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The impingement of an underexpanded jet onto a solid object can be found in engineering app lications.
Takeoff and landing of V/STOL aircraft, and launchi ng systems on a spaceship for solid rocket motors are 
some examples related to this complex phenomenon. Because most of the dynamic energy is converted 
to thermal energy when a high-speed flow is decelerated in front of a protruded solid body, impingement 
of the high-speed flow produces a severe thermal load to the body surface as well as aerodynamic loads 
on it. In this experimental study, the thermal characteristics on an inclined plate impinged by an under- 
expanded sonic jet were investigat ed. The recovery factor was retained by infrared thermography while 
the pressure distribution was measured using pressure transducers. Experiments were performed for 
four different inclinations of impinged plate, ranging from 0� to 30�. In addition, the effe ct of nozzle- 
to-plate distance was studied. From the results, the axi-symmetric pattern of recovery factor on an
impinged surface is broken and the low recovery factor zone shifts to the downward region as the incli- 
nation angle increases. In addition, the cooling effect is weakened overall as the inclination angle 
increases.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction 

Jet impingement study is primarily applicabl e to rocket and 
guided-wea pon systems. Because impingement jet is operated in
state of high pressure and temperature , the thermal effect of jet 
impingement to the solid surface should be studied to improve 
the thermal design safety of rocket and jet engine system applica- 
tions. In such applications , thermal defect conditions might arise 
due to high temperature and pressure exhaust gas impingin g close 
target surfaces.

Extensive studies conducted by many researche rs [1–23] have
revealed some interesting and complex phenomena related to such 
jet impingement. Fox et al. [2,3] studied the effect of vortex for 
impinging jet on high subsonic and supersoni c flow. The concept 
of ‘total temperature separation’ was introduced by his subsonic 
research [2]. The vortex rings entrap the particles near the jet exit 
and make periodic negative and positive pressure motion at the jet 
edge. From these motions, the jet has a minimum temperature 
near the edge and a maximum inside the jet. And also vortex 
entraps the particle entrained from the ambient outside of the 
jet. These particles are increasing the temperature and reaching 
the maximum value of near the center of the jet. From each 
entrappe d particle due to vortical motion causes the change of
cooling effect at the target plate depending on the distance of the 
plate and the nozzle. They showed that unsteady vortical structure 
affects significantly the wall temperat ure and heat transfer. Based 
on subsonic results, Fox et al. [3] conducte d the experiment on
supersoni c and found the ‘shock-indu ced total temperature sepa- 
ration’ which is not shown in the subsonic. It is due to the interac- 
tion of the shock structure of the supersonic with vortical 
structure s near the jet exhaust. For more study about supersonic 
impingin g jet, complex shock structures and their interactio ns
have been extensively studied by Gubanova [4], Kalghatgi [5],
Ginzburg [6], and Carling [7] using optical methods such as a shad- 
owgraph and the Schlieren method. By using the Schlieren pictures 
and surface pressure distribution s, the researche rs analyzed shock 
structure s and pressure distributions for objects at different incli- 
nation angles. For impinging sonic jets, Goldstein et al. [8] pre-
sented the radial distribut ion of the recovery factor and the local 
heat transfer for an axisymmetri c impinging jet with a certain noz- 
zle-to-pl ate spacing. Lamont and Hunt [9] studied the effect of axi- 
symmetr ic underexpan ded jets impinging on an inclined flat
surface as well as a perpendi cular surface. Kim and Chang [10] per-
formed a numerical simulatio n of a supersonic underexpan ded jet,
with a focus on pressure and density, and compared the results 
with those from Lamont’s experiment. Eckert [11] carried out an
experime nt on jet impingement on a plate with Reynolds numbers 
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Nomenc lature 

Cp specific heat at constant pressure, kJ/kg �K
D nozzle exit diameter 
P pressure
Pa ambient pressure 
Pe nozzle exit pressure 
Pc chamber pressure 
P0 total pressure 
PR under-exp ansion ratio, Pe/Pa

R radial distance from the center 

r recovery factor ¼ Taw�Ts
T0�Ts

¼ Taw�Ts
Td
¼ 1þ Taw�T0

u2
j
=2Cp

� �
T temperatur e
T0 total temperatur e
Taw adiabatic wall temperat ure 
Ts static temper ature 
Td dynamic temperat ure 
uj velocity of a jet at the nozzle exit 
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ranging from 61,000 to 124,000. The thermal characteri stics can be
explained by ‘‘energy separation’’. Han et al. [12,13] used numeri- 
cal analysis to determine the location and magnitude of energy 
separation for various nozzle-to-plate distances and study the 
dominant effect of the vortex. The magnitude of the energy 
separation in the radial direction was measured experimental ly
with a free jet for the Reynolds numbers ranging from 80,000 to
160,000 by Seol and Goldstein [14]. On the other hand, with regard 
to heat transfer research, Dytle and Webb [15] measured the ther- 
mal characteristics of the normal jet impinged surface using an
infrared (IR) camera that was placed very close to the plate to over- 
come the limitation of using a thermocouple. In addition to this 
study, Huang [16], Liu [17], Behnia [18] and Baughn [19] also re- 
ported the study of heat transfer for impinging jet. However they 
performed the test only in the case of normal impingem ent. In
our group, the thermal characterist ics of a plate for various noz- 
zle-to-plate distances and pressure ratios are investiga ted by Kim 
et al. [20]. The recovery factors ¼ Taw�Ts

T0�Ts

� �
which are differenc e

between adiabatic wall temperature and total temperature are ob- 
tained by experimental investigatio n carried out the axisymmetri c,
underexpan ded, and sonic jet impinging on flat plate on underex- 
pansion ratio ranges from 1.5 to 3.5 and the nozzle exit to the plate 
adjusted from 0.5 to 20.0 nozzle-exit diameters. The highest recov- 
ery factor was observed at the stagnation point varies from 0.35 to
1.25 for the underexpan sion ratio of Pe/Pa = 3.5. Yu et al. [21] car-
ried out the study of heat transfer on flat surface impinged by an
underexpan ded sonic jet. They reported the distribut ion of the heat 
transfer coefficient on the central impingem ent region due to the 
interaction between the sonic surface and recirculation flow. High 
heat transfer on a surface formed due to turbulence diffusion from 
the shear layers around the jet edge and the sonic surface into a jet 
core. Both studies were for normal impinging jets.

However, most previous investigatio ns on underexpan ded 
impinging jets have concentrated primarily on the basic aspects 
of the flow shock structure and the surface pressure distribution s.
Fig. 1. Schematic of expe
A few studies have been conducted on the thermal characteri stics 
of an inclined surface impinged by a jet; in particular, an experi- 
mental approach for analyzing the energy separation phenomeno n
is hardly to be found. In this study, the recovery factor distribut ion 
for an impinged surface has been retained experimentally when 
the impinged surface is inclined relative to the jet center line. In
addition, the distributions of the surface pressure have been 
measure d to understand the flow structure on a surface. The incli- 
nation angle and the nozzle-to-p late distance have been selected 
as the paramete rs of interest. The two-dimensi onal temperature 
distribut ion was measure d using infrared thermograp hy (IRT).
The results obtained in this study will aid in understand ing the 
complicated thermal characterist ics of a surface impinged by an
underexpan ded jet.
2. Experimen tal apparatus and method 

Fig. 1 shows the schematic diagram of the experimental appara- 
tus [20] used for the present study. Experime ntal apparatus is com- 
posed of reciprocating high pressure compressor, air filter, storage 
tanks, regulators, air actuator ball valve, settling chamber and noz- 
zle. Air was compressed up to 150 kgf/cm 2 by a compressor and 
then passed through a cooling chamber. Moisture and oil is re- 
moved at five-stage filter. Then, it was reserved in storage tanks 
of which total storage capacity was 0.45 m3. The compressed air 
was supplied to the settling chamber through pressure regulator s
(Yamato Sangyo, YR-5062) from the storage tanks. The nozzle,
from which a jet issues, was mounted behind of the settling cham- 
ber. During the test, compressed air in the storage tanks was de- 
pressurized to the designed pressure level by the regulator and 
stagnated in the settling chamber to ensure flow uniformity and 
easy measureme nt of the stagnation pressure and temperature. Fi- 
nally, the compressed air was accelerated through the convergent 
nozzle and injected into the atmosph ere. The nozzle exit diameter 
rimental apparatus.



Fig. 2. Experimental setup with IR camera.

Fig. 3. (a) Shadowgraphs of impinging jets for MD = 1.0, Pe/Pa = 2.0 and ZP/D = 1.0,
(b) Diagram of impinging jets of the shock configuration for underexpanded jet 
interaction with a inclined plate.
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(=D) was 10 mm. In the case of the temperature measure ment test,
the constant stagnation temperature is an important factor. How- 
ever, the gas stagnation temperature decreased naturally due to
the isentropi c expansion process in storage tanks and the Joule–
Thomson effect, etc. To avoid this problem, the supplied air was 
heated with an electric heater installed between the storage tanks 
and settling chamber. In this study, the gas stagnation temperature 
was maintained at close to the ambient air temperature, within 
±0.5 K, and minimizes the effect of entrainment of the ambient air.

Infrared thermography (IRT) was used to measure the two- 
dimensional adiabatic wall temperature distribution s. Fig. 2 shows
the IRT setup in this study. To measure the surface temperature 
without disturbing the jet flow, an IR camera was set at the oppo- 
site side of the impinged surface and the thermal image on the face 
was taken and stored in a computer. The impinged plate was a
260 � 260 mm and 0.7 mm thick piece of stainless steel. The thick- 
ness was chosen as a value to minimize surface deformat ion due to
the high pressure on the jet impinged surface and provide a similar 
temperature level on both faces. To analyze the difference between 
both surfaces due to natural convection and radial direction heat 
dissipation, numerical and analytical calculations found the maxi- 
mum temperat ure differenc e ratio and deformat ion angle of the 
plate to be 0.12% and 0.22 �, respectivel y. The space between the 
opposite face and the IR camera was isolated from the external 
air by an acrylic box with insulation and the inner face of the 
box was coated with a black paint to minimize error due to the 
reflection and transmission of infrared rays. This measureme nt
method was verified in the study of Shin et al. [22] by comparis on
with the results from thermocouple measure ment.

Another test plate with two pressure taps in the central portion 
was used to measure the surface pressure. Each hole on the im- 
pinged surface was 0.8 mm in diameter, and the pressure tap 
was connected with a pressure transduc er on the opposite side.
The two pressure taps were spaced 20.0 mm apart. Detailed local 
distribut ion of pressure has been obtained by moving the pressure 
tap attached with an automatic moving system. Then the high-res- 
olution data were obtained with spacing of 1 mm.

During the test, the underexpan sion ratio was fixed to 1.5 and 
the inclination angle ranged from 0� to 30�. The effect of the 
location that the jet is applied to the impinged surface was also 
considered and the nozzle-to- plate distance was varied from 1D
to 10D. Measured adiabatic wall temperature (Taw) was converted 
to the recovery factor, and the relation is as follows:

r ¼ Taw � Ts

T0 � Ts
¼ Taw � Ts

Td
¼ 1þ Taw � T0

u2
j =2Cp

ð1Þ

where T0, Ts, Td, and uj are the total, static and dynamic tempera- 
tures and the average jet velocity at the nozzle exit plane,
respective ly.
3. Results and discussion s

Fig. 3 shows shadowgraph results [23] and schemati c of in- 
clined jet impingement [9]. Very complex shock wave structure ap- 
pears depending on the slope. These complex shock structure and 
intensity distribut ions change dramatically pressure and tempera- 
ture on the impinged surface and affect wall jet region. Fig. 4 shows
surface pressure distribut ions on a symmetr ic line of an impinged 
surface for various surface inclination angles. In this case, the noz- 
zle-to-pl ate distance and pressure ratio were fixed at 1D and 1.5,
respectively . The horizontal axis shows the non-dimensi onal radial 
position normalized by nozzle exit diameter (D) and the vertical 
axis shows the non-dimensi onal surface pressure normalized by
the chamber pressure (Pc). In the radial position, a surface geomet- 
rical center is zero and the upward positions have the minus sign 
and vice versa. In all cases, due to a plate shock in front of the im- 
pinged surface, the maximum surface pressure is smaller than the 
chamber pressure, that is, P/Pc is smaller than 1.0. As the inclina- 



Fig. 5. Surface pressure distributions for various Z/D at 20�.

Fig. 6. Contours of recovery factor with decreasing impinging angles; exit Mach numbe
nozzle-to-plate distance ZP/D = 1.0.

Fig. 4. Surface pressure distributions for various impinging angles at Z/D = 1.
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tion angle increases, the radial position where the maximum sur- 
face pressure occurs moves in the upward direction and its value 
becomes larger. The highest observed maximum surface pressure 
is about 0.94 Pc at the 30� inclination. This phenomenon can be
explained with the movement of a stagnation streamline in the 
upward direction as the impinged surface is inclined [9]. The 
stagnation pressure increases due to the small pressure loss 
through a weak shock wave in front of the inclined plate. When 
the surface is inclined to the jet flow, the plate shock in front of
the surface does not form a normal shock, resulting in an increase 
of the maximum surface pressure . Stagnated flow in a high-pres- 
sure state is accelerated in either the upward or downwa rd direc- 
tion along the surface and the surface pressure decreases to the 
ambient level at ±1.0 R/D regardles s of the inclination angle.

The effect of the nozzle-to-plate distance is shown in Fig. 5. In
this case, the inclination angle is fixed at 20�. As the distance from 
the impinged surface to the nozzle exit increases, the maximum 
surface pressure decreases and the width of the impinged area in- 
creases due to the increase in the turbulence mixing effect. In addi- 
tion, it can be seen that the position of maximum surface pressure 
moves closer to the center of the impinged surface for the same 
reason.

Fig. 6 shows IR thermal images, which are expressed as the 
recovery factor distribution for various surface inclination angles.
As with the surface pressure review, the nozzle-to-p late distance 
and pressure ratio are fixed to 1D and 1.5, respectively . In the case 
of normal impingem ent, recovery factor shows the axisymmetric 
distribut ions and the low recovery factors appear around a jet stag- 
nation region. This low recovery factor is known to appear because 
of the ‘shock induced total temperature separation’ and ‘energy 
separation’ effect in a near-wall jet flow that includes a vortex mo- 
tion. For the inclined angle impingem ent, the difference in the 
cooling width between upward and downwa rd direction of the 
impingem ent area can be observed clearly in the thermal image 
shown in Fig. 6. As the inclination angle increases, the low recovery 
factor zone becomes wider in the downward while it becomes 
shallowe r and slimmer in the upward direction region. This is
due to the difference in the flow rate and speed between the two 
directions which cause the different phase for energy separation.
The large flow rate and high flow speed strengthen the energy sep- 
aration. From a comparison with the result of normal impinge- 
r MD = 1.0, under-expansion ratio Pe/Pa = 1.5, nozzle pressure ratio P0/Pa = 2.84, and 



Fig. 7. Local distributions of recovery factor for various impinging angles; exit Mach 
number MD = 1.0, under-expansion ratio Pe/Pa = 1.5, nozzle pressure ratio 
P0/Pa = 2.84, and nozzle-to-plate distance ZP/D = 1.0.
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ment, it is found that the near wall jet cannot be cooled well in
both upward and downwa rd region when the impinged surface 
is inclined to the jet flow. This can be explained by the decrease 
in the vortex-induced energy separation effect resulting from the 
weakening of the secondary vortex developmen t in the asymmetry 
of wall jet.

For a detailed observati on, the local distribution s of the recov- 
ery factor on line A–A0 (in Fig. 6) are plotted for the inclination 
angles of 0�–30� in Fig. 7. We can see the ‘‘w’’-shap ed recovery 
factor distribution . This distribution occurs because of ‘‘energy 
Fig. 8. Schematic of energy separatio
separation’’ caused by the ‘vortex effect’ from shock-induced 
phenomena [2,3] and the ‘imbalance’ between heat conduction 
from the temperature difference and the viscous shear work from 
the velocity differenc e [11–13]. For the vortex effect, flows passing 
the secondary vortex at the impinged surface go through the 
adiabatic expansion, resulting in a low recovery factor on the 
impinged surface for close nozzle-to- plate distances plate as
shown in Fig. 8. For the heat conduction and viscous shear work,
fluid flow on the plate, such as air (Pr < 1), energy influx by viscous 
is smaller than both heat conduction from high velocity at the 
shear layer of freestream and boundary layer of the impinged plate.
As a result, the low recovery factor was caused by the low energy 
distribut ion at the outside of the free jet and the inside of the 
boundary layer. Therefore, the downstream has a lower recovery 
factor than the upstream because of its high velocity at the in- 
clined. The smaller inclined angle case has the lower recovery 
factor.

The peak value of the low recovery factor is appeared around 
R/D = ±2 in transition region (1 < |R/D| < 2.5, [24]) due to change 
of turbulence intensity [25–27]. And the cooling effect is decreased 
at the wall jet flow moving downstream . This means the recovery 
factor approached 1, as shown at the edge of Fig. 7. The low tem- 
perature region is narrower with a decrease of the inclined angle 
(1 < R/D < 3). A growth of the expansion region, due to the maxi- 
mum pressure rising and moving upward appeared in Fig. 4, makes 
the wider cooling width. As the inclination angle increases, the 
minimum value of the recovery factor increases in both upward 
and downward region of surface.

Fig. 9 shows IR thermal images showing the recovery factor dis- 
tribution for various nozzle-to- plate distances. When the impinged 
surface is close to the nozzle (Z/D = 1.0 and 2.0), the distributions 
are similar to each other. However, in cases of larger nozzle- 
n on the inclined impinging jet.



Fig. 9. Contours of recovery factor for various nozzle-to-plate distances; exit Mach number MD = 1.0, under-expansion ratio Pe/Pa = 1.5, nozzle pressure ratio P0/Pa = 2.84, and 
inclined angle 20�.

Fig. 10. Local distributions of recovery factor for various nozzle-to-plate distances;
exit Mach number MD = 1.0, under-expansion ratio Pe/Pa = 1.5, nozzle pressure ratio 
P0/Pa = 2.84, and inclined angle 20�.

Fig. 11. Location of minimum recovery factor as functions of underexpansion ratio 
and impinging angle.
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to-plate distances (Z/D = 8.0 and 10.0), the cooling effect nearly 
disappears due to the weakening of the vortex-induced energy 
separation effect by the secondary vortex motion on the surface.
On the contrary, the heated region appears at the central and the 
downward direction regions of the plate. This effect has been 
explained by Fox et al. [2,3] as the vortex-induced energy separa- 
tion effect of a primary vortex street formed around a free jet edge.
It is interesting to note that the downward region is cooled more 
than the upward region in cases with a small nozzle-to-p late dis- 
tance but is heated more than the upward region in cases with a
long nozzle-to-p late distance. This is likely due to the relative large 
flow rate which makes increasing the energy separation at the 
downward direction region. It means that the hot or cold fluid
particles can affect the downwa rd region more than the upward 
region owing to its large amount. This phenomenon can be seen 
more clearly in Fig. 10, which shows the local recovery factor 
distribution on the line A–A’ in Fig. 9. As mentioned , the downwa rd
region is affected strongly by the cooled or heated flow while the 
upward region still has a weakly cooled region even for the short 
nozzle-to- plate distances.

Fig. 11 shows locations of minimum recovery factor as
functions of underexpansion ratio and impinging angle. It is note 
that the phenomeno n of case in PR = 1.0, 2.0 and 2.5 are not pre- 
sented in detail for this paper. As the pressure ratio increasing,
the location of minimum recovery factor move away from the cen- 
ter. This is because the expansion accelerated region becomes 
wider toward downstream of wall jet. Then it moves the location 
of maximum convective speed point to downward. And the loca- 
tion of minimum recovery factor moves to downward with inclina- 
tion angle increasing in the same pressure ratio conditions due to
movement of maximum convective speed location to downward.
4. Conclusion 

An experime ntal investigation was conducted to examine 
thermal characteri stics of an axisymmetri c, underexpan ded jet 
impingin g on an inclined flat surface. The recovery factor distribu- 
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tions for thermal characteristics were measure d using infrared 
thermograp hy.

The conclusions are summari zed as follows:

1. The surface pressure measureme nts indicated that: as the incli- 
nation angle increases, the maximum surface pressure 
increases and the peak surface pressure moves upward on the 
plate; as the nozzle-to-p late distance increases, the maximum 
surface pressure decreases; when the plate is inclined, the peak 
surface pressure moves downwa rd the center of the plate.

2. As the inclination angle increases, the size of cooling region on
the downward region impinged surface increases in the oppo- 
site to the upward direction surface and it can be explained 
by the weak cooling effect resulting from a decrease of the vor- 
tex-induced energy separation effect.

3. When the impinged surface is far from the nozzle, the surface is
heated by the hot gas fluid particles and the downwa rd region 
is found to be affected more severely by the energy separation 
effect than the upward region due to the strong energy separa- 
tion effect by larger flow rate impinged surface.

This study is meaningful that it provides 2-dimensional thermal 
characterist ics data with high spatial resolution by IR thermogra- 
phy and shows a good IR measuring techniqu e for the high speed 
impinging jet flow. The results of this study and its methodology 
can be used and referred to improve the thermal safety design of
rocket and jet engine system applicati ons in the future.
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