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The cooling channel of a scramjet is the fundamental structure of the active ther-
mal protection for an engine. Till now, studies have focused mainly on the steady-
state flow and heat transfer process in the cooling channel. However, the vibration 
intensity of an engine increases sharply as the flight speed increases, because of 
which, the flow and heat exchange mechanisms based on the cooling channel un-
der stable conditions cannot be applied under vibration. In this study, experimental 
methods are used to study the characteristics of the forced vibration of a cooling 
channel on the flow and heat transfer of hydrocarbon fuel at supercritical pres-
sure. In addition, the influences of different vibration frequencies and vibration 
amplitudes on the flow and heat transfer are analyzed. The research results show 
that at supercritical pressure, when the fuel temperature is below the critical tem-
perature and the inner wall temperature is above the critical temperature, external 
vibrations would enhance the heat transfer characteristics of the cooling channel. 
However, when the pressure and temperature are unstable, the forced vibration 
of the cooling channel would suppress the instability of temperature and pressure 
while strengthening the heat exchange.
Key words: cooling channel, forced vibration, hydrocarbon fuel,  

flow heat exchange, unstable flow

Introduction

Hypersonic flight technology has been of high importance to the aerospace field in 
this century. An air-breathing hypersonic flight vehicle refers to an aircraft that has a flight 
Mach number of at least five. It is powered by an air-breathing scramjet engine [1-4]. Howev-
er, the high Mach number of scramjet engines causes a severe problem with regard to thermal 
protection. When the flight speed attains a Mach number of six, the aerodynamic heating 
and combustion heat release cause the peak heat flux in the combustion chamber to attain  
3 MW/m2. This causes the central flow temperature of the combustion chamber to attain a 
value in the range of 2500-3000 K [5]. Regenerative cooling is considered to be one of the 
most effective cooling methods for preventing the degradation in quality that results from 
carrying additional coolant [6]. The hydrocarbon fuel functions as a coolant in the cooling  
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channel and a fuel in the combustion chamber. This strong coupling necessitates fuel flow 
control. The fuel is first supplied to the pipe-line through the fuel pump. Then, its flow rate is 
calibrated using a flow meter. In the fuel supply system, a differential pressure flow meter is 
generally used for flow calibration. However, this set-up may cause unstable flow and interfere 
with the regulation of the fuel supply system [7]. In severe cases, it may cause high temperature 
ablation of the engine wall, difficulty in fuel flow control, and vibration damage to the mechan-
ical structure.

Chinese and foreign researchers have carried out substantial research on hydrocarbon 
fuel flow oscillations. Bi et al. [8] observed carried out a heat transfer experiment with super-
critical kerosene in the micro-channel. They observed that the heat transfer would deteriorate 
and sound oscillation would be produced when the temperature of the working fluid is lower 
than the pseudo-critical temperature and the pipe wall temperature is higher than this tempera-
ture. Kafengauz and Fedorov [9] observed that the heat transfer of pseudo-boiling is accompa-
nied by pressure oscillations. Linne et al. [10] conducted a heat transfer experiment on JP-7 and 
observed that flow oscillations occurred in all the experiments at supercritical pressure. Zhou 
et al. [11] considered that the variations in the physical properties of fuel in the pseudo-critical 
region and during pyrolysis are the main factors that cause the flow oscillation. It was also 
observed [12-15] that the flow oscillation in the cooling channel is caused by thermoacoustic 
instability. These studies focused mainly on the flow oscillation phenomenon in the heating 
process of the cooling channel. There are few research studies on the flow oscillation problem 
in the flow measurement process at the cold end. 

Scramjet has a simple structure with stringent restrictions on the structural quality. 
Although it generally has a thin-walled structure, it should be capable of withstanding substan-
tial aerodynamic loads and aerodynamic thermal loads. Therefore, combustion oscillation is an 
important cause of wall vibration [16, 17]. Wall vibration has a substantial influence on the flow 
characteristics of the fluid in the pipes, which can occasionally become unstable [18]. Soong  
et al. [19] conducted an experimental study on convective heat transfer in a rotating radial 
square isothermal pipe. The flow and heat transfer phenomenon are affected by the secondary 
flow generated by Coriolis force and buoyancy, whereas the strength of the secondary flow 
depends on the rotational Reynolds number. Benhamou et al. [20] studied the dynamic process 
of an incompressible fluid in a swinging horizontal pipe. The local axial velocity and local wall 
shear stress when the pipe vibrates are less than those without vibration. The fluid characteris-
tics of a horizontal pipe with low frequency cyclic vibration were also investigated [21]. Cyclic 
secondary flow phenomenon was observed in the fluid inside the pipe. Xie et al. [22] studied the 
complex interaction between structure and internal flow dynamics, obtained a phase diagram 
of the transition between different phases, and summarized the types of fluid motion induced 
by the flow pattern in the pipe. Mittal et al. [23] proposed a stable finite element method to 
perform a global non-parallel flow stability analysis for a 2-D steady-state flow with marginal 
disturbances. Thereby, they formulated the criteria for distinguishing between stability and in-
stability.

Few studies in the published literature have been carried out on the influence of vi-
bration on the flow and heat transfer of hydrocarbon fuel in the cooling channel, particularly 
the influence on the unstable flow and heat transfer in the critical region. This study mainly 
investigates the influence of vibration on the heat transfer characteristics of the cooling channel. 
Special attention is paid to the dynamic effect of external vibration on the pseudo-critical and 
critical zones.
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Experimental system and data processing

Experimental system

A high temperature fuel electric heating and vibration experimental system was estab-
lished to study the forced vibration of the cooling channel in the flow and heat transfer process 
of hydrocarbon fuel. The fuel used was RP-3 aviation kerosene. The system structure is shown 
in fig. 1. The hydrocarbon fuel flows out of the fuel tank through the constant-flux pump. To 
prevent the pump from being blocked and damaged by impurities, a 40 µm filter is installed be-
tween the fuel tank and the pump. The fuel flows into the mass-flow meter through the shut-off 
valve and the insulating device and then, into the heating section after flow measurement at the 
flow meter. Ceramic square tubes are used to bridge the two ends of the heating section, and the 
vibration exciter is used to ensure that the heating section vibrates only in one direction. Twenty 
six thermocouples are uniformly arranged on the outer wall of the heating section measure the 
temperature of the outer wall.

Figure 1. Diagram of high temperature electric heating/vibration  
experimental system for hydrocarbon fuel

The fuel enters the heat recovery system after passing through the test tube (or obser-
vation section). This is to enable the study of the influence of external vibration on the flow and 
heat transfer of the cooling channel. The experimental system has the following specifications. 
The power cabinet adopts a stabilized DC power supply with a maximum power of 6 kW. The 
plunger pump used is the SP1020 high pressure infusion pump manufactured by Shanghai 
Sanotac Scientific Instruments Co., Ltd., which has a pressure resistance of 25 MPa. The mass-
flow is measured with the E series CMF010 flowmeter manufactured by Micro Motion from 
Emerson Electric Co. USA. It has a maximum measurable flow of 108 kg/h and pressure resis-
tance of 40 MPa. The fluid temperature is measured with a K-type armored thermocouple with 
a diameter of 0.3 mm. To improve the response speed of the fuel temperature, the head of the 
armored thermocouple needs to be ground off to reduce the heat capacity of the thermocouple. 
The pressure is measured with a pressure transmitter having a measurement range of 10 MPa 
manufactured by Microsensor Co., Ltd., Shaanxi Province, China. The data acquisition system 
is manufactured by the National Instruments Corporation, USA. The vibration exciter is of 
the DH40100 type manufactured by Donghua Testing Technology Co., Ltd. It has a maximum 
excitation force of 100 N and frequency range between 0.1 Hz and 2.5 kHz. The vibration ex-
citer also uses the DH5872 amplifier from Donghua Testing Technology Co., Ltd., which has a 
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rated output power of 200 W and frequency range of DC ~40 kHz. The signal generator is the 
DH1301 generator manufactured by Donghua Testing Technology Co., Ltd. The accelerome-
ter is the 1A316E three-way accelerometer, which is also manufactured by Donghua Testing 
Technology Co., Ltd. It has a sensitivity of ~5 mV/(m/s2) and measurement range of 1000 m/s2. 
An axial vibration of approximately 10 Hz would cause the pipe to swing up and down, which 
would make it unfeasible to guarantee that the heating section moves only in the axial direction. 
Therefore, the heating section is fixed on the guide rail to restrict its movement in other direc-
tions. There is no swinging movement in other directions during radial vibration, whereby it is 
unnecessary to restrict the position of the heating section by the sliding rail device.

Data processing

In this paper, the heat transfer characteristics refer to: 
–– the variations in the local heat transfer coefficient or Nusselt number according to the fuel 

temperature with or without external vibration and 
–– influence of parameters such as system pressure, heat flux, flow rate, vibration direction, 

vibration frequency, and vibration amplitude on these variations. 
Data acquisition can be achieved through direct measurement and indirect measure-

ment. In this experiment, direct measurement is used to capture data directly through sensors, 
including parameters such as flow, pressure, inlet fuel temperature, voltage, current, outer wall 
temperature, and vibration acceleration. Meanwhile, indirect measurement is used to obtain 
certain physical quantities that cannot be measured conveniently or certain variables with the-
oretical values. Because these values cannot be measured, these need to be calculated from di-
rectly measured quantities. The methods to obtain the indirectly measured heat transfer coeffi-
cient and Nusselt number from the directly measured parameters are introduced in this section.

The local heat transfer coefficient is expressed:
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where qx ​​is the local wall heat flux density, Twx,in – the local inner wall temperature, and Tb,x – the 
local fuel temperature.

The local Nusselt number is calculated:
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where di is the inner diameter of the test tube and λx – the local thermal conductivity of kerosene. 
The directly measured physical quantities in the experiment include the fuel inlet temperature, 
Tin, fuel outlet temperature, Tout, fuel inlet flow rate, ṁ, outer-wall temperature measurements, 
Two,x of 26 points arranged uniformly along the heating section, outlet pressure, P, of the test 
tube, heating voltage, U, of the test tube, and heating current, I. To obtain heat transfer char-
acteristics including the local heat transfer coefficient and Nusselt number, it is necessary to 
derive the local heat flux, qx, local inner wall temperature, Twi,x, and local fuel temperature, Tb,x 
from these directly measured physical quantities.

Assuming that the heating section has a length, L, and the current flowing through the 
heating section is I, the local heat flux is calculated:
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where Rx is the resistance of the control body, din – the inner diameter of the test tube, and qloss,x 
– the local heat dissipation density. The resistance Rx of the stainless steel tube:
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where ρx is the resistivity of stainless steel and dout – the outer diameter of the test tube. Substi-
tuting eq. (4) into eq. (3):
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Equation (5) is the formula to calculate 
the local heat flux density from known quan-
tities. Here, the resistivity, ρx, of the stainless 
steel is a function of the local outer-wall tem-
perature, Two,x. The local heat dissipation densi-
ty, qloss,x, is related to the surface characteristics 
and size of the heat dissipation surface and the 
temperature difference with the environment. 
When the size of the test tube and ambient tem-
perature are constant, the heat dissipation den-
sity is a function of only the outer wall tempera-
ture, Two,x. These two functions can be obtained 
by calibration prior to the experiment. Thus, еq. 
(5) shows that the local heat flux density is a 
function of the current flowing through the test 
tube, inner and outer diameters of the test tube, 
and local outer-wall temperature. After the out-
er wall temperature is measured, the inner wall 
temperature can be calculated using the formula 
for the heat transfer in a 1-D pipe with an inter-
nal heat source.

The schematic diagram of local inner wall temperature calculation is shown in fig. 2. 
The thermal differential equation of tube:
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where λs is the thermal conductivity of stainless steel and Φ⋅  – the volumetric heat source. The 
boundary conditions are such that when r = rout, T = Two,x, and λs = ∂T/∂r = –qloss,x. Therefore, 
the inner wall temperature is obtained by integrating from rin to rout. The formula for calculating 
the inner wall temperature
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Equation (8) is the formula for calculating the local inner-wall temperature. It is ev-
ident that the inner wall temperature is determined by the current flowing through the heating 

Figure 2. Schematic diagram of local inner wall 
temperature calculation
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section, inner and outer diameters of the heating section, local outer wall temperature, and ther-
mal conductivity of stainless steel. Because the pipes in the heating section used in this exper-
iment are thin-walled, the temperature difference between the inner and outer walls of the pipe 
is marginal, and the temperature gradient in the radial direction of the stainless steel material is 
moderate. Therefore, the thermal conductivity corresponding to the outer wall temperature is 
used while calculating the thermal conductivity of stainless steel. 

The heat dissipation capability of the pipe to the surrounding air can be calibrated by 
the air heating experiment. The pipe is filled with still air at normal pressure and then heated. 
When the system is at equilibrium, because there is no convective heat transfer, the power de-
livered by the power supply to the heating pipe is equal to the power lost by the heating pipe to 
the outside air. It is assumed that at this time, the area influenced by ​​the axial heat conduction 
at both ends of the heating pipe is limited. Therefore, the average temperature of the middle 
section of the heating pipe is considered. Because of the axial heat conduction, the temperatures 
at the left and right ends of the heating pipe are lower than that of the middle section. The aver-
age temperature of the middle section is considered as the temperature of the entire pipe. That 
is, in the absence of axial heat conduction at both ends of the heating pipe, the temperature at 
these ends is approximately equal to this average temperature [24, 25]. The fitting curve can be 
expressed in the form of a polynomial function:
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where q̇loss(Two) [Wm–2] is the heat flux density of the heat dissipation loss of the heating pipe, 
Two [℃] – the temperature of the outer wall of the pipe, Ajh [m2] – the outer surface area of the 
heating pipe, and T0 [℃] – the ambient temperature. Similar to the inner wall temperature, the 
fuel temperature inside the heating section cannot be measured directly and is hence estimated. 
Curve fitting is performed with the total heat sink of the fuel along the entire pipe length and 
the fuel outlet fuel temperature to obtain:

( ) 4 3 2
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where T ̄out [℃] is the outlet fuel temperature of the heating section. Because the thermocouple 
measures the average temperature of the cross-section, it is indicated by the bar on the symbols. 
According to the fitted curve, the average temperature of the working fluid in the pipe can be 
inverse calculated according to the heat sink at a certain local position:

( )1
totalfT f Q−=  (11)

Uncertainty analysis

The heating section has a length of 500 mm, an inner diameter of 2 mm, and a wall 
thickness of 0.5 mm. The two ends of the heating section are connected with the electrode, and 
the pipe is heated by adjusting the electric power at both ends of the electrode. The 26 thermo-
couples are uniformly welded 20 mm apart on the wall of the heating section. The flow and heat 
transfer characteristics in the pipe are calculated mainly by the temperatures obtained from the 
26 thermocouples on the pipe wall, the mainstream temperature of the fuel oil at the inlet and 
outlet, and the inlet and outlet pressure. Therefore, the precision of the temperature and pressure 
data measurement is highly important. 
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Table 1. Uncertainty of direct measurement data
Measurement parameter Equipment Precision

Outer wall temperature [K] K-type thermocouple ±0.5 K
Fuel temperature [K] Armored thermocouple ±0.5 K
Inner diameter [mm] Scanning electron microscope ±0.0005
Mass-flow rate [gs–1] Coriolis flowmeter ±0.15%
Voltage [V] Voltmeter ±0.2%
Current [A] Ammeter ±0.2%

The process of uncertainty analysis refers to the [26]. The uncertainties of the experi-
mental data measured directly are shown in tab. 1. Because the temperature difference between 
the inner and outer walls is within 2 K, the uncertainty of the inner wall temperature is deter-
mined to be 1.05 K under all the experimental conditions:
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Because total heat flux and heat loss are two independent variables, the following 
uncertainties can be obtained according to the error propagation formula:
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The uncertainty of the total heat flux:
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Therefore, the uncertainty of heat loss:
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When the ratio of heat loss to effective heat flux is less than 5%, the value of eq. (13) 
is 1.53%. The uncertainty of the heat transfer coefficient can be obtained through the aforemen-
tioned derivation:
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Based on the aforementioned measurement results, the uncertainty of the thermal con-
ductivity of hydrocarbon fuel is within 3% and that of the inner diameter is 0.46%. Therefore, 
the maximum uncertainty of Nusselt number can be determined:
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Experimental results and analysis

Influence of vibration on stable flow heat transfer

To prevent film boiling during the cooling process of the fuel, the pressure in the 
channel at the hot end is generally higher than the supercritical pressure of the fuel. The fuel 
would experience three thermodynamic phases as the temperature increases: the subcritical, 
pseudo-critical, and supercritical zones. Its physical properties would vary dramatically during 
this process. Under the condition of supercritical pressure, the fuel density and isobaric specific 
heat capacity vary most dramatically in the subcritical temperature region and across the critical 
temperature region. When the system enters the supercritical region completely, the variation in 
these physical properties slows down gradually. The characteristics of this variation in physical 
properties cause the hydrocarbon fuel to show a variety of flow field characteristics in the tem-
perature region before pyrolysis occurs.

To study the influence of external vibration on the heat transfer characteristics of the 
hot-end channel under supercritical pressure conditions, the working conditions were set with 
a pressure of 4 MPa, a mass-flow rate of 0.55 g/s, and an inlet temperature of 293 K. Figures 
3 and 4 describe the influence of radial vibration on the heat transfer coefficient along the pipe 
with heating powers of 70 W/m2K and 140 W/m2K, respectively. When the heating power is  
70 W/m2K, external vibrations of different frequencies and various acceleration amplitudes 
have negligible effects on the heat transfer coefficient. When the heating power is 140 W/m2K, 
the external vibration exerts a substantial influence on the heat transfer coefficient at the rear 
end of the pipe. Vibrations with different frequencies and amplitudes have different influences 
on the heat transfer coefficient. The higher the frequency, the larger is the increase in heat trans-
fer coefficient. But the increase in vibration amplitude changes both the value of the transmis-
sion and the location of this increase.

Figure 3. Variations of heat transfer 
coefficient along the flow direction  
(70 W/m2K) 
 

Figure 4. Variations of heat transfer 
coefficient along the flow direction  
(140 W/m2K) 

Under identical conditions of external vibration, different heating powers yield dif-
ferent heat transfer characteristics. This is because the increase in heating power alters the 
temperature of the fuel and thereby, alters the thermophysical properties of the fuel. Figures 5 
and 6 show the variations in the main flow temperature and boundary-layer temperature along 
the flow direction under different heat flux conditions. It is observed that with a heating power 
of 70 W/m2K or 140 W/m2K, the temperature of the main flow along the flow direction is less 
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than the pseudo-critical temperature, and the thermal properties of the main flow undergo neg-
ligible variations. In contrast, for an identical heating power, the boundary-layer fuel tempera-
ture is approximately equal to the inner wall temperature. The results are shown in figs. 3 and 
4. When the heating power is 70 W/m2K, the boundary-layer fuel temperature is less than the 
pseudo-critical temperature in a subcritical zone. At this time, the fuel physical properties vary 
negligibly. This indicates that vibration has negligible influence on the heat transfer coefficient. 
When the heating power is 140 W/m2·K, the boundary-layer fuel temperature displays values 
in the subcritical zone, pseudo-critical zone, and supercritical zone in the direction of flow. It 
is observed that vibration exerts an influence on the fuel in the supercritical zone. This would 
cause the temperature in the supercritical zone of the fuel in the boundary-layer to decrease and 
thereby, enhance the heat transfer in this area.

Figure 5. Variations of inner wall 
temperature along the flow direction  
(70 KW/m2K) 
 

Figure 6. Variations of inner wall 
temperature along the flow direction  
(140 KW/m2K) 

The variations in the heat transfer coefficient and inner wall surface temperature along 
the flow direction for a pressure of 5 MPa, mass-flow rate of 1.5 g/s, and heating power of  
80 kW/m2K are shown in figs. 7 and 8. When the vibration frequency is 10 Hz, the vibration has 
negligible influence on the heat transfer. When the vibration frequency is 50 Hz, the vibration 

Figure 7. Variations of heat transfer 
coefficient along the flow direction  
(80 W/m2K)  

Figure 8. Variations of inner wall 
temperature along the flow direction  
(80 W/m2K) 
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causes an increase in the heat transfer coefficient of the section adjacent to the outlet. Because the 
main flow temperature is below 500 K, which is significantly lower than the critical temperature, 
the main flow thermophysical properties vary negligibly. In contrast, the fuel temperature of the 
boundary-layer is in the critical zone at the section next to the outlet. This is consistent with the 
enhanced heat transfer zone caused by vibration. Therefore, it is inferred that an external vibration 
with a certain frequency disturbs the boundary-layer fuel with a temperature in the pseudo-critical 
zone. This can result in a decrease in the wall temperature and thereby, enhance the heat transfer.

The variations in the heat transfer coefficient and inner wall surface temperature along 
the flow direction for a pressure of 5 MPa, mass-flow rate of 1.5 g/s, and heating power of  
120 kW/m2K are shown in figs. 9 and 10. Consistent with the previous conclusions, external 
vibration does not influence the heat transfer process when the boundary-layer fuel has a tem-
perature in the subcritical zone. When the boundary-layer fuel has a temperature in the pseu-
do-critical and supercritical zones, external vibration would reduce the wall temperature and 
thereby, enhance heat transfer. Therefore, under supercritical pressure conditions, external vi-
bration mainly affects the heat transfer process through the boundary-layer. The boundary-layer 
fuel with a temperature in the pseudo-critical zone and supercritical zone is affected. However, 
the boundary-layer fuel with a temperature in the subcritical zone is not influenced.

Figure 9. Variations of heat transfer  
coefficient along the flow direction  
(120 W/m2K) 
 

Figure 10. Variations of inner wall 
temperature along the flow direction  
(120 W/m2K) 

Influence of vibration on unstable flow heat transfer

The fuel temperature oscillation and wall temperature oscillation observed when 
the fluid has an inlet temperature of 293 K, a system pressure of 5 MPa, a mass-flow rate of  
1.5 g/s, and a heat flux of 120 kW/m2 are shown in fig. 11. Axial vibration is applied to the pipe 
to study whether external vibration has an influence on the oscillation process of this supercrit-
ical hydrocarbon fuel.

The variation can be divided into five phases on the timeline. In Phase a, there is 
no external vibration; in Phase b, external axial vibration with a frequency of 10 Hz and an 
amplitude of 10 m/s2 exists; in Phase c, external axial vibration with a frequency of 10 Hz and 
an amplitude of 20 m/s2 exists; in Phase d, external axial vibration with a frequency of 50 Hz 
and an amplitude of 10 m/s2 exists; and in Phase e, external axial vibration with a frequency of  
50 Hz and an amplitude of 20 m/s2 exists. The influence of vibration on fuel temperature is 
shown in tab. 2. It can be considered that external vibrations of different frequencies and ac-
celeration amplitudes have different influences on the instability of fuel flow. High frequency 
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vibration stabilizes the fuel at a relatively higher temperature, whereas low frequency vibration 
stabilizes the fuel at a relatively lower temperature. The amplitude of vibration acceleration has 
a negligible effect on stable fuel heat transfer.

Table 2. The influence of vibration on temperature oscillation of supercritical hydrocarbon fuel
Amplitude [ms–2] Frequency [Hz] Average fuel temperature [K] Oscillation amplitude [K]

Phase a 0 0 600 40
Phase b 10 10 610 0
Phase c 20 10 610 0
Phase d 10 50 605 0
Phase e 20 50 610 0

	

Figure 11. The unsteady flow under supercritical pressure condition  
(=1.5 g/s, H = 120 kW/m2K, P = 5 MPa); (a) outlet fuel temperature oscillation and pipe vibration, 
(b) Phase a, (c) Phase b, (d) Phase c, (e) Phase d, and (f) Phase e
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The outlet fuel temperature at the three 
instants A, B, and C can reflect the oscillation 
information of the fuel temperature in one cy-
cle. As shown in fig. 12, when external vibra-
tions with a frequency of 10 Hz and vibration 
acceleration of 20 m/s2 or those with a frequency 
of 50 Hz and vibration acceleration of 20 m/s2 
are applied to the pipe, the dynamic process of 
the influence of external vibration on the ther-
moacoustic oscillation in a cycle can be studied 
by the distribution patterns of fuel temperature, 
temperature of the inner wall surface, heat trans-
fer coefficient, and Reynolds number along the 
length at A, B, and C.

The variation in the inner wall temperature along the flow direction is shown in  
fig. 13. The external vibration suppresses the instability of the flow and thereby, ensures that the 
inner wall temperature is stable along the length. Furthermore, there is a significant decrease in 
the wall temperature. When the external vibration frequency is 10 Hz, the wall temperature be-
gins to decrease at x/d = 350 and recovers at the outlet. When the external vibration frequency is 
10 Hz, the wall temperature begins to decrease at x/d = 210 and recovers at the outlet. Figure14 
shows the variation in the main flow temperature along the flow direction. It is observed that 
external vibration maintains the main flow temperature at the vibration-free peak value.

Figure 13. Variations of inner wall 
temperature along the flow direction  
 

Figure 14. Variations of fuel  
temperature along the flow direction  

The influence of external vibration on the boiling oscillation heat transfer coefficient 
is shown in fig. 15. The figure shows that external vibration would enhance heat transfer. The 
higher the vibration frequency, the higher is the enhancement of heat transfer. Figure 16 shows 
the variation in the Reynolds number along the length. It is observed that the Reynolds number 
under external vibration conditions remains at the vibration-free peak value. Because the Reyn-
olds number is below 4500 along the length, the flow conditions have negligible influence on 
heat transfer.

Figure 12. The exit fuel temperature of 
unsteady flow at supercritical pressure
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Conclusions

The influence of vibration on the flow and heat transfer of the cooling channel was 
investigated by experiments in this study. Special attention was paid to the variations in the 
pseudo-critical zone and supercritical zone. The conclusions are as follows.

yy With a supercritical pressure, the external vibration would enhance the flow and heat ex-
change of the cooling channel only when the fuel temperature is below the critical tempera-
ture and the inner wall temperature is above the critical temperature. 

yy With a supercritical pressure, vibration would suppress unstable flow and enhance heat 
transfer.
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