ISSN 0018-151X, High Temperature, 2010, Vol. 48, No. 2, pp. 231—237. © Pleiades Publishing, Ltd., 2010.
Original Russian Text © N.N. Zubkov, A.F. Polyakov, Yu.L. Shekhter, 2010, published in Teplofizika Vysokikh Temperatur, 2010, Vol. 48, No. 2, pp. 250—256.

HEAT AND MASS TRANSFER

AND PHYSICAL GASDYNAMICS

The Hydraulic Characteristics of Porous Materials
for a System of Transpiration Cooling
N. N. Zubkov*, A. F. Polyakov’, and Yu. L. Shekhter?

¢ Bauman Moscow State Technical University, Moscow, 105005 Russia
b Joint Institute for High Temperatures, Russian Academy of Sciences (IVTAN), Moscow, 125412 Russia
Received December 26, 2008

Abstract—As a result of laboratory and numerical experiments, data on hydraulic drag and structure of flow
are obtained for the first time in samples of sheet porous material prepared using the ingenious technology of
two-way strain cutting. The study is aimed at developing an efficient system of transpiration cooling with tan-
gential injection of cooling gas onto a microrough surface.
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INTRODUCTION

The development of a highly efficient system of
transpiration cooling requires the use of materials and
technologies which would provide for the stability and
reproducibility of the hydraulic and thermal charac-
teristics of envelopes in the process of manufacture
and operation, as well as their “predictability” in
designing. A porous mesh material (PMM) was inves-
tigated in the first stage as the sheet material for the
system of transpiration cooling. Extensive thermome-
chanical, hydraulic, and thermal testing was per-
formed. The major advantage of PMM consists in the
orderliness and reproducibility of its structure. At the
same time, the use of PMM for ensuring distributed
injection and thermal protection of curvilinear sur-
faces involves serious (often insurmountable) diffi-
culties. The foregoing requirements must be taken
into account in developing systems of transpiration
cooling of the leading edges of gas turbine blades,
where high pressure gradients are realized in the
external flow of high-temperature gas. The new
unique technology of strain cutting makes it possible
to produce a sheet porous material free of disadvan-
tages typical of PMM.

This paper gives a brief description of the method
of preparing sheet porous material by means of two-
way strain cutting (SPMTSC) and of the results of
investigation of its hydraulic characteristics. In partic-
ular, samples were investigated, which are provided
with special tangential outlet channels intended for
developing a highly efficient system of transpiration
cooling of the leading edges of bodies subjected to
flow. Data on hydraulic drag of SPMTSC are com-
pared with the available data for PMM.
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SHEET POROUS MATERIAL PREPARED
BY MEANS OF TWO-WAY STRAIN CUTTING

Investigations of a new method of shaping based on the
processes of both cutting and plastic strain [1, 2] are under
way at Bauman Moscow State Technical University. The
method received the name of “strain cutting”. The use of
this method, which has been patented in major industri-
ally developed countries [3], results in qualitatively new
characteristics of permeable porous materials.

The method of strain cutting is based on blade
machining and on simultaneous strain of the undercut
surface layers of the blank and the forming of close-
spaced deep and narrow grooves. The plurality of layers,
which were undercut by the main cutting edge and did
not separate from the blank, form a surface macroreliefin
the form of ribs. The width of the grooves may range from
several microns to hundreds of microns, with the depth of
the grooves being tens of times their width. A model of
the zone of cutting is given in Fig. 1.

Fig. 1. A model of the zone of cutting.
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Fig. 3. A model of permeable envelope with tangential
channels.

Fig. 4. Parameters of SPMTSC.

The permeable envelope for subsequent use in
transpiration cooling is prepared as a result of machin-
ing of two sides of a sheet metal blank by the method
of strain cutting. The permeable structure is essentially
prepared by providing the ribbing on both sides of the
blank in the directions normal to each other; in so
doing, the depth of cutting in the machining of each
side must exceed half the thickness of the sheet being
processed. As a result, a permeable sheet structure is
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obtained with square or rectangular inside shape of
openings. The cooling gas outlet on the sheet surface
is slotted. A parametric model of the structure of per-
meable envelope is given in Fig. 2. This method makes
possible the shaping of surfaces with distributed injec-
tion and specially organized microroughness, includ-
ing tangential outlet channels. Such geometric param-
eters of surface cannot be attained using any one of the
existing methods of mechanical or physicotechnical
processing. The local characteristics of the resultant
permeable partition over its area may be controlled by
ribbing one or both sides of the sheet with variable
pitch. A permeable envelope with tangential outlet
channels for cooling gas may be provided by making
inclined ribbing on one side of the sheet; in so doing,
the ribbing on the other side of the sheet may be non-
inclined (Fig. 3).

In preparing permeable partitions by the method of
strain cutting, the geometric parameters on which the
characteristics of gas flow being injected depend are
fully defined by the parameters of ribbed structures
obtained on the opposite sides of the sheet blank. The
parameters of ribbed structure are as follows (Fig. 4):
P, the pitch of ribbing; v, the inclination of the ribs to
the base; A, the height of ribbing; and a, the rib thick-
ness. Important parameters further include the desired
width of groove b and the surface porosity of the struc-
ture I given by the relation I'T = b/(pcosvy).

A sheet blank of 03Kh17N14M3 (chrome—nickel—
molybdenum) steel for preparing sample no. 1 of per-
meable envelope (Fig. 2) was 0.3 mm thick. The oppo-
site sides of the sheet blank were processed identically.
The ribbing is provided with the width of interrib gap
of 33% of the pitch (interrib spacing plus rib width),
namely, & = 83 um. The pitch of ribbing is p =
0.25 mm. The rib height is A= 0.3 mm on one side and
h = 0.4 mm on the other side. The finished sample
thickness was / = 0.6 mm. Therefore, the total height
of the openings is 0.1 mm. The surface porosity is
I1,, = 0.33. The bulk porosity determined both by
weighing and by calculation by channel geometry is
IT, = 0.37.

The possibility of preparing permeable partitions
with inclined outlet channels (for ensuring tangential
injection of cooling gas) was checked in a model mate-
rial with a large margin of plasticity. The model mate-
rial was provided by M1 copper (sample no. 2, Fig. 3).
The initial thickness of the blank was 1.0 mm. The
width of slot outlets on the sheet side with inclined rib-
bing was b = 80 um. The pitch of ribbing was p =

0.5 mm and the rib slope y = 43", The height of
inclined ribs was 2 = 0.58 mm. The ribbing on the
other side of the sheet was made with vertical arrange-
ment of the ribs and the interrib gap width of
0.365 mm. The pitch of ribbing was p = 0.7 mm. The
height of straight ribs was # = 1.22 mm. The permeable
sample thickness was / = 1.6 mm. The height of the
overall volume of openings was 0.2 mm. The bulk
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Fig. 5. The specific hydraulic drag of porous sheet samples.
Experimental data for SPMTSC: (/) sample no. 1 with
straight channels on both sides, (2) sample no. 2 with
inclined channels on one side and straight channels on the
otherside, (3) calculation for sample no. 1, (4) experimen-
tal data for PMM [7]. Approximation lines: (5) connection
of experimental points /, 2 in turbulent region, (6) con-
nection of experimental points / in laminar region,
(7) connection of experimental points 2 in laminar region.

porosity determined both by weighing and by calcula-
tion by channel geometry was [T, = 0.5.

HYDRAULIC CHARACTERISTICS OF SPMTSC
Experimental Investigation of Hydraulic Drag

The hydraulic drag of SPMTSC was determined
using its flat samples 40 mm in diameter, which were
placed at the exit section of Witoszynski nozzle. The
dependence Ap = f(u,) was measured, which was used
to find the hydraulic drag coefficients.

All measurements were performed with air under
atmospheric conditions. The investigated range of
mass velocity of air was 0.05—8 kg/(m?s). Special
attention was given to the region of low velocities of
injection which provided, under conditions of laminar
flow in a porous layer, for unseparated outflow of cool-
ing gas into the boundary layer of hot gas in a system of
transpiration cooling.

Figure 5 gives, in coordinates of filtration rate
(velocity away from the porous envelope) u—~Ap/I
(drop per unit thickness of porous layer), all of the
results of measurements for two described samples of
SPMTSC (points / and 2). The conventional linear
dependence of hydraulic drag on the velocity of mov-
ing medium is observed at low velocities of gas flow in
the laminar mode. Two continuous straight lines 6 and
7, which pass at u,< 0.6 m/s through the experimental
points /I and 2, respectively, are described by the

dependences Ap/l = ¢ ,uy, where ¢, = 150 and ¢, =
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Fig. 6. Computational volume (proportions are not
observed).

190. As usual, the square law is realized in the inertial
region with separated flows. In so doing, the following
feature is observed. While in the linear region the spe-
cific drag for sample no. 2 with inclined channels
(points 2) is somewhat higher than that for sample
no. 1, the data for both samples in the square region
almost coincide (line 5). It is possible that this differ-
ence in the case of laminar flow is associated with the
somewhat greater length of channels in the sample
with inclined channels.

Numerical Simulation of the Flow Structure
and Drag in SPMTSC Microchannels

Along with laboratory experiment, numerical
experiment was performed involving analysis of the
flow structure and drag in SPMTSC models analogous
with sample no. 1. The three-dimensional steady iso-
thermal flow of gas in SPMTSC microchannels was
calculated using the ANES computer codes developed
by V.I. Artemov at the Moscow Institute of Power
Engineering (MEI) [4, 5]. Leontiev and Polyakov [6]
used the ANES computer codes in the case of slotted
porous layer for performing numerical experiment
involving the flow structure and heat transfer in the
porous layer. In this idealized formulation, the solu-
tion of two-dimensional problem was obtained. How-
ever, SPMTSC is a real product with strictly preas-
signed geometry of microchannels, which enables one
to perform numerical calculation of flow and heat
transfer for each concrete sample. Naturally, this calls
for the solution of three-dimensional problem.

Figure 6 gives the X, y, z three-dimensional compu-
tational domain. The air is fed uniformly to the supply



234

p_p],Pa
X X
g0l " X% o
AAAAAA
35F A o 2
30 a3
25+ x 4
20+

%

15$<><><><><><> A
10 Aap
poOooooo A

5 %ﬁ%o 2
a]
of XQR&QQQ%QE B BQ
X
-5 ! ! ! ! X X
0.2 0.4 0.6 0.8 1.0 1.2
Z, mm

Fig. 7. The distribution of pressure along coordinate z on
the line passing at the center of “square” through opening:
(I) Re, = 3.3, (2) 6.5, (3) 16.6, (4) 118 (the values of (p —
p1)/10 are plotted for this mode).

zone A and moves along the z axis. The zone B accom-
modates a quarter of an SPMTSC cell—half pitch
(a + b) onboth coordinates x, y, namely, (b,/2 + a,/2),
(a,/2 + b,/2) (see Figs. 2 and 4). In the zone C, the gas
flows out into a free volume.

The conditions of symmetry are assigned on the
side boundaries of the typical element of SPMTSC,
i.e., zero values of derivatives of all three components
of velocity.

Figure 7 gives the distributions of pressure along
the line passing at the center of through opening x =0,
y=(a, + b,)/2 from the beginning to the end of calcu-

lated length (0 < z < L, + L + L;). The values of Rey-
nolds number Re, = u,d,/(I1v) are determined by the

equivalent diameter d, = 4V/S§ = 0.17 mm, which is
very close to the equivalent diameter of slotted chan-
nels at the inlet and outlet of the porous layer
d, =d, =2b=0.16 mm. Here, V' is the total volume
of the channels, S is the surface being wetted, and the
subscripts 0 and 1 relate to the inlet into porous layer
and outlet from this layer, respectively. The upstream
region (zone A) is L, = 0.5 mm, the porous layer thick-
ness is L = 0.6 mm (zone B), and the region of gas
removal is L; = 1 mm (zone C). In Fig. 7, the upstream
and removal regions are shortened. The pressure varies
almost linearly over the entire thickness of the porous
layer under conditions of laminar unseparated flow,
where Re, < 20 (points /—3), except for minor devia-
tion in the region of intersection of grooves along
coordinate y on the inlet side of the porous sheet
(shown by straight lines in Fig. 6) and along coordi-
nate x on the outlet side; this deviation is 0.1 mm
(0.7 mm £ z <£0.8 mm). In the case of Reynolds num-
ber values of Re, > 100 (points 4), where rather inten-
sive separated flows are formed, the pressure variation
is nonmonotonic. A significant pressure drop is
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observed in the vicinity of outlet of gas from the porous
layer even compared to pressure away from the outlet
p; taken to be the value of reading. The points 4 dem-
onstrate the qualitative pattern of hydrodynamics for
relatively high values of Reynolds number; however,
the employed procedure of numerical experiment
does not enable one to closely follow different-scale
vortex flows in this case, in spite of agreement with
iteration count for the mode under consideration.
This situation naturally affects the integral value of
pressure difference over the porous layer thickness.
Indicative of this is the calculated value of specific
pressure difference under these conditions given in
Fig. 5 (point 3 at u,= 3.9 m/s), which is significantly
(in fact, by an order of magnitude) lower than the
experimentally obtained value. At the same time, at

Re, < 20, the calculated points of (p, — p,)/L are close
to the experimental points. The somewhat higher
experimentally obtained values are apparently associ-
ated with the edge effect along the perimeter of attach-
ment of experimental sample to the nozzle set. This
effect was ignored in the calculations, because a sym-
metric cell in the inner part of the sample was consid-
ered. Moreover, it is our objective to develop an effi-
cient system of transpiration cooling which permits no
separation of gas flow on the surface subjected to flow.
Therefore, the working modes in this case will be those
with Re, < 20.

Figure 8 gives the distributions of velocity compo-
nent u«, in two planes passing through the planes of
symmetry of the outlet channel, namely, x—z plane at
y =(a,/2 + b,/2)(Fig. 8a), and of the inlet channel,
namely, y—z plane at x = 0 (Fig. 8b). The dark strips
with thicker mesh pass in channels in porous layer. We
will start considering the plane passing through the
inlet channel (Fig. 8b). The uniform value of velocity
uy = u,; = 0.215 m/s is assigned at the beginning of the
plane under consideration, as in the case of the entire
surface with z = 0. The velocity significantly increases
at the channel inlet (z = 0.5 mm), because the surface
of inflow of gas is smaller than the total area, namely,
the average value of the velocity of gas flow into the

porous layer is EZL:[O uya+ b)z/(b(a +b)) =
0.215%0.25/0.08 = 0.67 m/s. In Fig. 8b at
z =Ly =0.5 mm, the value u, =1 m/s is uniform in
the plane of symmetry of the inlet channel, and the
distribution of u, across the inlet channel on coordi-
nate x for this value of z is given in Fig. 8a. On the
channel wall (x =b,/2 =5b/2=0.04 mm), we have
u, = 0. The minimal thickness of the sheet on the
inlet side (lower part in Fig. 6) A, = 0.2 mm is
shown in Fig. 8a by the side with zero value of
velocity u, = 0 along coordinate 7 (0.5 < z < 0.7 mm,
0.04 < x £0.125 mm). Note that the parabolic veloc-

max

ity profile with u, L= 1.5L71|27 L is already formed
- -
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Fig. 8. The distributions of longitudinal component of velocity at Re, = 6.5 in planes passing on the axis of through channel:
(a) plane of symmetry of the outlet channel (y = a/2 + b/2), (b) plane of symmetry of the inlet channel (x = 0).

at the inlet to plane channel; this profile is typical of
steady laminar flow in plane channels [7].

The extreme lines in both graphs of Fig. 8 with two
peaks characterize the distribution of longitudinal
component of velocity along the line of intersection of
planes of symmetry of channels, i.e., the central line of
through opening (x =0,y =a,/2+5b,/2). We will
trace the variation of velocity by moving along this line
from the previously considered parabolic distribution

of u, with respect to x in the cross section

z=L,=0.5mm (Fig. 8a). During the motion from
z= 0.5 mm to z = 0.7 mm, shown by continuous line
in Fig. 6, the distribution of u, is deformed owing to
the increase in the maximum, the value of which

max

reaches u, = =1.25 m/s. This occurs as a result of
delivery of gas along the y axis from under the upper

HIGH TEMPERATURE Vol. 48 No.2 2010

shelf of porous plate, as one can judge from Fig. 8b.
After leaving the lower shelf at a distance of 0.1 mm to
the approach to the upper shelf, i.e., from 0.7 to 0.8
mm, an overall free space exists of intersection of the
lower (along y) and upper (along x) channels. In this
region, the maximum of v, somewhat decreases at the
beginning of opening of the channels and then

max

abruptly increases to u, =1.44 m/s owing to the
reduction of free surface at the inlet to the upper shelf
zone. The upper shelf 0.3 mm thick, which is shown in
Fig. 8b by the rectangle with «, = 0, is in the range
0.8 < z <1.1mm. At the outlet from the upper chan-
nel, the velocity which is uniform along the channel
has almost the same parabolic distribution across the
channel (Fig. 8b, z= 1.1 mm) as that at the inlet to the
porous layer (Fig. 8a, z= 0.5 mm).
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Fig. 9. The hydraulic drag coefficient as a function of Rey-
nolds number: (/) SPMTSC sample no. 1 with straight
channels on both sides; (2) results of numerical solution
for sample no. 1; (3) SPMTSC sample no. 2 with inclined
channels on one side and straight channels on the other
side; (4) experimental data for PMM [7]; (5) Ex = 2/Reg,
Eq. (1); (6) calculation by the predicted dependence sug-
gested in [9] for the parameters corresponding to experi-
mental points 4.

A positive factor is the fact that, in spite of the pres-
ence of a bounded through opening, the velocity
before the outlet from the porous layer is equalized
along the channel. The velocity of gas exit from the
porous layer is equalized throughout the layer surface
at a distance of approximately 0.25 mm from this sur-
face (Figs. 8a and 8b). When SPMTSC with tangential
outlet openings is employed, the scale model of which
is provided by the experimentally investigated sample
no. 2, one can safely speak about a still smoother exit
of gas onto the surface subjected to flow. However, spe-
cial experiments in the investigation of the structure of
wall flow are required for obtaining a more detailed
pattern of gas flow on a surface with tangential open-
ings.

ANALYSIS OF DATA ON THE DRAG
OF ENVELOPE POROUS MATERIALS

The hydraulic characteristics of sheet PMM were
investigated in [8—10]. The hydraulic drag of PMM
in a wide range of values of Reynolds number was
generalized in [10] using the permeability coeffi-
cient K [m?]. The conventional relations for hydraulic

drag using VK as the characteristic linear scale will
take the form

Ap/L = (py— p)/L = (1/K)puy + Bpu,
=(ExNK) (pug/2),
Ex = (2/Rey) +2BVK, 2)

ey
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where Rey = uox/f /v. The equality in Eq. (1) is the
generalized Darcy equation, where (1/K) is the coef-
ficient of viscosity and B is the inertial coefficient; the
second equality is written using the overall coefficient
of hydraulic drag .

The permeability coefficients for the tested
SPMTSC samples nos. 1 and 2, which were deter-
mined by the experimental data given in Fig. 5, are

K, =1.2x10"" m2and K, =0.94x10™"" m?, respec-
tively.

For PMM sample no. 014 of square mesh with
percent reduction in the process of hot rolling being
¢ = 0.4, the average pore size is 0.09 mm, with the

porosity I1,, = 0.5 and permeability coefficient
K,,,=1.2x10"""m? [8, 10]. All of the foregoing

net
parameters for the selected PMM sample and for
SPMTSC sample no. 1 tested by us are close to one

another.

Along with the data for SPMTSC, Fig. 5 gives
experimental data on specific pressure difference in
the selected PMM sample (points 4). In the region of
laminar flow, points 4 coincide with the data for
SPMTSC sample no. 1; however, in the case of PMM,
the laminar flow is retained at somewhat higher veloc-
ities of gas flow. The special features of variation of
hydraulic drag of SPMTSC and PMM are observed
more clearly in Fig. 9 in coordinates of Eq. (2). The
relaxation to constant values of coefficient of hydrau-
lic drag in the turbulent region occurs in SPMTSC
much before it does in PMM; in so doing, the values
of this coefficient in the former case are much higher.

CONCLUSIONS

Data were obtained for the first time on hydraulic
drag and structure of gas flow in sheet porous material
prepared using the unique technology of two-way
strain cutting.

The specific hydraulic drag of sheet porous mate-
rial prepared by means of two-way strain cutting coin-
cides with that of sheet porous mesh material for the
same pore sizes in the mode of laminar flow of gas.
However, the laminar flow in the former case is real-
ized at lower values of Reynolds number. In the case of
turbulent flow, the hydraulic drag coefficients for both
materials are self-similar relative to the gas flow rate;
however, the values of these coefficients are much
higher for SPMTSC than for PMM.
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