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IS THE CRITICAL REYNOLDS NUMBER UNIVERSAL?S. Novopashin *, A. MurielInstitute of Thermophysi
s, Russian A
ademy of S
ien
es630090, Novosibirsk, RussiaSubmitted 26 De
ember 2001This paper is devoted to 
he
king whether the 
riti
al Reynolds number is universal in identi
al 
onditions forthe �ow of di�erent �uids. The laminar�turbulent transition in a 
ir
ular pipe �ow has been tested experimen-tally. The �ows of inert gases (He, Ne, Ar, Kr, Xe), mole
ular gases (N2, CO, CO2, SF6), and two similarliquids (H2O, D2O) have been tested. A 
onsiderable, up to 40%, di�eren
e in 
riti
al Reynolds numbers wasobserved. The possible reasons of nonuniversality of 
riti
al Reynolds number are dis
ussed.PACS: 47.27.Ak 1. INTRODUCTIONThe mystery of turbulent �ows has been intrigu-ing resear
hers in me
hani
s, synergeti
s, hydrodynam-i
s, plasma physi
s, geophysi
s, 
hemistry, and biolo-gy. In spite of more than two 
enturies of history, thisproblem is still unsolved. Numerous experiments sin
eReynolds's paper [1℄ show that the stationary �ow of�uids is possible only if the Reynolds number is lessthan some 
riti
al value. It is 
on�dently known thatthe Navier�Stokes equations govern laminar �ows. Thebreakdown of the stationary �ow is asso
iated with theloss of stability with in
reasing the Reynolds number.The analysis of stability of solutions sometimes allowspredi
ting the 
riti
al Reynolds number. Most partof the resear
h in the stability of laminar �ows was de-voted to in
ompressible �ows. In this 
ase, the analysisis 
onsiderably simpli�ed be
ause the only dimension-less parameter � the Reynolds number � determinesthe regime of the �ow. Its value depends on the natureof the �ow, but must be universal for di�erent liquidsin the same �ow.The Hagen�Poiseuille �ow [2�4℄ � the �ow in a long
ir
ular pipe � is stable with respe
t to in�nitesimaldisturban
es [5; 6℄. The transition to turbulen
e o
-
urs as a result of �nite perturbations or insu�
ientlysmooth boundary 
onditions at the pipe entran
e. De-pending on the boundary 
onditions and external noise,the 
riti
al Reynolds number R
 
an vary in a widerange of magnitudes: from 2 � 103 to more than 105. Inthe transition to the turbulent regime, the drag 
oe�-*E-mail: sanov�itp.ns
.ru


ient in
reases sharply, whi
h makes it possible to mon-itor the 
riti
al Reynolds number reliably. This paperreports experimental results on the transition to tur-bulen
e in di�erent gases and some liquids in the samepipe. The experiments are dire
ted to 
he
k whetherthe 
riti
al Reynolds number is universal for the �owsof di�erent �uids.2. EXPERIMENTALThe experimental set-up is shown in Fig. 1. Thevessel 1 (with the volume 0.1 m3) 
an be pumped upto the pressure 0.1 Torr and then �lled by any gas upto the pressure 1500 Torr. To study the transition inliquids, the basin 2 is installed inside. The air in the
hamber 
an be 
ompressed up to 750 Torr above theatmospheri
 pressure. Both gases and liquids 
an out-�ow into the atmosphere through the glass pipe 3 withthe internal diameter 1.3 mm and the length 300 mm.The gas pressure inside the 
hamber varies the pressuredrop on the pipe. It is measured by a membrane-typepressure gauge 4. By varying the quality (roughness)of the pipe inlet, it was possible to 
hange the 
riti
alReynolds number in a wide range. The quality of thepipe inlet was 
hosen su
h that the 
riti
al Reynoldsnumber was about 3500 for Nitrogen. All noble gases(He, Ne, Ar, Kr, Xe), some mole
ular gases (N2, CO,CO2, SF6), double distillate water, and 99.9 heavy wa-ter were used in experiments. The temperature of theliquids was 
ontrolled with the a

ura
y 0.5 K. The �owrate was measured as a fun
tion of the pressure drop.For liquids, it was measured by 
olle
ting the liquid306
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Fig. 1.
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0.02 Fig. 2.for a de�nite time period (normally, 1 minute). Thegas �ow rate was measured by 
ontrolling the rate ofpressure de
rease. As an example, the data redu
tionfor H2O and D2O is shown in Fig. 2. It is 
learly seenthat the dependen
e of the fri
tion fa
tor on Re is 
loseto the theoreti
al one in the laminar �ow, 64/Re. Thetransition to turbulen
e results in a sharp in
rease ofthe fri
tion fa
tor, whi
h allows determining the 
riti
alReynolds number with high a

ura
y.3. RESULTS AND DISCUSSIONThe data of all measurements are 
olle
ted in Tab-les 1�3. The tables show that the 
riti
al Reynolds
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h numberFig. 3.number varies in the range 2500�3570 (SF6�Ne). Theexperiments were 
arried out at absolutely identi
alba
kground 
onditions. The data obtained thereforedemonstrate a nonuniversality of the 
riti
al Reynoldsnumber, 
ontrary to the 
onventional tenet.For the Navier�Sto
kes equations, the Reynoldsnumber is not the only parameter that 
an in�uen
ethe �ow stability. For 
ompressible �ows, the Ma
hnumber is the se
ond important parameter. Figure 3shows the dependen
e of the 
riti
al Reynolds numberon the Ma
h number for gas �ows at the transitionpoint. We 
an see some 
orrelation between the valueof the 
riti
al Reynolds number and the Ma
h num-ber. With the de
rease of the Ma
h number, R
 shouldrea
h the limit determined by the in
ompressible �ow.The data for water plotted by the horizontal solid linedemonstrate that R
 for water is far from the limit.This means that the Ma
h number 
annot be the pa-rameter that governs the di�eren
e of 
riti
al Reynoldsnumbers for gas �ows.The Navier�Sto
ks equations in
lude three dissipa-tive terms: normal vis
osity, bulk vis
osity, and heat
ondu
tivity. We �rst 
onsider the role of bulk vis
os-ity. Bulk vis
osity is related to the relaxation of themole
ular internal degrees of freedom; in parti
ular, itis stri
tly equal to zero for inert gases. In [7; 8℄, thedi�eren
e in the 
riti
al Reynolds numbers for N2 andCO was explained by the di�eren
e in rotational relax-ation. But additional experiments have shown [8℄ thatthe 
riti
al Reynolds numbers di�er in a range thatis su�
iently wide even for noble gases (see Table 1).307 7*
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ular mass 4.003 20.18 39.95 83.80 131.3Density, kg/m3 (101325 Pa, 293 K) 0.1785 0.900 1.784 3.73 5.897Dyn. vis
., 106 Pa� s (105 Pa, 300 K) 19.9 31.75 22.75 25.54 23.3Speed of sound, m/s (300 K) 1012 454 334 222 177.4Criti
al Reynolds number 3430 3570 3320 3190 2870Ma
h number 0.20 0.17 0.10 0.074 0.048Se
ond virial 
oe�
ient, 
m3/mol 11.15 11.02 �16:85 �53 �134:6Table 2. Mole
ular gasesProperty/Gas N2 CO� CO2 SF6Mole
ular mass 28 28 44 146Density, kg/m3 (101325 Pa, 293 K) 1.25 1.25 1.977 6.5Dyn. vis
., 106 Pa� s (105 Pa, 300 K) 17.9 17.9 15.0 15.9Speed of sound, m/s (300 K) 334 334 274 134.9Criti
al Reynolds number 3290 3560 2970 2530Ma
h number 0.105 0.114 0.072 0.04Se
ond virial 
oe�
ient, 
m3/mol �5:47 �10:0 �97:9 �292Table 3. LiquidsProperty/Liquids H2O D2OMole
ular mass 18 20Density, kg/m3 (101325 Pa, 293 K) 1000 1104Dyn. vis
., Pa� s (295 K) 0.00096 0.0012Criti
al Reynolds number 3020 3480This fa
t allows one to 
on
lude that the relaxationof mole
ular internal degrees of freedom 
annot be theonly additional parameter that determines R
.The di�eren
e of thermal 
ondu
tivities 
ould beimportant for gas �ows be
ause of its expansion and
ooling during the �ow. The plot of the 
riti-
al Reynolds number against thermal 
ondu
tivity isshown in Fig. 4. In spite of some 
orrelation, we mustadmit that the dissipation due to thermal 
ondu
tivity
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annot be an important parameter.The next reason that 
ould play a role is the in�u-en
e of the external noise. Although the experimentswere 
arried out under the same external 
onditions,the role of the noise 
ould be di�erent for di�erent sub-stan
es. To 
hara
terize the noise, we suppose that thespe
tral 
omponents of the noise pressure P! are thesame. The 
hara
teristi
 dimension of the pressure is�C2, where � is the density and C is the speed of sound.The 
hara
teristi
 frequen
y ! is C=D, where D is the
hara
teristi
 size of the �ow (e.g., the diameter of thepipe). Finally, to obtain a dimensionless parameterP!, we must normalize this value to (�C2)=(C=D). Dis the same for all experiments and C is proportionalto p
T=�, where 
 is the adiabati
 exponent and T isthe temperature (it is the same for all gases). The re-du
tion of the above formulas results in the parameterto normalize as 
�, or 
M , where M is the mole
ularmass. This plot is shown in Fig. 5. It is 
learly seenthat the experimental points s
atter out of any regulardependen
e. We therefore 
on
lude that the di�eren
ein sus
eptibilities 
annot be the reason for the observednonuniversality of the 
riti
al Reynolds number.We also note the analysis in [9℄ based on weak non-ideality of gases at normal 
onditions that allowed ge-neralizing the experimental data for all tested gases asa fun
tion of the se
ond virial 
oe�
ient. The �owsof in
ompressible liquids are simpler in theory be
ausethe Reynolds number is the only parameter that shouldde�ne the regime of the �ow. Contrary to the 
onven-tional tenet, even in this 
ase (see Table 3), the 
rit-

i
al Reynolds numbers di�er for water and heavy wa-ter. For liquids, the statisti
al approa
h similar to thatfor gases [9℄ is 
onsiderably more 
omplex. The di�-
ulty is in the exa
t 
al
ulation of the partition fun
-tion and the individual phase volume even for simpleliquids [10; 11℄. 4. CONCLUSIONThe data obtained show that the 
riti
al Reynoldsnumber is not universal and that the pro
ess of thelaminar�turbulent transition is in�uen
ed by the indi-vidual mole
ule properties for both gas and liquid �ows.Taking referen
es [12�14℄ and the present resear
h intoa

ount, we 
on
lude that a rigorous theory of turbu-len
e should be based on a synthesis of hydrodynami
,statisti
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