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A B S T R A C T

In this study, flow and convective heat transfer of multiple impingement jets of kerosene are investigated ex-
perimentally and numerically. A test panel with multiple impingement holes is used to perform experimental
study with a heating facility. The overall heat transfer coefficient and pressure loss are measured for a wide
Reynolds number range of impingement jets from 2020 to 14,260. For the present flow parameters range,
Nusselt number of kerosene impingement jet cooling is found to vary with a function of Reynolds number of
Re0.7. The pressure loss coefficient decreases with the increase of Reynolds number with a function of Re-0.48. At
the same time, Reynolds averaged numerical method with SST k-ω turbulence model is applied to simulate flow
field and heat transfer of impingement jet cooling. The calculated heat transfer coefficient and pressure loss are
well consistent with the experimental data. The numerical results clearly show the high-speed jets and strong
vortices near the impingement plate cause high heat transfer efficiency.

1. Introduction

Impinging jet flow has prominent heat transfer efficiency and it has
been broadly applied in many engineering fields for heat exchange or
cooling [1–3]. Its flow and heat transfer properties are related to many
of geometrical parameters including impingement hole size, hole-to-
hole distance and arrays, impingement height as well as flow para-
meters such as inlet flow velocity, temperature and Reynolds number.
Garimella and Rice [4] experimentally studied heat transfer of liquid
FC-77 of single circular impingement jet and heat transfer correlations
were proposed for the averaged Nusselt number as functions of Rey-
nolds number, Prandlt number, impingement height and hole size.
Huber and Viskanta [5] studied effects of hole-to-hole distance on heat
transfer coefficient of air impingement jets, and their experimental re-
sults indicated that there exist strong jets interactions, affecting heat
transfer efficiency. San and Chen [6] experimentally investigated
combined effects of impingement height and jet-to-jet spacing on heat
transfer features of air impinging jet. Sparrow and Lovell [7] experi-
mentally studied the heat transfer properties of oblique impinging jet.
Their results indicated that the location of peak in heat transfer coef-
ficient was offset from the stagnation points of the impingement jets.
Bizzak and Chyu [8] studied the secondary peak of heat transfer coef-
ficient for air impingement jet utilizing laser-induced fluorescence
thermal imaging system. Li and Garimella [9] studied experimentally

heat transfer properties of impingement jet with different coolants in-
cuding gases and liquids, and the effects of Prandtl number on heat
transfer of impinging jet was discussed. Xing et al. [10] performed an
experimental and numerical investigation on heat transfer of air im-
pingement jet. The visualization and measurement of heat transfer
coefficient on the impingement plate is accomplished by transient li-
quid crystals method. Yu [11] studied effect of pin fin configurations on
heat transfer efficiency of air impingement jet flow. Vinze et al. [12]
studied the effect of dimple on heat transfer of air impingement jets.
Their results indicated that structures of pin fin or dimple on the im-
pingement wall can further increase heat transfer ability. It is worthy
noticing that majority of the previous studies concentrated on im-
pingement jet flow of simple liquids such as air or water etc. Research
works on impingement heat transfer of hydrocarbon fuels, for example,
aviation kerosene, are very few. It is known that aviation kerosene has
been used as an effective coolant of active cooling system for aerospace
engine applications [13,14]. Compared to simple liquids, kerosene is a
fuel mixture comprised of many hydrocarbon species and it behaves
complicated changes in transport and thermodynamic properties
[15,16]. To the authors' knowledge, so far, flow and heat transfer
properties of impingement jet with aviation kerosene have not been
well studied yet. Since hydrocarbon fuels are considered as good
coolant candidates for thermal protection of aero-engines, impingement
jet cooling of hydrocarbon fuels is a very efficient way to increase the
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overall cooling effectiveness. Therefore, it is significant to investigate
flow and heat transfer characteristic of aviation kerosene impingement
jets and to examine cooling efficiency of impingement jet flow of ker-
osene.

In the current work, flow and heat transfer features of kerosene
through a multiple impingement holes plate with varied inlet flow
parameters are investigated experimentally and numerically. The
measurements of heat transfer coefficient and pressure loss for different
experimental parameters are obtained and their correlations as func-
tions of Reynolds number and Prandtl number are developed. Kerosene
impingement jet flow at two typical flow conditions are then numeri-
cally simulated and detail results of flow configuration and heat
transfer distribution are presented.

2. Experimental apparatus

A schematic diagram of the experimental facility is illustrated in
Fig. 1. The heating facility is consist of a fuel tank with a gas driven
system, a fuel pre-heater, a test section with a mica heating system and
a collecting system downstream of the test section. Measurements of
pressure, temperature, mass flow rate are provided with a data acqui-
sition system. More detailed description about the facility are given in
our previous works [17,18].

The test panel with impingement holes is heated via mica heater
with DC power supply. During the experiments, the test panel is well
insulated with Alumina-Silicate refractory fiber layer. As shown in
Fig. 2(a), the test panel has a orifice plate with a thickness δj of 3 mm to
generate high-speed jet flow to impinge on the target plate with thermal

loadings. The orifice plate has four jet holes with a diameter d of 1 mm
are evenly distributed on the plate. The hole-to-hole horizontal distance
is 16 mm and the longitudinal distance is 12 mm as indicated in
Fig. 2(b). The distance from the orifice plate to the impingement surface
as called as impingement height H, is 3 mm. The cavity between the
orifice plate and the impingement surface provides a space for devel-
opement and interaction of impingement jet flow. As shown in Fig. 2(a),
kerosene flows into the collecting groove from the inlet, and then goes
through the orifice plate to form high-speed jets under pressure dif-
ferences. The kerosene jets hit the impingement surface and result in
significant convective heat transfer. Finally, the kerosene leaves the test
panel through the outlet pipe. After each experiment, nitrogen is driven
into the test section to clean the system and to prevent coke deposition.

K-type thermocouples are mounted at the inlet and the outlet to
record the increase of kerosene temperature. A differential pressure
transducer with high accuracy is used to measure the pressure differ-
ence of keroene flow between the inlet and the outlet. There are two K-
type thermocouples spot-welded on the outer surface of the target plate
of the test panel to obtain the time change of wall temperatures under
heating and impingement jet cooling. A Coriolis flowmeter is used to
measure mass flow rate and a pressure sensor is utilized to obtain the
fuel pressure at the inlet.

3. Data analysis

Kerosene flow absorbs heat from the impingement surface and its
temperature increases at the outlet of the test panel. Therefore, based
on the energy conservation law, the average wall heat flux qw through

Nomenclature

A Area of the impingement surface
Cp Specific heat
d Diameter of impingement jet holes
h Heat transfer coefficient
H Impingement height
k Turbulent kinetic energy
ṁ Mass flow rate
Nu Nusselt number
Pf Pressure
Pr Prandtl number
qw Wall heat flux

Re Reynolds number
T1 Fuel temperature at the inlet
T2 Fuel temperature at the outlet
Tf Averaged fuel temperature
Tw Wall temperature
U Jet velocity
Greek symbols
δj Thickness of the orifice plate
ΔP Pressure loss
λ Thermal conductivity
μ Dynamic viscosity
ξ Pressure loss coefficient
ρ Density

Fig. 1. Shematic diagram of the experimental setup.
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the impingement surface can be determined by the measured inlet and
outlet temperatures as calculated as follows:

∫=q m
A

C dṪ
w T

T
p

1

2

(1)

where, the upper and lower values of the intergral are fuel temperature
at the outlet and the inlet respectively. Cp is specfic heat of kerosene at
constant pressure, which is in connection with temperature and pres-
sure and it can be caculated by a 10-species surrogate model proposed
in our prior work [16]. ṁ is the kerosene mass flow rate, and A is the
area of the impinement surface.

The average heat transfer coefficient h on the impingement surface
can be caculated by the following equation:

=
−

h
q

T T
w

w f (2)

where, Tf is the average kerosene temperature based on the two fuel
temperatures measured at the inlet and the outlet. Tw is the wall tem-
perature on the impingement surface and it is determined by the
averaged value of the measured wall temperatures with a small tem-
perature difference across the target plate thickness based on one-di-
mesnional heat conduction relation.

The non-dimensional heat transfer coefficient, Nusselt number (Nu)
is calculated by:

=
hd
λ

Nu (3)

where, λ is the thermal conductivity of kerosene, and d is the diameter
of the jet holes.

The pressure loss coefficient is given by:

= =ξ π d
m

ΔP
1/2ρu

2 ρΔP
̇2

2 4

2 (4)

Where ΔP is the measured pressure difference between the inlet and
the outlet. ρ is the density determined by the average kerosene tem-
perature Tf and pressure Pf. u is the jet velocity of kerosene across the
holes determined by the mass coversation equation.

The jet Reynolds number Re is expressed as =Re ρud
μ , where μ is the

viscosity of kerosene.
All the thermophysical parameters of kerosene used in the above

equations are determined with a 10-species surrogate of kerosene as
described in our prior work [16]. The change of thermal properties of
kerosene as a function of temperature at a pressure of 3 MPa are shown
in Fig. 3. As shown in the figure, as temperture increases from 300 K to
600 K, density and thermal conductivity decrease by more than 30%.
Viscoity of kerosene decreases more considerably with one order in
magnitude. At the same time, specific heat rises from 2 kJ/(kg·K) to
3.1 kJ/(kg·K). It is obvious that thermodynamic and transport proper-
ties of fuel change significantly in the temperature range of 300 K and
600 K.

For the present measurement data, the uncertainties are determined
by calibration results of the measurement transducers including dif-
ferential pressure transducer, thermocouple and mass flow meter. The
thermocouples have a measurement error of 2.1 K, the differential
pressure transducer has an error of 0.1% and the uncertainty of mass
flow rate is 0.2%. The uncertainties of heat transfer coefficient h and
pressure loss coefficient ξ are then calculated by the error propagation
formula as described in the literature [19]. The maximum relative

Fig. 2. Schematic diagram of the test section.

Fig. 3. Properties of kerosene at 3 MPa.
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uncertainty of heat transfer coefficient h is 6.5% and the maximum
relative uncertainty for pressure loss coefficient ξ is 4.0%.

4. Results and discussions

For all the test cases, the inlet temperature of kerosene is the room
value and the inlet pressure changes from 2 MPa to 3 MPa. The mass
flow rate is from 5 g/s to 50 g/s and the relevant Reynolds number
increases from about 2020 to 14,260. Since Reynolds number of jets are
larger than 2000, the jet flow is considered to be in the turbulent flow
regime [20,21]. The outer surface of the target plate is heated to a wall
temperature range of 380 K to 500 K determined by the mica heating
facility with a temperature feedback and control system.

Repeatability of the experimental data is examined by conducting
heat transfer experiments at the same flow conditions and heating
power repeatedly. Table 1 presents a typical test with an inlet mass flow
rate of 7 g/s and a pressure of about 3 MPa. As shown in Table 1, the
difference of the pressure loss ΔP and the average heat transfer coeffi-
cient h between two tests on different days are 2.94% and 3.64% re-
spectively and a good repeatbility is confirmed.

4.1. Results for a typical test case

Fig. 4 (a) gives time change of inlet pressure for a typical test case
with a mass flow rate of 25.2 g/s and a Reynolds number of 7440. Fig. 4
(b) shows the time change of temperature difference between the inlet
and the outlet. As shown in Fig. 4, after kerosene flows into the test
section with pneumatic valve opened, the pressure reaches quickly a
pre-set value after a development time of about 3 s, which indicates that
a steady impingement jet flow has been formed. The change of tem-
perature difference across the test panel is found to be slower than the
pressure value due to longer characteristic time of heat transfer than
that of flow. As shown in Fig. 4 (b), after approximately 25 s, the
temperature difference approaches a nearly constant value indicating
an establishment of a steady heat transfer.

4.2. Results of experiments

Fig. 5 gives heat transfer coefficient and pressure loss between the
inlet and the outlet as a fucntion of Reynolds number. As illustrated in
Fig. 5 (a), heat transfer coefficient increases with Reynolds number, and
it changes from 3650 W/(m2·K) to 16,538 W/(m2·K) as Reynolds
number of impingement jets increases from 2020 to 14,260.

Fig. 5 (b) shows that the pressure loss increases with Reynolds
number, and it changes from 6.4 kPa to 159.2 kPa. However, the
maximum pressure loss is merely 7.17% of the inlet pressure value of
2 MPa, indicating a small pressure loss for kerosene impingement jet
flow.

The expeirmntal data of non-dimensional heat transfer coefficient
and pressure loss can be correlated as functions of Reynolds number
and Prandtl number. Fig. 6 (a) gives the results of Nusselt number
obtained by experiments and predicted by the correlation function as
given in Eq. (5) which fits the experimantal data very well.

=Nu 0.045Pr Re0.45 0.7 (5)

As illustrated in the figure, for a Reynolds number range of 2020 to
14,260, the predicted Nusselt number agrees well with the experi-
mental data with a maximum discrepency less than 19%. The correltion
formula of Eq. (5) gives a Reynolds number power of 0.7, which is close
to the power number of 0.716 for impingement jet cooling of water
based on the expeirmental data of Pan et al. [22].

As illustrated in Fig. 6 (b), the non-dimensional pressure loss coef-
ficient ξ as defind by Eq. (4) is plotted. A correlation of non-dimensional
pressure loss coefficient of kerosene impingement jet cooling is given as
follow

= −ξ 88Re 0.48 (6)

As illustrated in Fig. 6 (b), discrepency of the predicted pressure loss
coefficient with the experimental data is less than 14.3% for the present
Reynolds number range of 2020 to 14,260.

One can see that the pressure loss coefficient drops with Reynolds
number overally. As Reynolds number is greater than 10,000, variation
of the presusre loss coefficient becomes very small. This result is con-
sistent with the conclustion obtained by the previous experimental
studies of water and air flow through perforated plate [23,24]. The
nearly constant value of pressure loss coefficient at high Reynolds
numbers essentially has the same flow mechanism as that for discharge
coefficient of flow through orifice plate since the pressure loss across
the impingement jet holes contributes to the main part of the total
pressure loss of the test rig. As discussed in the literature [25], dis-
charge coefficient of water through orifice plate was measured. A si-
milar behavior of discharge coefficient at high Reynolds numbers was
found, which attributes to the effect of orfice plate on velocity profile.

5. Numerical results and discussions

Numerical simulation can provide details of flow and thermal fields
for a better understanding of the experimental results. Reynolds
Average Numerical method with SST k-ω turbulence model [26] is
adopted to solve Navier-Stokes equations for simulating impingement
jet flows. The SST k-ω turbulence model has been proven effective for
simulation of impingement jet flows as used in the literatures [27,28].
The second-order upwind scheme is adopted for convection terms of N-
S equations and the second-order central scheme is used for diffusion
terms. The 10-species surrogate of kerosene [16] is used for calculation
of thermal and transport properties of fuel. The surrogate model has
been proven to be accurate for calculation of thermophysical and
transport properties of kerosene at varied temperatures and pressures as
discussed in our previous works [16].

Fig. 7 shows the computational domain and meshes for the flow
region. The total mesh number is 3 million and stretched meshes are
applied near the impingement surface satisfying that the dimensionless
grid size from the wall, y+ ≤ 1 for accurate calculation of the near-wall
flow properties. A no-slip wall boundary condition and a constant wall
heat flux of 0.7 MW/m2, which are very close to the experimental
conditions, are used on the impingement surface. The other wall
boundary conditions are no-slip and adiabatic. Two cases with different
mass flow rate of 25 and 45 g/s are simulated.

For the purpose of validation of the present numerical method and
mesh, the calculated heat transfer coefficient and pressure loss are re-
ported in comparison with the experimental data. As illustrated in
Table 2, the maximum difference of heat transfer coefficient is 10.2%,
meanwhile the maximum difference of pressure loss is 11.1%. One can
conclude that the numerical results are well consistent with the ex-
perimental results, and the accuracy of the adopted numerical method
are validated.

Fig. 8-10 show numerical results of impingement jet flow for a
kerosene mass flow rate of 25 g/s. Distribution of heat transfer coeffi-
cient on the impingement surface is shown in Fig. 8. Four kerosene jets
impinge on the target plate and high values of heat transfer coefficient
are observed around the stagnation point of the jets. As shown in Fig. 8,
heat transfer coefficient presents a volcano-shaped distribution with

Table 1
Reliability of the experimental data.

ṁ
g/s

Tf
K

P
MPa

ΔP
kPa

h
W/(m2·K)

Test1 7.0 319.6 2.9 6.7 5437.8
Test2 7.2 319.1 2.8 6.9 5243.3
Deviation 2.82% 0.16% 3.51% 2.94% 3.64%
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maximum value located slightly away from the stagantion point of each
jet. The shifting of the location of heat transfer peak may attribute to
that the local boudary layer has a minimum thickness at the peak lo-
cation as discussed in the literatures [29,30].

Contours of velocity and turbulent kinetic energy k in transversal
and longitudinal sections across the impingement holes are presented in
Fig. 9 (a) to (d). Fig. 9 (a) and (b) present the velocity results, high
speed jets are generated through the orifice plate and they impinge on
the impingement surface. Thin shear layers are formed from the stag-
nation point of jets due to the high speed jets. The velocity shear layer
would enhance flow dynamics and generate significant vortices as de-
scribed in a later figure. As shown in Fig. 9 (c) and (d), large values of
turbulent kinetic energy are found in the thin shear layer region, which
is resulted from the impingement jets. The increase in turbulent kinetic
energy is one of the major reasons for the enhanced heat transfer effi-
ciency of impingement jet as discussed by Wan et al. for a study of air
impingement jets [31].

Fig. 10 gives streamlines and iso-surfaces of Q quantities of the flow
field. The Q-criterion proposed by Hunt et al. [32] has been widely used
to indicate vortices of flow field. The Q value is defined as follows.

= −Q Ω S1
2

(‖ ‖ ‖ ‖ )2 2
(7)

Where ‖Ω‖2 is the rotation rate and ‖S‖2 is the strain rate, which are

defined as ‖Ω‖2 = [tr(ΩΩt)]1/2 and ‖S‖2 = [tr(SSt)]1/2 respectively.
The positive Q iso-surfaces mean the areas where the strength of rota-
tion exceeds the strain, indicating the location of strong vortices.

As shown in the Fig. 10, jet flow interacts with wall boundary layer
and other jets, and counter-rotating vortices are came into being in the
impinging zone. The three-dimensional vortex structures entrain fluid
close to the wall into the main flow, which intensifies flow mixing and
raises heat transfer efficiency significantly.

Fig. 11 (a) and (b) give distribution of heat transfer coefficient and
iso-surfaces of Q quantities at a higher mass flow rate of 45 g/s. As
shown in the figures, the flow field and heat transfer distribution at a
higher mass flow rate are quite similar to those at a lower mass flow
rate of 25 g/s except that the maximum heat transfer coefficient in-
creases from 41,980 W/(m2·K) to 53,480 W/(m2·K) near the stagantion
points due to more intensive vortices.

6. Conclusions

In the current work, flow and heat transfer characteristics of im-
pingement jets of kerosene at varied inlet flow conditions are studied
experimentally and numerically. A few conclusions can be drawn from
the present study.

1) The impingement jet flow of kerosene has a significant heat
transfer augment. Meanwhile, the pressure loss of the impingement jet

Fig. 4. Time variations of flow parameters of kerosene.

Fig. 5. Results of heat transfer and flow.
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cooling structure is relatively low, accounting for less than 7.17% of the
inlet fuel pressure.

2) With the increase of Reynolds number of impingement jet, the
non-dimensional heat transfer coefficient, Nusselt number increases as
a function of Nu = 0.045Pr0.45Re0.7 for the present impingement jet
cooling configuration. The non-dimensional pressure loss coefficient
decreases approximately with Reynolds number in a relation of
ξ = 88Re-0.48.

3) The present numerical results are proven accurate with com-
parisons to the experimental results. It is found that distribution of heat
transfer coefficient on the impingement surface presents a volcano-
shape with a maximum located around and slightly away the stagnation

point of jets. The enhancement of heat transfer coefficient is related to
the strong vortices generated by the impingement jets and the increase
in turbulent kinetic energy in the boundary layer close to the im-
pingement surface.
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