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Underexpanded impinging jets include complicated flow phenomena such as shock structure, sonic surface, and
recirculation zone in a central impingement region, and the local heat transfer on an impinged surface has a different
characteristic than a subsonic impinging jet. Studying this can be helpful in understanding the relation between
supersonic flow characteristics and heat transfer on a surface. It can also provide a proper design factor for the
impingement cooling technique by a high-speed jet. The convective heat transfer coefficients have been measured on
a flat surface impinged by an underexpanded sonic jet. In addition, the visualization of shock structures and surface
pressure measurements have been conducted to support the heat transfer measurement results. From the results,
the distribution of the heat transfer coefficient on the central impingement region due to the interaction between
the sonic surface and recirculation flow has been obtained. It has also been observed that the turbulence diffusion
from the shear layers around the jet edge and the sonic surface into a jet core induce high heat transfer on a surface.

Nomenclature
A f = area of the heated surface
BNE = exit height of a slot nozzle
DNE = exit diameter of a circular nozzle
h = convective heat transfer coefficient
I = electric current passing through heated foil
ka = thermal conductivity of air
MD = design Mach number at the nozzle exit
Nu = Nusselt number
Pa = ambient pressure
Pe = pressure at the nozzle exit plane
P0 = pressure in settling chamber
q = net heat flux generated from a heated foil to a jet flow
ql = heat flux loss by conduction to the back of the test plate

and radiation
qq = total heat flux generated from a heated foil
R = radial distance from the stagnation point on an

impinging surface
Rs = electrical resistance of shunt
TAW = adiabatic wall temperature
Tw = wall temperature under the constant heat flux condition
V f = voltage drop across the heated foil
Vs = voltage drop across the shunt
ZIE = initial expansion length
Z P = nozzle-to-plate distance
γ = specific heat ratio
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I. Introduction

I F a jet issuing from a nozzle impinges on a surface, the surface
is cooled or heated by thermal convection. For several decades,

many studies have been conducted to understand this heat transfer
phenomenon and find the optimum design factors for the best jet im-
pingement effect. However, these studies have been focused mainly
on subsonic jet impingement, but few on supersonic jets.

For a subsonic impinging jet, the studies on a heat transfer were
summarized by Jambunathan et al.,1 who reported that turbulent flow
can affect heat transfer improvement on the impinged surface, as
well as flow transport speed, that is, jet velocity. In particular, Gardon
and Akfirat2 and Gardon and Cobonpue3 observed that turbulence
diffusion from a jet edge into the core induces high heat transfer on a
surface. They also found that the transition from laminar to turbulent
wall jet flow on a surface can increase heat transfer, as in the case
of flow separation by the secondary vortex movement. In addition,
Gardon and Cobonpue3 reported that the high wall jet speed leads to
high heat transfer on a specific radial position (R/DNE ≈ ±0.5) for
nozzle-to-plate distances shorter than Z P/DNE = 6. Decades later,
Pamadi and Belov4 also tried to explain this phenomenon with the
effect of turbulence developed around an edge of freejet flow.

When the impinging jet has a supersonic speed, the shock struc-
ture may appear in front of the impinged solid surface. This phe-
nomenon can be found in several engineering applications such as
an antiship missile launching against fire-proof walls, an impinge-
ment of combusted gas onto the surface of jet vane, the quenching
of a steel ingot, etc. Although many studies were reported on the
heat transfer on a surface by a subsonic jet, as mentioned in the pre-
ceding paragraph, studies on high-speed impinging jets with shock
structure are mainly related to visualizing the shock structure and
measuring the surface pressure distribution.5−8 Also, several simu-
lation studies on underexpanded impinging jets did not consider the
heat transfer to the impinged surface.9,10 Because the jet flow with
shock structure is significantly different with a subsonic jet, it can
be expected that the heat transfer phenomenon will also be largely
different between these two kinds of impinging jets.

In this study, an investigation has been carried out to examine heat
transfer characteristics of an underexpanded impinging sonic jet.
Distributions of the heat transfer coefficient on a flat plate have been
obtained in detail. To accomplish this, temperature distributions
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have been measured under the constant heat flux condition on an im-
pinged surface. The adiabatic wall temperature distributions have
also been measured because the temperature loss due to the dy-
namic temperature can not be ignored, and the energy separation
effect appears on a surface for a high-speed impinging jet. In addi-
tion, distributions of surface pressure have been measured, and the
shock structures in the jet have been visualized using a shadowgraph
method. From the experimental results, the heat transfer mechanism
is explained. The following parameters of interest have been consid-
ered: One is the underexpansion ratio, which is defined by the ratio
of the nozzle exit pressure to the ambient pressure, and the other is
the nozzle-to-plate distance. The results of the present study provide
basic information to aid in the understanding of unknown aspects of
heat transfer mechanisms by underexpanded impinging jets. Also,
these results provide a basic concept to aid in the design of an im-
pingement cooling/heating method using high-speed jets.

II. Experimental Apparatus
Figure 1 shows a schematic of the experimental apparatus used

in the present study. Compressed air passes through seven-stage air
filters to remove moisture and dust. It is then stored in six storage
tanks, whose total volume and pressure are 0.69 m3 and 15.2 MPa,
respectively. When the valve is opened, the air is depressurized
using a regulator (Yamato sangyo, YR-5062) set to the design value
and supplied to the settling chamber. In the settling chamber, the
airflow is decelerated and becomes uniform for the measurement
of total pressure and temperature. The convergent circular nozzle
is attached to the settling chamber, and its exit diameter is 0.01 m.
During the test, the air stagnation temperature decreases moderately
due to a combination of the Joule–Thomson effect across valves
and expansion effects in storage tanks, etc. To avoid this change
of total air temperature, the supplied air was heated to the ambient
temperature level with an electric heater between the storage tanks
and the settling chamber. The electrical power supply to the heater
was controlled automatically by a computer during the test. The
temperature lag between the air in a settling chamber and the ambient
air was measured to within 0.5◦C.

The test plate for heat transfer measurement consists of the heating
foil, the backing of insulated layers, and thermocouples. A stainless
steel heating foil, whose thickness is 25.4×10−6 m, is bonded onto a
0.003-m thick Bakelite plate with a double-sided adhesive tape. The
area of heated surface is 0.0354 m2. When the electrical power is
supplied, the heating foil provides a constant heat flux condition. To
determine the electrical power supplied to the surface, the voltage
drop across the heating foil is measured during a run. The electrical
current is also obtained by measuring the voltage drop across a shunt,
which is placed in the middle of the electrical circuit. The backside
of the plate is insulated thermally with a paper honeycomb (air
gap), fiberglass, and acrylic to reduce thermal loss. On the plate,

Fig. 1 Schematic of experimental apparatus.

41 T-type thermocouple junctions are instrumented in a row, and
their spacing is determined differently according to their positions:
0.0025 m between −3 ≤ R/DNE ≤ +3 and 0.005 m in the outer
region (R/DNE < −3 or 3 < R/DNE).

Another plate is used for measurement of the surface pressure. It is
made of 0.02-m-thick acrylic, and two pressure taps were drilled into
the plate. One of them is positioned on the geometrical center point
of the plate, and the other is 0.02 m away from it. These pressure
taps are connected to the pressure transducer (Druck, PMP4070),
and the plate is shifted laterally with spacing of 0.001 m during an
experiment. This method can enable measurement of the pressure
distribution on an impinged surface in a 0.04-m lateral region. As
for the movement of the test plate, it is fixed to a linear motion
system with two axes (Samik LMS, SAR1110T-200/400) driven by
stepping motors (Oriental Motors, PK596NA). The stroke of the
axial direction is 0.4 m and that of the lateral direction is 0.2 m.

The output voltage signals from thermocouples and pressure
transducers are scanned and acquired using Agilent 34970A data
acquisition/switch units and were processed on a personal computer
for conversion to values of pressure and temperature.

To visualize the shock structure in the jet flow, a shadowgraph
method is used. A conventional shadowgraph system with a con-
tinuous light source of 30 W and two 0.1-m-diam convex lenses
was constructed. The optical image of the flowfield is taken us-
ing a digital camera (Nikon, Coolpix 900) at a shutter speed of
1/500 s.

III. Experimental Method and Data Reduction
In general, the following relation is used for calculation of the

convective heat transfer coefficient on a surface where a compress-
ible high-speed jet impinges11:

h = q/(Tw − Taw) (1)

In this study, experimental results obtained by Kim et al.12 were
used for adiabatic wall temperature distribution TAW for the calcula-
tion. To obtain the other two values, that is, q and Tw in Eq. (1), the
wall temperature distribution was measured under the constant heat
flux condition. The temperature measurement was conducted for
about 30 s after steady state was reached. In most cases, the steady
state was reached after about 4 min from the regulator opening time.
The total heat flux from the heating foil qq has the same value, with
the electric power applied to the foil. The net heat flux to the jet
flow q can be calculated by extracting other heat losses from the
total heat flux, as in the following equation:

q = qq − ql
∼= qq − (qcond + qrad) (2)

The heat losses ql are supposed to occur primarily by conduction
to the back of the test plate and as radiation from the surface of
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heating foil. The maximum heat loss by thermal conduction was
less than 0.1% of the total heat flux due to the good insulation of the
test plate materials. The total thermal resistance of a test plate was
calculated to about 1.04 × 104 m2 · K/W. Heat loss due to radiation
from the heating foil was calculated with the Stefan–Boltzmann
law, and it was no more than 0.2% of the total heat flux. In the
calculation, the emissivity of the heating foil (thin stainless steel
foil) and the Stephan–Boltzmann constant were taken as 0.22 and
5.67 × 10−8 W/m2 · K4, respectively.

Finally, the local heat transfer coefficient was presented in terms
of the Nusselt number as

Nu = h DNE/ka (3)

The experimental uncertainty is estimated using the method of
Kline and McClintock13 and Kline.14 The uncertainty is calculated
to be less than 7.0%, with a confidence level of 95%.

IV. Experimental Conditions
The underexpansion ratio is defined as the ratio of the nozzle exit

pressure to the ambient pressure, Pe/Pa . In the test, the underexpan-
sion ratio was considered to be from 1.5 to 3.5, and it corresponds
to the nozzle pressure ratio (P0/Pa) from 2.84 to 6.63. The nozzle
pressure ratio is determined from the following relation:

P0/Pa = (Pe/Pa)
{

1 + [(γ − 1)/2]M2
D

}γ /(γ − 1)
(4)

The nozzle-to-plate distance was varied in the range from one-half
of a nozzle exit diameter to 20 diameters. The detailed measurements
were conducted mainly at the small nozzle-to-plate distances.

a) b)

Fig. 2 Surface pressure profiles for different underexpansion ratios: a) Pe/Pa = 1.5 and b) Pe/Pa = 3.5.

V. Results and Discussion
A. Surface Pressure and Visualized Shock Structure

In the range of short nozzle-to-plate distances, the surface pres-
sure on a center point shows a tendency to decrease with increasing
distance.12 For the sake of convenience, the nozzle-to-plate distance
where the first minimum value of the central surface pressure ap-
pears is referred to as initial expansion length ZIE. Figure 2 shows
surface pressure profiles with various nozzle-to-plate distances for
different underexpansion ratios. In the case of Pe/Pa = 1.5 (Fig. 2a),
when the plate is placed at Z P/DNE = 0.5, the surface pressure has
a maximum at the center point and drops with increasing radial dis-
tance due to flow acceleration. This rapid fall in surface pressure
in the central region is due to the expansion fan from the inter-
section of the standoff shock and the jet edge. After slight recom-
pression at R/DNE ≈ 1.0, the pressure approaches the ambient pres-
sure (Pa/P0 = 0.35). When the nozzle-to-plate distance increases to
Z P/DNE = 1.0, the pressure in the central region decreases. This de-
creased surface pressure is supposed to appear because total pressure
loss across the central standoff shock becomes higher than in the case
of Z P/DNE = 0.5, due to the higher upstream Mach number. When
the plate is placed at Z P/DNE = 1.2, the maximum pressure occurs
off center; the surface pressure has a maximum at R/DNE ≈ 0.4.
Such an annular maximum of the pressure suggests that recirculat-
ing flow, called a stagnation bubble, occurs in the central region as
reported previously by other researchers.6

Shadowgraph images of an impinging jet for Pe/Pa = 1.5 are
presented in Fig. 3a. In the smallest nozzle-to-plate distance
(Z P/DNE = 0.5), the standoff and reflected shocks are almost nor-
mal to the jet direction. As the nozzle-to-plate distance increases,
the reflected shock becomes oblique, whereas the standoff shock
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a)

b)
Fig. 3 Shadowgraph results for shock structure in jet: a) Pe/Pa = 1.5
(ZP/DNE = 0.5, 0.75, 1.0, and 1.2) and b) Pe/Pa = 3.5 (ZP/DNE = 0.5, 1.0,
1.25, and 1.5).

Fig. 4 Stagnation Nusselt number distribution for different underexpansion ratios: •, Pe/Pa = 1.5 and �, Pe/Pa = 3.5.

remains normal to the jet. Therefore, the jet flow passing through
these two kinds of shock waves is divided into two regions. One
of them is the central flow, which passes through the normal stand-
off shock and is decelerated to a subsonic jet. However, the outer
flow, which passes through the oblique reflected shock, maintains
its supersonic state due to its low pressure loss. Therefore, a shear
layer is developed along the slip surface that exists between these
two flows. Also, in certain cases where this pressure difference be-
tween the central and outer flow regions is very large, it may cause
boundary-layer separation. As a result, the cases where the annular
maximum appears in Fig. 2a imply the possibility of boundary-layer
separation and the formation of the stagnation bubble.7

For higher underexpansion ratios (Figs. 2b), compared with the
former case, the radial profiles of surface pressure show a similar ten-
dency with increasing nozzle-to-plate distance, except at the wall jet
region. In the wall jet region, the surface pressure rises and falls pe-
riodically. Its amplitude decays with increasing radial distance, and
the pressure value gradually approaches the atmospheric pressure.
These alternating compression and expansion regions in the wall
jet are known to be produced by repeated reflections of the waves
between the upper boundary of the wall jet and the plate surface.7

As the nozzle-to-plate distance increases over the initial expan-
sion length, significant pressure recovery occurs at the central re-
gion. This pressure recovery is supposed to occur due to the inward
momentum diffusion from the outer region where the pressure is
relatively high. For Pe/Pa = 1.5 (Fig. 2a), the pressure profile has
a central maximum when the impinging plate is positioned just
downstream of the initial expansion length (Z P/DNE = 1.25). This
steep pressure recovery can be explained by the small size of the
standoff shock for the plate position near the initial expansion length
(Z P/DNE = 1.2) in Fig. 3a. This small size of the standoff shock cre-
ates a small central region behind it, and the momentum diffusion
can easily affect the entire central region, resulting in a steep pressure
recovery. However, for a higher underexpansion ratio (Fig. 2b), an
annular maximum persists even though the nozzle-to-plate distance
is larger than the initial expansion length (Z P/DNE = 3.7) because
the inward momentum diffusion can not easily affect a large sub-
sonic core behind the central standoff shock.

B. Heat Transfer Coefficient
The variations of Nusselt number Nu0 on a stagnation point with

increasing nozzle-to-plate distances are presented for two different
underexpansion ratios in Fig. 4. The surface shows a larger heat
transfer effect on a stagnation point in most of nozzle-to-plate dis-
tances when it is impinged on by a highly underexpanded jet. How-
ever, at very short nozzle-to-plate distances, there are some points
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where this phenomenon is not satisfied (1.0 < Z P/DNE < 2.0). This
is supposed to be related to the fact that the momentum loss at the
standoff shock is higher in a highly underexpanded jet than in a mod-
erately underexpanded jet. As the nozzle-to-plate distance increases,
the diffusion effect of turbulent shear flow and the fast convection
speed along the surface come to surpass this momentum loss, show-
ing high heat transfer coefficients for the highly underexpaned case.

Figure 5 presents the comparison of this result with surface pres-
sure variation on a center point. For the underexpansion ratio of
1.5 (Fig. 5a), the stagnation Nusselt number distribution has two
maximum values at Z P/DNE = 1.2 and 6.0. As mentioned in the In-
troduction section, only one peak is known to appear in a stagnation
Nusselt number distribution for the case of a subsonic impinging
jet. Therefore, this Nusselt number distribution showing two peaks
is the characteristic of a supersonic impinging jet, which includes
a shock structure. In this case, the initial increase and decrease of
the stagnation Nusselt number seem to appear because the turbu-
lence level changes depending on the distance between a standoff
shock and an impinged surface. This phenomenon can be explained
as follows. As the nozzle-to-plate distance increases, the distance
between a standoff shock and an impinging surface also increases in
a close nozzle-to-plate range. As long as this detached distance of a
standoff shock from a surface is short enough (Z P/DNE < 1.2), the
heat transfer on a central region increases with an increasing distance
due to the turbulence diffusion effect into a jet core. However, if the
detached distance of a standoff shock exceeds this range, the radial
turbulence diffusion reduces the maximum turbulence level in a cen-
tral region, resulting in a decrease of heat transfer on the stagnation
point. Another rise and fall of the stagnation Nusselt number ap-
pear around a secondary peak at Z P/DNE = 6.0. It is believed that
the secondary increase and decrease are related to the turbulence
diffusion from a jet edge, as in the case of subsonic impinging jet.
In particular, when the nozzle-to-plate distance increases over the
secondary peak position, the stagnation Nusselt number decreases

a)

b)

Fig. 5 Stagnation Nusselt number and stagnation pressure distribu-
tions: a) Pe/Pa = 1.5 and b) Pe/Pa = 3.5.

monotonically because the overall jet momentum decreases as much
as the turbulence level.

For the case of a highly underexpanded jet (Fig. 5b), the stag-
nation Nusselt number distribution has an additional peak at the
nozzle-to-plate distance of 1.5. This peak seems to be related to the
increased turbulence by the interaction between a standoff shock
and a jet shock occurring due to a flaw in the nozzle inner surface.
When the turbulence diffuses into the central region from the slip
surface, the stagnation Nusselt number increases with increasing
nozzle-to-plate distance as in the moderately underexpanded case.
In this region (Z P/DNE = 1.75 and Z P/DNE = 8.0), the stagnation
surface pressure also increases due to the entrainment of a high-
pressure flow from outside a slip surface, although it perturbs a little
during the pressure recovery. This perturbation is observed because
additional shock structures are generated weakly but repeatedly be-
hind an initial strong shock cell, and each shock structure causes the
small pressure loss and recovery. When the nozzle-to-plate distance

a)

b)

Fig. 6 Nusselt number distribution for Pe/Pa = 1.5: a) 0.5 <– ZP/DNE <–
2.0 and b) 4.0 <– ZP/DNE <– 20.0.
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increases over this position (Z P/DNE = 8.0), the Nusselt number de-
creases together with the stagnation surface pressure in a downward
direction. Another peak of the stagnation Nusselt number appears
around Z P/DNE = 17.5. The same reason for the moderately un-
derexpanded case explains this heat transfer variation, that is, the
diffusion of turbulence that is generated at the jet edge affects this
phenomenon.

The variations of Nusselt number in a lateral direction are pre-
sented in Figs. 6–9 for different underexpansion ratios. The profile
has very complex variations depending on the nozzle-to-plate dis-
tance. For the underexpansion ratio of 1.5 (Fig. 6), at close distances
from the nozzle exit, the Nusselt number has a peak at the center
point and another annular peak at R/DNE ≈ ±2. Compared with the
surface pressure distribution at the same nozzle-to-plate distance,
it is found that no annular peak appears at R/DNE ≈ ±2 (Fig. 8a).
According to the explanations from previous investigators,2,3,11 the
appearance of the annular peaks seems to be related to the increased
turbulence caused by boundary-layer transition or the growth of
secondary vortex rings along the surface in the wall jet region. As

a)

b)

Fig. 7 Nusselt number distribution for Pe/Pa = 3.5: a) 0.5 <– ZP/DNE <–
4.0 and b) 6.0 <– ZP/DNE <– 20.0.

a)

b)

Fig. 8 Comparison of radial Nusselt number distribution with wall
pressure (Pe/Pa = 1.5): a) ZP/DNE = 0.75 and b) ZP/DNE = 1.2.

the nozzle-to-plate distance increases, the central peak disappears,
showing an additional annular peak at R/DNE ≈ ±0.5. This varia-
tion can be observed at Z P/DNE = 1.2 in Fig. 8b, and the annular
peak of surface pressure is also observed at a similar radial position.
This annular peak of surface pressure appears due to the existence
of a stagnation bubble in the central region, and this recirculation
zone is divided from the outer flow zone by a slip surface. There-
fore, at the radial position where the slip surface and the impinged
surface meet, the high surface pressure appears. Also, at this posi-
tion, the high heat transfer characteristic appears due to the effect
of high turbulent shear flow around a slip surface. As the nozzle-to-
plate distance increases, the momentum diffusion into the jet core
induces the shear layer at a slip surface to disappear, resulting in a
reduction of the overall Nusselt number at a central region, whereas
the surface pressure increases due to the disappearance of a stagna-
tion bubble (Fig. 2). When the impinging plate is positioned farther
downstream, the radial position where the outer annular peak ap-
pears comes close to the center point because the freejet becomes a
fully turbulent flow because of the turbulence diffusion from the jet
edge. Beyond Z P/DNE = 10.0, the Nusselt number variation has a
simple bell shape, showing a maximum at the stagnation point and
declining smoothly in the radial direction.

When the underexpansion ratio is increased up to Pe/Pa = 3.5
(Fig. 7), general trends in variation are similar to those for
Pe/Pa = 1.5. However, the heat transfer is affected significantly
by the turbulence diffusion from the sonic surface rather than
Pe/Pa = 1.5. The Nusselt number is high at the inner annular re-
gion, whereas the heat transfer in the central region is very low
due to the isolation of low-speed flow behind the standoff shock.
Also, the overall heat transfer coefficients are higher than that of
the moderately underexpanded jet (Pe/Pa = 1.5) because the trans-
port speed of jet flow is much higher at Pe/Pa = 3.5. When the
surface pressure and the Nusselt number variations are compared,
as shown in Fig. 9, it is found that the radial position of annular peak
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a)

b)

Fig. 9 Comparison of radial Nusselt number distribution with wall
pressure (Pe/Pa = 3.5): a) ZP/DNE = 1.0 and b) ZP/DNE = 4.0.

coincides roughly with that for the surface pressure at R/DNE ≈ 1.0
for Z p/DNE = 4.0 (Fig. 9b). This phenomenon is not observed in
a short nozzle-to-plate distance (Z P/DNE = 1.0), where the shear
layer around a slip surface is not developed enough to improve the
heat transfer on an impinged surface (Fig. 9a).

VI. Conclusions
An experimental investigation was conducted to examine heat

transfer characteristics on a flat surface impinged by an axisymmet-
ric underexpanded sonic jet. From the surface pressure variation,
the annular peak appears in a central region, implying the existence
of a stagnation bubble in it. For a highly underexpanded jet, this
stagnation bubble remains until a large nozzle-to-plate distance is
reached, even though the plate is positioned over the initial expan-
sion length. From the shock visualization results, it is believed that
the large size of the standoff shock is related to this maintenance of
a stagnation bubble. The Nusselt number variation shows that the
annular peak appears in a central region when the stagnation bubble
is supposed to exist. This high heat transfer characteristic appears

because the shear flow developed along a slip surface improves the
heat transfer in an annular region, where the shear flow meets the
impinged surface. This is considered a unique phenomenon of a
high-speed impinging jet, which has a shock structure in it. Also,
like the subsonic impinging jet, the lateral variation of Nusselt num-
ber shows that a high heat transfer appears at R/DNE ≈ ±2.0 due to
the wall jet flow transition to turbulent flow or to the flow separation
by secondary vortex movement. Finally, from the investigation on
the effect of an underexpansion ratio, it is found that the maximum
Nusselt number at stagnation point for Pe/Pa = 3.5 is roughly two
times larger than that for Pe/Pa = 1.5.
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