

| Plate distance =1 cm -~ Tests B - best fit” flux keeps increasing for
400 Test B operating conditions: A7 . .

Ty =27-298°C » increasing plate temperature.

300 ;f,‘.::g?é-ﬁéés?;iic ’ The figure also shows the oil

heat flux and heat transfer
coefficient to be strongly de-
pendent on the jet pressure.
The increase in the operating
pressure from about 3 to 6 psi
results in an increase in heat
flux and heat transfer coeffi-
cient by a factor close to 2.5 at
high temperatures. Figures 12
and 13 show the effect of the
oil jet distance on both the heat

flux and heat transfer coefficient. Two jet distances are considered: 1 and 0.6 cm, where the
operating oil pressure ranges from 5.5 to 6.7 psi. For both distances, the oil jet is able to
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reach the tal’get surface. As the 3007 & Tests B: oil pressure = 5.5-6.5 psi, plate dist. = 1 cm
diStance decreases from 1 tO 0 6 — L] 1es:sgzogpr:a$tsure=6.0-5‘? psi, p\atedist‘zo.scm.
. by === Tests C — best fi

cm, the oil heat flux and heat £ 250 T Tests B-best
transfer coefficient increases by i~ SAE 530 svrthetc i

- 3 - synthetic o1
about 20% at high temperatures. T 2007 e n ’: S

- ests operating conditions:
The effect of oil pressure on the £ |7~ gﬂ-ﬁp%gggi
heat transfer is much stronger O 150 2 ¢ 526 5 psi

than the effect of oil jet distance. Qo = 201 2 2346 mi/min.

Plate distance = 1 cm

The increase in oil pressure 1007 Tests G operating conditons:

results in the jet having an o0 Ryt

impaction force (or jet mo- 6 515.1.241.0 mimin.

mentum)  higher  than the 0 . . . _Plate distance = 0.60m

impaction force resulting from the 0 100 200 300 400 500 600 700

decrease in surface distance. The Plate temperature [*C]

higher the impaction force (or jet Figure 12. Effect of oil jet distance on heat flux

momentum), the more the oil will ~ (Z=1cmvs.0.6cm)

spread at the surface during

impaction, and the higher will be 8007 116 & operating conditons:

the heat transfer. Figure 14 shows T |woaeesc, e

the effect of pressure on the heat % 5001F,=5565psi P

transfer coefficient for the jet = |fiasancectom

distance of 1 cm. As the pressure § 4001 Tests 0 operating condiions: ,

increases from 3 to 12 psi, the oil £ |T,-665694°C

heat transfer coefficient increases 8 3007 ¢ 2 5151 241 0 mimin

from 141 to 679 W/m’K, an B |Peedsene-oeen -

increase of 480% corresponding to £ %% o SAE 5W-30 syntheti of

a quadruple increase in pressure. 2 00, o Tosts B ofl prossure - 5565 psi, plate dist = 1 om
Figul’e 15 ShOWS a Summary Of e} @ Tests C: oil preslsure:ﬁﬂ—s‘? psi: plate dist. = 0.6 cm

results compiled from the various . L RETeemm . _ |

tests. The figure shows the effect 0 100 200 300 400 500 600 700

of Reynolds number on the heat Flate temperature [C]

transfer coefficient while allow- Figure 13. Effect of oil jet distance on heat transfer

ing the temperature to slightly ~ coefficient (z=1cmyvs. 0.6 cm)

vary within a narrow range. Four separate groups based on narrow temperature ranges are
shown. The oil heat transfer coefficient is presented as function of the oil jet Reynolds
number defined as:

— poiIVn D
Hoil

Rep (10)

where D is the diameter of the nozzle exit (~1 mm). The oil heat transfer coefficient sub-
stantially increases with the increase in surface temperature and the flow Reynolds number.
The effect from Reynolds number on heat transfer is due to the fact that the higher the
Reynolds number, the higher will be the jet momentum and the more the oil film will spread
at the surface during impaction leading to a larger oil surface to metal surface contact area. If
the oil heat transfer coefficient is plotted against a non-dimensional parameter defined to be a
function of jet flow Reynolds number (Rep) and normalized temperature (Ts — T,.,)/T., then a
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800

1000 1
I;?OO :; SAE 5W-30 synthetic oil
E £ 800
2600  SAE 5W-30 synthetic oil = © T, =507-606 °C
= = x T, =423-451°C
500 <g00f  + 7,=272-336°C
9o E= T,=81-128 °C
Emm 2 als
B 300 B 400
e T, =27-285°C =
S200 Toy = 60.6-66.7 °C £
3 * Q= 112.8-381.3 mi/min, § 200 R
£100 Plate distance = 1 cm E % /
5 5 B
0 - - t - !
0 2 4 6 8 8,? p,essu',i [osil 1 0 500 1000 1500 2000 g 2500
Figure 14. Effect of oil pressure on heat transfer Figure 15. Oil heat transfer coefficient vs.
coefficient (z=1 cm) Reynolds number
 1000- clear relationship can be seen to exist
¥ SAE 5W-30 synthetic o between the oil heat transfer coefficient
£ a0 0 and the temperature-weighted Reynolds
= © 7, =507-606 °C number as shown in fig. 16.
= X T,=423-451°C .. R
£ 00| + T,=272:336°C An empirical correlation can be
e 4 T, =81128°C obtained for the oil heat transfer
8 400 coefficient vs. the jet Reynolds number,
8 hyy = 0.8016 Rey (T, — T.)/T the surface and film temperature:
c
% 200
2 T, -T.
= h,; =0.8016 Rep, — 11
O 0 T
0 200 400 600 800 1000 00
Reg (T, = T./T. . . .
where T, is considered to be the ambient
Figure 16. Oil heat transfer coefficient vs. average temperature (average tempera-
Rep(Ts— To)/ T ture between the oil and ambient air).
Conclusions

Experimental studies are conducted for the oil quenching of a downward-facing
stainless steel plate using a single oil jet. The plate is heated to temperatures ranging from 115
to 630 °C. Several tests are performed to investigate the effect of the plate surface
temperature, oil pressure and flow rate, and nozzle-to-plate distance on the heat transfer
coefficient. Test results show the heat transfer coefficient (and heat flux) to substantially
increase with the increase in the oil operating pressure (or flow rate). This is because as the
pressure or flow rate increases, the jet momentum also increases, and therefore, overcoming
the effect of the gravitational and drag forces. As a result, the oil film spreads more during
impaction to enhance the cooling effectiveness on the surface.

Test results also show that the oil heat transfer coefficient and heat flux keep
increasing for increasing plate temperature. Comparing the boiling curves for oil to water, the
boiling curve for oil shifts to a higher temperature range where the peak in the heat transfer
can be expected to occur at a temperature much higher than that required for water. Also,
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nozzle-to-plate distance has an effect on the heat transfer. However, the effect from increasing

the oil pressure on the heat transfer is much stronger than the effect of reducing the nozzle-to-
-plate distance.

The oil heat transfer coefficient is shown to be a function of the oil jet Reynolds

number, and the ambient (oil and air) average temperature. A strong relationship is shown to
exist between the oil heat transfer coefficient and the temperature-weighted Reynolds number.

Nomenclature
A — plate surface area, [m?] hoi  — oil heat transfer coefficient, [Wm2K™]
Bi — Biot number, [-] h; — total heat transfer coefficient,
c — stainless steel specific heat constant, [Wm2K™]
[Ikg K™ K — consistency coefficient
D — oil jet nozzle exit diameter, [m] ks — thermal conductivity of stainless steel,
g — gravitational acceleration, [ms™] [WmK™
L — spindle length, [m] t — time [s]
L. — plate characteristic length, [m] Vi, — oil velocity at the nozzle exit, [ms™]
m — stainless steel plate mass, [kg] \'A — oil jet surface velocity, [ms™]
n — power law index z — nozzle-to-plate distance, [m]
R. — container radius, [m] Greek symbols
Rep  — Reynolds number for oil jet with Y
diameter D v — shear rate, [s7]
Rs — spindle radius, [m] U — dynamic viscosity, [Nsm?]
T — temperature, [°C] Hoil — oil dynamic viscosity, [Nsm™]
Tm  — motor torque, [Nm] ool — oil density, [kgm™]
Ts — plate surface temperature, [°C] T — oil shear stress, [Nm™]
Te — ambient average temperature, [°C] 1) — spindle angular velocity, [rad-s™]
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