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The results reported pertain mainly to the classical or "fundamental' subdivisions in the theory of heat and 

mass transfer. They correspond to the laminar mode of flow, which is considered to be a subject explored 

in detail owing to advances in computational mathematics. The laminar mode has turned out to be most 

important and interesting in creating a new generation of gas-turbine power plants distinguished by high 

efficiency ( -60 ~ o )  and specific power per unit flow rate of air ( -  1 MJ/kg) .  The thesis is confirmed that 

applied scientific-engineering developments give a powerful impetus to the formulation of fundamental 

studies and often determine the trend of the search for physical regularities. Being confined by the framework 

of a plenary report, we could not touch on all the aspects of the studies devoted to gas-turbine plants 

conducted at the Institute of High Temperatures of the Russian Academy of Sciences. Some of the results 

obtained have been published [ 1-5], while others another are being prepared for publication. 

It is known that in rotary heat engines, such as gas turbines, the flow around nozzles and blades is 

characterized by a high degree of turbulence of the oncoming flow. Figure 1 shows experimental data [6 ] indicating 

that an increase in the turbulence level Tu to 3 - 8 ~  changes both the intensity of heat transfer (or the Nusselt 

number) and the dependence Nu = f(Re). When Nu = 0.296(Rex )~ for laminar flow over a plate , an increase 

in the turbulence of the oncoming flow causes an increase in the exponent of the Reynolds number to 0.65 (at 

Tu = 10%) [61. 

Results of experimental studies of the internal structure of a "pseudolaminar" boundary layer have revealed 

velocity fluctuations that are generated in it. This is confirmed by the reduced extent of the laminar zone of the 

boundary layer with rise in the degree of turbulence of the oncoming flow [5 ]. 

Obviously, it is impossible to describe the full diversity of heat transfer phenomena in turbutized flows 

using only the degree of turbulence. From the practical viewpoint, in particular, in studying heat transfer on the 

surfaces of gas turbine blades, the nonproportional variation of the heat flux in different zones of the boundary 

layer is important. 

Figure 2 presents a comparison of heat load distributions along a blade surface at low and elevated degrees 

of turbulence [7 ]. The hatched and blackened regions are those of increased and decreased heat fluxes with Re = 

1.67- 106 and variations of the degree of turbulence in the range of Tu = 0.2-4.0~o. As the Re number decreases, 

the picture remains unchanged though less pronounced. The point of transition of the boundary layer from laminar 

to turbulent flow is distinctly seen when the heat flux abruptly increases as it moves along the windward or leeward 

(the blackened sections) surface of the blade. At a higher degree of turbulence, the transition point is displaced 

toward the leading edge. As for the heat transfer intensity, the zone of the laminar boundary layer is most sensitive 

to an increase in the degree of turbulence Tu, while in the case of the turbulent mode this influence is not great. 
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Fig. 1. Typical  change of the local heat  t ransfer  (Nu) along a plate (Re) for 

different  levels of turbulence of the oncoming flow: 1) Tu = 0 .2%,  2) 3, 3) 8. 

Fig. 2. Influence of the Reynolds  number  and the degree of turbulence on the 

d is t r ibut ion  of the heat  t ransfer  rate a long a gas turbine blade:  1) Re = 

0.56.106 , 2) 1.1.106 , 3) 1.67.106 . q, k W / m  2. 

It is of interest  to note that with increase in Tu, the typical "throwing away" of the heat  flux at the end of the 

t ransient  regime of the flow ceases to be observed.  

Evaluation of the exper imenta l  results  represented  in Fig. 2 allows us to asser t  that the turbulence of the 

oncoming flow makes the heat  load dis t r ibut ion along both blade surfaces of a gas turbine smoother .  This  fact 

facil i tates the design of h igh-potent ia l  blades.  However, in the vicinity of the leading edge (in the region of laminar  

flow), an increase in the degree  of turbulence Tu has an adverse  effect on the thermal  regime and,  as a consequence,  

on the increase in the required flow rate of the coolant. This f inding fosters the development  of new physical  models  

of the laminar  boundary  layer  in turbul ized flows. 

Until recently it was believed that the influence of the degree of turbulence of an oncoming flow can be 

accounted for by a simple change in the liquid viscosity. Thus,  the notion of the effective viscosity r/Z = r/ + r/u is 

in t roduced,  where r 1 is the molecular  viscosity, while r/u is the addi t ional  or apparen t  viscosity, which depends  on 

the degree of turbulence Tu [8 ]: 

r/u = 0.164 yTuV~. (1) 

Here y is the t ransverse coordinate  reckoned from the surface of the body with a flow a round  it; V~ is the velocity 

of the oncoming flow. 

It is easy to verify that the model  descr ibed in 181 is based on the same ideas that  have been employed 

by Prandt l  to descr ibe  a turbulent  bounda ry  layer. However, adding  the term r/t , to the effective viscosity r/~: does 

not allow full agreement  to be reached between exper imenta l  and  calculated da ta  on heat  t ransfer  in the laminar  
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Fig.  3. R a t i o  of the  c r i t e r i a  of t h e r m a l  e f f i c i ency  �9 a n d  ~ s t  vs t h e  

dimensionless  paramete r  K. 

Fig. 4. Stabil ized criterion of thermal  efficiency qJst vs the ratio K / K  c (for 

K > 4): 1) range of the parameters  invest igated previously. 

boundary  layer. In [7 ] it is es tabl ished that there are geometr ies  of gas turbine blades  on which the heat  flux near  

the leading edge remains  almost unchanged with increase in Tu. 

To analyze  the paradox  observed in exper iments  [7 ], we have employed a heat  t ransfer  model  developed 

previously for condit ions of dus t - laden  flows around bodies [4 l. 

If we assume that  a turbulent  mole generated far from the body is incorporated into the laminar  boundary  

layer  as some whole, then at each moment  it behaves like a solid rotat ing particle moving relative to the remaining 

liquid with a velocity V' equal to the fluctuation velocity component ,  V' = V(t) - -V. This  principle of ins tantaneous  

"hardening" makes it possible to visualize seemingly the mechanism of the influence of ex terna l  turbulence and,  

as a minimum, to provide a general  representat ion of the s imilar i ty  criterion. 

The deeper  the mole penetra tes  into the boundary  layer,  the greater ,  obviously,  its influence on convective 

heat  transfer.  The penetra t ion of the mole is blocked by a longitudinal  s t ream of the averaged flow with the velocity 

Ue(x) = fix, where/5 = (dUe /dx )x=O = ~ ,N /RN with ~PN being the form factor and R N the character is t ic  dimension 

of frontal bluntness.  The real t rajectory of the mole will most likely to be curvil inear and dependen t  on its scale. 

We can introduce,  as a s imilar i ty  cri terion,  the dimensionless  ratio of the penetrat ion time of the turbulent  mole 

rTu = ~ /V '  to the characteris t ic  time of hydrodynamic  t ransfer  in the averaged flow r U = 1//5 = 1 / ( d U e / d x ) o :  

r U V' pV '  pV '  
c t  _ _ _ _ _  _ ( 2 )  

rTu /5~ A 4 /5 (,7p) (~/Cv)o 

He:e  8 = A x / v ~ - d  is the thickness of the boundary  layer  in the vicinity of the s tagnat ion point, the heat  t ransfer  

coefficient ( a / % )  0 is calculated at Tu = 0, and A is a proport ional i ty  constant .  

The s imilar i ty  cri terion C t is proportional ,  with accuracy to a constant ,  to the cri ter ion fit in t roduced in [9 ]. 

Although its physical in terpreta t ion does not seem to be sufficiently convincing, it is impor tant  that the extensive 

exper imental  data  collected in [9 ] now allow a new interpre ta t ion of the presence or absence of an increase in the 

heat  load on the blades of gas turbines.  

As in the heat t ransfer  model for dus t - laden  flows [4 ], the shape and dimensions  of a body with a flow 

around it are mainly manifested through the velocity gradient /5 = ( d U e / d x ) o .  The grea ter  the value offl ,  the higher  

the probabil i ty of carrying particles or turbulent  moles out of the vicinity of the frontal point. Correspondingly ,  

their  influence on convective heat t ransfer  is weaker,  with o ther  condit ions being equal. On the blades  used in the 

exper iments  in [7 ],/5 changed by almost a factor of three. For a b lade geometry for which fl was high, the influence 

of external  turbulence did not manifest  itself, while in the case of the minimum/5,  it was more than 40% at Tu = 

4%. 
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Fig. 5. Influence of coolant injection at the flow rate Gc on the relative 

intensity of heat transfer in a turbulent boundary layer: 1, 2, 3) calculated 

relations; points - experimental data. 

Fig. 6. Influence of coolant injection and surface porosity I-I w on the relative 

intensity of heat transfer: 1) 1-I w = 0.03, 2) 0.12, 3) 0.36, 4) 0.45. 

Qualitative agreement between experiment and the model does not allow so far an exact prediction of the 

optimum blade shape. Further  investigations are needed, first of all, for determination of the influence of the 

turbulence scale [10 1. 

We now pass to another  problem concerned with thermal protection. In [2 ] it is shown that substitution of 

direct-flow for convective cooling of the blades of gas turbines will result in a considerable decrease in coolant 

consumption and temperature nonuniformity inside the blade. However, the small thickness of the porous wall 

raises the question about the reliability of the available models of conjugate heat transfer, in particular, about the 

reliability of experimental data on the injection effect in laminar and turbulent boundary layers and on the value 

of the coefficient of internal heat transfer a v between the filtering coolant and the porous matrix. 

Discussion of these problems at the seminar supervised by A. I. Leont'ev, Academician of the Russian 

Academy of Sciences (RAS), has brought researchers of the Institute of High Temperatures of the RAS to the need 

to develop a new heat-mass transfer model for a porous medium. Its radical difference from all known models lies 

in the fact that the thermal conductivity of not only the matrix )'s but also the coolant 2 c is taken into account. 

Moreover, it is postulated that on the outer (heated) side of the porous envelope the coolant temperature T c l y =  h = 

Tcw and the matrix temperature T s l y =  h = Tsw. are equal: Tcw = Tsw. Only with such an assumption made, can one 

avoid taking into account a temperature unevenness in the boundary layer whose longitudinal dimensions are 

smaller than the thickness of the boundary layer and whose amplitude is commensurable with the temperature drop 

in this layer. For a s teady-state  thermal regime inside the permeable wall two temperature profiles are formed, 

namely, Ts(Y ) for the solid porous matrix and Tc(Y ) for the filtered-coolant flow. They  are described by the following 

system of equations.' 

)'s (1 - H) d2Ts d2Tc dTc 
~YY = CrY (Ts - To) ' - )'cl-I - - d y  2 + cpcGc --dy = cry (Ts - Tc) " (3) 

Here FI is the porosity; a v is the coefficient of volumetric internal heat transfer; Cpc, G c are the heat capacity and 

flow rate of the coolant, respectively. 

The boundary conditions at the inlet to the porous matrix (y = 0) allow convective heat transfer to proceed 

between the coolant and the first layer of fibers forming the porous skeleton: 

dT s 
;t s _d~_y ly=0 = StenGccp c (T s _ Tc)y=0 " (4) 
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Fig. 7. Dimensionless- temperature distribution in a system of porous matrix-  

coolant: 1) one- temperature  model 0 s = 0 c, 2) 0 c, 3) 0 s. 

The boundary  conditions at the outlet from the porous wall take into account the injection effect - a decrease in 

convective heat transfer upon supplying coolant to the boundary layer: 

qw 
- 1 - 7 b  t . (5 )  

qo 

Here q0 is the heat flux on the impermeable wall; b t = G c / ( a / C p )  0 = G c / L O c U e S t 0  l. 

An analytical  solution to system of equations (3) is obtained that makes it possible to calculate the 

temperature difference between the coolant and the matrix at any point of the impermeable wall (T s - T c) and,  

consequently,  to determine the integral amount  of heat consumed by the coolant upon filtration through the 

permeable matrix. It is convenient to introduce the dimensionless efficiency of direct-flow cooling in the form 

q J =  

h 
f a  v ( T  s -  Tc) dY 
0 

qw 

It is established that qJ is a function of the following three dimensionless parameters: 

R = RedPr c K c -  and K = R 
' Gccpc )% (1 - 1-I) " 

Here Re d = G c d / r l c ,  Prc = r lcCpc/2  c, r/c, Cpc, 2 c are the viscosity, heat capacity, and thermal conductivity of the 

coolant, respectively. At K <_ 4.0 the efficiency �9 depends on the thickness of the porous wall, more exactly, on 

the ratio h / d  (Fig. 3). At high values of K the criterion W becomes stabilized in the sense that a further  increase 

in h does not cause a change in it; however qJst depends on the ratio K / K  c (Fig. 4). The threshold value K = 4.0 

corresponds to the circumstance that at the inlet to the permeable wall the coolant temperature T c l y =  0 and that of 

the m a t r i x  Tsly=0 are rather close to the initial coolant temperature T c ~ ,  and therefore the heat transfer at the 

inlet does not exert a substantial  influence on the thermal regime of the entire porous envelope (i.e., Sten ceases 

to be one of the governing criteria). 

The solution obtained makes it possible to expalin well-known contradictions of experimental  data on both 

the injection effect and dimensionless correlations for internal heat transfer of the type Nu v = f(Red; Pro). Figure 

5 taken from I11 I illustrates the effect of injection into a turbulent  boundary layer. As is seen, the experimental  

data on the heat flux on a porous surface qw versus the dimensionless flow rate of the injected gas G c = b t show a 

large scatter. The calculated curves also differ markedly. Curve 1 corresponds to the recommendation given in [12, 

13 I. Curve 2 is of an exponential  nature,  i.e., it tends asymptotically to zero as G c = b t ~ 0o. It is described in detail 

in [14 I and is basically consistent with the experimental data of [15 I. Finally, curve 3 is calculated from the formula 

of the limiting law of [11 ]. Such a considerable scatter of experimental  data does not allow, in essence, reliable 

evaluat ion of the technical parameters  of a direct-flow cooling system. Therefore it is necessary to analyze 
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Fig. 8. Compar ison of empirical  dependences  for internal  heat  t ransfer  in 

porous s tructures.  Curves - processed da ta  of different  authors  [18 ]. 

Fig. 9. Inf luence  of the d imens ion les s  sample  th ickness  on the cr i te r ia l  

relation of internal  heat t ransfer  in porous envelopes [18 ]. Solid line - Nu v 

= [0.0098 + O. 11 (d/h) ]Re~/3Prct/3; points - exper imenta l  data.  

thoroughly the accuracy of measurements  and  possible reasons for the inadequacy of the models used in the 

exper iments .  

Figure 6 presents  exper imenta l  results  of [16 ]. Curves 2-4 are  averaged results  of measurements  made on 

permeable  models  differing only in the size of the holes and the dis tances  between them. By changing the degree  

of perforat ion,  the au thor  varied the relative area  of the holes on the surface of the model  from 0.36 (curve 3) to 

0.12 (curve 2) and  fur ther  to 0.03 (curve 1). Curve 4 i l lustrates the effect of injection through a porous surface with 

H w = 0.4.5. The  curve is close to calculated curve 2 in Fig. 5. It is easy to see that  at the same flow rate of the 

injected gas G c the injection effect undergoes  a b r u p t  a t tenuat ion with increase in the degree  of perforation.  

At a high injection rate it appears  that individual jets,  leaving the holes at a high speed,  seemingly,  

"perforate" the boundary  layer  without causing substant ia l  r ea r rangement  of the tempera ture  or  velocity field in 

the near-wal l  zone. Hence it follows that perfora ted envelopes, the more so those with a large perforat ion step,  

cannot provide effective thermal  protection. 

Figure 7 presents  calculated tempera ture  profiles for a high fi l trat ion rate b t = G c = 3: curve 2 per tains  to 

the coolant temperature ,  and curves 3 to the tempera ture  of the porous matrix.  The thickness of the permeable  wall 

amounts  to only 1 ram; nevertheless ,  even this value was sufficient to produce the ent ire  tempera ture  drop in the 

coolant .  Curve 1 co r r e sponds  to a ca lcula t ion  under  t he rma l - equ i l i b r i um cond i t ions ,  when the t empera tu re  

dis t r ibut ions in the solid and gas phases coincide (T s = Tg). 

As is seen,  the degree of tempera ture  nonuniformity in permeable  envelopes with intense injection is ra ther  

high, and  the tempera ture  gradients  at the external  surface are  great.  In this s i tuat ion it is hardly  possible to 

evaluate heat  fluxes qw by measur ing the tempera ture  drop at the inlet and outlet  of the porous wall, especial ly at 

high flow rates of the coolant.  We believe that in comparing the data  on the injection effect of different  authors ,  

preference should be given to data  obta ined  on failing calor imeters  (in part icular ,  on subl imat ing mater ia ls ) .  Only 

in this case is there  no tempera ture  nonuniformity  both inside the calor imeter  and  on its surface. 

Equally interes t ing conclusions can be drawn about the internal  heat t ransfer  in porous s t ructures ,  in 

part icular,  if we look at numerous exper imenta l  da ta  processed in the form of the cr i ter ial  regular i ty  Nu = c R e  n. 

Figures 8 and 9 taken from [t7,  18 ] dis t inct ly  show two tendencies.  The  first tendency lies in the fact that in the 

range of low Reynolds  numbers  Re d < 10 the divergence of the exper imenta l  da ta  increases  with decreas ing Re. 

The exponent  n in the criterial  law varies from 0 to 1.3, which exceeds considerably  the range of n for tube flows. 

The second tendency is related to the scale effect (Fig. 9). It turns out that the in tensi ty  of the internal  heat  t ransfer  

depends  on the thickness of the porous wall, more exactly,  on the rat io hid. Numerical  calculat ions by the model  

descr ibed above allow certain conclusions to be made about the reasons for this s i tuat ion.  

We compare the results given in Figs. 10 and 11. Figure 10 shows a t empera ture  profile in a porous matr ix  

(curve 1) and  two versions of a calculation of the temperature  dis t r ibut ion in the coolant.  First  a calculation was 
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Fig. 10. Dimensionless- temperature  profiles of a coolant for two laws of 

internal heat transfer: 1) matrix temperature; 2, 3) coolant temperatures.  

Fig. 1 I. Criterion of thermal efficiency qJ vs the dimensionless wall thickness. 

made for a stabilized laminar flow in a tube (Nu = const, curve 2) and then for the empirically chosen regularity 

Nu = 0.1RedPr c (curve 3). Despite a considerable difference in the coolant temperatures,  both versions yield 

practically the same values of the thermal efficiency qJ (Fig. 11). This criterion increases considerably with an 

increase in the thickness of the porous wall (h/d). 
The scale effect corresponds approximately to a twofold increase in �9 with increase in the dimensionless 

envelope (h/d) by a factor of four (Fig. 11). It is noteworthy that the thickness of the envelope was varied in almost 

the same range in the experiments whose results are shown in Fig. 9. The mechanism of the scale effect lies in the 

fact that at low Reynolds numbers (Re d = 1) and an envelope thickness amounting to several millimeters, the 

criterion W is considerably smaller than unity. This means that a smaller portion of the heat flux qw is supplied to 

the coolant by heat transfer inside pores, while the contribution of the thermal conductivity of the coolant and the 

heat transfer at the inlet to the porous structure turns out to be the governing factor. 

C O N C L U S I O N S  

1. The two flow modes, i.e., laminar and turbulent, differ in the laws of change of the boundary layer 

thickness and heat transfer rate with increase in the Reynolds number. 

2. A number of disturbing factors exist that lead to violation of the laminar heat transfer law. They include 

the increased turbulence of the oncoming flow and the presence of fine condensed particles (heterogeneous flows). 

A unified physical model is suggested for explanation of heat transfer enhancement in both cases. 

3. An analysis of experimental data on external and internal heat transfer in direct-flow cooling systems 

is made. The reasons for the considerable disagreement among the published data are discussed using results of 

a calculation of the thermal regime of porous envelopes with a filtering coolant by a new model. 

N O T A T I O N  

b t, dimensionless flow rate of the coolant; Cp, specific heat; C t, criterion determining the effect of turbulence; 

d, characteristic dimension of the pores; h, thickness of the permeable wall; L, length; Nu, Nusselt number; Re, 

Reynolds number; St, Stanton number; S, longitudinal coordinate; R, bluntness radius; T, temperature; Tu, degree 

of turbulence; (u, v), components of the velocity vector; (x, y), coordinates; ct, heat transfer coefficient; fl, velocity 

gradient; 7, injection coefficient; 6, thickness of the boundary layer; )., thermal conductivity; r/, viscosity; p, density; 

r, time; 0, dimensionless temperature; tp, criterion of thermal efficiency for direct-flow cooling; c, proportionality 
constant. 
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