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Reverse transition from the turbulent towards the laminar flow regime was inves-
tigated experimentally by progressively increasing the pressure up to 400 MPa in 
a fully developed pipe flow operated with silicone oil as the working fluid. Using 
hot-wire anemometry, it is shown indirectly that at low Reynolds numbers a rapid 
increase in pressure modifies the turbulence dynamics owing to the processes 
which induce the effects caused by fluid compressibility in the region very close 
to the wall. The experimental results confirm that under such circumstances, the 
traditional mechanism responsible for self-maintenance of turbulence in wall-
bounded flows is altered in such a way as to lead towards a state in which turbu-
lence cannot persist any longer. 
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Introduction 

For incompressible fluids, it can be shown that a Taylor series expansion near the 
wall (x2 = 0) of the instantaneous velocity fluctuations, ui, i = 1, 2, 3, which satisfy non-slip 
boundary conditions: 
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leads to the following expressions for the non-vanishing components of the turbulent stresses, 
i ju u ,  in simple wall-bounded turbulent flows: 
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The asymptotic behaviour of i ju u  implies that the velocity fluctuations  
inside the region of viscous sublayer 2 2 20 5( / )x x x uτ ν+ +≤ ≤ =  can be considered, to a fair  
degree of approximation, as two component since b1 = 0. Here uτ = (τw/ρ)1/2 and  
τw = µ(∂Ū1/∂x2)w are the friction velocity and the wall shear stress, respectively. 

For compressible fluids, fluctuations in the fluid density, ρ’, vary in a similar man-
ner as the velocity field and therefore may be represented in a form equivalent to (1): 

 2
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Imposing the mass conservation on (1) with (3): 
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yields b1 ≠ 0 due to non-vanishing of the density fluctuations at the wall, d0, where wρ  de-
notes the mean density of the fluid evaluated at the wall. With this result, the asymptotic be-
haviour of the turbulent stresses i ju u becomes: 
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and suggests that for compressible fluids turbulence in the viscous sublayer cannot be re-
garded as two component and that the compressibility effect is responsible for modification of 
the turbulence anisotropy. 

To provide further understanding of the compressibility effects, it is logical to pro-
ceed by projecting the dynamics of turbulence across the functional space formed by two sca-
lar invariants IIa = aijaji and IIIa = aijajkaki of the anisotropy tensor / 1/3ij i j s s iju u u u .δ= −a In 
contrast to the real space where observations usually take place, turbulence can appear in the 
invariant space, known as the anisotropy-invariant map, only within a bounded domain which 
is quite narrow [1]. Figure 1 shows trajectories of the joint variation of invariants, (IIa, IIIa), 
for incompressible turbulent channel flow as representative of wall-bounded flows. In these 
flows, trajectories of joint variation of invariants lie along the two-component state, II = 2/9 + 
+ 2IIIa, and very close to the axisymmetric state, IIa = 3/2(4/3|IIIa|)2/3. In the region of the vis-
cous sublayer, the data follow the two-component state. Starting from the wall (x2

+ = 0), the 
anisotropy first increases towards the right corner point of the map which characterizes one-
component turbulence, (2/9, 2/3). At the edge of the viscous sublayer (x2

+  8), the invariants 
reach their maximum values and thereafter follow the right boundary of the map which char-
acterizes axisymmetric turbulence. At the channel centreline, anisotropy almost vanishes, in-
dicating the tendency towards isotropy, (0, 0). 

If the compressibility effect precludes turbulence in the viscous sublayer from resid-
ing in the two-component state, the results in fig. 1 (top-left), which correspond to low Rey-
nolds numbers, imply that turbulence will tend towards the axisymmetric state in order to stay 
within the anisotropy map and satisfy realizability. The tendency towards an axisymmetric  
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Figure 1. Anisotropy-invariant 
mapping of turbulence in an 
incompressible turbulent channel 
flow compiled from existing 
numerical databases Reτ = 180 [2]; 
Reτ = 395 [3]; Reτ = 100, 150 [4];  
Reτ = 590 [5]; Reτ = 720 [6]} by [7]; 
data which correspond to low 
Reynolds numbers Reτ (top-left), 
based on the channel half-width and 
the wall friction velocity, show that 
the sublayer region is constrained 
between two possible states: the 
two-component state and the 
axisymmetric state 

state is followed by a continuous reduction in the turbulent shear stress 1 2u u  (since in axi-
symmetric turbulence 1 2 0),u u =  and a subsequent decrease in the turbulent energy produc-
tion, leading to a state in which turbulence cannot be self-sustained and must undergo reverse 
transition to the laminar state, [8] and [9]. 

We may support this fundamental deduction more systematically by examination of 
the equations for the mean flow in simple wall-bounded flows by demanding statistical axi-
symmetry in the turbulent stress tensor: it is straightforward to show that for such a stress con-
figuration the equations transform from the unclosed to the closed form and lead to solutions 
which coincide with corresponding solutions for laminar flows. This holds for incompressible 
and compressible fluids with the difference, however, that in the latter case fluctuations 
around mass-weight mean flow have to be considered for the treatment of the terms involved 
in nonlinear turbulence interactions in the momentum and the continuity equations assuming 
that the molecular diffusion is not influenced by the viscosity fluctuations. 

The present paper is therefore centred around the following fundamental question: Is 
it possible to influence the dynamics of wall turbulence by a sudden increase in pressure 
which induces the effects associated with compressibility in such a way as to force initially 
fully developed turbulence to return back to the stable laminar state at Re > Recrit. and in this 
way contribute towards a better understanding of the process of reverse transition studied ex-
tensively in [10]. 

Test section, fluid properties, and instrumentation 

High-pressure test section 

To perform detailed investigations of the effects induced by sudden pressure varia-
tions in a fully developed turbulent pipe flow, a special set-up was designed and built. Its ma-
jor components are shown in fig. 2. It consisted of a high-pressure hydraulic pump, a con-
tainer with a pressure-transmitting liquid, a hydraulic pressure intensifier for increasing the 
working pressure up to 14 times that produced by the pump, and a high-pressure vessel capa-
ble of withstanding pressures up to 500 MPa. 

The high-pressure vessel was manufactured from high-quality DIN 1.4542 steel block. 
Internally the vessel had a cylindrical form 0.080 m in diameter and 0.3 m in length, 

providing an effective volume of 1.5·10−3 m3. Figure 3 shows an exploded view, with the in- 

0

0.6

0.4

0.3

0.2

0.1
Reτ = 100 Reτ = 150 Reτ = 180

Reτ = 395 Reτ = 590 Reτ = 720

wallIIa

IIIa

x2 → 0

x2 → 0 x2 → 0

x2 → 0 x2 → 0 x2 → 0

0 0.2



Song, K., et al.: Relaminarization of Wall Turbulence by High-Pressure Ramps at … 
S96 THERMAL SCIENCE, Year 2016, Vol. 20, Suppl. 1, pp. S93-S102 

corporation of a large screw which closes the 
vessel entrance and the assembly of three 
round windows with an optical diameter of 
0.012 m that allow optical access for potential 
application of laser-Doppler anemometry. The 
temperature of the working fluid was meas-
ured with three thermocouples located at dif-
ferent positions in the vessel. Pressure meas-
urements were carried out with transducers 
which were located close to the vessel en-
trance. Temperature and pressure signals to-
gether with the piston position of the pressure 
intensifier were recorded by the computer- 
-controlled data acquisition system for deter-
mination of the volume flow rate. 

The vessel was pressurized by transmit-
ting liquid through the centrally mounted pipe 
of 1.6·10−3 m internal diameter, which ex-
tended 0.14 m into the vessel from the inlet. 
During the pressurization process, a fully de-
veloped flow was established in the pipe and 
maintained by the computer-controlled regula-
tion system in such a way as to produce the 
desired increase in pressure with minimum 
disturbances produced by the regulation sys-
tem itself. 

Fluid properties 

For preliminary experiments, glycerol 
was chosen as the pressure-transmitting fluid 
since it is a very low electrically conductive 

medium and therefore permits easy application of hot-wire techniques. Owing to the high vis-
cosity of glycerol, ν = 1.19·10−3 m2/s at the working temperature of 298 K, only a laminar 
flow condition was possible, corresponding to very low Reynolds numbers, Re = UBd/ν ≤ 10, 
based on the pipe diameter (d), the bulk velocity (UB), and the fluid viscosity (ν). 

For measurements in the turbulent regime, silicone oil was chosen as the working 
fluid. It is an electrically non-conductive medium and has a relatively low viscosity of  
ν = 0.65·10−6 m2/s at the working temperature of 298 K. Figure 4 shows variations of the 
physical properties of the silicone oil with pressure and temperature based on interpolation of 
the experimental data. Viscosity was measured with the use of the rolling ball viscosimeter 
according to the Hoppler viscosimeter, for details see [11]. Using silicone oil, it was possible 
to reach Reynolds numbers in the range 2.6·103 < Re < 10·103. 

The Reynolds number was calculated by: 
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Figure 2. Experimental set-up for the 
investigation of reverse transition in pipe flow 
during rapid pressurization 

Figure 3. Exploded view of a high-pressure  
vessel and sealing rings capable of maintaining 
a maximum pressure up to 500 MPa 
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Figure 4. Variations of the 
physical properties of 
silicone oil with pressure and 
temperature: density (a) and 
viscosity (b) 
 

where Re0 is the initial Reynolds number calculated from the initial density ρ0, dynamic vis-
cosity η0 and the bulk velocity UB before pressurization. The value of the bulk velocity was 
determined from measurements of the instantaneous volume flow rate monitored by the data 
acquisition system. During rapid compression from 10 to 300 MPa, the temperature of the oil 
increases by about ∆T ≈ 30 K, inducing a modest increase in density of the order of 20%. The 
temperature increase is in agreement with expectation based on the assumption that the proc-
ess is isentropic: 
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where β and cp are thermal expansion coefficient and thermal capacity at constant pressure, 
respectively. However, the viscosity of the silicone oil in the same range of parameters in-
creases nearly eightfold. 

Analysis of the conservation equations of fluid flow employing normalization of all 
variables with characteristic scales of the process involved and proceeding with an order of 
magnitude estimate for each individual term in these equations leads to the conclusion that 
these equations are identical with those describing viscous incompressible flow with the ex-
ception of the continuity equation [12]. Owing to density variation of the fluid with pressure 
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and temperature during the compression process, the continuity equation has to account for 
the compressibility effect on the working fluid: 
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From this equation, it emerges that relative variations in density follow pressure and 
temperature variations according to the physical properties of the fluid shown in fig. 4: 
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Introducing splitting of density, pressure, and temperature into the mean and fluctu-
ating parts in eq. (9) and taking average of the resulting equation yields the following rela-
tions: 
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The first term on the right-hand side of eq. (11) indicates that density fluctuations 
exist and closely follow the temperature fluctuations. In view of the results presented in figs. 
7-9, which show that the levels of the temperature and flow fluctuations are comparable in 
magnitude, we may conclude that inference previously mentioned obtained from eq. (11) jus-
tify the analytic considerations (1)-(5) outlined in Introduction if and only if the trajectory in 
the anisotropy map deviates marginally from the axisymmetric state, which is the case with 
turbulence in pipe flows at very low Reynolds numbers. 

Instrumentation 

To gain more qualitative than quantitative information on the behaviour of turbu-
lence in pipe flow undergoing rapid pressure variations, hot-wire anemometry was employed 
as shown in fig. 5. By varying the pressure ramps and by measuring the volume flow rate, 
pressure and temperature during pressurization, well-defined conditions were ensured to study 
the effects caused by a rapid pressure increase on shear flow turbulence. 

Sub-miniature laboratory-made hot-wire probes were installed at the pipe centreline 
and very close to its exit, x/d ≈ 1, for measurements of turbulence and detection of reverse 
transition. At this location, the measured data reflect essential features of a fully developed 
state inside the pipe, as can be concluded from flow visualizations [13], and from the experi-
mental results obtained using the hot-wire technique [14]. 

Probes were made of stainless-steel prongs which were 3 mm apart. Tungsten wires 
5 in diameter were suspended between two prongs to which they were welded. Hot-wire 
probes were operated with a DANTEC 55M constant-temperature anemometer at an overheat 
ratio of 0.22. Figure 5 shows the hot-wire probe directly above the pipe exit. 

The output signals from the anemometer were digitized at a rate of 1 kHz and stored 
on a personal computer for further processing. No attempts were made during the present in-
vestigations to calibrate the hot-wire probes or to account for the effect of spatial integration 
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of the measured signals over the hot-wire length, since the prime interest was to detect quali-
tative features of turbulence development. 

Figure 5. Layout of the hot- 
-wire probe for measurements 
of turbulence at the exit of the 
pipe and assembly of sapphire 
windows permitting optical 
access for potential application 
of laser-Doppler anemometry 

Experimental results 

Measurements in the laminar regime 

Results of first exploratory measurements using glycerol as the working fluid are 
displayed in fig. 6. These measurements correspond to laminar flow at very low Reynolds 
numbers, Re < 10. The measured signals show that shortly after initial pressurization, the con-
trol system required about 20 seconds in order to force the pumping system to produce a 
monotonic increase in pressure so that only physical effects originating in the flow could be 
clearly distinguished in the hot-wire signals from other disturbances. 

The hot-wire signals reveal that during 
the period of monotonic increase in pressure 
20 s < t < 60 s, the amplitude was almost con-
stant without any noticeable evidence of tur-
bulence, indicating qualitatively that stable 
laminar flow was maintained during pressuri-
zation. By repeating the experiments many 
times, it was found that hot-wire probes can 
withstand high-pressure ramps during the 
pressure build-up, pressure holding and pres-
sure release phases. No damage to the probes 
occurred during repeated tests carried out at 
pressures up to 400 MPa. This suggests that 
hot-wire anemometry can be safely employed 
for flow investigations at very high pressures. 

Reverse transition by high-pressure ramps 

Figure 7 shows traces obtained from the 
hot-wire probe and the pressure transducer dur-
ing rapid pressurization using silicone oil as the working fluid. Owing to the low viscosity of oil 
during the pressure build-up phase, initially fully developed turbulent flow is established with a 
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Figure 6. Trace of hot-wire record close to the 
pipe exit and the pressure signal measured 
during rapid pressurization of the vessel using 
glycerol as the working fluid; these experimental 
results correspond to the laminar flow regime in 
the pipe 
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bulk Reynolds number of Re  1·104. As the pressure rises, the turbulence level increases with 
the appearance of pronounced intermittency in the hot-wire signal at t ≈ 30 seconds.  

These trends in hot-wire readings can be ex-
plained by alternation of the instantaneous 
flow between fully turbulent and laminar 
states. Figure 7 suggests that suppression of 
turbulence leading to flow relaminarization 
occurs at t ≈ 40 seconds, corresponding to a 
pressure of 150 MPa at a Reynolds number of 
Re ≈ 4·103, which is higher than the  
Recrit  2320 which is commonly reported in 
the literature for highly disturbed inlet condi-
tions as in the present experiments. These re-
sults demonstrate that high-pressure ramps are 
capable of producing complete relaminariza-
tion of a fully developed turbulent pipe flow. 

By performing moving averaging, the 
statistical features were extracted from hot-
wire measurements. Figure 8 shows estimates 
of the relative turbulence intensity and the 
bulk Reynolds number during the process of 
reverse transition. There is great similarity be-
tween the present results and those commonly 
measured during the forward transition if 
viewed, however, in the reverse order: during 
relaminarization the turbulence level increases 
and at the reversion point reaches a maximum 
which is approximately equal to the difference 
between the centreline velocities correspond-
ing to laminar and turbulent regimes, respec-
tively, u' ≈ (2UB − 1.3 UB )/6, where the factor 
6 accounts for the width of the probability 
density distribution if it is assumed to be 
Gaussian. 

Employing the constant-current mode, 
low heating currents, i = 3-5 mA, and high sig-
nal amplification an attempt was made to com-
plement the results previously presented with 

measurements of the temperature variations during the relaminarization process. Theoretical 
considerations by Regulski [15] showed that the natural frequency response of a 5 µm wire was 
sufficient to resolve instantaneous temperature variations in the flow so that no frequency com-
pensation of the measured signals was necessary. From the measured voltage across the wire, 
current, gain and temperature coefficient of sensor resistance, it was possible to deduce an in-
crease in the bulk temperature of ∆T ≈ 30 K in the vessel due to rapid compression of the liquid. 

The development of temperature fluctuations induced by rapid compression is dis-
played in fig. 9. These results show a similar trend to the measurements presented in figs. 7 
and 8. Initially, the temperature fluctuations increase gradually and show a peak value with 

Figure 7. Hot-wire trace recorded close to the 
pipe exit during rapid high-pressure variation up 
to P ≈ 400 MPa; in the recorded signal, it is 
possible to distinguish periods of turbulent and 
laminar flow states during the pressure  
build-up phase 

Figure 8. Variations of estimates of the 
turbulence intensity and bulk Reynolds number 
during rapid compression leading to flow 
relaminarization 
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the appearance of intermittency just prior to reversion to the laminar state. The conditions at 
the reversion point deduced from hot-wire data and from temperature measurements  
are almost identical, implying that the sca-
lar field closely follows the velocity field, 
as can be expected from the Reynolds 
analogy. 

Conclusion and final remarks 

The reverse transition from fully de-
veloped turbulence towards a stable lami-
nar regime under the influence of high-
pressure ramps was studied experimentally 
in a pipe flow. Using glycerol and silicone 
oil as working fluids, both laminar and tur-
bulent flow conditions were investigated 
during the compression process at low and 
moderate Reynolds numbers. 

Mass flow and temperature fluctua-
tions measured at the pipe centreline and 
very close to its exit reveal that by applying pressure ramps and using silicone oil as the work-
ing fluid, reversion of the turbulent to the laminar regime occurred at Reynolds numbers for 
which commonly only the turbulent regime prevails. The reversion process was observed to be 
accompanied by an increase in turbulence intensity and it is argued that this observation is due 
to the alternation of the instantaneous velocity profiles between turbulent and laminar flow re-
gimes. The reversion process was completed when the turbulence reached the maximum level, 
proceeding with intermittent and then continuously stable laminar flow conditions. 

The conclusion to be drawn from the presented experimental results is that the ob-
served effect of flow relaminarization is in agreement with the expectation that rapid changes 
in the fluid density during the compression process reduce the turbulent dissipation and there-
fore the spectral separation between large- and small-scale motions which finally lead to 
complete relaminarization [8]. 

Dedication 

This paper we dedicate to Professor Simeon Oka on the occasion of his 80th birth-
day. We made attempt to provide contribution in the area of near-wall turbulence where Pro-
fessor Oka was actively involved over decades and made numerous contributions. 

References 
[1] Lumley, J. L., Newman, G., The Return to Isotropy of Homogeneous Turbulence, J. Fluid Mech., 82 

(1977), June, pp. 161-178 
[2] Kim, J., et al. Turbulence Statistics in a Fully Developed Channel Flow at Low Reynolds Numbers, J. 

Fluid Mech., 177 (1987), Apr., pp. 133-166 
[3] Antonia, R. A., et al., Low-Reynolds Number Effects in a Fully Developed Turbulent Channel Flow, J. 

Fluid Mech., 236 (1988), Mar., pp. 579-605 
[4] Kuroda, A., et al., Direct Numerical Simulation of the Turbulent Plane Couette-Poiseuille Flows: Effects 

of Mean Shear on the Near Wall Turbulence Structures, Proceedings, 9th Symposium on Turbulent 
Shear Flows, Kyoto, Japan, 1993, pp. 8.4.1-8.4.6 

[5] Moser, R. D., et al., Direct Numerical Simulation of Turbulent Channel Flow up to Reτ = 590, Phys. Flu-
ids, 11 (1999), 4, pp. 943-945 

 
Figure 9. The output of the cold wire showing the 
variation of temperature during rapid compression 
leading to relaminarization 



Song, K., et al.: Relaminarization of Wall Turbulence by High-Pressure Ramps at … 
S102 THERMAL SCIENCE, Year 2016, Vol. 20, Suppl. 1, pp. S93-S102 

[6] Volkert, R., Determination of Statistical Properties of Turbulence Employing Results from Direct Nu-
merical Simulation of Turbulent Chanel Flow (in German), Ph. D. thesis, University Erlangen-
Nuremberg, Erlangen, Germany, 2006 

[7] Frohnapfel, B., Flow Control of Near-Wall Turbulence, Ph. D. thesis, University of Erlangen-
Nuremberg, Erlangen, Germany, 2007 

[8] Jovanović, J., Hillerbrand, R. On Peculiar Property of the Velocity Fluctuations in Wall-Bounded Flows, 
J. Thermal Sci., 9 (2005), 1, pp. 3-12 

[9] Frohnapfel, B., et al., Interpretation of the Mechanism Associated with Turbulent Drag Reduction in 
Terms of Anisotropy Invariants, J. Fluid Mech., 577 (2007b), Apr., pp. 457-466 

[10] Narasimha, R., Sreenivasan, K. R., Relaminarization of Fluid Flows, Adv. Appl. Mech., 19 (1979), Feb., 
pp. 221-309 

[11] Foerst, P., et al., The Viscosity of Water at High Pressures – Especially at Subzero Degrees Centigrade, 
Rheologica Acta, 39 (2000), 6, pp. 566-573 

[12] Rauh, C., Modelling and Simulation of Processes during Short Time-High Pressure Treatment (in Ger-
man), Ph. D. thesis, Universitat Erangen-Nuremberg, Erlangen, Germany, 2008 

[13] Stewart, R. W. Turbulence (Motion picture film). Educational Services, Inc. Cambridge, Mass., USA, 
1969 

[14] Rotta, J., Contribution towards Understanding Onset Turbulence in Pipe Flow (in German), Ing.-Arch., 
24 (1956), 4, pp. 258-281 

[15] Regulski, W. Investigations of Temperature Fluctuations under High Pressure by Means of Hot-Wire 
Anemometry, Bachelor thesis, University of Erlangen-Nuremberg, Erlangen, Germany, 2009 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Paper submitted: October 25, 2015 
Paper revised: November 4, 2015 
Paper accepted: November 5, 2015 


