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We have investigated supercritical-p (p> 1192 psi (8.22 MPa))
methanol at pressures up to 1645 psi (11.3 MPa) flowing through
a heated tube at flow rates of 4–7 lb/h (1.8–3.2 kg/h). Tube heated
lengths have been varied from 4 to 6 in (10 to 15 cm), internal
diameters from 0.027 to 0.069 in (0.069 to 0.175 cm), and heat
inputs between zero and 800 W. Fluid temperature at the tube
inlet remained subcritical (T< 464 �F (513 K)); outlet tempera-
tures were transcritical or supercritical. Two phenomena were
observed: system-wide bulk-mode oscillations and localized
acoustic modes. In this study, predictive efforts are undertaken to
characterize system-wide bulk-mode oscillations. The parameter
space has been nondimensionalized, yielding four dimensionless
variables. Stability criteria based on these dimensionless groups
have been established for two separate test articles and fluids;
both criteria suggest that the heat required for the onset of oscil-
lations is proportional to the mass flow rate times the mean pres-
sure and inversely proportional to the fuel density.
[DOI: 10.1115/1.4049401]

Introduction

Increased combustion temperatures of modern gas turbine
engines pose cooling issues for turbine blades. Many current
engines flow cooling air through channels inside turbine blades,
bled from the compressor. Cooling air can exit the compressor in
excess of 1200 �F (900 K), which is cooler than the turbine blades.

However, the blades could be more effectively cooled if the
incoming air’s temperature were reduced further by using the air-
craft fuel as a heat sink. To achieve this, the high heat capacity of
the relatively colder fuel can be exploited in a fuel–air heat
exchanger upstream of the turbine [1]. In addition to improved
turbine cooling, the resulting preheated fuel could improve the
engine’s combustion cycle efficiency [2]. However, large pressure
oscillations have been known to occur within fuel flow paths
[3–9], damaging or limiting life of heat exchanger components.
Those oscillations were observed to occur for thermodynamic
states close to the critical point, which exhibits drastic variations
of all thermodynamic properties depending on the temperature,
ranging from liquid-like to gas-like values. For this reason, the
use of fuels at or near their critical temperature in fuel–air heat
exchangers has been avoided. In order to fully exploit the fuel’s
cooling potential, engine manufacturers desire a model capable of
predicting the onset of pressure oscillations.

Supercritical fuel oscillations occur with different modalities.
Researchers have observed two distinct types of oscillations near
the critical point: bulk-mode oscillations (also known as Helm-
holtz or pulsating oscillations) and acoustic-scale oscillations.
Bulk-mode oscillations are characterized by high amplitudes and
low frequencies (0.5–3 Hz), whereas acoustic oscillations are
associated with low amplitudes and high frequencies
(75–2000 Hz). A previous work by Hunt and Heister [10] com-
pares test conditions and corresponding results from several
publications.

Hines and Wolf [3] performed early experiments to study ther-
moacoustic oscillations in supercritical fuels. They tested turbu-
lent flows of supercritical RP-1 and diethylcyclohexane (DECH)
through thin-walled tubes designed to replicate flowpaths found in
rocket cooling jackets. Oscillations were often audible in their
tests; oscillations of well-defined frequency with constant ampli-
tude caused a sound described as a “clear and steady scream,”
whereas oscillations with lower-frequency modulation exhibited
“chugging or pulsing noises.” Dominant frequencies and peak
amplitudes encountered were in the range of 1000–7500 Hz and
50–380 psi, respectively. They unsuccessfully attempted to elimi-
nate these oscillations by placing the tube in cement to damp the
vibrations during a run.

Faith et al. [4] experimented with supercritical Jet-A fuel, flow-
ing it through one of several types of resistively heated tubes.
Tests were performed at mean pressures of up to 1000 psi. Heat
input increased over a 5–10 min period until oscillations began,
with heat flux values ranging from 0.02 to 4.0 BTU= sec in:2.
Oscillations manifested in the form of high-pitched noise. Pres-
sure fluctuation amplitudes ranged up to 350 psi. Primary frequen-
cies varied between 1000 and 5000 Hz.

Hitch and Karpuk [5] studied vertical flow of methylcyclohex-
ane and JP-7 through a tube heated by band heaters. They
observed two distinct types of oscillations near the critical point:
Helmholtz/bulk-mode oscillations and acoustic oscillations.
Helmholtz oscillations occurred with high amplitude at frequen-
cies from 1 to 2 Hz, whereas acoustic oscillations occurred with
low amplitude at higher frequencies of 75–450 Hz. Flows were
always stable (i.e., no oscillatory response) when the fluid pres-
sure was much higher than the critical pressure. Aiming to elimi-
nate oscillations and increase heat transfer, Hitch and Karpuk
tested several turbulating inserts: a twisted-tape insert, a louvered-
tape insert, and a static mixer. All three inserts were found to
increase the heat transfer coefficient. The static mixer caused the
largest heat transfer improvement and reduced Helmholtz oscilla-
tions substantially. Flow stability could be maintained with a
static mixer until pressure was reduced to less than 1.1 times the
critical pressure. They successfully eliminated oscillations even
below the critical pressure by using a damping valve to cause a
flow restriction before the test section.

Linne et al. [6,7] performed a design of experiments to map out
the stability of a flow and generated an empirical fit to discrimi-
nate between stable and unstable regions. Their tests involved
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supercritical JP-7 fuel flowing through a vertical, resistively
heated tube. Five independent variables were selected for this
study: test section length, test section inner diameter, mass flow
rate, inlet fluid temperature, and heat flux. Buoyancy was origi-
nally proposed as a driver of oscillations, but based on the
Reynolds and Grashof numbers calculated, this effect was deemed
negligible for all tests. The authors arbitrarily selected an root-
mean-square pressure of 10 psi as the threshold between a stable
and an unstable condition. A curve fit was generated, which cor-
rectly predicted some, but not all, test points as being stable or
unstable. Moreover, the study did not test for applicability of
substantially different upstream hardware or fluid types.

Herring’s [1,8,11] research was aimed at developing a robust
and high-performance fuel–air heat exchanger able to accept fuels
near or above the supercritical point. Supercritical JP-10 flowed
through a single resistively heated tube in his experimental tests.
Independently varied parameters included inlet temperature, mass
flow rate, input power, heated length, and total pipe length. This
study also tested vertical and horizontal flows to determine the
effect of buoyancy and several types of wire coil inserts in an
attempt to improve heat transfer and suppress oscillations. Similar
to the results of Hitch and Karpuk, Herring observed bulk-mode
oscillations for reduced pressures up to 1.5. Like many other
experiments, oscillations were observed only when the wall tem-
perature was above the critical temperature, and the fuel inlet tem-
perature was subcritical. Unlike the results of Hitch and Karpuk
[5], however, the use of an upstream damping valve did not pre-
vent bulk-mode oscillations. Herring postulated that this was due
to the different flow systems used: Hitch and Karpuk used a
pump-fed system, so the upstream pressure of the fluid was
directly controlled, as opposed to Herring (and Linne) who pres-
surized gaseous N2 to drive the flow. In the latter approach, com-
pressibility effects are observed in the ullage of the source tank,
resulting in oscillations of the liquid flow rate.

Attempts at deriving a predictive criterion for the onset of bulk-
mode thermoacoustic oscillations are scarce in the literature
[7,12–14]. Only recently, a dimensionless criterion based on the
density difference between fuel in the mainstream and fuel near
the wall was developed [13]. The objective of this study is to
develop criteria based on the Buckingham Pi theorem to predict
the onset of bulk-mode thermoacoustic instabilities under condi-
tions relevant to hydrocarbon-based aviation fuel systems [15]. In
order to safely and more inexpensively perform experiments, a
surrogate fluid was employed, and a range of variables believed to
influence thermoacoustic oscillations were examined.

Facility Description

Bulk-mode oscillations were observed to be related to large
property changes (e.g., density, conductivity, viscosity, heat
capacity) that occur near the critical point. For this reason, super-
critical methanol is chosen for this study (see Fig. 1 with data
obtained from Refs. [16] and [17]) as a surrogate for a
hydrocarbon-based aviation fuel. The steep density slope in the
neighborhood surrounding the critical temperature indicates a
transition known as “pseudo-boiling” or “pseudo-condensation”
because formal phase changes are not occurring; however, bulk
property changes mimic those occurring from boiling or conden-
sation. This transitioning process has also been shown to affect
thermoacoustic instabilities [18] and heat-induced shock waves
[19] in previous numerical studies and is exploited here experi-
mentally to investigate bulk-mode oscillations.

Figure 2 is a summary of the main facility hardware. Methanol
test fluid is loaded into the run tank and pressurized with nitrogen.
A pneumatic valve is used to connect or disconnect the methanol
tank with the test section. A Coriolis flowmeter between the tank
and pneumatic valve measures the mass flow rate of the test fluid.
The fluid continues to a filter and then an electric preheater, which
consists of an array of tubes sandwiched by copper blocks heated
with cartridge heaters. The preheated fuel then enters the test sec-
tion, which consists of a tube undergoing electric resistance heat-
ing. The test section is electrically insulated on each end with
isolation flanges. Downstream of the test section, the fluid passes
through a cooling bath, filter, flow control valve, sampling station,
and finally a waste drum. A manual valve provides nitrogen for
purging the test section.

Type K thermocouples were mounted in both the inlet and out-
let plenums. The tubes tested were too small to accommodate
thermocouples, so only outer wall temperatures were measured
along the test section. Ungrounded thermocouples were selected
despite their relatively slow response times in order to minimize
instrumentation noise from the resistively heated tube. Thermo-
couple locations are shown in Fig. 2 as annotations with the letter

Fig. 1 Methanol density, q, speed of sound, a, and isobaric
specific heat, cp, versus temperature, T, from the NIST database
[16]. The critical pressure of methanol is 1192 psi (8.22 MPa),
and its critical temperature is 464 �F (513 K).

Fig. 2 Overall facility schematic; quantities defined in Tables 1 and 2. Wall temperatures desig-
nated with a w subscript; fluid temperatures designated with no subscript.
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T. Wall temperatures are designated with a w subscript; fluid tem-
peratures are designated with no subscript.

Kulite ETL-GTS-190 (M) (Leonia, NJ) pressure transducers
were placed in the inlet and outlet plenum. These transducers are
rated to temperatures up to 1025 �F and pressures of 3000 PSI.
The special high frequency amplifier allows the transducer to be
used up to 150 kHz. Data recorded during experiments were
sampled at 4 kHz. Pressure transducer locations are shown in Fig.
2 as annotations with the letter P. Table 1 lists values for parame-
ters varied throughout the experiments. The chosen reduced pres-
sures (pr ¼ p=pcrit) of 1.0, 1.2, and 1.4 correspond to pressures of
1175, 1410, and 1645 psi. Table 2 lists distances between major
components of the experiment.

Measurements

Unfiltered pressure and wall temperature traces obtained near
the test section and tank, as well as a mass flow rate trace, are
shown in Fig. 3 for a selected case. Wall temperature fluctuations
(Fig. 4) and time-averaged fluid temperatures throughout the flow
path and test section outer wall temperatures (Fig. 5) are also
shown for the same case. Seven probes were evenly spaced along
the tube; however, the fifth and sixth thermocouples from the inlet
failed, so results from the seventh have been assigned to Twe.
Fluid temperatures measured at the heated tube inlet and exit are
also included. Bulk fluid temperatures in the case depicted by
Figs. 3–5 remained subcritical throughout the flow path. The criti-
cal temperature acts as a natural boundary due to the high specific
heat associated with these conditions, illustrated in Fig. 1. How-
ever, in some cases throughout the test campaign, sufficient
energy was imparted to the fluid to reach supercritical bulk
temperatures.

Oscillations are most prominently displayed in pressure traces
near the test section tube and the mass flow rate measurements.
Throughout the test campaign, similar to previous studies, two
modes of oscillations were detected: the acoustic mode, character-
ized by frequencies of 360–581 Hz; and the bulk mode, character-
ized by frequencies from 1 to 5 Hz. Bulk mode oscillations, which
are the main focus of this study, tend to have amplitudes of over
one order of magnitude larger than the acoustic mode. The case
illustrated in Figs. 3–5 is representative of the test campaign; both
oscillation modes are present, but the bulk mode dominates. Mass
flow rate oscillates in phase with pressures p4 and p5, which sug-
gests that the instability is a system-wide phenomenon. Bulk-
mode oscillations are visible in some wall temperature traces, but
the amplitudes here are much smaller than those in the tube

pressure and mass flow rate. These wall temperature signals
undergo damping and lag due to the thermal resistance of the
stainless steel tube. The bulk-mode is not well-displayed by ther-
mocouples located anywhere in the flow-path; this may be
because the thermocouples are located in wide plenums in which
significant mixing occurs, interfering with the temperature
oscillations.

A proposed driving mechanism for bulk-mode oscillations,
which also aided in the formulation of a stability criterion, is as
follows. The oscillation cycle begins with both mass flow rate and
pressure near minimum values. At this time, the periodic process
has cooled the tube wall to the point where a continuous flow of
pseudo-liquid is present in the heated section. However, as the
external heat input is nearly constant, the fluid layer nearest to the

Table 1 Testing matrix for methanol

Test parameters

Heated length ‘ in. 4, 6
Tube O.D. Dout in. 0.125
Tube I.D. Din in. 0.027, 0.069, 0.093
Reduced pressure pr 1.0, 1.2, 1.4
Mass flow _m lbm/h 4, 5, 6, 7
Heat input _Q W 0–800

Table 2 Distances along fuel flow path

Flow lengths

Tank to preheater L12 6 ft
Preheater inlet to exit L23 16 in.
Preheater exit to test section inlet L34 22 in.
Test section inlet to outlet L45 9.5 or 11 in.
Test section outlet to cooling bath inlet L56 21 in.
Cooling bath inlet to exit L67 80 ft
Cooling bath exit to control valve L78 2 ft

Fig. 3 Unfiltered mass flow rate, tank pressure, and tube inlet
pressure of a selected case: _Q 5 550 W, Din 5 0.069 in., ‘5 6
in., _m 5 5 lb/h, pr 5 1.2

Fig. 4 Test section wall temperature fluctuations for a selected
case: _Q 5 550 W, Din 5 0.069 in., ‘5 6 in., _m 5 5 lb/h, pr 5 1.2.
High-frequency noise is present, and unrelated to bulk-mode
oscillations.
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wall, starting from the downstream section, is heated past its
pseudo-boiling point and begins to expand toward the center of
the tube. As a result, the pseudo-gas volume fraction increases.
Smaller tube diameter, increased heat input, and decreased mass
flow rate are all conducive to greater pseudo-gas fractions. At this
time, mass flow rate through the tube is severely limited due to
low-density pseudo-gas inhibiting the upstream flow of high-
density pseudo-liquid. This is accentuated near the critical point,

creating a dramatic increase in pressure due to the pseudo-vapor
lock of the flow path. Pressure rises until a critical threshold is
reached allowing for the rapid flushing of the largely pseudo-
gaseous mixture from the heated section. As the upstream pres-
sure is relieved, mass flow rate is decreased, allowing the process
to repeat. It should be noted that there are other types of instabil-
ities with similar outward appearance, such as chugging oscilla-
tions observed in liquid rocket engines [20] and density wave
oscillations found in two-phase flow [21]; however, these oscilla-
tion modes are characterized by different underlying physics.

Data Analysis

From the 175 test cases taken from the thesis of Palumbo [9],
88 test cases with strong and consistent pressure oscillations hav-
ing distinct major frequencies were chosen for analysis. Bulk-
mode oscillations dominate pressure and mass flow rate traces
such as those depicted by Fig. 3 and are therefore the subject of
this study. However, oscillations due to the acoustic mode, hydro-
dynamics and instrumentation noise were also present in these
data. These signals were filtered, leaving only the strongest oscil-
lation mode in the processed signal. These filtered signals, with
mean values subtracted, are shown in Fig. 6.

Data from the test article have been analyzed to determine
thresholds of several flow parameters for the occurrence of oscil-
lations. Independent variables include mean pressure (�p), fuel
mass flow rate ( _m), heated tube diameter (Din), heat input ( _Q),
fuel density (q), and fuel viscosity (l). Density and viscosity were
considered at the heated tube inlet. The dependent variable was
the pressure amplitude of the bulk mode. A nondimensional anal-
ysis was performed in the interest of finding a range of all

Fig. 5 Time-averaged wall (left) and bulk fluid (right) temperatures for a selected case: _Q 5 550 W,
Din 5 0.069 in., ‘5 6 in., _m 5 5 lb/h, pr 5 1.2

Fig. 6 Filtered mean-subtracted mass flow rate, tank pressure,
and tube inlet pressure of a sample selected case: _Q 5 550 W,
Din 5 0.069 in., ‘5 6 in., _m 5 5 lb/h, pr 5 1.2 Fig. 7 Histogram of all values of P�p 4

in dataset
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independent variables that is nonconducive to oscillations. The
Buckingham Pi theorem yielded four dimensionless groups

P�p4
¼ D4

inq�p

_m2
Pp4;amp

¼ D4
inqpamp

_m2

P _Q ¼ D4
inq

2 _Q

_m3
Pl ¼

Dinl
_m
/ 1

ReD

(1)

The significance of these dimensionless groups is as follows:

(1) P�p4
relates mean pressure to the dynamic pressure of the

mean flow.
(2) Pp4;amp

, the only output group, relates pressure oscillation
amplitude and dynamic pressure.

(3) P _Q relates thermal and kinetic energy transport.
(4) Pl acts like the Reynolds number for internal flow, relating

viscous forces, and inertial forces.

The values of each of the input dimensionless groups are plot-
ted in Figs. 7–9. P�p4

and P _Q both span several orders of magni-
tude, whereas Pl remains relatively unchanged throughout the
dataset. Figure 10 relates Pp4;amp

(dimensionless pressure ampli-
tude) to P _Q (dimensionless heat input). Each series in the plot
represents a range of P�p4

(dimensionless mean pressure) values;
the median of each P�p4

range is denoted on the legend. Logarith-
mic curve fits were applied to these series. All values of Pl
(inverse Reynolds number) were included in the plot indiscrimin-
ately, as the entire range of its values was relatively small. Unsur-
prisingly, the oscillation amplitude group tends to increase as the
power input group increases. A test case is considered stable if
Pp4;amp

, the dimensionless group representing pressure amplitude,
is near zero. Therefore, for each P�p4

curve, the location of the x
intercept represents the threshold dimensionless power input
required for oscillations to occur. This threshold power increases
monotonically with the increasing P�p4

(dimensionless mean pres-
sure) values.

A predictive stability criterion, shown in Eq. (2), quantifies the
onset dimensionless power for oscillations as a function of dimen-
sionless mean pressure

P _Q ;onset ¼ f ðP�p4
Þ (2)

Figure 11 plots P _Q;onset (onset dimensionless power) for several
values of P�p4

(dimensionless mean pressure). Operating points
beneath this curve would be predicted as stable, and those above
would be predicted to exhibit oscillations. A power-law regression
for P _Q;onset versus P�p4

, is shown in the following equation:

P _Q;onset ¼ 8:643P1:155
�p4
� 2:945� 106 (3)

Fig. 8 Histogram of all values of P _Q in dataset

Fig. 9 Histogram of all values of Pl in dataset

Fig. 10 Dimensionless pressure amplitude versus dimensionless heat input. Dashed lines represent
curve fits for each dimensionless mean pressure bin.

Journal of Fluids Engineering APRIL 2021, Vol. 143 / 040901-5



A linear regression for P _Q ;onset versus P�p4
, in which the y-

intercept is forced to equal zero, is shown in the following
equation:

P _Q ;onset ¼ 46:2P�p4
(4)

Substituting variables for the dimensionless groups and canceling
like terms yields the approximate critical heat input as a function
of mean pressure, mass flow rate, and fluid density

_Qonset ¼ 46:2
�p _m

q
(5)

where _Q < _Qonset predicts a stable (nonoscillatory) flow.
The worst-case bias errors of critical onset heat input and

dimensionless groups were calculated with consideration to bias
errors present in the hardware used. Because outputs were
sampled many times for each recording, precision error was
assumed negligible and was ignored for the uncertainty analysis.
Pl was omitted from this uncertainty analysis due to its invari-
ance in the stability criteria. The worst-case bias errors of
P�p4

; Pp4;amp
, and _Qonset were 6:551� 105; 6:340� 105, and

41.72 W, respectively.

Onset Criteria for RP-3 Fuel

Wang et al. [12] heated RP-3 to supercritical temperatures and
investigated thermoacoustic oscillations therein. The method of
generating a stability criterion discussed in the Data Analysis sec-
tion shall be used with the dataset reported by Wang et al. Cases
with preheating were excluded from this analysis in the interest of
obtaining accurate heat transfer measurements throughout the sys-
tem. Figure 12 depicts P _Q;onset (onset dimensionless power) ver-
sus P�p4

(dimensionless mean pressure). Operating points beneath
this curve would be predicted as stable, and those above would be
predicted to exhibit oscillations. Although a trend is evident, nota-
ble outliers are cases run with p¼ 2.5 MPa, which was the lowest
pressure setting run by Wang et al. This pressure corresponds to a
reduced pressure of 1.09. These five points, designated by squares
in Fig. 12, were excluded from the curve fit. The remaining 19
points, designated by circles, produced a much stronger trend.
Several factors may prevent the stability analysis from correctly
predicting the threshold power for low-pressure cases. The fuel
may have unintentionally been pressurized to a subcritical pres-
sure in the lowest-pressure setting cases, due to either abnormal
fuel composition or pressure transducer error. Although this can-
not be proven, the behavior does match that which may be
expected with subcritical-p fluids: the fluid remains stable
throughout the liquid phase but will eventually exhibit instabilities

once sufficient power is input to boil a significant amount of the
fuel. The energy required to undergo actual boiling is larger than
that required for pseudo-boiling.

A power-law regression for P _Q ;onset versus P�p4
for Wang

et al.’s data is shown in the following equation:

P _Q ;onset ¼ 27:29P0:7186
�p4

� 3:412� 104 (6)

A linear regression for P _Q ;onset versus P�p4
, in which the y-

intercept is forced to equal zero, is shown in the following
equation:

P _Q;onset ¼ 139:1P�p4
(7)

Substituting variables for the dimensionless groups and canceling
like terms yields the approximate maximum heat input for nono-
scillating flow as a function of mean pressure, mass flow rate, and
fluid density. This relation is given in the following equation:

_Qonset ¼ 139:1
�p _m

q
(8)

Despite the general behavior of each correlation being the same
(onset dimensionless power scales nearly linearly with dimension-
less mean pressure), it is not expected for the correlations to
match exactly between test articles. These two correlations merely
differ by their coefficients. This coefficient may be a function of
variables not captured within the dimensionless groups selected,
such as flow path geometry (viz., tube length or heated length) or
fluid properties. More experiments would need to be performed in
order to determine how to predict this coefficient.

Conclusions

Thermoacoustic oscillations have been detected in upward flow
of methanol through a heated test section. The amplitude of the
pressure oscillations was observed to depend on mass flow rate,
diameter of the heated section, mean pressure, and heat input. A
novel dimensionless scaling technique allows to fit experimental
data both from this work and from the literature. The potential of
this technique is to predict the onset of bulk-mode thermoacoustic
oscillations in heat exchangers using supercritical fluids with a
simple and inexpensive model.
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