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CALCULATION OF THERMOHYDRAULIC EFFECTIVENESS OF THE POROUS ONCE-
THROUGH WATER STEAM GENERATORS IN LAMINAR FLOW REGION WITH

BOUNDARY CONDITIONS OF THE FIRST KIND
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Abstract. The paper presents results of calculations of thermohydraulic efficiency of the porous once-through steam
generators with water as a model working fluid in the region of the heat-transfer agent laminar motion and with boundary
conditions of the first kind. The smooth-wall cylindrical channels with different diameters were used as the reference
surfaces to be compared. The following operating and design parameters were taken as a calculation base: temperature
of the liquid on the saturation line at entry into the channel was: Ts = 280 °C, 300 °C, 320 °C, 340 °C, 360 °C.
Temperature head, i.e. a difference between the wall temperature and temperature of the liquid at entry into the channel
was: AT=T\-T, =1 °C; 2 °C; 3 °C; 4 °C; 5 °C. The Reynolds number at entry into the channel was: Re, = 700; 1000;
1200; 1500; 1700; 2000; 2300. The channel porosity was: 8 = 0.7; 0.75; 0.8; 0.85; 0.9. The porous material was metal felt
with the copper fiber diameter of 200 microns. The channel diameter was: d =3:-102 m; 4:10° m; 5-10° m;
6-10-3m; 7-10°3m; 10-10-3m. On the basis of the performed computational studies, it was concluded that for the conditions
of the same mass flow rates of the coolant, with laminar mode of motion, and the same channel diameters, it is possible
to achieve a significant reduction in the length of the porous once-through steam generator in comparison with the length
of the smooth-wall once-through steam generator; however, under these conditions it is not possible to reduce pressure
drop in the channels and, accordingly, to reduce power consumption needed for heat-transfer agent pumping. This
computational study also made it possible to establish main regularities in behavior of the energy efficiency coefficients
and their dependence on the model operating and design parameters.

Keywords: thermo-hydraulic efficiency; porous steam-generating channels; heat-transfer agent, water; boundary
conditions of the first kind; laminar flow regime.

Intorduction. The limitedness of energy resources in the world require to find
new energy-saving technologies. One of the ways in this field is to study a possibility
to use energy-efficient porous high-thermal-conductivity channels during phase
transition of the heat-transfer agent evaporation, i.e. porous steam generators. Since
water is the most common heat-transfer agent in industrial heat engineering
installations and devices, we are investigating the issue of thermohydraulic efficiency
of the porous steam generators for this type of heat-transfer agent. It is known from
the literature that most of the thermophysical studies of the issues of the boiling and
evaporation phase transition (in smooth-wall and porous channels) were carried out
for boundary conditions of the second kind, i.e., at a constant heat flow on the
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channel wall. However, as the study of the issue of thermohydraulic efficiency of
porous channels for a single-phase heat-transfer agent has shown, the energy effect
can be obtained at boundary conditions of the first or third kind, i.e. either at constant
temperature on the channel wall or if the law of heat transfer with a known ambient
temperature acts.

Let's consider the problem and try to find thermal-hydraulic efficiency of the
porous cylindrical channels at the phase transition of heat-transfer agent-water
evaporation on the boundary conditions of the first kind. As a reference surface for
the comparison, we choose a smooth-wall tube operating as a once-through steam
generator. Below are the calculated ratios used in the study and calculations.

Boiling in the smooth-wall cylindrical channels (pipes). Zone of nucleate
boiling. While creating the methodology for calculating thermal characteristics in the
smooth and porous channels, we assume that a liquid at entry into the channel is on a
saturation line. According to [1], heat transfer coefficient in zone of the developed
nucleate boiling is defined by the formula

o=ty /1+7 1072 (pW iy 1/ 0)3'2(0, 701y / 01) 2, (1)

where oy = \/ocKz +(0,70,5)2, (2)

here o, is heat transfer coefficient for the one-phase water flow in the tube or
channel, which calculated by the formula

d (£/8)Re-Pr-C
Nug = %= = t 3
Y k+45/c (PreR -1 )
where k =1+ 900/Re; (4)
£=(1,821g Re —1,64) (5)

C.is correction for the flow nonisothermality.
For liquid drops at 4,/ 24 = 0,08+40

Ce = (el pan)", (6)

where n = 0,11 when liquid is heated; n = 0,25 when liquid is cooled.

In formula (6), u is a coefficient of dynamic viscosity, indices fand w relate to the
mean temperature and the wall temperature, respectively.

Value o, in formula (1) is the heat transfer coefficient at boiling in a large
volume. The value a, is calculated by formula

a,=4,340""(p"**+1,35-10 p?), (7)
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where q is value of the specific heat flow, W/m?; p is pressure, MPa; «, is the heat
transfer coefficient, W/(m?K).

Value wyx in formula (1) is an average speed of the water-steam mixture flow,
m/s. It is calculated by formula

Wimix=Wo[1+X(p'/p"-1)], (8)

where w, is flow speed, m/s; p”and p”are density of the liquid and vapor on the
saturation line, respectively; x is expendable mass vapor content.

As it is seen, in order to determine the heat transfer coefficient, the value o of the
heat flow q is introduced into the formula (1). When value g=aft,, — ts) is used in the
equation (1), one can see that in this case value « is included into the left and right
sides of the equation. It means that equation (1) is non-linear algebraic equations for
the heat flow «, which cannot be solved analytically in an explicit form. For
calculating the value « by equation (1), a method of consecutive approximations
should be used.

Calculation of boiling heat transfer in cylindrical smooth wall channels in the
dryout zone. When liquid is boiled in the smooth-wall tube with increasing value of
the mass consumable steam-content until reaching a certain level called a boundary
vapor content, a dispersed flow regime occurs at which a film of the liquid on the
wall starts drying. The flow being a mixture of steam and vaporized liquid droplets
begins to move. During this process, heat transfer inside the channel significantly
drops. According to S.S. Kutateladze [2], for the purpose of calculating the boundary
steam- content, this dependence can be represented in the following form

Xbound.:0,3+0s7exp('45 V~V) (9)

where w=[pwu " /(cp’)](p/p”); pw = Wy is mass velocity .
The heat transfer coefficient in the dryout zone was calculated from the equation
proposed by Z. L. Miropol'skii [3] :

NU" — 0’028Rer70,8pr710,4(pr/ prr )1,15 ’ (10)

where Nu"=ad / A1"; Re"=w"d /v" is Reynolds number calculated by the reduced
speed of steam w, =(pW)x/p". Here d is diameter of the channel; A" is thermal

conductivity of steam.

Calculation of heat transfer during motion of the two-phase flow in porous
materials. The problem of experimental study of heat transfer when a steam-water
mixture moves through the porous media was considered by Kalmykov I. V. in his
dissertation [4]. Basing on the summarized experimental data, the author obtained the
following generalizing dependence, which characterizes heat exchange when steam-
water mixture moves through the porous media
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v 1-X
ay layo :1+810X\/(,0W)o;‘7 : (11)

where oy Is a coefficient of volume pore heat exchange when two-phase steam-
liquid flow passes through the porous material, W/mK; ayo is a heat exchange
coefficient of volume pore heat exchange (an amount of heat absorbed by the fluid
per unit time per unit volume of the porous body) when liquid moves through the
porous material at a rate equal to the total mixture flow, W/m®.degree. (ow)o=t/F; is
a rate of mixture filtration (mass flow rate, kg/m?s; 7 is total mass flow rate of
mixture, kg/s; F..=7d%4 is a cross-sectional area of the channel, m?; d is a diameter
of the channel, m; v’ is a coefficient of kinematic viscosity of the liquid on the
saturation line, m/s; o is a coefficient of the liquid surface tension, N/m; x is a mass
expendable of steam content

In order to find value of a0, the recommended by Kostornov A.G. [5]
dependence was used for calculating heat transfer inside the porous metal-fibre
material when it moves through the one-phase heat-transfer agent

Nu=0,007Re"? (12)

where Nuy = av(ﬂ/a)zl/l., Re = (PwW)o (B /a), index | refers to the parameters of
M

liquid.

As it is seen from the expression (11), it does not contain parameters of the porous
structure characteristic in their explicit form, such as particle size, or flow resistance
coefficients « and £. This makes it possible to use these expressions for almost any
porous materials.

According to [4], one of the minor drawbacks of the formula (11) is that in the
course of the experiments with high steam contents thermal nonequilibrium of the
flow occurred. Therefore, generalization of the experimental data was performed only
for those values «,, which corresponded to x <0,8. It was not recommended to apply
formula (11) when steam content was more than 0.8 as this could lead to a significant
error. Though it was recommended to estimate value ¢, in the interval of x = 0,8 + 1,0
by interpolation of values «, calculated by (11) at x = 0.8 and by expressions
characterizing the convective heat transfer in porous material with steam heat-transfer
agent flow (x = 1) [5].

Nu =0,007Re %2, (13)

2
where Nu”:—h(ﬁif) ; Re”z—G (%/a) , (14)
n
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where Nu” and Re” are the Nusselt number and Reynolds number, respectively,
calculated by thermal properties of steam on the saturation line;
G = (pw), is full mass flow rate of the heat-transfer agent, kg/m®s.

In calculations of specific heat flow, which is absorbed by the heat-transfer agent
during evaporation in a porous cylindrical channel, expression obtained in [6] was
used

a=(h, )2 8 ) gy, (15)
1o(7)

where lo(y) and 1;(y) are the modified Bessel functions of the first kind of zero and
first order, respectively; 4 is a coefficient of porous material thermal conductivity,
which should be calculated with taking into account material of a fuse frame and
liquid and steam thermal conductivity on the saturation line; hy is intensity of the

2
- uld/2)

volume pore heat transfer; Is parameter, which characterizes

intensity of the pore heat exchange; d is a diameter of channel; 9 = T-t;, where T is
temperature of the porous frame; t; is the coolant temperature on the saturation line;
3 (1) = Tyt is temperature difference of the porous frame and the cooler on inner
surface of the wall.

Calculation of Hydraulic Resistance of the Smooth-Wall Channels to Motion
of Two-Phase Steam-Liquid Flow. For calculating hydraulic resistance of the tubes
and channels to motion of two-phase steam-liquid flow, the method developed by
Lockhart and Martinelli [7] is commonly used. The essence of the method is that due
to friction of the two-phase flow, the pressure gradient is usually expressed by
coefficients, which are multiplied by the respective gradients of the single-phase
flows, i.e.

dp _ .2,dp
(E)tw.ph. - ®L( E)L (16)
or
dp _s2,dp
(E)tw'ph'_ QG(E)G ) (17)

where (i:p)tW oh Is pressure drop caused by friction of the two-phase flow; (?)L
z P Z

and (%)G, are the pressure drop for a liquid or gas, respectively, if the liquid or gas

occupied the entire cross section of the tube; @ and @3 are empirically determined
coefficients; z is the coordinate.

Lockhart and Martinelli [7] found that the coefficients @7 and @& are the
function of the parameter X, which is determined by the following way
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x2=(P) /(P (19

Chisholm and Sutherland [8] proposed an analytical expression for the
dependences @ g = f(x) in the following form

C 1
(132:1+—+—, 19
L X X2 ( )
D2 =1+CX + X2
G =1+ +X“ (20)

where C:i Pk |Pe (21)
K\ pe \ AL

where K is the slide factor.
Zivi, basing on a simple model [9], found that for the steam-water flow

K =(pLlpc )1/3 - (22)

Having analysed the correlations (16) - (22) it becomes apparent that this system
of equations allows calculating pressure drop in the channels and tube at two-phase
motion of steam-liquid flow.

In order to calculate the parameter X2 :(?) L (jp)e , the correlations are used
4 4

which characterize pressure drop in a single-phase flow at different velocities
(Reynolds numbers) of the cooler motion [10].
In the general case, the pressure drop across the pipe at the motion of a single-
phase liquid or gas (vapour) heat carrying agent is calculated as per the formula [10]
More generally, pressure drop in the tube at the motion of a single-phase liquid or
gas (steam) heat-transfer agent is calculated by formula [10]

AP:&-;-puaV ’ (23)

where £ is a coefficient of tube resistance; I, d are length and diameter of the tube,
correspondingly, m; p is a density of the liquid (gas), kg/m®; u, is an average
velocity of liquid along the cross section in the tube, m/s.
With taking into consideration that the Reynolds number is calculated from the
PUad
MI

correlation Re = , the expression (23) can be transformed into
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Reu' ?
I P pd

AP=¢ — —— 2,
< d 2

(24)

For laminar flow when the Reynolds number is Re < 2300, the coefficient of
resistance is determined from the correlation [10]

&= 64/Re, (25)

In order to calculate the coefficients of hydraulic resistance for areas with
transitional and turbulent flow in a smooth-wall tube, we used the correlations
developed by S. S. Kutateladze [11],

£~6,310° Re®® (26)
by Blasius [10]
£=0,3164 Re™ (27)
and Nikuradze [10]
¢=0,0032 +0,221/Re*% (28)

When values (%)L and (?)G are calculated by formulas (16) and (17), the
Z Z

following values of Reynolds numbers should be used:
Re.=Re, (1-x), (29)
Reg = Reg x (/") , (30)

where Re, is the Reynolds number at entry into the channel; x is the mass expendable
steam-content of the flow; " and x" are coefficients of dynamic viscosity of liquid
and steam, correspondingly, on the saturation line.

Calculation of hydraulic resistance of the porous high-thermal-conductivity
channels to the motion of a two-phase steam-liquid heat-transfer agent. The
hydraulic resistance of the porous high-thermal-conductivity channels to the motion
of a two-phase steam-liquid heat-transfer agent is calculated by the method similar to
the method developed by Lockhart-Martinelli’s [7]. According to this method, which
Yu. A. Zeigarnik and 1.V. Kalmykov applied to the motion of two-phase steam-liquid
adiabatic flows in porous media [4], [12], resistance of porous channels to the friction
of adiabatic two-phase mixture flow is calculated by the formulas:

AP
(%, hwph. por =(4P1 ) -@F (31)

or
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AP
(7)M ph. por. :(AP/Z)G 'QSCZE 1 (32)

where (AP//?), and (AP/ /) are pressure drops if through the porous structure
only the liquid phase flows in the amount contained in the mixture, or only the steam
phase. These values are calculated by the equation (33), in which the corresponding
mass velocities of each phase filtration are used as mass filtration velocities pw = G.

_d—c;: = auv G+ o G* (33)

where o and g are the inertia and viscosity coefficients of the porous material
resistance; u and o are dynamic viscosity coefficient and specific volume of liquid; G
Is the liquid mass flow rate through the porous material.

According to [7], parameters @, and @¢ are the function of Martinelli parameter

X :\/(AP/K)L [(AP/?)s . The following formula can be written for X? parameter [12] :

x2 =% X)( 2 )ffﬁ(/;‘/’;)c[;él X]X/)]’ L= X)(“)(p )i*Ee,, (34)

The interrelation of the parameter X with @, and @g can be expressed analytically

[8]
@%=1+CIX+1X?, (35)

DP=1+CX+ X2, (36)

Having processed the test data, Yu. A. Zeigarnik and 1.V. Kalmykov [12]
concluded that coefficient C is the function of mass filtration velocity (pw), = G,
physical characteristics (p”and x”) and hydraulic characteristics of porous structure
(coefficients « and f3)

C= 40(@ L (37)
u

Procedure for calculating thermophysical parameters of a cylindrical
channel when a two-phase steam-liquid flow moves through it with the
boundary conditions of the first kind.  While considering the issue of
thermohydraulic efficiency of porous channels, the following feature should be kept
in mind. The comparison of the channel characteristics should be performed with the
boundary conditions of the first or third kind, i.e., at a given constant wall
temperature or at a given law of heat transfer on the outer surface of the channel and
given ambient temperature. Only with these two types of boundary conditions it is
possible to expect certain positive thermohydraulic effect of porous channels in
comparison with the smooth-wall channels. When specifying boundary conditions of
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the second kind, i.e. when setting a rate of the constant specific heat flow on the outer
surface of the channel, there should be no thermophysical effect, since in this case,
according to the law of conservation of energy, both the smooth-wall and the porous
channels having the same length absorb the same amount of heat and, therefore,
evaporate the two-phase flows with same steam content. In this article, the
calculation of the thermohydraulic efficiency with the boundary conditions of the first
kind is considered. Since it is known from the literature that most of the
thermophysical studies on the boiling and evaporation phase transitions (in smooth-
wall and porous channels) were carried out with boundary conditions of the second
kind, i.e., with a constant amount of specific heat flow on the channel wall, then, in
order to calculate thermal-hydraulic efficiency of the porous channels with boundary
conditions of the first kind, it is necessary to recalculate the initial equations with
boundary conditions of the second kind for the boundary conditions of the first kind.
A full description of this problem includes a fairly great amount of material and is not
in a research focus of this article. More details concerning this method applied for the
smooth-wall channels can be found in [13], and for the porous channels in [14].

Results of the work. As a result of the work performed, calculations of the
porous channel efficiency for evaporation of the steam-water flow were conducted. A
smooth-wall tube was used as a reference surface for the comparison. The following
operating and design parameters were taken as a calculation base: the temperature of
the liquid on the saturation line at entry into the channel was T¢,=280 °C, 300 °C,
320 °C, 340 °C, 360 °C. Temperature head, i.e. a difference between the wall
temperature and temperature of the liquid at entry into the channel was AT=T,-T, =
=1, 2, 3, 4,5 °C. The Reynolds number at entry into the channel was: Re, = 700,
1000, 1200, 1500, 1700, 2000, 2300. The channel porosity was: # = 0,7; 0,75; 0,8;
0,85; 0,9. The porous material was metal felt with the copper fiber diameter of 200
microns. The channel diameter was: d =3-107; 4-10%; 510, 6-10°%; 7-10°; 10-10°
m. Totally, 4,200 design points characterizing the model operating and design
parameters were calculated.

The plots of the calculated dependences for the geometric factor of the porous
channel efficiency kg, ratio of pressure drops ke=4P /4P , parameters Q/N for the
porous and smooth-wall channels, as well as their lengths as a function of the
Reynolds number and porosity f(Re, ©) for inlet temperature of liquids T,=360 °C are
shown in Figures 1-6, respectively. Here, Q is an amount of heat received by the
channel; N is a power consumption needed for pumping the heat-transfer agent.
Behavior of these parameters within the range of the inlet liquid temperature T,=280-
360 °C (with porosity of the porous channel 6=0,9) is shown in Figures 7-12. Figures
13 and 14 show the behavior of coefficient of the porous channel efficiency kg =
lsm/1por @Nd ratio ke=AP,,/APgy, depending on the change in the Reynolds number of
the flow Rey at entry into the channel and the change in the temperature difference
AT=Tuani-Tso, Where Ty is a liquid temperature at entry into the channel. These plots
were built with the following parameter values: porosity © = 0,9; channel diameter d
= 0.004 m. The liquid temperature on the saturation line at entry into the channel was
T =360°C. Fig. 15 and 16 show the similar plots, but with liquid temperature
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T©=300°C at entry into the channel. Figures 17 and 18 show, respectively, behavior
of the efficiency coefficient ke and the ratio ke=AP,,/APsy, depending on the channel
diameter d and the Reynolds number Re. In the issue under consideration, rate of the
heat-transfer agent flow through the porous and smooth-wall channels is assumed to
be the same; therefore, an amount of the heat required for evaporating the working
fluid should be the same in both cases. The power consumption needed for pumping
the evaporating heat-transfer agent through the channel is calculated by the formula
N=AP-m/p, where AP is pressure drop along the channel; m is a mass flow rate of the
heat-transfer agent, kg/s; p is an average density of the two-phase evaporating flow
along the channel length. Since the flow rates of the liquids and their thermophysical
characteristics are the same in both cases (for porous and smooth-wall evaporation
channels), therefore, an energy effect from the use of the porous steam-generating
channels can be estimated by the ratio of the differences of the pressure consumption
needed for pumping a heat-transfer agent in both channels ke=AP o/ APgp,.

700
600
500

Ratio

400
AP por /AP sm

300

200
0,7 100 0,7
0 0,8

Ratio
Ism /1 por

0,8 Porosity,
0,85 ty

1000 1200 4¢00 700 09 0 1000 1200 4500 1700 09 Porosity,
Re number 2000 9309 Re number 2000 2300 ?
Figure 1 - The value of geometric coefficient Figure 2 - Ratio of pressure drops in the
of the porous steam-generating channel porous and smooth-wall steam-generating
efficiency ke=lsn/lpor (Ts=360 °C) channels AP o/ AP (Ts=360 °C)

1,20E+02

8,00E+01

4,00E+01 \

0,00E+00
1000 1200 1400 1600 1800 2000 2200 2400

S

Ratio Q/N, 10 °

—— 0

I

—e

~
o

1700
2000

0,8

0,75

9
0,85

So Porosity,
Re number Qe o

Re number

Figure 3 - Q/N ratio, 10° for a smooth-wall Figure 4 - Q/N ratio, 10’ for the porous
steam generating channel (Ts=360 °C) steam generating channel (Ts=360 °C)



72

ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) I'eorexHiuna mexanika. 2021. No 156

£
2
o 0,08
e 0 =
° /
£ E 006 —— —
S ﬁ |
=2om —
: — ]
£ o
o
£
* 0
1000 1200 1400 1600 1800 2000 2200 2400
Re number

Figure 5 - Length of a smooth-wall steam
generating channel Iy, m (Ts=360 °C)

-

—_—e— B

kKF=1sm /lpor

E fficiency ratio

< = oo [ - N
/|
v 4
\
=y
N

280 300 30 340

Liquid inlet temperatre Ts, 'C

1= —-Re=l000; 2~ -a—Re=1500; 3~ —+Re=2300

Figure 7 - Dependence kg = f(T;) for
different Reynolds numbers of the flow at
the channel inlet

—
=]
=

i
%]
R

=]
=

=
A
e

Ratio (Q/N) sm, 10°

N

280 300 320

Liquid inlet temperature Ts, il

1— ——Re=1000; 2- —a-Re=1500; 3- ——Re=2300

Figure 9 - Dependence Q/N, 10° = f(Ts) for
the smooth-wall channel at different

Reynolds numbers of the flow at entry into
the channel

0,02
W

0,016 1

Porous (121
channel

length,

1 por, m 0,008
0,004
0 o
09 o5 g S
08 0,75 0,70 uH’ Re number
Porosity, 8
e -
Figure 6 - Length of porous steam
generating channel lyor, m (Ts=360 °C)
1200
F 2 3
<]
1]
x5 i
a 400
: m ____4/,/
-
0 —
280 300 20 40 360

Liquid inlet tetmperatare Ts, %

1 - —=Re=10005 2 - —a-Fe=1500; 3 - ——Re=2300

Figure 8 - Dependence APpqr / APsy = f (TS)
for different Reynolds numbers of the flow
at the channel inlet

g

G4 f’
o]

=

< ] 3 A
'E 10 : L’ﬂfjg_/"",—d
5 ]

R~ Unﬁ-'&—_—_—‘

280

1— ——Re=1000;

300

320

Liquid inlet temperature Ts, Ic

2— —=—Re=1500;

340

360

3 - ——Re=2300

Figure 10 - Dependence Q/N, 10° = f(Ts)
for the porous channel at different Reynolds
numbers of the flow at entry into

the channel



ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) I'eorexniuna mexanika. 2021. Noe 156 73
g T 08
& = 3
:: L2 f 0,06 N
-1 \ o E
_,E 803 £ - 2
w ® 9V
[-9
:5 E 0.6 \ ﬁ = " 1 N\
: N 3 g 0 ==
S 03 / g
=) 1 \1 =] O
g P ~
“ 0 i) 300 320 340 360
280 300 320 340 360
Liquid inlet tem perature Ts, 'C Liquid inlet tempe rature Ts, e
1- ——Re=1000; 2 — —s—Re=1500; 3— —a— Re=2300 1- ——Re=1000; 2- —8—Re=I500: 3 - ——Re=2300

Figure 11 - Dependence Isn=f (Ts) for
different values of the Reynolds number of
the flow at entry into the channel

]

16

12

Efficiency ratio
ke=1Ism/lpor 87

4

0 2300
1

Temperature difference 700
AT=Twall-Ts0

Figure 13 - The value of geometric
coefficient of the porous steam-generating
channel efficiency
Ke=lsm/lpor = f(Re, 4T);
(Ts=360°C; Tyai=365°C)

Efficiency ratio 40
ke=1sm/Ipor 30

2 3 7

4 g
Temperature difference
AT=Twall-Ts0

Figure 15 - The value of geometric
coefficient of the porous steam-generating
channel efficiency
Ke=lsm/lpor = f(Re, 4T);
(Ts=300°C; Twan=305°C)

Figure 12 - Dependence l,o=f (Ts) for
different values of the Reynolds number of
the flow at entry into the channel

5000

4000

3000

Ratio
AP por/ AP sm
pe 2000

1000

5
3 4 Te mperature
difference
AT=Twall-Ts0

1700
2000
2300
N

Figure 14 - Ratio of pressure drops in the
porous and smooth-wall steam-generating
channels
APporl APsm = f(Re, AT);
(Ts=360°C; Tyai=365°C)
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Figure 16 - Ratio of pressure drops in the
porous and smooth-wall steam-generating
channels
APpor/APsm = f(Re, AT);
Ts=300°C; Tya=305 °C)
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Figure 17 - The value of geometric Figure 18 - Ratio of pressure drops in the
coefficient of the porous steam-generating porous and smooth-wall steam-generating
channel efficiency channels
Ke=lsm/loor = f(Re, AT); APpor/ APsm = f(Re, AT);
(Ts=360°C; Tyai=365°C) T=360°C; Tyai=365°C)

Conclusions. The above calculations have shown the following:

1. At laminar motion of evaporating liquid and under conditions of the same mass
flow rate and the same diameter of channels it is possible to achieve a significant
reduction (by several times as much) in length of the porous once-through steam
generator in comparison with the length of the smooth-wall once-through steam
generator.

2. In case of significantly shorter length of porous once-through steam generators
it is not possible under these conditions to reduce pressure drop in them and,
consequently, to reduce amount of power consumption needed for pumping coolant.

3. Dependence of geometric coefficient of the porous once-through steam
generator efficiency ke = Isn/loor ON the channel porosity and diameter, temperature
head and saturation temperature at entry into the channel is inversely proportional;
though dependence of this coefficient on the Reynolds number of the flow at entry
into the channel is directly proportional.

4. Dependence of the ratio of pressure drops in the porous and smooth-wall
steam-generating channels ke=AP,,/APs, on the porosity and Reynolds number of
the flow at entry into the channel is inversely proportional. The dependence of this
coefficient on the channel diameter, temperature head and flow saturation
temperature at entry into the channel is directly proportional.

5. Despite the fact that in the course of the calculations it was not possible to
identify a domain of operating and design parameters of the porous steam generators
with water as heat-transfer agent, at which ratio of the pressure difference between
the porous and smooth-wall channels is less than 1(due to the significantly shorter
length of the porous channel), nevertheless, this study made it possible to establish
the main regularities in the behaviour of the energy efficiency coefficients and their
dependence on the operating and design parameters of the model. These findings
facilitate to specify the main fields for further researches and calculations in order to
obtain positive solutions for the problem under consideration.




ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) I'eorexHiuna mexanika. 2021. No 156 75

REFERENCES

1. Kirillov, P.L., Yuryev, Yu.S. and Bobkov, V.P. (1990), Spravochnik po teplogidravlicheskim raschetam (Yademye reaktory,
teploobmenniki, parogeneratory), [Handbook of thermal-hydraulic calculation (nuclear reactors, heat exchangers, steam generators) [Edited
by. P.L. Kirilov], Energoatomizdat, Moscow, Russia.

2. Kutateladze, S.S.(1979), “On the boundary vapor content during boiling in a round pipe”, Teploenergetika, no. 6, pp. 54-55.

3. Miropolskiy, Z.L. (1975), “On the boundary vapor content during boiling in a round pipe”, Teploenergetika, no. 3, p. 75.

4, Kalmykov, 1.V. (1987), Teploobmen i gidrodinamika pri dvizhenii parovodyanogo potoka v poristyh sredah [Heat transfer and
hydrodynamics at motion of the steam-liquid flow in porous media], The dissertation on competition for the degree of candidate of technical
sciences, 01.04.14, Institut vysokih temperatur Akademii nauk SSSR, Moscow, USSR.

5. Poliaev, V.M., Mayorov V.A. and Vasilyev, L.L. (1988), Gidrodinamika i teploobmen v poristykh elementakh konstrutsiy letatelnyh
apparatov [Hydrodynamics and heat transfer in porous design elements of aircraft], Mashinostroenie, Moscow, USSR.

6. Lukisha, A.P. (2014), “Heat exchange at evaporating of flow in the cylindrical porous channel”, Visnyk Dnipropetrvskogo universitety,
Vol. 22, no. 5; Series mechanics, Issue 18, vol. 1, pp. 107-114.

7. Lockart, R. W. and Martinelli, R.C. (1949), “Proposed correlation of data for isothermal two-phase, two-component flow in pipes”,
Chemical Engineering Progress, vol. 45(1), pp. 39-48.

8. Chisholm, D. and Sutherland, L. A. (1969), “Prediction of pressure gradient in pipeline system during two-phase”, Proc. Inst. Mech.
Engrs., Vol. 184, Pt. 3c, pp. 24-32. https://doi.org/10.1243/PIME_CONF_1969 184 076 02

9. Zivi, S. M. (1964), “Estimation of steady state steam void fraction by means of the principle of minimum entropy production”, Yournal
Heat Transfer, n0.86 , pp. 247-252. https://doi.org/10.1115/1.3687113

10. Deych, M.E. and Zaryankin, A.E. (1984), Gidrodinamika [Hydrodynamics], Energoatomizdat, Moscow, Russia.

11. Kutateladze, S.S. (1990), Teploperedacha | gidraviicheskoe soprotivienie: Spravochnoe posobie [Heat transfer and flow
resistance: A Reference Guide], Energoatomizdat, Moscow, Russia

12. Zeigamik, Yu. A. and Kalmykov, I.V. (1985), “Experimental study of the hydraulic resistance of porous structures at adiabatic
motion steam-water mixture”, Teplofizika vysokih temperatur, vol. 23, no. 5, pp. 934-940.

13 Lukisha, A.P. (2017), “Recalculation method of the characteristics of tubular smooth-walled steam generators from boundary
conditions of the second kind for boundary conditions of the first kind”, Visnyk Dnipropetrvskogo universitety, Vol. 25, no. 5; Series
mechanics, Issue 21, pp. 113-121. https://doi.org/10.15421/371815

14 Lukisha, A.P. (2017), “Methodics for recalculating the thermal-hydraulic characteristics of porous direct-flow steam generators from
the boundary conditions of the second kind for the boundary conditions of the first kind”, Systemne proiektuvannia ta analis kharakterystik
aerokosmitchnoi techniky. Zbimyk naukovykh prats, Vol. XXIl, pp.97-106.

CMNCOK NNITEPATYPY

1. Kupunnos M. 1., KOpbe t0.C., Bobkos B.M. CrnpaBoyHMK MO TEMMOrvapaBNMYECKMM pacyeTaMm (SAepHble PeaKTopbl,
TennoobmeHHWKY, naporeHepatopsl) / nog 06w, peg. M.J1. Kupunnosa. M.: Qxeproatomuaaat, 1990. 360 c.

2. Kytarenapase C.C. O rpaH14HOM NapocoaepaHnv Npu kuneHnum B kpyrnoi Tpybe / Tennoanepreuka. 1979. Ne 6. C. 54-55.

3. Mupononbckuit 3.J1. Tennootaaya k neperpetomy napy ¢ nogsogom 1 oteogom Tenna / TennosHepretuka. 1975. Ne 3. C. 75.

4. Kanwmblikos W.B. TennoobmeH 1 riapoanHaMmka npy ABYKEHWM NapOBOLAHONO MOTOKA B MOPUCTLIX CPeaax : ANC. ... KaHa. TEXH.
Hayk / Crew. 01.04.14. Mocksa: HcTuTyT Bbicokux Temnepatyp AH CCCP, 1987. 224 c.

5. Monsies B.M., Maitopos B.A., Bacunbes J1.J1. TugpoguHamuka u TennooOMeH B NOPUCTBIX SNEMEHTax KOHCTPYKLMIA NeTaTeNbHbIX
annaparos. M.: Mawu+ocTpoeHue, 1988. 168 c.

6. NMykmwa ATl TennoobmeH npu uCrapeHWW MOTOKa B LMMMHOPWYECKOM MOPUCTOM kaHarne / BicHuk [IHinponeTpoBChKoro
yHiBepeutety, 2014. T. 22. Ne 5. Cepist Mexatika. Bunyck 18, Tom 1. C. 107 -114.

7. Lockart R. W. and Martinelli R.C. Proposed correlation of data for isothermal two-phase, two-component flow in pipes / Chemical
Engineering Progress. 1949. Vol. 45(1). Pp. 39-48.

8.Chisholm D. and Sutherland L. A. (1969)6 Prediction of pressure gradient in pipeline system during two-phase flow / Proc. Inst.
Mech. Engrs., Vol. 184. ,Pt. 3c., Pp. 24-32. https://doi.org/10.1243/PIME_CONF 1969 184 076 02

9. Zivi S. M. Estimation of steady state steam void fraction by means of the principle of minimum entropy production / Yournal Heat
Transfer. 1964 , 86. Pp. 247-252. https://doi.org/10.1115/1.3687113

10. ety M. E., 3apsHkuH A. E. TgpoguHamuka: Yueb. Mocobue ansi By3o. M.: Sneproatomuanart, 1984. 384 c.

11. Kyratenagse C. C. Tennonepegaya 1 rvapasnuyeckoe conpotuereHue : CnpaBouHoe nocobue. M.: Sxeproatomuaaart, 1990.
367 c.

12. 3enrapruk 0. A., Kanmbiko W. B. SxcnepumeHTansHoe nccnegoBaHve ryapaenyeckoro CONpOTUBIIEHNS MOPUCTBIX CTPYKTYP
npy aauabaTyeckom ABWKEHUM NapoBoasHbIX cMecedt / Tennodmanka Beicokux Temnepatyp. 1985. T. 23. Ne 5. C. 934-940.

13. Lukisha A.P. Recalculation method of the characteristics of tubular smooth-walled steam generators from boundary conditions of
the second kind for boundary conditions of the first kind. / BicHuk [IninponeTpoBcekoro yHisepeutety, 2017, T. 25, Ne 5. Cepist Mexatika,
Bun. 21. C. 113-121. https:/doi.org/10.15421/371815

14. Nykmwa ATl. MeToguka nepecyéra Tenmno-rMopaBiMYECcKUX XapaKTEPUCTUK MOPWUCTBIX MPSIMOTOMHBIX MapOreHepaTopoB C
TPaHMYHbIX YCIIOBWIA BTOPOTO poda ANS MPaHWuHbIX YCMOBMA NepBoro poga / CucTemHe MpOeKTYBaHHSA Ta aHaris XapaKTepucTuk
aepokocMiuHol TexHiku: 3BipH. Hayk. npaub, T. XXII, JHinponeTpoBChHKUI HaLlioHanbHuiA yHiBepeuTeT iM. O. MoHuapa, JHinpo, MMipa, 2017,
C.97-106.



https://doi.org/10.1243/PIME_CONF_1969_184_076_02
https://doi.org/10.1115/1.3687113
https://doi.org/10.15421/371815
https://doi.org/10.1243/PIME_CONF_1969_184_076_02
https://doi.org/10.1115/1.3687113
https://doi.org/10.15421/371815

76  1SSN 1607-4556 (Print), ISSN 2309-6004 (Online) I'eorexniyna Mexanika. 2021. Ne 156

About the author

Lukisha Anatolii Petrovych, Candidate of Technical Sciences (Ph.D), Senior Researcher, Senior Researcher in Department
of Problems of Mine Energy Complexes, Institute of Geotechnical Mechanics named by N. Poljakov of the National Academy of
Sciences of Ukraine (IGTM NAS of Ukraine), Dnipro, Ukraine, lukisha@ukr.net

Mpo aBTOpa
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AnHoTauus. B paboTe npeactaBneHbl pe3ynbTaThl PacYETOB TENNOMMAPABAMYECKON APGEKTUBHOCTU MOPUCTbIX
MPAMOTOYHBIX MApOreHepaTopoB C MOAENbHOM paboyelt XMOKOCTHI0 BOAA, B NaMMHApHOM 00nact ABWXKEHWS
TENSIOHOCUTENS W NPU TPaHUYHBLIX YCMOBMSAX NEPBOrO poda. B kayecTBe CpaBHWMBAEMbIX 3TarOHHbIX MOBEPXHOCTEN
1CNOMNb30BaNUCh MMaAKOCTEHHbIE LUMMHAPUYECKME KaHaNbl Pa3nMYHbIX AMaMeTpoB. B kayecTBe pacueTHon 6a3bl 6binu
B3ATbl CNEAYIOLME PEXMMHO-KOHCTPYKTMBHBIE NApameTpbl; TEMNepaTypa XMAKOCTU Ha NMNHWM HACLILEHWS Ha BXOAE B
kaHan Ts=280 °C, 300 °C, 320 °C, 340 °C, 360 °C. TemnepaTypHbIi Hanop — pasHOCTb MeXZY TeMNepaTypoi CTEHKN U
TemnepaTypon xuakoctu Ha Bxoge AT=T,-T, =1, 2, 3, 4, 5 °C. Yncno PeiHonbaca Ha Bxoge B kaHan Re, = 700, 1000,
1200, 1500, 1700, 2000, 2300. MNMopucTocTs kaHana 6 = 0,7; 0,75; 0,8; 0,85; 0,9. MopwucTbIi MaTepuan — MeTannoBOMMNOK
C OMameTpoM MeaHblx BonokoH 200 mkm. [Quametp kavana d =3-103; 4:10%; 5-103; 6-103; 7:10%; 10-103 m . Ha
OCHOBaHWI MPOBEAEHHLIX PACYETHBIX UCCMedoBaHuMiA Obin caenaH BbIBOA, YTO AMNS YCIOBUA OAMHAKOBBIX MACCOBbIX
pacxofoB OXNaauTens, npu NaMUHAPHOM PEXUME ABWKEHUS, 1 OAMHAKOBbLIX AMAMETPax KaHanoB, MOXHO A0OUTLCS
CYLLECTBEHHOTO COKPALLEHWS ANMHBI MOPUCTOro MPSIMOTOMHOMO MaporeHeparTopa Mo CPaBHEHWMIO C [MAAKOCTEHHbLIM
NPSIMOTOYHBIM MapOreHepaTopoM, OAHAKO B JaHHbLIX YCMOBMSX HE YAAETCA AOCTWYb MEHbLUMX 3HAYeHui nepenaja
[ABMEHMST B HUX M COOTBETCTBEHHO MEHbLUMX MOLLHOCTEN, 3aTpayMBaeMblX Ha MpOKauKy TennoHocutens. [aHHoe
PacyéTHOe WCCreaoBaHWe Tak e MO3BOMMIO BbISIBUTb OCHOBHBLIE 3AaKOHOMEPHOCTW B MOBEAEHWUW 3HEPreTUYECKUX
k03thpMLIMEHTOB 3hHEKTUBHOCTM M UX 3aBUCUMOCTb OT PEXMMHO-KOHCTPYKTUBHBIX MapamMeTpoB MOLENM.

KnioueBble cnoBa: Tennormgpaenuyeckas  3(GeKTUBHOCTb, MOPUCTbIE  MApOreHEPUPYLWME  KaHambl;
TENNOHOCUTENb BOAA; FPaHUYHbIE YCNOBUSI NEPBOrO POAA; NAMUHAPHBIA PEXUM [OBWKEHMUS TENNOHOCUTENS.

AHoTauis. B poGoTi npenctaBneHi pesynbTaT po3paxyHKiB - TEMMOTiAPaBniyHOi  edEKTUBHOCTI  MOPUCTUX
NPAMOTOYHUX NaporeHepaTopiB 3 MOAENbHOW PoboYOi pigMHO BoZa, B NamiHapHoi obrnacti pyxy TEMnMoHOCIs i npu
rPaHWMYHUX YMOBaAX MEpLUOro poay. B AKOCTi NOpiBHIOBAHWX ETaNOHHWX MOBEPXOHb BUKOPUCTOBYBAMMUCA NAAKOCTIHHI
UMNIHOPWYHI  KaHamu pisHuX gdiameTpiB. B skocTi pospaxyHkoBoi 6asn Oynmm B3sATi Taki PeXMMHO-KOHCTPYKTMBHI
napameTpu: TemnepaTypa pianHn Ha niHii Hacu4eHHs Ha Bxogi B kaHan Ts,=280 °C, 300 °C, 320 °C, 340 °C, 360 °C.
TemnepaTypHUIn Hanip - Pi3HULS MiX TEMMepaTyporo CTiHKK | TeMnepaTypoto pianHn Ha Bxogi AT=T,-T,=1, 2, 3,4, 5°C.
Uncno PeiHonbAaca Ha Bxogi B kaHan Re, = 700, 1000, 1200, 1500, 1700, 2000, 2300. MopucTicts kaHany 6 = 0,7; 0,75;
0,8; 0,85; 0,9. MopucTnic MaTepian - METANOBOWNOK 3 AiaMeTpPOM MigHMx BonokoH 200 mkm. [iametp kaHany d=3-10-3;
4-10%; 5:10%; 6-103; 7-103; 10-103 m. Ha migcTaBi npoBeAeHMX po3paxyHKOBUX JochimkeHb OyB 3po6neHuii BUCHOBOK,
WO ANS YMOB OOHAKOBMX MAcOBMX BMTPAT OXONOMKyBaua, Mpu NamiHapHOMY PEexuMi pyxy, i OOHAKOBMX giameTpax
kaHanis, MOXHa AOMOITUCS iCTOTHOMO CKOPOYEHHS! AOBXMHW NOPUCTOrO NPSIMOTOYHOMO NaporeHepaTopa B NOPIBHAHHI 3
TMaAKOCTIHHAM MPSIMOTOYHUM MaporeHepaTopoM, NPOTe B JaHWX YMOBAaX HE BAAETbCH OOCAITM MEHLUMX 3HAYEHb
nepenagy TUCKY B HUX i BIMOBIQHO MEHLUMX MOTY)XHOCTEH, LLO BUTPAYalOTLCA HA MpOKavyBaHHS TennoHocis. [laHe
pO3paxyHKOBE [OOCMiZKEHHS TaKOX [03BOMMMO BUSBWATM OCHOBHI  3aKOHOMIPHOCTI B MOBEHLi E€HepreTuyHux
koediLieHTIB ePEeKTUBHOCTI Ta X 3aNeXHICTb Bif PEXUMHO-KOHCTPYKTUBHUX NapameTpiB Mogeri.

KntovoBi cnosa: TennorigpasniyHa eekTUBHICTb; NOPUCTi NaporeHepytodi KaHanw; TENNOHOCI BOAA; rPaHuyHi
YMOBW NEPLLOro PoAy; NaMiHapHWI PEXIM PYXy TEMIOHOCIS.
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