
Jou~rnal of Engirteering Physics and Therrnophysics, Vol. 69, No. 6, 1996 

H E A T  T R A N S F E R  I N V O L V I N G  T H E  L A M I N A R -  

T U R B U L E N T  T R A N S I T I O N  A N D  T H E  E N H A N C E D  

T U R B U L E N C E  O F  A N  E X T E R N A L  F L O W  

E. P. Dyban �9 and i~. Ya. Epik UDC 536.24:532.526 

Experimental  data on heat transfer and friction in the presence o f  a bypass laminar-turbulent transition in 

a f low with an increased degree o f  turbulence Tu e = 3 . 2 - 7 ~  are reported. It is shown that several types of  

bypass  t rans i t ion  can occur  d e p e n d i n g  on the turbu lence  scale: f r o m  l a m i n a r  to turbulent ,  f r o m  

pseudolaminar to quastturbulent, and combination. It is established that the mechanism of  the transition is 

related to the selective properties o f  the wall boundary layers developed in its presence. A tendency toward 

the development o f  an upper thermal transition in turbulized f lows is established. 

Introduction. Investigations of the laminar-turbulent transition (LTT) have long been stimulated by the 

needs of aviation. Experimenters and theorists have concentrated primarily on investigations of the LTT mechanism 

in a dynamic boundary layer with a low degree of turbulence (Tue ~ 0). The works along this line are surveyed 

in [11. 

Investigators have pointed out that an increase in Tue within 0 .1 -2  Yo causes only displacement of the LTT 

region upstream without changing the friction and heat transfer coefficients in the laminar and turbulent boundary 

layers (LBL and TBL). Here, doing, they have postulated the following two basic propositions: 1) the existence 

of a classical LBL with a Blasius profile up to the onset of the LTT; 2) independence of the LTT mechanism of 

Tue in the above-mentioned range of it (occurrence of two-dimensional Tollmien-Schlichting waves, their 

destruction followed by formation of so-called Emmons spots and coalescence of the latter). 

In the second half of the 1960s a number of researchers (see, e.g., [2 l) detected pronounced (up to 

50-70Yo) enhancement of heat transfer on the frontal surface of a cylinder placed in a turbulized flow as well as 

along the profile of a turbine blade [3] in the region of LBL development. At the beginning of the 1970s 

investigations performed at the Institute of Technical Thermophysics of the National Academy of Sciences of 

Ukraine (ITTP NASU) revealed the occurrence of a layer radically differing from the LBL that was called a 

pseudolaminar boundary, layer (PLBL). This type of layer is characterized by the following features: 

�9 departure from a Blasius profile and enhancement of the velocity gradient on the wall; 

�9 an increase in the thickness of the dynamic boundary layer 5, a decrease in the form parameter H = 

3 " / ~ " ,  primatily due to an increase in the thickness of momentum displacement di*~ 

�9 an increase in the friction and heat transfer coefficients; 

�9 the presence of velocity and temperature fluctuations in the layer with a maximum at r/ -- 2 -2 .3  inde- 

pendently of Tue; 

�9 a continuous spectrum of velocity and temperature fluctuations without energy peaks at individual 

frequencies. 

Quantitatively similar changes were detected in the TBL, called the quasiturbulent boundary layer (QTBL) 

in these works. 
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A spectral analysis of velocity fluctuations in the PLTL at Tue = 1.2% did not establish the presence of 
traditional Tollmien-Schlichting waves or formation of turbulent Emmons spots 15-7 ]. This has given grounds to 

believe that the LTT mechanism in a turbulized flow will be different from that in the case of a "classical" LBL 

preceding the LTB. 

This nontraditional type of LTT, called a bypass LTT (BLTT) in [8 ], has been investigated extensively 

in various countries by scientists engaged in development of refined methods of calculating transfer processes in, 

first of all, the flow-through section of turbomachinery (see, e.g., the review [9] and [10, 11 ]). 

The majority of the experimental and theoretical works are devoted, as a rule, to a dynamic LTT. However, 

under complicated external conditions a thermal LTT can develop in a different way. This is shown convincingly 

in [12 ], where with Tu e changing from 5 to 3.2% along a surface in a flow and weak closed separation being present 

an "upper" thermal LTT, characterized by a monotonic change in the heat transfer coefficients, developed at its 

leading edge. Formation of an upper thermal LTT has not been observed by other researchers (see, e.g., [13-19 ]), 

which, in our opinion, is attributable, as shown below, to both the Tue and the characteristic scale of turbulence. 

Role of the Turbulence Scale. In works conducted by the ITTP NASU, as in [20 ], the dissipative scale L 

of the longitudinal fluctuation component u': 

L = ( Ue 2 ) 3 / 2 / U  e (dUe2/dx). 

is used as the characteristic turbulence scale. Depending on the relative value of this scale Z = L / ~  an intermediate 

region can develop between a turbulized external flow and a wall boundary layer, independently of the type of the 

latter, which is called an "overlayer" in the ITTP NASU works (see, e.g., [6, 21 ]). An overlayer is formed at 

> 1.25, and it causes more intense weakening of the transport properties of the turbulized external flow, the 

higher Z is. This occurs only due to weakening of the energy of the velocity fluctuation component normal to the 

surface and it leads to strong anisotropy not only in the overlayer but also at the outer boundary of the dynamic 

boundary layer determined, as adopted, by the condition U3 = 0.99Ue. As a result, the eddy viscosity at the outer 

boundary of the dynamic layer vt,~ becomes lower than that in the external flow Vte. Therefore at the same Tue 

values, depending on the Z value, two different types of pretransition boundary layer with its corresponding BLTT 

can be formed. 

At comparatively small L values the isotropy of the turbulence is preserved at the outer boundary of the 

dynamic layer and Vie = vt6. In this case, deformation of the velocity and temperature fields and, above all, an 

increase in the friction Cf and convective heat transfer St coefficients occur. Therefore, both the dynamic and 

thermal BLTTs start at Cf and St that are higher than in the classical LBL, which has been observed in the present 

study and in 1101 at Tue = 3%. 

The second type of BLTT is observed at comparatively high Z values, when the isotropy of the turbulence 

at the outer boundary of the dynamic layer is disturbed, which slightly affects the coordinate of the beginning of 

the BLTT, which depends, first of all, on the longitudinal fluctuation of the velocity in the initial cross section of 

the plate, but due to weakening of the transport properties of the turbulized flow vt3 < Vie. Despite the high level 

of the kinetic energy of the longitudinal component of fluctuations inside the layer, the near-wall velocity and 

temperature profiles do not undergo considerable deformations, i.e., Cf and St do not increase. As has been 

mentioned in some of our experimental works [7 I and in 119 h a BLTT begins when the Cf and St values correspond 

to the "classical" LBL. In just such a situation it is believed that Tue exerts no influence on the rate of the transfer 

processes, which is, in fact, masked by the manifestation of the strong effect of L. 

Selective Properties of Dynamic Wall Boundary Layers. Specific features of the mechanism of interaction 

of a boundary layer with an external turbulized flow can be described using our suggested distributions of "filtration 

coefficients" ke: ratios of the spectral power at a given point of the boundary layer E(n) to its value in the external 

flow E(n)e at the same frequency n. 

Data on the filtration coefficients for longitudinal and transverse velocity fluctuations are given for a PLBL 

and a QTBL in [5-7 ] and our other published works. As is seen in Fig. 1, two opposing fluxes of the kinetic energy 

of turbulence exist in a PLBL: at n < 300 Hz the energy of pulsations generated in the wall region is transferred 
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Fig. 1. Fi l t ra t ion coefficients of the longi tudinal  velocity fluctuations in a 

pseudolaminar  boundary  layer  [7 1, Rex--- 25,300; Tue = 1 . 4 ~ .  

to the external  flow, while at n > 500 Hz pulsations from the external  flow penet ra te  into the boundary  layer  and 

a t tenuate  there.  Thus,  energy is t ransferred from higher  to lower frequencies. Enhancement  of the energy of 

low-frequency pulsat ions favors the onset of a BLTT; however, in this case the eddy viscosity increases in the layer,  

thus stabil izing the la t ter  and re tarding the onset of the BLTT. At the same time only d ra inage  of the turbulence 

energy to the external  flow is character is t ic  for a QTBL (just as for a TBL). 

The repor ted data on the selective propert ies of dynamic PLBL and QTBL made it possible to elucidate 

the mechanism of the effect of Tu e on intensification of the heat and momentum t ransfer  processes. Ear l ier  we 

related this mechanism only to deep penetrat ion of pulsations into the layer  from the outside.  However, this fact 

is a one-s ided  and quite inadequate  representat ion of the mechanism of the process. Here,  it is also of importance 

that at Tue > 0 a dist inctive "protective barr ier"  is formed at the outer  boundary  of the dynamic  bounda ry  layer  

that decreases dra inage of the energy genera ted  in the layer to the external  flow, thus re ta ining the energy in the 

layer  itself and,  as a consequence, enhancing its t ransport  properties.  

The descr ibed mechanism based on the selective properties of the dynamic  wall layer  is not adequate ly  

reflected in the present  mathematical  models  of a PLBL and a BLTT, and therefore the comparat ively  low accuracy 

of these models in some cases is not surprising.  

Exper imenta l  Technique.  For  e x p e r i m e n t s ,  convent ional  open - type  wind tunne ls  with a con t ro l l ab le  

turbulence level were used at the ITTP NASU. At velocities Ue = 1 - 2 0  m/sec  the natural  level was - 0 . 2 % .  The 

turbulence was varied using perforated disks (PD) with a hole d iameter  of 13.5 mm instal led at the inlet to the 

convergent channel .  In the exper iments  whose results are given below, disks with 169 (PD-169) and 81 (PD-81) 

holes were used 

These  disks ensured almost uniform velocity and pulsation fields at the outlet from the convergent channel .  

The anisotropy of the flow in the initial cross sections did not exceed 6%.  Therefore ,  the character is t ics  of the 

external  flow were de te rmined  on the basis of the a t tenuat ion of the longitudinal velocity pulsations: 

/ = A ( X + Xo) 25  , 

where A -- 1027 and 537, X0 -- 0.41 m and 0.406 m for the PD-169 and PD-81. The  indica ted  genera tors  provided 

the following character is t ics  of the turbulized external  flow at X = 0.05 and 0.6 m: u'e/U e = 5 - 3 . 2  and 7 - 4 . 6 ~ o ;  L 

= 1 8 - 2 5  and 2 6 - 3 4  ram; Vte/V = 5 4 - 4 3  and 9 3 - 7 6 ,  respectively. 
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Fig. 2. Dist r ibut ion of friction coefficients in the presence of a bypass  laminar-  

turbulent  t ransi t ion (a, Eq. (1); b, Eq. (2)): 1) Ue = 1 m/see ,  2) 3, 3) 5, 4) 

10; I) PD-81,  II) PD-169. 

The  invest igated plate had a rounded leading edge with a radius  of 3 mm. The  angle of overflowing was 

regulated by an in terceptor  located in the outlet cross section of the setup. Heat t ransfer  was invest igated by an 

electrocalorimetric method accomplished with the aid of be l t - type  heaters ,  which provided the boundary  condit ions 

qw = const. Addi t ional  heat ing of the nose of the plate favored s imultaneous development  of the thermal  and dynamic  

boundary  layers.  

The  pa ramete r s  of the velocity and tempera ture  fluctuations were measured  by a therrnoanemometr ic  

method using a DISA-55M device equipped with analog analyzers  of random signals. IBM PC 386 computers  were 

used for processing the measurements  results.  The  measurement  procedure is descr ibed in detail  in [6 ]. 

Frict ion and H e a t - T r a n s f e r  Coefficients.  To compare the results obtained,  we used the following s imilar i ty  

equations as the initial re la t ions for Tu e = 0: 

for the LBL 

Cfo = 0.44Re **-I (Re** = UeO**/v ) , (1) 

St 0 = 0.365Re **-~ ; 

for the TBL 

Cf0 = 0.027 [1 + 0.05 (log R e "  - 3.3) + 0.1 (log Re'* - 3.3) 2 ] Re ~176 , 

(2) 

(3) 

St 0 = 0.0157 Re . . - ~  . (4) 

As is seen from Fig. 2, the dis tr ibut ions of the friction coefficients are nonmonotic,  which is one of the 

main features of an LTT, al though the process itself becomes smoother.  Thus,  the charac te r  of the dis t r ibut ions  

Cf = f ( R e  *~ for the invest igated Tue values could at least be forecast qualitatively. At the same time the d is t r ibut ions  

of the heat t ransfer  coefficients St - - f ( R e  *~ /Fig. 3) show that with an increase in Tue the BLTT becomes a 

smoothed process that approaches  a monotonic one. Thus,  in the case of the PD-81 the nonmonotonic  behavior  of 

the plot St = f (Re "~ can be detected visually. However, with a scat ter  of the exper imenta l  points of -+ 10% in the 

regions where an LBL, PLBL, and BLTT are formed, the ent ire  process can be approximated  by a single s t ra ight  
line. 

Thus,  with an increase in Tue the BLTT shows a dist inct  tendency toward a t tenuat ion  of the nonmonotonic  

change in St = f(Re**) until it d i sappears  completely.  This  type of BLTT was observed in 1121 and was called an 
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Fig. 3. Distr ibut ion of heat t ransfer  coefficients in the presence of a bypass  

laminar - turbulen t  transit ion (a, Eq. (3); b, Eq. (4)): 1) Ue = 3 m/see ,  2) 5, 

3) 10; I) PD-81,  II) PD-169. 

"upper" BLTT. It is impossible to predict the lat ter  even quali tat ively since a priori an LTT is a lways  related to a 

nonmonotonic change in the t ransfer  coefficients (those of friction and heat t ransfer) .  

In addi t ion to a t endency  toward development of an upper BLTT in the thermal  bounda ry  layer ,  the present 

exper iments  have also revealed development  of a PLBL before the BLTT. The observed sequence of development 

of the wall boundary  layers  was as follows: LBL-PLBL-BLTT-QTBL-TBL.  

The sequence LBL-BLTT-QTBL is observed in [13-151 and in 119 l, where the PLBL is absent ,  which, in 

our opinion, is in no way rela ted to BLTT formation but is caused by the s imultaneous influence of Tue and Z on 

the development  of the pret ransi t ion boundary  layer. 

Select ive  P roper t i e s  of  T e m p e r a t u r e  Bounda ry  Laye r s .  Above,  we a n a l y z e d  the d y n a m i c  f i l t ra t ion  

coeff icients ,  whose def ini t ion presents  no difficulties in flows with a high level of Tu e if E(n)  e is used for 

normalizat ion purposes. However, with low Tue levels the s tructure of the external  flow is often d i sordered ,  which 

does not allow E(n)e to be used for normal izat ion.  All this appl ies  in full measure  to ex te rna l  t empera tu re  

fluctuations at any Tue when the wall but not the external  flow is subjected to heating.  

Therefore ,  in ana lyz ing  temperature  fluctuations, t empera ture  coefficients of f i l t rat ion k~o are  employed 

for whose normalizat ion a power spectrum at the outer  boundary  of the thermal boundary  layer  E0(n),~0 is used 

that is de te rmined ,  as usual,  by the condition T,~O = 0.99Te (where T is the temperature ,  60 is the thickness of the 

thermal boundary  layer) .  

The filtration coefficients of temperature  fluctuations (Fig. 4) differ radical ly from those of longitudinal-  

velocity fluctuations by the following: 

�9 in all types of developing temperature  boundary  layers  there is no energy absorpt ion  at high frequencies; 

at all frequencies energy is genera ted  near  the heated wall and t ransferred to the externa l  flow; 

�9 the temperature  coefficients of fil tration are cons iderably  greater  than in the case of velocity fluctuations; 

for instance,  at X = 70 mm in the PLBL the values of k,50max reach 4 0 - 5 0  at n = 7 Hz, and  they are  re ta ined up 

to the beginning of the BLTT (X = 150 mm). In the course of the BLTT they increase to - 8 0  and then decrease,  

as the QTBL develops, to - 20. Such high k,~o values are not surpr is ing since at the outer  boundary  of the thermal 

boundary  layer  the energy of tempera ture  fluctuations is much lower than that of the velocity fluctuations; 

�9 the maxima of the temperature  coefficients of fil tration in the region of low frequencies (n < 450 Hz) lie 

closer to a wall, while those in the region of high frequencies are,  on the other  hand,  at a d is tance from the wall, 

as compared  to the case of velocity fluctuations. This testifies to the fact that at different  frequencies the velocity 

and tempera ture  fluctuations are  corre la ted to a different degree.  

The  descr ibed aspects  of interaction of temperature  boundary  layers with external  turbulence must be taken 

into considerat ion in developing mathematical  models of a BLTT. 

C o o r d i n a t e s  of a B y p a s s  L a m i n a r - T u r b u l e n t  T rans i t ion .  T h e  m a j o r i t y  of the  e x i s t i n g  m e t h o d s  of 

de te rmina t ion  of the coordinates  of the beginning and end of an LTT are developed for Tu e = 0 and do not allow 

for changes in the internal  s t ructure  of the pre- and post transi t ion wall boundary  layers .  The  methods used for 
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Fig. 4. Fi l t rat ion coefficients of temperature  fluctuations at the beginning of 

a bypass  l aminar - tu rbu len t  t ransi t ion (PD-169,  X ~" 150 mm; Ue = 5 m/sec ) :  

1) n = 5.5 Hz, 2) 9, 3) 18, 4) 45, 5) 90, 6) 180, 7) 450, 8) 900, 9) 1800, 10) 

4500. 

LTT diagnostics can turn to be invalid or must be modified in the case of BLTT development.  Thus,  for instance,  

of the seven methods discussed in [17] only two can be used for de terminat ion  of the beginning of a BLTT (points 

of the minimum coefficients of dynamic  pressure and friction) without any  modifications.  Therefore ,  it is necessary  

to come to an agreement  concerning the methods and criteria of measurements  that could allow unambiguous 

in te rpre ta t ion  of the results  obta ined ,  their  comparison,  and  fur ther  wide use for development  of calculation 

methods.  

Without going into the detai ls  of the employed methods of diagnostics of the s tar t  (Rest) and end (Reen d) 

of a BLTT, the results  of the present  investigation allowed us to conclude, based on a thorough analys is  of the 

dis tr ibut ions Cf = f ( R e  ~ and St --- f (Re '* ) ,  that for the two invest igated cases PD-169 and PD-81 Rest* -- 182 and 

178, while Reen d = 482 and 463. These  figures confirm data  of [22 ] of the constancy of the ratio Reen d, Rest for 

Tu e = vat  (in the present  exper iments  this ratio is 2.65 and 2.6, respectively).  

The Rest values for both cases were higher  than those calculated in accordance with the recommendat ions  

made in [9 1 and 122 1 

Rest = 400Tue  $/8 and Rest = 163 + exp (6.91 - Tue) 

by a factor of 1.24 and 1.57 19 ] and 1.08 and 1.12 [22 1, respectively,  for the PD-169 and PD-81. The  si tuat ion is 

no bet ter  in a comparison with other  recommendat ions ,  including the use of Re x st = UeXst/v and Re x e n d  = 

UeXend/V, where prescribing the length X itself involves addi t ional  uncer ta inty  due to special features  inherent  to 

the beginning of development  of the layers.  

Our brief analys is  establ ishes that despi te  the great variety of recommendat ions  exist ing in the l i terature ,  

at present  we cannot predict BLTT coordinates  with a sufficiently high accuracy. 

Conclusions.  The  main emphasis  in the present  work is given to the special features  of a BLTT at Tu e = 

3.2-7Vo and L = 1 8 - 3 4  mm. We have intent ional ly  excluded such aggravating factors as a longitudinal  pressure  

gradient ,  periodic velocity unsteadiness ,  roughness,  etc. We have also not descr ibed the change in the turbulent  

Prandt l  number  or in many integral  and local parameters .  Some of these data are  contained in the l i tera ture  cited. 

The present  investigation has mainly concentra ted on BLTT features that have not been discussed in the 

s imilar  works of o ther  researchers ,  first of all, in [13-19].  Among these features,  first of all, the pronounced 

influence of turbulence and its character is t ic  scale on formation and development  of a pre t rans i t ion PLBL is 

noteworthy.  The  changes in the internal s t ructure of this layer  and the increase in the friction and heat  t ransfer  
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coefficients determine the regularities and character of the BLTT itself. The distinct tendency toward formation of 

an upper thermal BLTT testifies to the need to extend experimental research into the areas of higher Tu2 and 

lower Z values where an upper BLTT can be expected to develop in not only thermal but also dynamic boundary 

layers. This (still purely hypothetical) case undeniably stands in need of experimental verification. 

Another important factor is the selective interaction of wall boundary layers with a turbulized external flow: 

generation, in particular, of energy in the pretransition dynamic PLBL at low frequencies and its absorption outside 

at high frequencies; high integral correlation of velocity and temperature fluctuations near a wall with a different 

correlation with respect to frequencies; etc. It seems worthwhile to investigate the BLTT in the case where the flow, 

not the wall, is heated, when the integral correlation can be lower near the wall but higher, on the other hand, at 

the outer boundary of the layer. Although it is very difficult to realize this case experimentally, its results can be 

very interesting since the behavior of thermal boundary layers in the presence of a BLTT is hard to predict. 

Finally, it is desirable to clarify some technical and methodical aspects. The former include refinement of 

experimental conditions (which allows elimination or at least evaluation of the factors BLTT, for instance, the 

separation or depth of the pressure peaks at the leading edge of the plate, the presence of an unheated section, 

and so on); the latter include the need to develop unified approaches to determination of BLTT characteristics 

(coordinates of the BLTT region, intermittence coefficients, etc.). 

Only concerted and agreed efforts of researchers can make it possible to approach a solution of such a 

complicated problem as heat transfer in the presence of a BLTT. 

N O T A T I O N  

Cf, coefficient of friction; E(n), energy spectrum in frequency space; H, dynamic form parameter; L, scale; 

q, heat flux; n, frequency; T, temperature; U, velocity; u', longitudinal velocity fluctuations; X, y, longitudinal and 

normal coordinates; 5, thickness of the dynamic boundary layer; 50, thickness of the thermal boundary layer; 6 ~ 

displacement thickness; 5 ~176 thickness of momentum displacement; r/, universal transverse coordinate; v, viscosity. 

Subscripts: e, external; end, end; f, friction; 0, Tu e = 0, initial condition; t, turbulent; st, start; w, wall; 6, outer 

boundary of the dynamic boundary layer; 50, outer boundary of the thermal boundary layer; 0, thermal. 
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