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Abstract.-Measurements of the axial surface temperature distribution have been obtained on a porous tube 
carrying a flow of air and subjected to uniform electrical heating. Hydr~ynamically fully~evelo~d 
turbulent Row existed at the tube entrance and mass extraction through its wall was uniform. The local 
bulk temperature of the mainstream has been evaluated with the aid of the energy equation. The experiments 
covered an inlet Reynolds number range of about 104-105 with a ratio ofthe transverse veto&y at the wall to 
the mean axial velocity at inlet from zero to about 0.012 (i.e. from no-suction to 100 per cent suction). The 
radial distribution of temperature measured in the exit plane of the tube indicates that the form of the 
temperature profile is markedly influenced by suction, becoming steeper near the wall and flatter near the 
axis of the tube. Local as well as average values of the Nusselt number with suction have been computed 
and are presented in graphical form. At a fixed inlet Reynolds number both these values increased substan- 
tially with suction and decreased with x/B, although the focal values relative to their no-suction counter- 
parts increased along the tube. An empirical correlation for the average Nusselt number with suction is 
also presented. To describe the rate of supply of heat to the air remaining in the tube, as opposed to the 
total supply of heat which includes the heat supplied to the sucked air before it enters the porous wall, an 
‘apparent’ Nusselt number has been evolved and both the local and average apparent Nusselt numbers 

decreased with increasing suction and x/D. 

NOM~CLA~E 

constant defined by equation (14); 

exponent in equation (30); 

constant defined by equation (22); 

exponent in equati~ (30); 

specific heat at constant pressure; 
inside diameter of the porous tube; 
heat transfer coefficient defined by 
equation (3); 
apparent heat transfer coefficient with 
suction defined by equation (6); 
average apparent heat transfer co- 
efficient with suction defined by equa- 
tion (10); 
effective heat transfer coeffkient with 
suction defined by equation (5); 
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h i? volumetric interstitial heat transfer co- 
efficient ; 

k thermal conductivity of air; 
k 

P’ thermal conductivity of the porous 
material; 

4 length of the porous tube; 
4 axial mass flow rate; 
N, function of x/D and fil in equation (31); 
n, exponent in equation (30); 
Nu,, Nusselt number (= hD/k); 

Nu,, average Nusselt number defined by 
equation (23); 

Nuti, apparent Nusselt number with suction 
Nu ( = kJV4~ 

Da, average apparent Nusselt number with 
suction (= &D/k); 

p, function of x/D and & in equation (29); 
P, exponent in equation (29); 
pr, Prandti number; 
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sum of enthalpy rises of the mainstream 
and the sucked air; 
average apparent heat transfer rate to 
the mainstream defined by equation 
(IO); 
electrical power input to the tube; 
total heat supplied to the sucked air 
within the porous waii; 
local rate of heat transfer to the air per 
unit x/D; 
local rate of apparent heat transfer with 
suction, per unit x/D, defined by equa- 
tion (6); 
local rate of effective heat transfer 
with suction, per unit x/D, defined by 
equation (4); 
rate of heat generation per unit volume ; 
Iocal rate of beat loss per unit x/D; 
focal rate of heat transfer to the main- 
stream per unit x/D; 
local rate of interstitial heat transfer, 
per unit x/B, defined by equations (19) 
and (20); 
Reynolds number; 
radial distance from the tube axis; 
temperature; 
ambient temperature ; 
bulk temperature of the mainstream; 
measured air temperature at the inner 
surface of the Sindanyo flange; 
temperature of the sucked air; 
average t~mperatu~ of the sucked air 
defined by equation (13); 
temperature of the sucked air at entry 
to the wall of the porous tube; 
temperature of the inner surface of the 
porous tube; 
temperature of the outer surface of the 
porous tube; 
arithmetic mean temperature difference 
defined by equation (11); 
axial distance from entry of porons 
tube; 
non-dimensional axial distance (= x/ 
Df; 
thickness of the wall of the porous tube; 

fractional mass extraction parameter; 
suction coefficient (ratio of the radial 
velocity at the inner surface of the 
porous tube to the local bulk velocity 
of the mainstream), 

Subscripts 
0, quantity under no suction conditions; 

1, at inlet to porous tube; 

2, at outlet from porous tube; 

&, 
corresponding to constant property; 
corresponding to fully-developed flow. 

A~~w~~ et al. cl] have recently determined 
ex~r~rnenta~~~ the friction factors for the flow 
of air in a tube subjected to surface suction, 
These results are of relevance to the coohng of 
those parts of the gas turbine which are subjected 
to the highest gas temperature, The turbine entry 
temperature, notably in aircraft applications, has 
progressively risen over the years due to continu- 
ing pressure to design smaller and lighter engines 
producing greater thrust with improved specific 
fuel consumption. Hitherto, conventional air- 
cooling techniques, such as convective and 
film cooling, have sufficed to rnajnt~~ the metal 
temperature at an acceptable level, In vectored 
thrust engines a short period of very high turbine 
entry temperature occurs at take-off, and under 
such circumstances a strictly limited amount of 
water injection comes to the rescue. For most 
aero-engine applications, however, air stiIl re- 
mains the most logical coolant. Nevertheless, the 
ex~nd~tu~ involved in using ever~i~cre~~ng 
amounts of cooling air to achieve greater cooling 
effectiveness follows a law of d~rn~n~sb~~g returns. 
Cfearfy there is a need for future engines to have 
a more efficient form of coding, and the use of 
permeable material for this purpose seems to be 
extremely promising. Bayley and Turner [2] 
have recently suggested that transpiration cool- 
ing represents the ultimate in air cooling of gas 
turbine components. This follows their detailed 
studies [3,4-j of the heat transfer performan= 
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of a cascade of porous blades. In their work upon 
porous blades, Bayley and Turner were princi- 
pally interested in the blade outer surface and 
interstitial heat transfer coefficients rather than 
the heat transfer coefficient between the porous 
material and the cooling air travelling up the 
spanwise passages of tb blade. This latter co- 
efficient was initially expected to influence the 
overall heat transfer performance only slightly, 
but measurements of the surface and air tem- 
peratures within these passages suggested that 
this coefficient was substantially greater than that 
pertaining to fully developed flow at the cor- 
responding local Reynolds number, and more 
evidence to support these findings is given by 
Edwards [S, 61, It was the object of the investiga- 
tion described herein to establish more well- 
defined values for this coefficient over a large 
range of suction and using turbulent flow. Many 
different cross-sections of spanwise passage may 
be used iu porous blades and the tests were 
therefore restricted to the most general form of 
passage-one of circular cross-section. The 
results may thus be of use also to designers in 
other fields of engineering. 

The only known investigation of heat transfer 
in a circular tube with surface suction has been 
carried out by Kinney and Sparrow [7] who 
recently made an analytical study for turbulent 
flow, invoking the Prandtl mixing length concept 
to describe turbulence and postulating that the 
velocity profiles are locally self-similar. The 
latter assumption may be good enough at low 
suction rates, but certainly at high suction rates 
such as those used in the present experiments, it 
cannot be justified [I]. They also assumed that 
the temperature profiles are locally self-similar. 
Kinney and Sparrow found that the temperature 
profiles became flatter in the region of the core 
and steeper in the region of the wall, the latter 
change giving rise to an increase in the Nusselt 
number with suction. This is in agreement with 
the present lindings, although due to the assump- 
tion of local similarity the effect of changing x/D 
could not be accounted for in Kinney and 
Sparrow’s analysis. 

In the present investigation, air at ambient 
temperature was passed through a porous 
stainless steel tube of length to diameter ratio of 
20.8. The tube was heated electrically by passing 
alternating current through it. In order to 
simpli~ the conditions, the flow at entry was 
made hydr~yn~i~ally fully-develop and the 
suction rate was made uniform along the tube. 
The range of inlet Reynolds number covered 
was from 10000 to 100000. Keeping the inlet 
Reynolds number fixed, the fractional mass 
extraction parameter, M, was varied in steps of 
01 from zero to unity. Measurements were made 
of the axial distribution of the temperature of 
the outer surface of the tube, the sucked air 
temperature and the voltage along the tube, the 
entry and exit mass flows and bulk temperatures 
of the air and the electric power supplied. Profiles 
of the air temperature at the inlet and outlet of 
the tube were also measured. These data were 
processed in accordana: with the methods out- 
lined in section 4 to yield Nusselt numbers with 
suction. 

2. SOME BASIC CONSIDERATIONS 

When a hydrodyn~i~lly fully-develo~d 
flow of a single phase Newtonian fluid enters a 
smooth, straight, const~t-ares circular, im- 
pervious tube subjected to uniform heat flux 
then, under idealized conditions, the temperature 
profile deviates from the initially flat form and 
eventually acquires a fully-developed shape. By 
idealized conditions is meant the following. 
1. There is no radiation or free convection. 
2. There is negligible heat generation (i.e. viscous 

dissipation and heat of reaction) within the 
fluid. 

3. The fluid properties affecting heat transfer 
are constant. 
At the tube entrance, the Nusselt number is 

theoretically infinite due to the sudden applica- 
tion of heat flux at x/D = 0; it decreases along 
the tube until it finally attains a constant value 
determined by the Reynolds number and the 
Prandtl number pertaining to the flow. At this 
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point in the tube, the tem~ratu~ profile be- 
comes fury-develo~d. The thermal entrance 
length (defined as the tube length necessary for 
the local Nusselt number to diminish to a value 
5 per cent greater than the corresponding fully 
developed value), which is also dependent upon 
the Reynolds number and the Prandtl number, 
is 10 tube diameters for air in the Reynolds 
number range of 104-lo5 [S]. 

When suction is applied at the wall the Nusselt 
number is still infinite at x/l) = 0 (although in 
practice one obtains a finite value) and decreases 
along the tube, but it is not to be expected, 
however long the porous section may be, that a 
fully developed temperature profile can be 
achieved and it becomes essentially an entrance 
length problem. Thus one would expect to be 
able to correlate heat transfer data by a relation 
of the form 

Nu, = Nu,(Re,, Pr, x/D, /?) (1) 

where /? is a suction parameter, defined as the 
ratio of the radial velocity at the wall to the local 
mean axial velocity. Clearly, the above relation 
would be modified to allow for the variation in 
the surface structure of the porous tube and to 
include the effect of surface roughness. The 
present results can therefore only be applied 
with confidence to a tube having a surface struc- 
ture and roughness similar to the one tested. 

4m,P, fix 

FIG. 1. Control votume for energy batawe. 

The heat transfer coe~~ient appearing in 
equation (1) must be defined in the context of 
flow with suction. Consider the energy balance 
in a control volume ABCD (Fig. 1) of the fluid 
within the porous tube, subjected to uniform 
wall suction. It can be shown that in the limit, 
as 6x -+ 0, the following equation applies at any 
x-section. 

where subscript 1 refers to conditions at entry to 
the porous tube and 

q,,, = actual heat transfer rate from the inner 
surface of the porous tube to the 
mainstream, per unit x/D (x” z .x/O). 

4m,B, = mass flow rate of the sucked air per 
unit x/D, 

t SW = temperature of the sucked air at entry 
to the wall of the porous tube, 

YIZ = axial mass flow rate, 
t, = bulk temperature of the mainstre~ 

air. 
A heat transfer coe~cient with suction, h, may 

be defined by the equation 

qm = hD2ft, - th) 0) 

where t, = temperature of the inner surface of 
the porous tube. 

This heat transfer coefficient, which relates to 
the total supply of heat from the inner surface, 
cannot be computed from experimental data, 
however, because it appears impossible to 
measure the temperature at which the sucked air 
enters the porous surface, a knowledge of t,w 
being required for the calculation of 4% from 
equation (2). Nevertheless: a value for h can be 
established if the interstitial heat transfer co- 
efficient, hi, relating to the heat transfer occurring 
in the wall, is known. This has been done using 
the data for hi from Bayley and Turner [9], the 
method of calculation being outlined in section 
4. 

Out of the total heat supplied to the main- 
stream a part is sucked back with the flow 

through the wall; therefore a heat transfer co- 
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efficient based on the remaining enthalpy will 
perhaps be more useful to the designer. The two 
terms on the left hand side of equation (2) can 
be lumped together and the composite quantity 
called ‘effective heat transfer rate with suction’ 
per unit x/D, q,, to the mainstream. Thus 4, 
represents the rate of rise of enthalpy of the 
mainstream along the tube, 

The corresponding ‘effective heat transfer co- 
efhcient with suction’ can now be de&d by the 
equation 

qe = hpD2(tw - tb). 

The value of h, can be computed from experi- 
mental data because the extreme right hand side 
of equation (4) is known. However, it can easily 
be demonstrated that this form of the heat trans- 
fer coefficient results in values of h, which are 
open to a number of objections. The effective 
heat transfer coeflicient 

becomes negative under certain conditions of 
flow and temperature; 
is strongly influenced by the temperature 
difference (t,,, - tb) and in the extreme case 
when (t,,, - tb) -+ zero (i.e. isothermal flow), 
h,-+ ---co; 
depends upon whether the bulk temperature 
of air used in the computation is taken as 
absolute or relative. 
This clearly leads to great complication when 

quoting values for h, and, although perfectly 
valid, negative values of /z, have an irrational 
appearance. It is desirable therefore to modify 
the above definition of heat transfer coefficient 
and the most strai~tfo~ard mo~cation is to 
define it in terms of the rate of rise of the bulk 
temperature of air along the tube viz: 

% 
dtb 

= mcP dx+ - = h,rcD*(t, - tb). (6) 

Since qa does not represent the actual heat 
transfer rate to the main stream from the inner 
surface of the porous tube, h, will be called the 

‘apparent heat transfer coefficient with suction’, 
It can easily be shown that such a definition 
resolves all the difllculties associated with the 
effective heat transfer coefficient mentioned 
earlier. 

Having defined the apparent heat transfer co- 
efficient in this way, it is important to establish 
inde~nden~ non-dimensions, groups upon 
which the apparent Nusselt number with suction 
would depend. A relationship between the actual 
and the apparent Nusselt numbers can be derived 
in the following manner. Taking C, as constant, 
introduction of definition (6) into equation (2) 
gives, after some re-~rangement 

% = % - (4m~~~~~(~~~ - fbb)- (7) 

In terms of Nusselt numbers, equation (7) 
can be reduced to give 

Nu, = Nu, - p (tw - tb) PrRe 

@,v - tb) D 

since /I = fiJ(l - 4&x+), 

Re, = Re,,/(l - 4@,xf) 

and 
Re,, = 4mJnpD. 

(9) 

It is quite clear that for a given value of Nuo, 
Re, Pr, fJ and (t, - tb), (t, - t,,) will be unique, 
in which case equation (8) demonstrates that 
the apparent Nusselt number, Nu, will depend 
upon the usual s~ilarity parameters. Under 
no-suction conditions the apparent Nusselt 
number reverts to the actual Nusselt number. 

An average apparent heat transfer rate to 
the mainstream with suction, up to a given 
location in the tube, will be defined as the 
product of the entry tnass tlow, the specific heat, 
and the rise in bulk temperature of air up to that 
location, namely 

Qa = w$b - tbl) 

and the corresponding average apparent heat 
transfer coefficient with suction by the equation 

mlcpffb - tbl) 
ix+ 

= )iqnD2iG (10) 
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where zj; is the arithmetic mean temperature 
difference giveu by 

LE =: $[(t,, - &If f (49 - Gf. (111 

Since the m~nstr~ mass flow varies along 
the tube, the dog-mean~temperature differed 
is clearly inapplicable. 

A schematic representation of the apparatus 
is given in Fig. 2. The air supply, which was at 
about 7 bar and room tem~rature, passed 
through filters, which removed oil, water and 
particulate matter greater than about 1 pm 
dia., before it entered a pressure regulator. This 
regulator was the primary control for the flow 
entering the porous tube. Between the regulator 
and the porous tube an orifice plate meter was 
installed, The flow into the porous tube and 
its distribution between sucked air (i.e. air 
passing through the wall of the tube) and main- 
stream air (air passing along the tube) was 

A. HOLLINGSWORTH 

further controlled by valves located near the 
outlet points of the two flows, both of which 
fina& d~s~barg~ to atmosphere via float-type 
flow meters. 

A Vokes ‘Poroloy-T’ stainless steel porous 
tube of 17.77 mm nominaf internal diameter, 
O-53 mm walg thickness, XI per cent average 
porosity and 5 pm nominal pore size was used. 
Its effective length was 370 mm giving an 
L/D of 20% This tubing is made by the Bendix 
Aviation Corporation of the U.S.A. by precision 
winding 30 layers of fine flattened wire around 
a mandrel and sintering it in a furnace, thus 
bonding the crossing wires at each point of 
contact, giting the surfacx: shown rnag~~~ed 
in Fig. 3. The tube Dimensions are maintained 
very accurately over its complete length, but 
the local porosity was found to vary by up to 
about 40 per cent. A thin walled tube was 
chosen so that the heat supplied to the sucked 
air within the wall would be small compared 
with that lost from the inner surface to the 

J”‘IG. 2. T!ichematic representation of apprxratus. 



Flow direction 

Fro. 3. Surface structure of Poroloy-T. 

H.M. 

I mm 
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mains~e~ Stainless s&Xl flanges went. vacuum 
brazed to the ends of the tube and served to 
carry the electrical heating current into it. 

The housing was cylindrical, of about 100 mm 
i.d., and made of S~nd~yo~. (This material is 
slightly porous and was therefore impregnated 
with phenolic resin to seal it). It was made up of 
eight identical cylindrical sections, each section 
being separated from its neighbours by thin 
Sindanyo diaphragms, which also fitted closely 
the outside of the porous tube. By this means 
the sucked air was divided, along the length of 
the tube, into eight parts, each part entering a 
separate chamber formed by the housing and 
two separating diaphragms, The sucked air 
was drawn off From e&&h chamber via i~di~d~l 
needle valves so that the distribution of sucked 
air along the tube could be regulated The eight 
sucked air flows were then passed through 
separate water coaled cGle4 tubes to reduce the 
flows to a common temperature and then 
through identical individual orifices so that 
their relative flow rates could be measured. 

Large Si~dan~ end flanges located the tube 
within the housing and carried DISA traversing 
equipment which allowed thermocouple tra- 
verses to be made just ahead of (x,/D = - f) and 
just after (x/B =; 21%) the ends of the porous 
tube, Provision was made in dne of the flanges 
for the tube to elongate under the effect of 
heating. 

The rnains~~~ air leaving the tube entered 
an adiabatic mixing chamber, also of Sindanyo, 
and then passed through a water cooled coiled 
tube before entering its final control valve and 
flowmeter, 

The porous tube was directly heated by 
passing an alternating current through it, 
Heavy cables were used to minimize the circuit 
resistance but short sections of thinner cable 
were used for the final connection to the tube 
flangea the heat generated in these sections 

f An asbestos cement insulating material manufactured 
by Turners Asbestos Cement Co, Ltd., Manchester. 

preventing an otherwise large heat loss from 
the ends of the tube into the heavy cables. 

Convective heat losses from the test section 
were minimized by enclosing it, together with 
the adiabatic mixing chamber, within a large 
box filled with expanded vermiculite. 

Chromel-~umel therrno~~~I~ formed from 
0.12 mm dia. wire were used for all temperature 
measurements. These measurements fell mainly 
into three groups. 

(i) Mainstream temperature, 
(ii) sucked air temperature, and 

(iii) porous tube surface tempemture. 

~a~s~re~ tern~ratur~ were measured at 
the orifice meter, for the purpose of ~l~ulating 
the flow rate, and by ~mversing just prior to the 
porous tube entry. The bulk temperature of the 
mainstream leaving the tube was measured 
immediateIy after the adiabatic mixing chamber 
and the exit temperature distribution was 
established by a traverse just beyond the end of 
the tube. In all cases the velocities were low 
enough far the effect of dynamic temperature 
to be neglected. 

The sucked air temperature was rn~~s~~ 
just prior to the needle valve on each of the 
eight chambers surrounding the tube. 

The temperature of the outer smfima: of the 
tube was measured by a series of thermocouples 
spot-welded directly on to the outer surface, 
Twenty four thermocouples were used in eight 
sets of three, one set to each chamber. The 
three junctions in each set were at the same 
axial location but equispaced around the tube 
~ir~urnfere~~. A further set of three thermo- 
couples was similarly mounted close to the 

tube entry (x/B = @g). No attempt was made 
to measure the tern~ratu~ of the inner surface 
of the tube, 

A number of ~e~~upl~ were also em- 
bedded within the cables carrying the current 
to the tube, close to the tube flanges, and these 
were used to establish the required size of the 
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thinner ‘guard heater’ cable sections needed 
to arrest the heat loss to the cables. 

4. REDUCTION OF EXPERIMENTAL DATA t 

4.1 Some general features 
It was not possible to measure the velocity 

and temperature profiles of the mainstream 
immediately at entry to the porous tube and so 
these were obtained at x/D = - 1. The velocity 
profile was found to be axisymmetric and 
hydrodynamically fully developed and the tem- 
perature profile was flat (except in the immediate 
vicinity of the wall). It has been assumed that 
these were unaltered between x/D = - 1 and 
x/D = 0 despite surface suction and heat which 
were applied to the tube discontinuously at 
x/D = 0. In practice, however, there will be 
some axial conduction of heat from the tube to 
the Sindanyo end flanges. 

The suction rate was made as uniform as 
possible over the entire tube length. The electric 
power input was found to be uniformly dis- 
tributed over the tube length as very little 
scatter (no greater than L-O.5 per cent) occurred 
about a least-squares straight line fitted to the 
measured values of the local voltage. 

4.2 Heat losses 
The sum of the enthalpy rises of the main- 

stream and the sucked air, Q, was calculated 
from an energy balance over the entire tube 
length, 

Q = w,[U - a) tb, - bl + 61 (12) 

where subscript 2 refers to the outlet of the 
porous section, 
01 = 1 - mz,/pnl = fractional mass extraction 
parameter and the bulk temperature of the 
sucked air averaged over the whole tube length 
is 

LID 
1 

77 = LID 
s 

t, dx+ . (13) 

0 
- .- -.- 

t Further details of the reduction procedures outlined 
below may be found in a fuller report by Aggarwal [IO]. 

Q always fell short of the electrical input, Qit 
particularly at low entrance Reynolds numbers 
and suction rates. The difference was put down 
to losses occurring by conduction radially 
through the wall of the housing any loss from 
the end flanges having been assumed to be 
negligible. These losses were assumed to be 
distributed along the length of the housing in 
proportion to the temperature difference (t,- t,), 
where t, is the ambient tem~rature, so that the 
local rate of heat loss, per unit x/D, is 

4L = 4t, - 4x1 (14) 

and the local rate of heat transfer to the air per 
unit x/D is 

Qi 
4 = qjj - qr,. (15) 

The constant of pro~rtionality, A, was estab- 
lished from the known value of the overall heat 
loss (Qi - Q). 

4.3 Temperature distributions 
Both the sucked air temperature, t, and the 

tube outer surface temperature, t,,*, were found 
to exhibit some scatter, but in both cases least- 
squares second order curves gave a very satis- 
factory tit (typical standard deviation was 0.~) 
to the experimental points and values read from 
these curves were used in all subsequent calcula- 
tions. 

The temperature of the inner surface of the 
porous tube, t, was computed from a know- 
ledge of the outer surface temperature by inte- 
grating the appropriate energy equation for the 
wall 

(16) 

where CJ~ is the rate of heat generated per unit 
volume (= QJnDLw, w = thickness of the porous 
wall) and k, is the thermal conductivity of the 
porous material. Strictly speaking, this analysis 
applies only to the case of no-suction. However, 
as the amount of heat picked up by the sucked 
air within the interstices of the porous wafl,Q,, 
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was found to be only a small fraction (typically 
05 per cent) of the electrical heat generated, 
little error was introduced in assuming that Q, 
was uniformly distributed throughout the wall 
so that CJ~ in equation (16) could be replaced by 
(Qi - QJ/nDLw to enable r, to be determined 
in the presence of suction. 

The local bulk temperature of the mainstream, 
ta, which could not be measured by experiment, 
was evaluated by integration of the energy 
equation applied to the control volume EFGN 
of Fig, 1, 

both 4 and rs having already been determined. 

4,4 Apparent Nusselt number with suction 
Having established the bulk temperature 

variation of the mainstream, the local apparent 
Nusseh number, Num was calculated &om 
equation (6). The average apparent Nusseit 
number Nu, over the tube length x is given by 

- 
where At was evaluated with the aid of equation 

(11)” 
Values of Nu, were computed over various 

tube lengths up to x/D = 20.8. At x/D = 0, 
equation (18) becomes indeterminate, but it is 
clear that at the entry section the average value 
coincides with the focal value of the apparent 
Nusselt number as ~lcuiat~ from equation (6) 

4.5 Actual Nusseft ~~bff with suction 
It was pointed out elsewhere that the computa- 

tion of A$, requires a knowledge of the sucked 
air temperature at entry to the porous wall, t,. 
The latter has been established on the basis of 
an approximate figure for the interstitial heat 
transfer coefficient, hi, obtained from the experi- 
mental data of Bay& and Turner [9]. 

The interstitial heat transfer rate per unit x/D 
within the porous material, CJ~ is governed by 

the equation 

45 = @@wtG”, - &, f &II tw 
if the radial gradient of metal temperature 
within the wall is ignored This heat transfer 
gives rise to an increase in the temperature of 
the sucked air from t, to t, so that 

4s = 4mlPt,e& - t,). (20) 

Combiu~g equations (19) and (20), one obtains 

where 

(22) 

The data of Bayley and Turner [9] suggest 
that h isa linear function of the mass flow (4mJ?J 
through the porous material. For the case of 
uniform suction, therefore, B is a constant and 
its vafue was equal to O-0408 in the present 
ex~riments. Having ~tabli~~ t,, Nusselt 
number with suction followed from equation (8) 

The average Nusselt number with suction up 
to a given location in the tube is defined by 

(23) 

Note that 

X+ 

Nu, dx+ because the tempera- 

ture difference dt: is not defined as 

j+ fa - tfJ~+ {see equation 1 I). 

By substituting for the first term on the R.H.S. 
of equation (21) from equation (2), one obtains 

4, = 4 - 4~~~~~~(~~ - L) (24) 

and thus & follows from the previously 
established quantities 4, t, and t,. 
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5.1 General 
5. RESULTS 

Tests were carried out at four values of the 
inlet Reynolds number, ReDI, 9930, 19760, 
50550, 102350. Results with suction reported 
hem are for only two of these values, generally 
19760 and 102350, since these were found to 
demonstrate the effects of inlet Reynolds number 
sufficiently clearly. 

The apparatus was first used to establish heat 
transfer coefficients without suction in order 
both to prove the rig and to provide base values 
for the subsequent results with suction. The 
electrical power input was kept constant at all 
suction rates for a given inlet Reynolds number. 
The former ranged from about 50 W at the 
lowest Reynolds number to about 500 W at the 
highest. The total heat loss from the test section 
was generally small, but at the lowest value of 
Re,, it was as high as 20 per cent of Qi for 10 
per cent suction. The loss, however, feli sharply 
as both suction rate and Reynolds number 
increases and for CI z=- O-3 the loss was negligible 
at all the higher Reynolds numbers. 

For all the values of Ro,, the no-suction 
Nusselt number, A$,,, was found to fall with 
x/r>, reach a minims value around x/D = 15, 
and then rise somewhat. This rise in Ntt, beyond 
the point at which the temperature profile had 
probably become fairly well estabhshed was 
attributed to heat losses from the end of the tube. 
The computation for the heat supplied to the air 
per unit length, and thus for the rate of rise of 
mainstream bulk temperature, was based upon 
the assumption that the entire loss occurred 
radially, and as a result of this the computed 
heat flux to the mainstream was almost constant. 
However, the existence of a finite end loss meant 
that in practice the heat flux to the mainstream, 
and hence the bulk temperature, were over- 
estimated near the exit of the tube, thus giving 
rise to apparently high Nusselt numbers in this 
region, A similar effect occurred near the entrance 
to the tube but the large gradients of surface 

T----y-- / ----j----- -q-----r Key Ag~xIO-' 
0 0~993 

i( 1976 

r. 5055 

+ 10235 

-Equot~on 
I2 5) 

X/D 

FIG. 4. No-suction Nusselt numbers along the tube. 

temperature in this region masked any influence 
upon Nusselt number. 

The minimum value of Nu, was therefore 
taken as that corresponding to a fully developed 
temperature profile, and it was used to normalise 
the local values, the results being shown in Fig. 4. 
These Nusselt numbers are based upon property 
values at the mean bulk tem~rature. Also 
plotted in Fig. 4 is an empirical curve f 1 If for a 
hydrod~~ica~~y smooth tube under similar 
ffow conditions, based upon experiment& data 
of many previous workers, and which is in- 
dependent of Reynolds number, 

N&m 1 

fN%Q)Sd = $@3> 0.26 log,, x?. 

for 0~022 < x’)’ < 15, (25) 

z 1 for X’ > 15. 

The experimental curves for the porous tube 
are generally of the same order, the somewhat 
larger values probably being attributable to the 
roughnes of the tube. A further reason for the 
differences may be that, despite there having 
been no net suction, some circulation will 
inevitably have taken place within the chambers 
surrounding the tube, giving rise to variations 
in the local velocity and heating patterns close 
to the inner surface. 

The values for (M+Jfd were modified to give 
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‘constant property’ values (Nu&~~,~ using 

and these. are shown in Fig. 5. They lie on the line 

(Nu&~~, f = O-019 Re,“* (27) 

which compares well with the relation for 
smooth tubes, an approximation to the em- 
pirical correlation in [8], 

(Nu,,)~,,, = 0.0178 Re,0’8 (28) 

Where experimental no-suction Nusselt num- 
bers have been used as base values with which to 
compare Nusselt numbers with suction they are 
based on property values at mean bulk tem- 
perature, since the effect of varying properties 
under suction conditions is unknown. 

5.3 Radial temperature profiles 
Radial temperature profiles taken one dia- 

meter beyond the exit of the tube for a range of 
suction rates and an inlet Reynolds number of 
102350 are depicted in Fig. 6, in which ti is the 
temperature recorded by the traversing thermo- 
couple when touching the wall, which in this 
case was the surface of the bore in the Sindanyo 
flange. Since this was considerably lower than 
the temperature of the inner surface at the exit 
of the porous tube, the numerical values should 
be treated with caution. Nonetheless the relative 
shapes of the profiles may be compared with 
confidence. 

Increasing the suction rate is seen to have the 
effect of steepening the temperature profile 
close to the surface and so increasing the rate of 
heat transfer from it. However, at high rates of 
suction little of this heat is retained by the 
mainstream since a substantial part of it is 
removed with the sucked air. Consequently the 
temperature profile becomes quite flat, save in 
the vicinity of the wall, and the bulk temperature 
of the mainstream rises only slowly with distance 
from the tube entrance (see section 5.4). Although 
the profiles at high rates of suction resemble 
those occurring in the thermal entrance region 
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profiles, Re,,, = 
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of an impervious tube, the situation is slightly :0 

different since the centreline temperature was 
found to rise over the tube length, the enhanced O9 
turbulence due to suction [l, lo] probably 08. ‘. 
giving rise to a heat transfer across the core. 

07.- 
5.4 Bulk temperature of the mainstreum 

Figure 7 shows the variation along the tube Yj O6 
of the non-dimensional bulk temperature of the .$ ” 

mainstream for an inlet Reynolds number of $m 05, 
0 1 
‘-; 

102 350 and a range of suction rates. The y .,k 
temperature rise along the tube has been non- 
dimensionally using the rate of supply of heat, 
Q/m,c, [The largest buik temperature rise 
recorded over the test section was about 18 K O2 
(no suction) and the lowest reliable value about O! 
2K @I per cent suction).] 

The bulk tem~rature rise is seen to be con- 
sistentiy reduced as the rate ofsuction is increased, 

cD 

and it is clear that at high rates of suction, only 
a very small proportion of the totai heat lost Fto. 7. No~-d~m~n~i~na~ bulk temperature of mainstream 

from the inner surface is retained by the main- 
Re,, = 102 3.50. 

stream. At lower values of Re,, a greater 
proportion is retained. 

5.5 Inner surface temperature 
The variation along the tube of the normalized 

inner surface temper&se, computed from the 
measured outer surface temperature, is depicted 
in Fig. 8 for various suction rates and an inlet 
Reynolds number of 102 350. As with the mam- 
stream bulk temperature, the rate of rise of 
surface temperature falls steadily with increasing :w 
suction so that for fll > 9.42 x 10m3 scarcely g 15 

any discernible rise in temperature occurs. The 3 
results at the lower values of Re,, were similar ? ” 
save that at the lowest value (Re,, = 9930) 
coupled with the lowest suction rate (PI = 
l-20 x fOV3X the normalized wall temperature 
rise appeared to be greater than that for no 
suction. Since this was the condition under 03 

which the percentage heat loss was largest too 
much should got be read into this, although 00 R 16 

there is clearly scope for a more detailed x/D 

investigation at these low rates of suction. 
An interesting feature, not revealed by these FIG. 8. Non-dimensionat wail temperature Rent = 102 350. 
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0 

I ! 1 I 
0 4 3 $2 16 20 

x/i? 
FIG. 9. Local apparent Nusseit number, Re,, = 19 760. 

361 

Frff. 10. Local apparent Nussclt number, Re,, = 102 350. 

non-dimensional&d curves, is that not only 
was the rate of rise of surface temperature, per 
unit heat supplied, generally lowered by suction 
but the temperature itself (never greater than 
131X3 for a fmed Q, )ytl, tbl and X/D, was also 
lowered. This wall cooling effect was particularly 
marked in the region of the tube exit at low rates 
of suction and at high inlet Reynolds numbers. 

Local apparent Nusselt numbers, Nu, as 
defined by equation (6) are displayed for inlet 
Reynolds numbers of 19 760 and 102 3% in 
Figs. 9 and 10 respectively. As expected from the 
previous$ described tem~rat~m distributiQn~ 
the local apparent Nusselt number, compared 
with the ~orr~po~ding no-suction value, falls 
as suction is applied At high rates of suction 
the results suffer from ~ac~uracy, particularly 
at the higher entrance Reynolds numbers, since 
very small rises in f were observed and under 
these conditions a small error in this measure- 
ment can introduce large errors in Nu,. Hence 
results for high suction rates have been omitted 
from these figures. At low rates of suction the 
rise of Nu, towards the tube exit {mentioned in 
section 5.2 in the context of no-suction Nusselt 
number) is apparent at the lower inlet Reynolds 
numbers. 

Average apparent Nusselt numbers, Nuti,, 
are given as a ‘carpet’ plot in Fig 11 for Re,, = 
19 760, where & and x/D are the two floating 
variables. The curves clearly follow the pattern 
exhibited by the local values, with the same 
shortcomings at high rates of suction, the curves 
for IpI > 601 x lo-’ probably not being very 
accurate. At the higher Reynolds numbers, at 
least for tow rates of suction, similar curves are 
obtained and iu order to quantify the effect of 
Reynolds number a correlation of the form 

Nu,= P x Re& (2% 

where both P and p are function of #& and x/II, 
was sought. For suction rates up tci & = 
3.61 x IO-’ clearly defined values of p depend- 
ing upon both #$ and x/L& could be established. 
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Curves depicting p vs. fil are shown in Fig. 12 
for a range of values of x/D. For the case of no- 
suction p is seen to approach 0% at large x/D, 
but as suction increases the dependence upon 
Re,, falls, the fall being particularly marked at 
x/D = 20. Calculations for Nu, at higher 
Reynolds numbers based on data from Figs. 11 
and 12 gave values within 5 per cent of the experi- 
mentally determined figures in the range fl, = 0 
to & = 3.61 x 10-3. 

iv %o, c = 0,693 + O-26 log, 0 x+ 8 8 
< 6 

for 0,022 < x+ < 15 9 

= O-019 Re,0’8 for x+ 2 15 
9 

and the results are presented for ReDl = 19 760 
and 102 350 in Figs. 13 and 14. The Nusselt 
numbers, particularly at large suction rates and 
large x/D, am seen to be appreciably greater I 

than the corresponding no-suction values at the 08 

same local Reynolds numbers. These enhanced X/D 

Nusselt numbers follow from the large tem- 
perature gradients in the air near the inner 
surface (section 5.3), gradients which increase 

FIG. 13. Local Nusselt number, Re,, = 19760 (based on 
data for hi from IS]). 

FIG. 11. Average apparent Nusselt number, Re,, = 19 760. 

5.7 Nusselt number 
The value of the local Nusseh number, com- 

puted with the aid of interstitial heat transfer 
data [9], has been divided by the constant 
property, no-suction, Nusselt number given by 

.T 
OQ19 Re,“* 

Fit. 12. Exponent of inlet Reynolds number for ij;;, 
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with suction rate in line with the increase in 
Nusselt number seen in these figures. Similar 
results were obtained at the other inlet Reynolds 
numbers. 

The dotted curves in these figures are for 
no-suction, and they show the deviation of the 
ex~rime~t~ values from the empirical curve 
already discussed in section 5.2, together with a 
very small difference due to the ‘constant 
property’ form of the latter. This deviation is 
also apparent in the curves for low suction rates, 
but as the suction rate increases any such 
differences are overridden by the large effects 
of suction. 

Nusselt numbers averaged up to a range of 
values of x/D am shown in Fig. 15 as a ‘carpet 
plot’. The inlet Reynolds number for the figure 
is 102 350. The effect of suction is large, giving 
rise to enhanced Nusselt numbers at all rates of 
suction. Note that at high rates of suction, at 
least at this Reynolds number, Nu, appears to 
be almost independent of x/D, suggesting that 
under these conditions hardly any growth in the 
thermal boundary layer occurs along the tube. 

A correlation of the average Nusselt number 
(for air only) in terms of inlet Reynolds number, 
inlet suction coeffkient and length/di~eter 
ratio of the form 

Nu, LX ~~~~(X~~)b (30) 

was sought by logarithmic plotting Both a and 
b appear to be dependent upon all three variables, 
and so cannot be clearly defined, but log Nu, 
vs. log ReD, yields, for fixed values of #I1 and 
x/D, straigbt lines with virtually no scatter. The 
slop: of these lines, n, increases consistently 
with both /I1 and x/D, and the dependence of n 
upon these variables is depicted in Fig. 16. Trial 
calculations for Nu, for a range of ReDI, PI and 
x/D using the relation 

N~,=NxRG~ (31) 

where N is a function of & and x/D, have been 
made using the data from Figs. 15 and 16, and 
in all cases the calculated values are within 5 
per cent of the exnerimentallv determined . 

2 361 
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FIG. 14. Local Nusselt number, Re,, = 102 350 (based on 
data for hi from [9]). 

FIG. 15. Average Nusselt number with suction, ReD, = 
102 350 (based on data for hi from 191). 
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results, so that these figures may be used with 
confidence for predicting average Nusselt num- 
bers in the range lo4 -C Re,, < 10’. 

60, 
I I 

- Kinney and Sparrow 

--- Experimental x/D=16 
S.6 c 

Both the local and the average Nusselt 
numbers depend upon the value used for the 
interstitial heat transfer coefficient, hi, and the 
only data available for Poroloy were for flat 
sheets where the air entered and left the plate 
normally, a condition probably different from 
that occurring in a tube. However, since the 
tube used in the present experiments had a very 
thin wall, 4, was only a small fraction of q,,,, with 
the result that large changes in hi had little effect 
upon the calculated Nusselt numbers. 

5.8 Comparison with other results 
To the best of the authors’ knowledge the only 

other data on heat transfer in porous tubes with 
turbulent flow is that from the theoretical work 
of Kinney and Sparrow [7]. Their temperature 
profiles resemble very closely in form those 
depicted in Fig. 6, but since their theory required 
the assumption of self-similar temperature (and 
velocity) profiles their Nusselt numbers were 
independent of x/D. Nevertheless, a comparison 
has been attempted in Fig. 17 where their results, 
in the form of a ratio of Nusselt number with 
suction to Nusselt number without, have been 
plotted against local suction rate, fl, for local 
Reynolds numbers of 10000 and 50000 and 
compared with experimental values at x/D = 16 
for four inlet Reynolds numbers. Although this 
comparison is not really valid, since the local 
Reynolds number for the experimental curves 
varies with j3, it shows that the order of magnitude 
of Kinney and Sparrow’s values is similar to that 
of the experimental results. 

Turning now to the heat transfer coefficients, 
Bayley and Turner [4] took the value of the 
heat transfer coefficient for their blade passages, 
as a first estimate, to be that pertaining to fully 
developed turbulent flow, h,f,, at the locally 
prevailing Reynolds number. Furthermore, 
since no information was hitherto available 
concerning the temperature, t,, at which the 
sucked air entered the porous wall, it was 

Suction coeffment,px103 

FIG. 17. Local Nusselt number. 
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FIG. 18. Wall, bulk and sucked air temperatures, Re,, = 
102 350, p, = 12.02 x 1o-3 
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assumed to enter at the bulk temperature, tV 
Under these conditions the rate of rise, along the 
tube, of the bulk temperature is governed by 

m,(l - 4&x+) ‘p dx+ 3 = aD2h,,(tw - tJ. (32) 

Values for tb based on this equation are shown 
in Fig. 18 for a typical case of 100 per cent 
suction at Be,, = 102 350, using the approp~ate 
experimental value for t,, (2025°C) and assum- 
ing a constant wall temperature of 39°C (which 
is seen to be closely adhered to in the experiment), 
with 

h, = O-023 % Re,0’0 Ptoe4. (33) 

Equations (32) and (33) are seen to over- 
estimate the bulk temperature of the air but 
grossly underestimate the temperature at which 
the air enters the porous wall (assumed equal to 
tb in the calculation) and therefore unde~stimate 
the total quantity of heat that can be transferred 
to the mainstream. This was why the anticipated 
blade tip temperatures were lower than those 
determined experimentally by 3ayley and Turner. 

6. CONCLUSIONS 

Measurements of axial wall temperature dis- 
tribution were obtained on a ‘Poroloy’ tube 
carrying an initially hydrodynamically fully- 
developed turbulent flow of air subjected to 
uniform surface suction. The tube was electri- 
cally heated The sucked air temperature and 
the voltage along the tube were also measured. 
The bulk temperature of the mainstream was 
computed from the measured temperatures 
with the aid of the energy equation for a range 
of entrance suction coefficient, &. These in turn 
led to the evaluation of local and average 
apparent Nusselt numbers as functions of a 
suction parameter and of location along the 
tube. The local and average values of the actual 
Nusselt number with &ction were calculated 
using values for the interstitial heat transfer 
coefficient given by Bayley and Turner [9]. 

1. For fixed entry conditions, and for a given 
amount of heat input, the wall temperature is 
lowered by increasing suction, Save possibly at 
very low values of PI, the effect of increased 
suction is to make the rate of wall temperature 
rise along the tube smaller, and this reduction is 
more pronounced at higher inlet Reynolds 
numbers. 
2. The bulk temperature of the mainstre~ rises 
less rapidly along the tube with suction than 
without. 
3. The application of suction steepens the 
temperature profile in the wall region and flattens 
it in the core implying that the thermal boundary 
layer grows more slowly with suction. 
4. The local and average apparent Nusselt 
numbers with suction decrease with both & and 
xfD. Nu, and Nu, am higher for larger values 

of ReDI, and for low rates of suction iGi& is of 
the form P x Re,,p where both P ,and p are 
function of & and x/D. 
5. The Nusselt number with suction is greater 
than the corresponding Nusselt number without 
suction, substantially so at large values of x/D. 
This increase becomes greater with @I and ReDI, 
such that for 100 per cent suction, Nu~Nu~,~ 
half way along the tube tested ranged from 4 at 
Re,, 1: IO“ to 8 at Re,, N 10J. 
6. The average Nusselt number, K, up to any 
x/D location increases with both fil and Re,, but 
decreases with x/D. For all rates of suction, 
Nu, = N x Re,,n where both N and n are 
functions of /I1 and x/D. 

In short, whereas the actual Nusselt number 
is much higher with suction than without, the 
bulk temperature of the mainstream does not rise 
as rapidly because much of the heat input to the 
latter is being drawn off with the air sucked 
through the wall. 
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TRANSFERT THERMIQUE POUR UN ECOULEMENT TURBULENT DANS UN TUBE 
POREUX AVEC SUCCION 

R&mm?--Des mesures de la distribution axiaie de temperature superficielle ont et6 obtenues sur un tube 
poreux siege d’un Bcoulement d’air et soumis a un chauffage electrique uniforme. 11 existait I l’entrb du 
tube un bcoulement turbulent entierement developpi? hydrodynamiquement et l’extraction massique B 
travers la paroi itait uniforme. La temperature moyenne locale de l’tcoulement principal a et& BvaluQ a 
l’aide de equation d’energie. Les experiences ont couvert un domaine du nombre de Reynolds dent& 
compris entre 104 et 10” avec un rapport vitesse transversale en paroi/vitesse axiaie principale a l’entree 
de 0 ii environ 0,02 (c’est-a-dire depuis l’absence de suction jusqu’a cent pour cent de la suction). La 
distribution radiate de temperature mesurke dans le plan de sortie du tube indique que la forme du profil 
de temperature est sensible a la suction, devenant plus pentu prb de la paroi et plus plat pres de l’axe du 
tube. Des valeurs aussi bien locales yue moyennes du nombre de Nusselt avec suction out et& calculks et 
presentees sous forme graphique. Pour un nombre de Reynoidh lixe 9 Tent&e, ces valeurs augmentent 
nettement avec la suction et diminuent avec x/D bien que les vakurs locales homologues en l’absence de 
suction augmentent le long du tube. On presenu ;lussi une relation empirique pour le nombre de Nusselt 
moyen. Atin de d&ire le debit de chaleur fournie i fair restant dans le tube, par opposition au debit total 
de chaleur comprenant la chaleur fournie a Pair aspire avant qu’il ne p&tre la paroi poreuse, on a consider+ 
un nombre “apparent” de Nusselt et lea nombres apparents de Nusselt locaux et moyens diminuent alors 

que la suction et x/D diminuent. 

WARMEUBERGANG IN EINEM POR&SEN ROHR BE1 TURBULENTER STRGMUNG 

Znsammenfstsarmg--Es wurden Messungen durchgefiihrt tiber die axiale Obertliichentemperaturverteilung 
in einem poriisen Rohr, bei Stromung von Luft und cinheitlicher eiektrischer Beheizung. Hydr~ynamisch 
voll entwickelte turbulente Striimung herrschte am Rohreintritt, der Massenaustritt durch die Wand war 
einheitlich. Die Grtliche Stautemperatur des Hauptstromeswurde mit Hilfe der Energiegieichung gefunden. 
Die Experimente tiberdeckten eine Eingangs-Reynolds-Zahl von 10 4 bis 10:’ mit einem Verhiltnis der 

Quergeschwindigkeit an der Wand zur Hauptaxiaigeschwindigkeit am Eingang von 0 bis ungefahr 0,012 
(d.h. von Ansaugung Null bis tOOO/,). Die gemessene radiate Temperaturverteihmg in der Austrittsebene 
des Rohres zeigt, dass die Form des Temperdturprofils markant durch das Saugen beeinflusst wird, indem 
es steiler nahe der Wand wird und flacher zur Rohrachse hin. Sowohl iirtliche als such durchschnitthche 
Werte der Nusselt-Zahl mit Ansaugung wurden berechnet und graphisch aufgetragen. Bei einer bestimmten 
Eingangs-Reynolds-Zahl stiegen diese beiden Werte mit Absaugung an und tielen mit x/D ab, obwohl 
die iirtlichen Werte relativ zu ihren Gegenstticken ohne Absaugung entlang des Rohres abiielen. Eine 
empirische Beziehung fiir die durch~h~~~~he Nusseit-Z&l mit Saugen wird ebenfa?ls gegeben. Zm 
Bestimmung des VerhKhnisses aus dem WBrmebedarf der im Rohr verbleibenden tuft und des gesamten 
WBrmebedarfs, einschliesslich der Lufterwlrmung vor Eintritt in die por6se Wand wnrde eine ‘“scheinbare” 
Nusselt-Zah.l eingefiihrt. Sowohl die art&he wie such die durchschnittliche Nusselt-Zahl Eel mit ansteigen- 

der Absaugung und steigendem x/D ab. 
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~~OTaqHs-~3Mepf%OCb arwianbwoe pacIIpeAeJIeHS%e TeMIlepaTypbI l50 IIOBepXHOCTZl 

IIOpHCTOfi Tpy6h1, paBHOMepH0 HarpeBaeMOfi 3JteKTp~~ecTBOM, IlpH TeYeHMH B Hefi BO3AyXa. 
Ha BxOAHOM yvaCTKe Tpy6U CyiJqeCTBOBaJI IIoJIHOCTbIO pa3BKTbIfi Typ6yJIeHTHbIfi IIOTOK. 
Yepe3 CTeHKy Tpy6bI OCyII&eCTBJUIJIC~ O~HOpOAHJS~ OTCOC MaCCbI. c nOMOlll(bIO ypaBHeHHR 
saeprm onpeAenanacb cpeAeeO6a&wHa~ TeMnepaTypa B pasnwianx cevemmx. B aKcnepa- 
MeHTaX OXBa'IeH AllaIIa3OH WCeJI PehiOJIbACa Ha BxOAe OT lo4 A0 lo5 IIpll OTHOIIIeHEilI 
nonepewiofi CK~POCTE~ Ha cTeHKe K cpemfetl npoAonbHoZl CK~~~CTH Ha sxone OT HyJIrl Ao, 
npmepHo,0,012(~.e.oT cnyYan0~Cy~c~smoTcocaAocny~afl 100°/O-ro oTcoca).PaAsasbHoe 
pacnpeAeneme TemnepaTypbI, ssmepeanoe B nJiocKOCTIl mxoAa Tpy6bI, yrcasbmaeT Ha TO, 
YTO Tf!MiIt?paTypHbI& IIpO@JIb IIpeTepIIeBaeT 3HaWfTeJIbHbIe E13MeHeHWl 6narozApR OTcOcy, 
CTaHOBfSCb 6onee K~~TLIM y CTeHKEl H 6oaee nOJIOl'HM y OCll Tpy6bLn0ACYIlTaHb1 A npeAcTae- 
zemd rpa#~~ecK~ ~oKa~bH~e, a TaKsce cpemiae 3Ka9eHm 4ucxa HyccejIbTa npa 0TCoCe. 
&%i ~~KC~pOBaHHOM 'iE%JIe Pe~HO~bACa Ha BxoXe o6a 3TEi 3HaqeH~~ YBe~~q~Ba~TC~ npH 
OTCOCe I4 y~eHb~a~TC~ C OTHO~eH~eM X/f>, XOTH ~OKa~bH~e 3Ha~eH~U npH OTCyTCTB~~ 
OTCOC~yBe~ll~UBaIoTCRBAO~bTpy6~.~pe~CT~B~eHOTaK~e3M~~p~~eCKOeCOOTHOrtreHReAn~ 
CpeAHerO YRCJIa HyCCenbTa ZIpM OTCOCB. ,&Wf OnECaHMR ~HTeHC~BHOCT~ IlOABOAa Terma K 
0cTaIoIQeMyCFI B Tpy6e BO3AyXy B IfpOTPBOno~OiKHOCTb 06rqeMy nOA~0gy Tenna, BK~IHI- 
YWOIQt?My TelIJlO,FlOABOA~MOe K OTCOCaHIIOMyRo3AyXy,~pe?KAe~eM OHflOCTynrnTB I'IOpHCTym 
CT@HK,V, BBOAHJlOCb <(MHHMOeO WicJIo HyCCeJlbTa. HaK JIOKaJIbHOe, T;IK M[ CpeAHee MHKMHe 

YClCJIa HycCenbTa yMeHbJ.UaJIMCb C yBeJII49eHMeM OTCOCa II OTHOJ.J.K?H~Hx/D. 


