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Characteristics of flow and heat transfer of kerosene impingement jets were studied numerically. The coupled effect of heat
transfer of fluid and structure was investigated. Numerical simulation of fluid flow shows that compared to convective heat
transfer of kerosene flow in cooling channels, impingement jet cooling significantly enhances heat transfer ability. At the same
time, the pressure loss is below one atmospheric pressure. Both stress and strain of high temperature nickle-based alloy structure
were analyzed with typical thermal loading and impingement cooling effect. The numerical results show that temperature
distribution in the hot surface of the solid structure is relatively uniform and far below the maximum allowable temperature of the
alloy material. The strength analysis shows that both stress and strain of the solid structure meet the material requirements.
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1 Introduction

Impingement jet cooling technique is an effective cooling
method with high heat transfer coefficient, and it has been
widely used in many engineering applications including
cooling for gas turbine combustors, electronic components
and metal processing [1–3]. The coolant flow forms high-
speed jets and strong vortex structures through multiple jet
holes, and conducts efficient heat transfer for the impacted
wall plate. This cooling method is especially suitable for
cooling of local region with very high wall heat flux.
Literatures of properties of impingement heat transfer of

simple fluids such as air, water are very extensive. Kiper [4]
carried out an experimental study of performance of water
impingement jet cooling. Aldabbagh et al. [5] numerically
studied flow field of air impingement jets and distribution of
heat transfer coefficient. Katti et al. [6] studied the re-

lationship between the secondary peak phenomenon of heat
transfer coefficient and Reynolds number of impingement
jet. Hollworth et al. [7], Behbahani et al. [8] studied influ-
ences of structural parameters on heat transfer of air im-
pingement jet with constant flow rate. Qin et al. [9], Fabbri et
al. [10] studied heat transfer properties of liquid jet such as
deionized water and FC40. However, to the author’s
knowledge, studies about impinging jet cooling of compli-
cated fluid such as hydrocarbon fuels are very few. It is
known that hydrocarbon fuels can be used as coolant for
active thermal protection of engine systems [11,12]. Hy-
drocarbon fuels, such as aviation kerosene, have complex
thermal properties and multi-state changes (liquid, super-
critical and gaseous state) and their thermodynamic and
transport parameters present dramatic variations near the
critical point [13,14]. Thus, cooling performance of im-
pinging jets of hydrocarbon fuel is much more complicated
than that of air or water. It is imperative to study flow and
heat transfer characteristics of kerosene impingement jet
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cooling.
At the same time, thermal protection not only requires high

heat transfer ability to keep the structure temperature within
the allowable working temperature range of solid material,
but also needs thermal stress and strain of the cooled struc-
ture to meet the strength requirement. Large thermal stress
could cause structural failure and large strain could reduce
the service life of the material. Therefore, for a complete
study of impingement jet cooling effect, both heat transfer
performance and structural strength need to be investigated.
In this paper, flow and heat transfer of impingement jet
cooling of aviation kerosene are studied numerically, and the
flow-solid coupled heat transfer properties is studied and the
strength performance of the cooled structure is analyzed.

2 Computational models and methods

2.1 Computational models

The geometry of impingement jet cooling is shown in Figure
1. The kerosene coolant flows into plenum from the pipe
inlet, and then it impinges on the cooling surface through
multiple holes, and then flows out of the cooling structure
through the collecting groove and to the pipe outlet. There
are twelve evenly distributed circular impingement jet holes
with 1 mm in diameter. The jet-to-jet spacing of holes is
8 mm, and the distance from jet exit to the impingement
cooling plate is 3 mm.
Figure 2 shows the solid model of the impingement jets

structure. The coolant jets impact on the cooling surface of
the impingement cooling plate with a thickness of 1.5 mm.
As shown in the Figure 2, the bottom surface of the im-
pingement cooling plate is the heating surface with high heat
flux loaded on it and it is also called as hot wall.

2.2 Computational methods

In this paper, the sequential coupling method is used to si-
mulate the interaction between fluid domain and solid do-
main. First, the governing equation of flow is solved without
taking account of the influence of structural deformation, and
the heat transfer coefficient distribution of the impingement
cooling surface is obtained. The result of heat transfer
coefficient and the coolant temperature loaded on the cold
surface of the solid structure are used as the thermal
boundary conditions to calculate the solid temperature. Fi-
nally, stress and strain fields of solid structure under the
combined action of thermal load and impingement cooling
effect are analyzed. This sequential coupling method has
been applied to many flow-solid coupling problems [15,16],
especially for those with very little structural deformation
that has negligible effects on flow.

For simulation of flow and heat transfer of the impinging

jet cooling, Navier-Stokes (N-S) equation is solved by
Reynolds-average method, and the turbulence is simulated
with SST k-ω model. Meanwhile, the convection term is
discretized by a second-order upwind scheme, and the dif-
fusion term is discretized by a second-order central scheme.
Stretch mesh was adopted near the wall boundaries and make
sure the minimum grid scale (Δy+) ~ 1. The thermal condition
of cooling surface is set as isothermal boundary with tem-
perature of 800 K. The heat flux distribution of the cooling
surface is obtained by solving the N-S equation, and then the
heat transfer coefficient distribution of the impingement
cooling surface is obtained by its definition of h=qw/(Tw–Tf),
where qw is the heat flux rate, Tw is the wall temperature, and
Tf is the inlet temperature of coolant. In this paper, flow and
heat transfer characteristics of kerosene impingement jet
cooling with different inlet temperatures are numerically
studied. The heat transfer coefficient and the pressure loss
through the cooling structure are also studied. The thermal
properties of kerosene are determined with a 10-species
surrogate proposed by Zhong et al. [14]. The critical tem-
perature of kerosene is about 650 K and the critical pressure
is 2.2 MPa. When the kerosene pressure is higher than the
critical value, as the temperature increases, kerosene can
directly change from liquid state to supercritical state with-

Figure 1 (Color online) Impingement jet cooling model. (a) Fluid com-
putational domain; (b) schematic of impingement holes distributions (unit:
mm).

Figure 2 (Color online) Schematic of impingement jet structure.
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out two-phase coexistence. Figure 3 shows the thermal
properties of kerosene as a function of temperature at 3 MPa.
It can be seen that density and viscosity of kerosene decrease
dramatically near the critical point and specific heat has a
peak value near it.
For simulation of temperature field, stress and strain of the

solid structure, finite element method is used. The nonlinear
effect of material mechanical properties is taken into ac-
count, and the yield criterion of material adopts Von Mises
criterion. The total strain of the structure for small de-
formation is composed of elastic strain, plastic strain and
thermal strain. The relationship between elastic strain and
stress follows Hooke law, and the kinematic hardening
model is used to determine the subsequent yield surface of
material in the stage of plastic deformation [17,18].
The material of the structure is nickle-based alloy

GH3625, which has good mechanical properties even at high
temperature of 1250 K. Table 1 shows thermal and me-
chanical properties of the material as a function of tem-
perature, and its detailed performance parameters can be
found in ref. [19].

2.3 Boundary conditions

For analysis of flow and heat transfer, the mass flow rate of
the coolant is 50 g/s, and the total pressure is 3 MPa. The
inlet temperature of kerosene is 300 and 600 K for the two
cases, and the corresponding impingement jet Reynolds
number (defined according to the diameter and velocity of
jet) is 4400 and 53100, respectively. As discussed in refs.
[20,21], impingement jet flow is in turbulent state when
Reynolds number is higher than 2000.
For thermal analysis of solid structure, in order to ensure

the continuity of heat flow in the fluid-solid interface, the
third boundary condition is given as

h T T Tn= ( ) = ,f w f w

where hf is heat transfer coefficient, Tw is wall temperature, n
is the normal vector of the wall, and λ is thermal conductivity
of the material.
A uniform heat flux with two values of 1, 2 MW/m2 are

imposed on the heating wall of the impingement structure
respectively, and the other walls are adiabatic wall boundary.
The high pressure of 3 MPa of the kerosene flow is taken into
account to analyze the strength of the structure.

3 Results and discussion

3.1 Validation of numerical method of impingement jet
flow

The numerical method for flow and heat transfer is validated
by comparing the calculated heat transfer coefficient with the

experimental result by Xing et al. [22]. The distribution of
non-dimensional heat transfer coefficient, Nusselt number,
on the impingement cooling wall along the centerline is
shown in Figure 4 with comparisons of the experimental data
in ref. [22]. As shown in Figure 4, the calculated result is in
good agreement with the experimental data, which indicates
the accuracy of the present numerical method.

Figure 3 Properties of kerosene at 3 MPa. (a) Viscosity and thermal
conductivity as a function of temperature; (b) specific heat and density as a
function of temperature.

Table 1 Material’s physical properties

T (K) E (GPa) μ k (W/(m K))

293 205 0.308 9.5

368 200 0.310 10.9

478 195 0.312 12.6

588 190 0.313 14.2

698 185 0.312 15.7

813 175 0.321 17.8

923 170 0.328 19.2

1033 160 0.329 20.9

1143 146 – 22.8
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3.2 Study of mesh dependency

The numerical results computed with five different mesh
sizes with a total mesh number of 1.1, 2.1, 4.1, 5.8, 8.0
million are compared. The kerosene mass flow rate is 50 g/s,
and the inlet temperature and pressure is 300 and 3 MPa.
Figure 5(a) and (b) shows the results of heat transfer coef-
ficient and pressure loss for the five meshes. The heat
transfer coefficient is the averaged value on the impingement
cooling plate and the pressure loss is the pressure difference
between the inlet and the outlet. As shown in the figures, the
heat transfer coefficient and the pressure results are almost
independent with mesh number when the mesh number is
larger than 4.1 million. Hence, the mesh size with 5.8 million
cells is used for the present simulation.

3.3 Results of flow and heat transfer

3.3.1 Results with inlet temperature 300 K
Figure 6 shows result of kerosene impingement jets flow
with an inlet temperature of 300 K. The streamlines from
side view and top view are shown in Figure 6(a) and (b),
respectively. Streamlines of some longitudinal and cross
sections through the holes are shown in Figure 6(c) and (d).
As shown in Figure 6(a) and (b), kerosene coolant flows into
the plenum and then accelerates through the holes to impinge
on the cooling surface and generate multiple jets interacting
each other. Typical counter rotating vortex pairs are formed
in the impinging zone, and they entrain hot fluid near the
wall into the main coolant flow and enhance the flow mixing,
and therefore increases the heat transfer efficiency sig-
nificantly.
Figure 7 shows distribution of heat transfer coefficient on

the cooling surface. It can be seen that the value of heat
transfer coefficient on the stagnation point of the jet (right
against the holes) is highest, and the value far away from the

stagnation point decreases rapidly. The heat transfer coeffi-
cient presents bell-shaped distribution with a peak in the
regions right against the holes.

3.3.2 Results with inlet temperature 600 K
When the inlet temperature of kerosene is 600 K that is close
to the critical value. In the process of impingement jet
cooling, kerosene transforms from liquid to supercritical
state as its temperature increases.
The flow field at high temperature of 600 K is similar to

that at low temperature of 300 K that multiple vortex struc-
tures exist. However, there are significant differences in the
heat transfer coefficient distribution. As shown in Figure 8,
the overall value of heat transfer coefficient at high tem-
perature of 600 K is obviously higher than that at low tem-
perature of 300 K. More importantly, the peak of heat
transfer coefficient is located in the vicinity of the stagnation
point of each kerosene jet, instead of just on the stagnation
point. For a relatively large ratio of impingement distance to
the diameter of the impingement holes, the shifting of heat
transfer peak with increased Reynolds number has been
observed and discussed in the previous work with simple

Figure 4 (Color online) Comparison between numerical result and ex-
perimental data.

Figure 5 Results of mesh dependency study. (a) Heat transfer coefficient
for different mesh sizes; (b) pressure loss for different mesh sizes.
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fluids such as air [23–25]. For the present study, the Rey-
nolds number of impingement jets flow with a higher inlet
temperature of 600 K is much larger than that with an inlet
temperature of 300 K since viscosity of kerosene decreases
significantly as inlet temperature increases. The shifting of
heat transfer peak is believed to be caused by local flow
acceleration due to relatively large impingement jet velocity
as discussed in refs. [23–25].

3.3.3 The heat transfer effectiveness of impingement jet
cooling
Table 2 shows the averaged heat transfer coefficient of im-
pingement jet cooling surface and pressure loss between the
inlet and the outlet. Table 2 also presents the results of heat
transfer coefficient for four 2 mm×2 mm square cooling
channels uniformly distributed along the spanwise direction

of the cooling plate with the same kerosene mass flow rate.
The convective heat transfer coefficient of square channel is
obtained by classic Sieder-Tate heat transfer formula [26] for
fully developed turbulent pipe flow channel. As shown in
Table 2, for both cases, the heat transfer coefficient of im-
pingement jet cooling is more than 60% higher than that of
the cooling channels. The Table 2 indicates that the pressure
loss ΔP is less than one atmosphere for both cases due to
impingement jets.

3.4 Simulation results of solid structure

Four cases with different heat flux loading and inlet tem-
perature of kerosene cooling are calculated for the cooled
solid panel with a configuration indicated in Figure 2. Table
3 lists parameters for the four cases. Figure 9 shows the
contours of temperature distribution on the hot wall of the
solid structure by solving heat conduction equation.
As shown in Figure 9, temperature on the hot wall of the

solid structure is significantly lower than the maximum
working temperature of the material. When the heat flux is
1 MW/m2, the maximum temperature of the solid structure is
only 759 K for case 2 with higher inlet coolant temperature.
When the wall heat flux is 2 MW/m2, the maximum tem-
perature is increased to 899 K for case 4 with higher inlet
coolant temperature. The temperature distribution on the hot
wall is relatively uniform due to three-dimensional heat
conduction effect, and the root mean square (RMS) value of
temperature variation is less than 24.0 K for all the cases.
Table 4 shows quantitative temperature result on the hot

wall. It can be seen that the temperature increases with the
increasing heat flux under the same coolant temperature.
For the case 1 and case 2, the maximum temperature of the

solid structure is lower than case 3 and case 4 since the inlet
temperature of kerosene for case 1 and case 2 is much lower
than that of case 3 and case 4. The RMS of temperature

Figure 6 (Color online) Streamlines of impingement jet flow. (a) Volume streamlines (side view); (b) volume streamlines (top view); (c) streamlines of
longitudinal sections; (d) streamlines of cross sections.

Figure 7 (Color online) Contours of heat transfer coefficient on the
cooling surface with inlet temperature 300 K.

Figure 8 (Color online) Contours of heat transfer coefficient on the im-
pingement cooling plate with inlet temperature 600 K.
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variations for the low heat flux of 1 MW/m2 is smaller than
that for the high heat flux of 2 MW/m2. It attributes to that for
low heat flux, the transverse heat conduction is decreased as
well as the temperature gradient on the hot wall.
Figure 10 shows the distribution of Von Mises stress and

equivalent plastic/elastic strain on the hot wall under the
combined effect of thermal load and impingement jet cool-
ing. The solid structure is in plastic state when the Von Mises

stress exceeds the yield strength of high-temperature alloy,
otherwise it is in elastic state. For case 1 and case 3, the
temperature gradient of the solid structure is relatively low
on account of the low heat flux, so the maximum stress is
also low, which are 332.0 and 303.8 MPa, respectively for
case 1 and case 3, and the solid structures are both in the
elastic stage. When the heat flux increases to 2 MW/m2 for
case 2 and case 4, the stress and strain of the structure also

Table 2 Averaged cooling results

Inlet T (K) Re Impingement jet cooling h (W/(m2 K)) Rectangular channel cooling h (W/(m2 K)) ΔP (atm)

300 4400 15300 6700 0.43

600 53100 23719 14500 0.64

Figure 9 (Color online) Temperature distribution on the hot wall of impingement structure. (a) Surface temperature distributions of case 1; (b) surface
temperature distributions of case 2; (c) surface temperature distributions of case 3; (d) surface temperature distributions of case 4.

Table 3 Parameters for the four cases

Case number Kerosene mass flow rate (g/s) Inlet pressure of kerosene (MPa) Inlet temperature of kerosene (K) Wall heat flux (MW/m2)

1 50 3 300 1

2 50 3 300 2

3 50 3 600 1

4 50 3 600 2

Table 4 Temperature of the hot wall

Case number Maximum temperature of the hot wall (K) Average temperature of the hot wall (K) RMS of temperature variation (K)

1 519.5 490.6 13.7

2 701.7 650.2 24.0

3 759.4 738.1 10.2

4 899.2 860.3 18.4
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increase, and partial regions undergo plastic deformation
slightly.
Table 5 shows strength results of the structure on the hot

wall. It indicates that the maximum plastic strain is less than
0.12%. Under the combined effect of thermal load and im-
pingement jet cooling, the stress and strain of the impinge-

Figure 10 (Color online) Stress and strain distributions on the hot wall. (a) Stress distribution of case 1; (b) strain distribution of case 1; (c) stress
distribution of case 2; (d) strain distribution of case 2; (e) stress distribution of case 3; (f) strain distribution of case 3; (g) stress distribution of case 4; (h)
strain distribution of case 4.

Table 5 Stress and strain

Case number Maximum stress (MPa) Maximum plastic strain Maximum elastic strain

1 332.0 – 0.186%

2 380.3 0.114% –

3 303.8 – 0.177%

4 362.4 0.088% –
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ment structure as given in the paper can meet the strength
requirements of high temperature alloy material.

4 Conclusions

In the present work, flow and heat transfer characteristics of
impingement jet cooling of aviation kerosene are numeri-
cally studied. The coupling heat transfer and the strength of
the cooled solid structure are analyzed. Several conclusions
may be obtained.
(1) Impingement jets with high speed form significant

vortex structures, which enhances mixing and heat transfer
of kerosene flow. With increasing in the inlet temperature,
Reynolds number of kerosene impingement jets is increased,
which results in shifting of the peak of heat transfer coeffi-
cient from the stagnation point of jets to its vicinity.
(2) Impingement jet cooling of kerosene has been proven

an efficient cooling method. The heat transfer coefficient is
more than 60% higher than the traditional channel cooling
method and the pressure loss is less than 1 atmosphere.
(3) The temperature of the solid structure with impinge-

ment jet cooling is much lower than the maximum working
temperature of the alloy material, and the temperature dis-
tribution on the hot wall is relatively uniform with RMS of
temperature variations less than 24 K.
(4) The results of structure strength under the combined

effect of thermal loading and impingement cooling show that
stress and strain of the alloy structure are within the allow-
able range of the material.

This work was supported by the National Natural Science Foundation of
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ciation of the Chinese Academy of Sciences.
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