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HYDRODYNAMICS AND HEAT TRANSFER IN
COOLING SYSTEMS WITH INTERSECTING CHANNELS.
3. EFFECT OF THE ANGLE OF FLOW AND THE
NUMBER OF STAGES

Yu. L. Shanin, O. 1. Shanin, and UDC 536.35:62-405.8; 621.375
V. A. Afanas’ev

Results of further investigation of some variants of wafer structures are given. The effect of the angle
of flow on the hvdraulic resistance and heat transfer at Re numbers of 1-10°=2-107 is revealed. The
temperature field of a two-stage svstem is analvzed. It is shown that a size reduction of the structure
and an increase in the number of stages make it possible to obtain the maximum possible coefficient
of reduced heat transfer (2.5-2.8)-10° W/ (m?-K).

The main objective of the use of cooling systems with intersecting channels is intensification of heat
transfer. In the literature [1] results of an investigation of the hydraulic characteristics of such structures in the
air-to-air heat exchanger for cooling radioelectronic components of the 3M company installed aboard the
American Space Shuttle are given. The experimentally investigated structure represented essentially a two-di-
mensional tube bank of staggered diamond-shaped rods replacing tubes. The use of such structures was pro-
posed earlier for cooling laser mirrors [2] and was considered in greater detail in [3] for structures of
substantial relative height (h.,/ S = 7-9) that are similar to a two-dimensional bank.

Earlier we studied experimentally the hydraulic resistance and heat transfer in cooling systems with
intersecting channels with low heights (/1,/ 0 = 1-3) both for individual models [4] and for groups of models
selected in a special manner [5, 6] to obtain and generalize data.

Given below are results of an experimental investigation of the hydraulic resistance, heat transfer, and
temperature field for a wafer structure with an intersection angle of the channels ¢ = 60° as functions of the
angle of flow about it (or, put another way, the angle of attack 7). Dependences of the relative hydraulic resis-
tance and the heat transfer on the angle of attack have been obtained for structures with ¢ = 60 and 90°. The
thermal state of two two-stage wafer cooling systems has also been investigated.

The cooling systems (so-called wafer structures) were produced by milling, in the material, channels of
the same height /. (Fig. 1) mutually intersecting at an angle (in our case, @ = 60°). The thermohydraulic
characteristics were studied on special copper models (A = 380 + 10 W/(mK)) consisting of two plates sol-
dered together. A cooling system is formed in one of them. The plates’ lateral surfaces are covered with lids.
The length, width, and height of the model were 110, 30, and 12 mm, respectively. The geometry of the mod-
els and their characteristics are given in Table | with straight-through numbering of the models that continues
the one begun in [5] being kept. Each of the models is drained by four holes 1 mm in diameter for tapping the
static pressure; the holes are located at a distance / = 70-80 mm and are equidistant from the inlet and outlet
of the model. The model was glued into flanges and was fixed to the supply and discharge collectors. The
conditions at the inlet to the model corresponded to the conditions of outflow from a large volume and pro-
vided a uniform velocity profile at the inlet. A more detailed description of the methodological procedure of
the thermohydraulic experiment is given in [5. 6]. Here we will just mention that the hydraulic resistance was
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Fig. L. View of structures and the experimental scheme. a) straight-line
scheme (plan); b) staggered scheme (plan); ¢) scheme of an experimental
portion [1) ohmic heater; 2) thermal wedge; 3) monolithic plate with a
cooling system; 4) connected plate; 5) pressure tap; 6) thermocouples]; d)
scheme of a two-stage system [1) upper plate; 2 and 4) wafer structure; 3)
intermediate plate; 5) lower plate.

\

TABLE 1. Characteristics of the Investigated Models of Cooling Systems

22;12{ Y, deg 118901: ?:g] dp, mm 8¢, mm € P, m%m®
18 0 1.07: 3.06 1.59 1.44 0.672 1350
19 15(45) 1.08: 3.08 1.60 1.49 0.663 1335
20 30(60) 1.05; 3.05 1.56 1.50 0.654 1352
21 75 1.03: 3.13 1.55 1.49 0.650 1355
22 90 1.02: 3.04 1.53 1.47 0.653 1375
23 105 1.02: 3.09 1.54 1.47 0.652 1369
24 120 0.92; 3.06 1.42 1.59 0.600 1398

measured by the known pressure gradient Ap on the model’s length / and the flow rate G of the liquid, for
which water at room temperature (f;; = 15-25°C) was used. The heat-transfer experiments were conducted by
a thermal-wedge method that provided a uniform heat flux in four measuring cross sections along the model

(Fig. 1c).
210



10

) 104
0*

- 102
03 , af

10 10°

Fig. 2. Thermohydraulic characteristics of model 20 vs. Reynolds number:
1) Creg = 383 Re¥™, W/Hm>-K) (67 <Res <400); 2) o = 66.4 ReldH,
W/mK); 3) Oeq = 2200 Re$%6, W/(m>K) (4-10° < Res <7.4-10%); 4)
oy = 235 Re$%, W/(m>K); 5) Ryinscale, Calculated "heat-insulation” coef-
ficient; 6) & = 17 Rex"* (48 <Re,<400); 7) & = 1.4 Re;"?5(4.10°
< Res < 7-10%); 8-10) experiment; 8) £»; 9) Olpeq; 10) Riins.exp» €xperimental
"heat-insulation” coefticient.

The hydraulic diameter of the channel @, was taken as the characteristic dimension when the results
were generalized. The filtration rate wpy,, the average rate wy = wi€ !, and the maximum rate w; = W€
were used as the characteristic rate, where €, is determined from the equation €2 - 2¢,+¢ = 0. The use of
different rates is appropriate for comparison with data from literature sources: the rate wy,, is preferable when
the wafer structure is considered as a porous body, w; — for comparison with a channel cooling system, wy —
for flow about the same structure at different angles of attack y. These rates were used to obtain the corre-
sponding Reynolds numbers Re; = widy,/W;iq (with a maximum error of 5-6%) and coefficients of hydraulic
resistance &; = Ap/[pw;-z/Z(dh/l)] (with a maximum error of 10-15% ) (hereinafter indirect values of measure-
ments are determined with a confidence probability of 0.95).

The temperature field of the thermal wedge and the model was measured and the results were used to
calcutate the following quantities: the heat flux ¢y with a maximum error of 3-5%, the reduced heat-transfer
coefficient g With an error of 10~16% (Oweq = qo/(Ls — i), liiq is the mass-mean temperature of the liquid in
the measurement cross section, f, is the temperature of the cooled surface of the model), the conventional
"heat-insulation” coefficient Ry ;,s of the lower plate of the model with an error of 5-20% (Ryjns =
(Tpase — Nig)/ (s = tig)» thase is the temperature of the lower, heat-insulated plate), exhibiting the ratio of the excess
temperatures of the heat-insulated and thermally loaded plates and indicating the ratio of the heat flux g, that
would pass into the main structure (in the absence of a boundary condition of heat insulation) to the total heat
tlux qo (since Rpjns = Oed(foase — fig) [Oed(ls — tiig)] = 417/q0)-

The quantities Oy and Ry, characterize the temperature field of the model. At the same time, Otqg
describes the effective heat transfer {5, 6] and, along with the surface heat transfer of the model’s unfinned part
(the averaged heat-transfer coetficient on this surface oy), takes into account the contribution of the heat trans-
fer of the prismatic fins (the averaged coefficient of heat transfer from the fins o) and the lower plate.

In calculating the thermally deformed state of a laser mirror (or another thermal-protection device)
equipped with these cooling systems, the coefficients O..q and P} ;s unambiguously describe a one-dimensional
temperature field along the height of the cooling-system material [6].

The investigated group of models had the same intersection angle of the channels ¢ = 60°, and they
differed only in the angle of attack y = 0-120°. By analogy with tube banks, with variation in the angle of
attack v, there can be two cases of axisymmetric flow about a wafer structure: with a straight-line arrangement
of the fins (¢ = 60° v = 0, 60°) and with a staggered one (¢ = 60°, v = 30, 120°). The obtained thermohy-
draulic characteristics of the models (the coefficient of hydraulic resistance &> = (2Apdy)/(pw3l), the coefticient
of reduced heat transfer oeq, and the heat-insulation coetficient Ry, ;) were plotted against the number Res; the
characteristic form of the dependences is given in Fig. 2 for model 20. The experiments were conducted in a
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TABLE 2. Generalization of Experimental Results on Hydraulic Resistance and Heat Transfer in the Turbulent
Region of Re Numbers

No. of Resistance “”:,3;;;536,;;’ red. V:f,((l:’;() KiRep | KuRea) | KelERed)

model m[;f; . Ag, 1 ra[:]‘;e Apiny Az Az A Ag:ng
18 (3-80)-10° £g§55 (3.2-80)-10° | 975:0.55 | 89.2:0.74 | 0.090:0.74 81 0.13:0.25
19 | (5.5-84)-10° _01333 4 (3.0-80)-102 | 1260:0.52| 124:0.70 | 0.125:0.70 13 | 0.15:0.24
20 (4-70)-10° _&ggg . (4-74)-10° [2200;0.46 | 235:0.63 | 0.240: 0.63 220 | 0.30:0.21
21 | (1.7-56)-10° jfggiz (2-50)-10%> | 700:0.51 | 172:0.70 | 0.168:0.70 160 | 0.18:0.23
22 | (3.6-25)10% _gﬁg;z (3=30)-10° | 1700: 0.54| 157:0.74 | 0.148:0.74 140 | 0.12:0.22
23 | (1.3-25)-10° _330‘27 (2.8-20)-10 |2770; 0.48 | 307:0.66 | 0.300: 0.66 290 | 0.23:0.22
24 | (2.3-20)107 ‘_gz)(i: (3-20)-10% 11750:0.56( 150:0.78 | 0.127:0.78 130 | 0.10:0.26

wide range of Reynolds numbers Re = 40-8-10°, with the lower Reynolds number determined by the minimum
possible flow rate through the model 1 g/sec and the upper number governed by the maximum possible pres-
sure difference on the working portion AP = 0.65 MPa. The same figure gives dependences for the surface
coefficients of heat transfer o identified based on the assumption of approximate equality ot the coefficients
of surface heat transfer on the fin & and on the unfinned portion of the heat exchanger oy (the identification
procedure is realized by the methods presented in [6]). By analogy with |6] the results in the indicated ranges
of Re, number are generalized in different coordinates and are summarized in Table 2, where K; = Nu Pr" =
fi(Re)), Ky = Nu, pr" = f>»(Rey), and K¢ = Nu, pr* :f;(f;gRe% ) (as has already been mentioned, &, and Nu
are obtained in a wide Res range and differ by a change in the character of the behavior with increase in the
number Re,, but here consideration is given only to the regions of turbulent flow). The coefficients
Ag, Ay, As, A3, Ay, and A and the exponents g, ny, 72, n3, and ny (1> = n3) in Table 2 were obtained by approxi-
mation of experimental data using the least-squares method and are given, for compactness, without the addi-
tions = AA; and + An; that allow for the variance of the deviations. Use of the coordinates K|—Re enables us to
compare wafer cooling systems with channel ones [7, 8]. The coordinates K, — Re present results for the volu-
metric heat-transfer coefficient o, (Nu, = 0dp/Asiq). To reveal the energy efficiency of the investigated and
other systems and to find the interrelationship between hydraulic resistance and heat transfer in structures with
a complex topology based on the local-similarity method and Kolmogorov’s velocity scale by analogy with [9],
we presented results in the coordinates Ky = Nuy Pr% = fi&Re3 ) — Reo.

We selected the variant with a straight-line wafer structure as the base variant for revealing the depend-
ence of the resistance &,(y) and the heat transfer Nu(y) on the angle of attack. By generalization of the results
using the least-squares method we obtained the following power-law dependences for the straight-line wafer
system:

&, =075Re;""™, K, =NuPr'"=0.75Re}™ M
for @ = 60°, vy =0, 60°, and 3-10%> < Re, <8:10%;
&, =072Re;"", K =NuPr'’=0.115Re{" @

for @ = 90°, y = 0°, and 8-10° <Re> < 1.5:10%.
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Fig. 3. Relative resistance E and heat transfer Nu vs. angle of flow: 1) P
=90 and Re> = 2.5-107% 2) ¢ = 60°. vy, deg.

Fig. 4. Quantities N and 1 vs. angle of flow v: 1) @ = 60° (*<y<30°,
Y = v/30, Res = 2:10% 2) @ = 60°, 60°<y<120° vy = (Y—60)/60, Re; =
2:10% 3) @ = 90°, 0°<y<45° y = /45, Rey = 2.5-10% the solid curves
show N and the dashed curves show 1.

Figure 3 presents plots of the relative resistance & = Ey(Y)/&x(y = 0°) and the relative heat transfer Nu
= Nu(y)Nu(y = 0° against the angle of attack 7y obtained by normalization to the characteristictics for the base
variant (formulas (1) and (2)) at a constant Reynolds number. The feature common to all the structures is an
increase in resistance and heat transfer with y. Here, passage from the straight-line structure to the staggered
one is characterized by an increase in hydraulic resistance (by a factor of 14—16) that predominates over heat
transfer (by a factor of 1.6-2.2).

For approximating experimental data on the hydraulic resistance and the heat transfer as functions of
the angle by a polynomial (of n-th order), we obtained the following formulas:

E=—42677" +647" —933377 + 19.67+ 1, 3)

Nu =-0.8537" + 1.4937" — 1.0677” + 1067y + | @

at @ = 90° vy = y/45, and 0° < y< 45%

E=02137" - 042777 - 4.013y2 + 4.227y+ 1, (5)

Nu =2.9447* — 5.888y" + 2.8567" + 0.0887 + 1 (6)

at @ = 60°, y = y/30, and 0°< y< 30"

E=29.8677" — 102.47" +95.733y° — 6y + 1, (7

Nu=34137" - 74677  + 442747 + 0.827y + | ®)

at @ = 60°, y = (y-60)/60,_and 60°<y< 120°.

The ratio n = Nuw/§ (Fig. 4) shows by what factor the heat transfer exceeds the resistance as ¥ in-
creases. With a prescribed heat power of the thermal-protection device and the heat-exchange surface the inten-
sification of heat transfer is characterized by the expenditure of power on pumping the heat-transfer agent.

Having the characteristics for the base variant in the form of the power functions Nu = C|Re” and & =
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C-Re™ (where C; and C; are constants) and the dependences E&) and —N—u&), by analogy with [10] the ratio of
the powers expended on pumping the heat-transfer agent is characterized by the combination

where (m+ 3)/n = 4 (for @ = 60°) and 3.93 (for ¢ = 90°).

This combination compares the heat power of devices with identical flow rates of the heat-transter
agent and hydraulic resistances and is presented in Fig. 4 as a function of the angle 7. Its behavior differs from
the behavior of 1| = Nu/€ by the fact that, for some cases, there is a minimum point in N with its subsequent
increase. The quantity N itself differs from 1 not as strongly as 1. For ¢ = 60°, N> 1 at y> 96°.

Let us consider some measures (6] aimed at increasing further the heat transfer in wafer structures,
among them the use of multistage systems and size reduction of the structure. We take, as an example, a two-
stage cooling system that is a combination of straight-line (on the upper stage) and staggered (on the lower
stage) schemes of arrangement of the fins. This arrangement ensures a decrease in the flow rate of the heat-
transfer agent while retaining a high etficiency of the heat transfer as compared to the case of a straight-line
scheme for the two stages.

The thermal state of multistage flow cooling systems is analyzed in [8] in detail. Here we give the
solution for the temperature field of a two-stage cooling system without a derivation. The scheme of the prob-
lem solved is presented in Fig. 1d, while the basic assumptions and the complete mathematical formulation of
the problem are contained in [6-8). The temperature field over the thickness of a cooling system manufactured
from a homogeneous material is determined in general form by the formulas

Y1 = go [1/00qy + (g = ¥)/A) (10)
for the upper plate,

gy cosh {m (h; —vy)+¢))] (I
Olpeq, COsh [my (B = hy) +@))]

B =

for the fins of the first stage,

1 hop =¥ sinh (@ ~ @)
1902=(1()[OL ] (12)

red2 A |sinh [m () = hy)) + @y + @]

for the intermediate plate between the fins,

go _cosh [m, (hy = ¥) + @] sinh (¢; — @g,) (13)

%, = :
? Oleqn COSh [m; (hy — hgy) + Qo] sinh [my () — k) + @y + 9]
for the fins of the second stage,

5. = do cosh @) sinh (@; — @y,) (14)
Oeqn COsh {5 (hy — hyp) + @] sinhmy (hy — hgp) + Qo + @]

for the lower plate.

The reduced coefficients of heat transfer are determined under the condition of different coefficients of
surface heat transfer on the plate walls and the fins (in the general form, ap; # o and o # 0) by the formu-
las

Otred] = 81 0(01 + ([ - 81) 7\)771 tanh [”Il (hl - h(n) + (pl] =

214



_ (1 —&) Amy sinh [my (B = hy) + Qg + @] (15)
cosh @, cosh [m; (hy— hy) + @]

for reduction to the upper plate (i.e., with allowance for all the stages of the system),
ey = € O + (1 = &) Ay tanh [n1y (hy = hgp) + Qal =

(1 — €5) Amy, sinh (m5 (hy = k) + 2@q,] (16)
"~ cosh @y,  cosh [y (1 = hy) + @l

for reduction to the intermediate plate (i.e., with allowance just for the lower stage), where m; = V20,;,/(Ady;), i
=1, 2; g; is the porosity of the i-th stage;

g Oy

tanh(p(,i=t;~}:ﬂ—;ﬁl (i=1,2);
H H
tan ;= + <.
e 1—€, Amy  (1—g) hm; hyp— 1y 1
=+

A Clred2

Under the assumption oy = o; and 02 = d» (this proposition is substantiated in [6]) for the channel
heights h.,; and Ay and the thickness of the intermediate plate (baftle) Ly, formulas (15) and (16) will be
simplified:

Opoqt = &) Oy + (1 =€) Am tanh (m g, + @) (17)
O op = € O + (1 = €5) A tanh (myhs + @,) (18)
where

€ o €, oy
tanh @, = —; tanh@,=—"+ :
anh @y 1-¢, Am, e 1 —€5 Am,

0 g 0oy . 1 1
tan = —_—
T e o, (=g m, Ly 1
A O

With equality of the pressure difference along the system’s length in the stages and power dependences
of the coefficient of hydraulic resistance in the stages &(1) = a;Re™ and &(2) = a,Re™ the ratio of the flow
rates in the first G(1) and second G(2) stages is proportional to the ratio of the Reynolds numbers G(1)/G(2)
= Re(1)/Re(2), from which

1/(24n,)

Re (2) = [?j Re (1)

(2+nl)/(2+n2) ( I 9)

If there are approximation formulas for the surface coefticient of heat transfer o(1) = Aj;Re(1)™ and
o(2) = A>Re(2)™:, under the condition of the same pressure gradient Ap/I over the stages-there is the relation-

ship
a @) ren 2 2
0 (2) =4, [(a_l] Re ()*™V &™) (20)
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TABLE 3. Thermophysical Characteristics of a Two-Stage Wafer Cooling System with ¢ = 90°

Re(1)-1073 1.5 2.0 5.0 10.0 16
Upper stage 01-107°, W/(m>K) 0.227 0.280 0.550 0.910 1.290
Oeq1- 1075, W/(mK) 0.456 0.557 0.956 1.416 1.845
Riinsi 0.665 0.614 0.434 0.300 0.220
Lower stage Re(2)- 1073 0.410 0.540 1.280 2.450 3.810
G- 1073, W/(m>K) 0.197 0.231 0.387 0.570 0.744
U 1072, W/(mK) 0.410 0.470 0.720 0.980 1.210
Upeg(2)-107, W/m™K) 0.570 0.652 1.050 1.452 1.867
Two stages Rh.ins(2) 0.256 0.193 0.105 0.052 0.030
(2Ot 1.250 1.170 1.100 1.030 1.010
Ry ins(2)/Ry inst 0.385 0.314 0.242 0.173 0.136

Let us perform evaluations for two cooling systems. First we consider a combination of systems real-
ized in models 6 and 10 [5, 6], for which the following characteristics were obtained earlier:

—.121

€, =0.721 Re;""?! at 800<Re,<1.5-10%,

0.733

S o= 1047 Re§

Oy = 7213 Re} at 2-10'<Re,< 16- 10° 2

for the upper stage, @ = 90°, vy = 0°, &, = 0.77, dy; = 1.63 mm, Oy = Oy = 1.6 mm, and Ay, = 1.6 mm;

&=401Re"™" at 400<Re,<4-10°,
0, g= 25864 Rev™™ | =537.3Re)® at 400<Re, <3 10° (22)

for the lower stage, @ = 90° vy = 45°, & = 0.796, dyy = 1.68 mm, and 8y; = & = A = 1.6 mm.
For the numbers Re in the stages, we obtain based on (19) the relationship between the second and
first stages

Re (2) = 0.424 Re ()™ . (23)
By the formulas obtained we calculated the heat transter for different Re numbers (Table 3). The sur-
face coefficient of heat transfer o, the reduced coefficient of heat transfer o4, and the "heat-insulation” coef-
ficient Ry ;,s are determined as functions of the number Re in the rows of the table. Calculations in which the
stages are taken separately and the relationship between them is determined from the Reynolds number by
formula (23) are given first. Next, with account for these two quantities the reduced coefficient of heat transfer
of the two-stage system Q,.4(2) and the heat-insulation coefficient Ry ;,(2) are determined and their comparison
with the upper stage is given in the form of the combinations Oeq(2)/Otrear and Ry ;ns(2) Ry ins1» Where 0y and
Ry ins1 are only for the first stage of the cooling system.
The next two-stage scheme is "realized” as a combination of staggered systems — models 14 and 10 [5,
6] with an intersection angle of the channels of the upper stage ¢ = 60°, and for it we obtained the following
characteristics;

E,=3.14Re;™"" at 140<Re, <4107,
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TABLE 4. Thermophysical Characteristics of a Two-Stage Wafer Cooling System with ¢ = 60°

Re(1)-1073 0.6 08 1.0 2.0 4.0 6.0
Upper stage a1-1075, W/(m*K) 0.234 0.290 0.332 0.520 0.813 1.060
Opeqr- 1075, W/(m™K) 0.487 0.570 0.640 0.916 1.300 1.590
Rh.insi 0.654 0.608 0571 0.450 0.328 0.263
Lower stage Re(2)-1073 0.370 0.485 0.600 1.150 2.210 3.240
Og-1073, W/(m>-K) 0.200 0.232 0.263 0.390 0.580 0.724
O 107, W/(m>K) 0.415 0.430 0.530 0.730 0.990 1.180
Creq(2)- 1075 W/(m2K) 0.585 0.660 0.728 0.982 1.340 1.620
Two stages Ry ins2) 0.251 0.211 0.182 0.107 0.056 0.036
Clred(2)/ Qe 1.200 1.160 1.136 1.073 1.033 1.020
R ing(2)/Rh ins1 0.384 0.357 0.319 0.239 0.171 0.137

0.646 3 (24)
K,=0411Re;” " at 600<Re,<6-10

for the upper stage, @ = 60°, y = 30°, € = 0.75, dy, = 1.6 mm, &y, = & = 1.25 mm, and hy, = 1.6 mm.
The lower stage had channels intersecting at an angle ¢ = 90°, and its characteristics are given above.
For the Re numbers we obtained the following relationship between the stages:

Re (2) = 0.885 Re (1)™"*. (25)

Calculation results are given in Tabie 4. Analyzing the data obtained, we ascertain that use of the sec-
ond stage is expedient for a substantial reduction in Ry, since the contribution of the second stage to the
reduced heat transter does not exceed 20-25% even at rather small velocities of the heat-transfer agent
(Re> < 600).

Using the formula for calculating the compactness of a wafer cooling system [5, 6]

pofhen 4 (2 1 (26)
Vcell 8{ 6( ! Teh

(where Flear and Vi are the heat-transfer area and the volume of the unit cell of the symmetry of the cooling
system), we evaluate the compactness for a size reduction to € = 0.5-0.75, & = 0.3—-1.0 mm, and /A, = 0.5-2.0
mm. We obtain P = 1750-8700 m™!, which significantly surpasses the range P = 1000—1600 m™' investigated
above and earlier [5, 6]. Using generalizations of the results [6] and the fact that they are satisfactorily de-
scribed by formulas obtained in the literature for the heat transter on the unfinned surface of a "brush” cooling
system [11] and for the heat transfer in short channels with a degree of turbulence of the main tlow Tu = 10%
[12, p. 193], for a hypothetical wafer cooling system with dimensions £ = 0.75, & = 0.3 mm, and A, = 0.3
mm with water cooling (Pr = 7) and a relative velocity Re = 3000 we obtain a reduced heat-transfer coefficient
Oeq ~ 2.5-10° W/(m>K).

The intensification of heat transfer for a multistage cooling system with identical stages will be repre-
sented in terms of the corresponding intensification coefficient [§]

Oreqr — €0 tanhim i + @y + @q,] 7)

M. = =
inc (1) Og (1) —€0y,  tanh [myhy, + @]
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which is the ratio of the contribution of the multistage finning to the heat transfer to the contribution of the
finning of just the first stage.

Then the maximum possible Mj,(n) for this multistage structure with an infinite number of stages
(n —> ) is determined by the formula

(28)

-1
M =tanh (mlhch + (p(”) .

int max

The use of several identical stages does not facilitate a strong increase in Ou.q; €ven when n — oo the
limiting intensification coefficient calculated by formula (28) for the above structure is My max = 1.2. At the
same time, for one stage Ry, = 0.488, for two stages Ry, ;s = 0.238, and for three stages Ry, = 0.116 (with
a thickness of the interchannel baftle Ly, = 0.5 mm).

Thus, the results obtained in the present work and earlier [4-6] can be employed to determine the hy-
draulic resistance and heat transfer in wafer structures with different intersection angles of the channels and
subsequently, as boundary conditions, in constructing a mathematical model to calculate local flow-rate inten-
sities and temperature fields in two-dimensional regions, using the generalizations obtained with different an-
gles of attack of the structures. The evaluations show that a 34-stage wafer cooling system with reduced
dimensions permits a practically total heat insulation of the main structure with a rather high reduced heat
transfer Oleq = (2.5-2.8)-10° W/(m?>K).

NOTATION

dp, hydraulic diameter of the channel, dy = 4F /Tl Fep and Iy, area and perimeter of the channel;
Ocn and /fip, width and height of the channel; @, intersection angle of the channels; 7y, angle of attack (flow);
Oy, thickness of the fin; T, step of the channel in the transverse (§,) and longitudinal (S,) directions; €, porosity,
i.e., ratio of the void volume to the total volume of the unit cell of the cooling system; P, compactness, i.c.,
ratio of the heat-exchange surface area to the volume of the unit cell; Ry ;n, "heat-insulation” coefficient; G,
flow rate; Ap, pressure difference for the distance A/ between the pressure taps; wyy, filtration rate; w; =
Wiile” €m; €m = Och/(8r + Ocn); wo = win/€; &, coefficient of hydraulic resistance; Oteq, O, O, Oy, and o, heat-
transfer coefficients (reduced, on the fin, on the unfinned portion of the plate, volumetric, surface); gy, specific
heat flux; fpase, fig, ¢, temperature; ¥, excess temperature in relation to the liquid temperature; p and Wy, den-
sity and dynamic viscosity of the liquid; A and Ay, thermal conductivities of the material and the liquid; Re;
= dyw;/Vjig Reynolds number; Pr, Prandtl number; Nu; = (xidh/k,iq, Nusselt number; K; = NuiPr"/»‘, n = Nu/g,
and N, criteria of energy efficiency; n, number of stages. Subscripts and superscripts: lig, liquid; s, surface; red,
reduced; h.ins, heat insulation; h, hydraulic; ch, channel; f, fin; int, intensification; i = 1-4, number (of the
cross section, coefficient, stage velocity, etc.); b, baffle; filtr, filtration; base, base; m, minimum; v, volumetric
(coefficient of heat transfer); max, maximum; 0, refers to the heat flux or the number of the coefficient; calc,
calculated; exp, experimental.
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