American Journal of Modern Physics
2023; 12(3): 30-46
http://www.sciencepublishinggroup.com/j/ajmp

doi: 10.11648/j.ajmp.20231203.11

otlenecePl

Science Publishing Group

ISSN: 2326-8867 (Print); ISSN: 2326-8891 (Online)

The Increasing of the Heat Transfer Coefficient of Short
Linear Heat Pipes

Seryakov Arkady Vladimirovich
LLC ‘Rudetransservice’, Veliky Novgorod, Russia

Email address:
seryakovav(@yandex.ru

To cite this article:
Seryakov Arkady Vladimirovich. The Increasing of the Heat Transfer Coefficient of Short Linear Heat Pipes. American Journal of Modern
Physics. Vol. 12, No. 3, 2023, pp. 30-46. doi: 10.11648/j.ajmp.20231203.11

Received: October 3, 2023; Accepted: October 24, 2023; Published: November 17, 2023

Abstract: The results of the experimental studies of heat transfer coefficients Kyp of short linear heat pipes (HP’s) with a
Laval nozzle-liked vapour channel, and with a partially swirled vapour flow inside the channel are presented. A partial
azimuthal swirling of the jet vapour stream is created using inclined injection channels 1 mm in diameter in a flat multilayer
mech evaporator, with an inclination angle ¢ relative to the longitudinal axis in the azimuthal direction, in the range of 0° < @
< 60°. The heat transfer coefficients Kyp of a set of the identical HP’s with a different inclination angles ¢ of the injection
channels in the evaporators, with the same working fluid mass filling (dm/m < 0.1 %), at the same evaporator temperature heat
load 8T = T,, —Tg = (20 + 0.03) K, represent an extreme convex function, depending on the inclination angle ¢ magnitude of
the injection channels, with a maximum at the swirled angle of the vapour flow ¢ = 26° + 2°. The magnitude of the excess of
the Kyp with a swirling vapour flow over the identical HP’s with a direct vapour flow reaches 10%. An analysis of the
recommended vapour channel shape, carried out by the estimating of the Richardson number Ri of the vapour flow jets above
the evaporator, allowed us to estimate the value of the dimensionless longitudinal radius of curvature &/R.., of the confuser
part of the vapour channel, which is determined from the condition of minimal friction losses during the flow of moist vapour
in the boundary layer & along the concave wall of the confuser part of the vapour channel with a longitudinal radius of
curvature R ... The concave diffuser part shape of the vapour channel is determined by the condition that the moving vapour
jets velocity vectors must be parallel to the longitudinal axis of the diffuser part of the HP’s vapour channel. The results of the
numerical simulation of the hydraulic resistance coefficients &, of the HP’s vapour channel, closed with flat covers, with
partially swirling jet vapour flow, obtained by using the ANSYS FLUENT program, show a decrease in &, coefficients at high
values of the evaporator temperature load, in the range of vapour flow velocities 1 m/s < u, < 100 m /s, and in the range of
swirling angles 0°<@<30°. With the increasing the swirling angles ©>30°, a sharp increase in the hydraulic resistance
coefficient &, begins.
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1. Introduction

The increasing of the HP’s heat transfer coefficient is a
complex scientific and technological problem, several
solutions for which were proposed and considered in detail
by many authors earlier [1-8].

Short line HP’s are important and widely used heat
transfer devices, primarily for space cooling applications. In
the Russian Federation, Roscosmos and Rosatom have
developed spacecraft and satellites with a nuclear power
propulsion systems (NPPS) as a part of the Transport and
Energy Module (TEM) program. To cool heat-stressed

structures of nuclear power plants, linear heat transfer
systems, based on a short HP’s, with a Laval nozzle-liked
vapour channel, with flat covers and phase transitions,
localized on them, with strict take-off mass regulation, and
with excess heat radiation into the surrounding space, are
also in demand. To further increase the heat transfer
coefficients Kyp of such HP’s, intensify the internal
condensation and evaporation processes, the various methods
are used to increase the efficiency [1-5], and heat transfer of
the HP’s [6-8]. One of the proposed methods is a method,
based on swirling the vapour flow over a flat evaporator in
the vapour channel of short HP’s.
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The control of heat and mass transfer processes due to the
organization of the flows aerodynamics in the vapour channel,
in particular, by swirling the flow of moist vapour over the
evaporator of short HP’s, is an extremely promising way to
intensify the heat transfer Kyjp of short HP’s with a Laval
nozzle-liked vapour channel.

Swirling flows of liquid and vapour media are widely
represented in various power and thermal machines and
devices [9-14], including in cooling devices. The use of the
swirling motion of vapour to intensify the processes of
condensation, evaporation and overheating of moist vapour
above the HP’s evaporator, and the transfer of heat and mass
in the vapour channel and boundary layer leads to the
appearance of new interesting effects.

The use of such short HP’s with a swirling vapour flow is
justified in the case of structural impossibility of placing loop
HP’s, as well as to increase the long-term stability and
reliability of cooling systems for space objects subjected to
intense meteorite impact with nuclear power plants, in which
there are no externally distributed inlet and outlet lines of
loop HP’s.

Partial swirling of vapour jets above the evaporator in the
vapour channel of short HP’s, 100 mm long and 20 mm in
diameter, made in the Laval nozzle — liked form, at high
temperature loads on the evaporator, and accounting of all
three components of the vapour flow velocity u according to
the formula (1):

u =,/uZ +uf +ug (1)

leads to a decrease in the hydraulic resistance coefficient &,
when moist vapour moves in the vapour channel in a certain
range of swirling angles A¢.

In addition, a partial swirling of the vapour flow in the
Laval nozzle-liked vapour channel of short HP’s at a high
temperature evaporator loads, leads to additional azimuthal
rotation of the formed toroidal vortex of the condensing
vapour, intensification of vapour condensation on the flat
surface of the HP’s top cover, and an increase in the heat
transfer coefficient Kyp of our HP’s.

2. Method and Materials

Short HP’s with a Laval nozzle —liked vapour channel
were previously presented in detail when publishing the
results of various studies [4, 5, 6, 16, 17], and is well-known.

Therefore, we will not repeat the descriptions of the HP’s
design with all the details in the measuring sensors and their
calibrations, but will focus on a detailed analysis and
consideration of the required shape of the HP’s vapour
channel.

A schematic diagram of the experimental test setup is
shown in Figure 1. In the upper cover capacitive sensors are
installed to measure the working fluid condensate film
thickness and temperature [16, 17].

&
s\

Figure 1. HP’s diagram. 1 — top cover; 2 — cylinder body of the HP's; 3 —
locking element; 4 — multilayer mesh capillary-porous insert with uniform
dense radial cross-linking; 5 — bottom cover; 6 — capillary injector channels
with a diameter of 1 mm; 7— bottom flat multilayer mesh evaporator. There
are capacitance sensors 8, 9, 10 installed inside the top cover [4-6], two of
which are intended for a condensate film thickness measurement, while the
third with a welded on its electrodes microthermistor CT3-19 to measure the

film temperature.

2.1. HP’s Evaporator Operations

The determining the shape of a concave vapour channel of
short HP’s with a Laval nozzle —liked form and intended for
use at high temperature evaporator loads, when working in
spacecraft and satellites with nuclear power plants, is an
important practical task. The swirling flow intensifies the
transfer processes in the boundary layer in the channel, due
to an increase in velocity gradients and an increase in
turbulent transfer in the mass forces field.

Swirling (twirled) currents, including partially swirling
moist vapour currents, belong to the class of spatial boundary
layers [7-12]. When analyzing the swirling flow, we use the
method of straightening current lines and its analogues,
developed and presented in detail in [9-13]. In these works, it
is shown that heat and mass transfer and hydraulic resistance
during the longitudinal and swirling turbulent flows in the
HP’s vapour channel initial section can be described by the
same functional dependencies, using the so-called effective
Reynolds number Re.s, determined by the formula:
up{}‘piXD

ul‘}lpix (2)

Reqsr = Rey/ (1 + tg2@); Re =
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where ¢ is the swirling twist angle of the vapour flow,
determined by the ratio of the azimuthal and longitudinal
velocity components, and set by the inclination angle of the
injection channels 1 mm in diameter, in a multilayer mesh
evaporator with a 3.5 mm total thickness, to the longitudinal
axis of the HP.

The velocity components above the evaporator are defined
as the velocity values near the outlet openings of the injection
channels in the following form - u, ~ uyCosp — the
longitudinal component of the vapour velocity above the
HP’s evaporator, m/s; u, ~ u, Sing —the radial component of
the vapour velocity above the HP’s evaporator, m/s; u, — the
azimuthal component of the vapour velocity above
evaporator at the mouth of the injection channels, m/s.

The standard Navier-Stokes equations of motion and
energy for the boundary layer of an incompressible flow of
moist vapour above the evaporator at the HP’s initial section,
in a cylindrical coordinate system are written in the following
form [14, 15]:

2.7 T
pmix (u drug ru drug u_(paruq,) - _ a_p_lﬁ(Pr u(pur)
vp T or Z oz r d dp r ar
10[ur® 0(ug/r)/0r] 3)
r ar
o (u, 2 4y, ey o) o0 1 (PR
vp T ar Z 9z r 3¢ 9z r ar
1 d[ur duz/or]
1 9lurdug/or] 4
r or ( )
apmixru 0pmixru 1 0pmixru
vp IUr vp Mz , 190vp Mo _ (5)
oar 0z r [iJ0]
mix cmix (u oT | L 0T L te aT) _ 10(pWcEixrzulT )
Pvp p Tor Z 9z r ap) 7 ar
10 ix. OT
1 (e o), 6
r 6r( VP ar (©)

The components of the tangential stresses and heat flow in
the vapour channel can be written as follows:

X7 ix.. 9(ugp/r)
Trp = —pluu + e e )
T. = — mi vl + miX% (8)
rz Pvp Urlz Hvp or
- _ mixcmixu/T/ + )la_T (9)
qr Pvp Lp r ar

The equation for determining the longitudinal component
of the heat flow inside the vapour channel near the HP’s
condensation surface, can be written as follows:

mix ~cmixy 7 oT
4z = —pvp Cpu,T" + )\15. (10)

The above boundary layer equations (3) — (6), presented
here in a cylindrical coordinate system, can be written in the
coordinates of the swirling current lines on the surface of the
HP’s vapour channel. These coordinates associated with the
current line along the surface of the Laval nozzle-liked
vapour channel, are written in the following form:

uy Trz dz Ugp
—, Typ = — ;df = —; = arctg—. 11
cosp’ Yt cosq’ cosq’ ® g uy (1)

Uy, =

where ¢ is the swirling angle between the current line of the
vapour jet, and the longitudinal z axis.

Using these coordinates of the swirling lines (11), for a
thin boundary layer 6/R << 1, the equations of the boundary
layer energy and motion [14, 15] are written as follows:

i du du a ot
mix £ £ p yt
uy 2y oy, e P 12
Pvp Uy 5y T Uy, e T ay (12)
apmixu apmixu
P Ty 4 TBvp T2 _ (13)
ay at
i i aT aT aq
mixemix (204 _) = 14
Pvp~Lp (Yay+ Y ay (14)

Thus, the defining equations of the swirling moist vapour
flow motion and energy on the boundary layer, written in
coordinates, associated with the current line of the swirling
jets, completely coincide with the boundary layer equations
for the standard uncoiled flow over the HP’s evaporator of
radius R.,, with the longitudinal coordinate ¢ and the
velocity of the undisturbed flow u,. The maximum value of
the total evaporation rate of a moist vapour over a capillary-
porous evaporator (CPE) is determined by a standard method
[16, 17]:

M = Gmix = Gyp + Gar zQﬁvpmvp = Fev(Z)p\I/I}plx Tey)u =
ev_ __ -4
T 4.4-107* kg/s. (15)
All details of the HP’s CPE operation with the injection
channels are given in [16, 17]. The boundary conditions for
solving the Navier-Stokes equations, energy and mass, and
motion of the boundary layer (4) — (15) in the HP’s vapour
channel, are given in [5, 6]. For two-phase moist vapour flow
with a density of p{}lpix over the completely filled with diethyl
ether evaporator outer surface, at the beginning of the
evaporation, the vapour flow rate and flow velocity are equal
to:

_ 0Tey 0Tey _ _
zZ= Lev' }\ev an = Nev an - Gmixr u; =
ev— Qevy
Uvp Vvp Wvp mix
Py = 2Ry, = 2R = pmix, 16
Uey r Vev ' ® Wey P pr ( )

at the interface of the pairs — the inner surface of the insert

Q(Z) (adhesion condition):

I0¥p* _ 9p¥p* _
dy T oax

0;var = 0.2 17)

on the axis of the nozzle symmetry (symmetry condition):

x=y=ﬂ(2),2=%5 u,=0,u,=0,u,=0;

au au apmix apmix
x=0,y=0: —=—=0; —> =2
ady 0x

=0
ay ox

(18)
on the condensation surface (inner surface of the flat top
cover):

ow apn

- LU _ g v _ g ow _ B _
z=Lup = Ofim: 5. = 0,2-=0,~=0,—==0.(19)



33 Seryakov Arkady Vladimirovich: The Increasing of the Heat Transfer Coefficient of Short Linear Heat Pipes

Integral relations for the boundary layer of a curved
coordinate system can be obtained by integrating equations
(12) — (14) over the thickness of the boundary layer J, using
standard transformations [18-21].

With a gradient-free flow around the wall surface of the
vapour channel by a swirling vapour flow, the so-called
integral relations can be represented in the usual way in the
form of the friction coefficient C¢, and the Stanton number
St, in the following form:

as;” 1
ae 2 ¢

(20)

d8t[pleCm1xugAT

plelexu ATd? = St{’ . (21)

The integral parameters for equations (12) — (14) for the
moist vapour flow are written as the thickness &3 of the
momentum loss and the thickness &;; of the energy loss of
the longitudinal swirling flow along the current lines as
follows:

o _ (8 PYR*ue ue
8 = Iy b (1-2)ay. (22)
w _ (6 Pvp. Uy _ T-Twan
te fo P\I}Bgut’o (1 TO_Twall) dy (23)

In this case, the friction and heat exchange coefficients
along the current lines are determined in the usual way:

1 — Ty | — Awall
2% oy S T o T~ Y

As a determining parameters, the coefficients of friction
and heat and mass transfer of the swirling flow of the HP’s
moist vapour, include the full velocity u,, at the boundary
of the boundary layer. The integral relations (20) and (21),
which determine the coefficients of friction and heat and
mass transfer of the swirling vapour flow inside the HP’s
channel, are completely isostructured to the corresponding
equations for the case of a flow without swirling [21-23].
Therefore, the solutions of equations (20) and (21) will also
be similar if the moist vapour flow criteria included in them
are calculated using the full velocity u,, and the current line
length *.

Special Reynolds numbers are introduced, the first based
on the thickness of the pulse loss along the current line Re}”
and the second Reynolds number based on the thickness of
the energy loss along the current line Rej;:

1 B *k\ — *ok i *% i
5 Cre = 5 (Rey) 025 W Rey" = php* up8™/uips.  (25)

St = —(Re D) 7OPPrTOTSW Wi Regy = pup usody/Hips. (26)

The parameters distribution of the boundary layer of the
swirling vapour flow at constant values of friction and heat
and mass transfer along the length of the HP’s vapour
channel in the first approximation can be determined as
follows:

0.8
85 = (B(1+m) Lptlpk) ? Re{; ;Re, = pmlxu{)f/ugux 27)

Cre _ 8¢

2 = em) m = 0.25

(28)

For a thermal boundary layer with a constant value of the
heat flux q,. = const, similar functional dependences of the
boundary layer parameters can be written as:

0.8
= (W) ProorRe;%% Re, = pipitu, £/u (29)

Sty = i (30)

To analyze the obtained equations (25)-.(30), which
determine the main parameters of the boundary layer — its
thickness, friction and heat and mass transfer coefficients of
the swirling vapour flow in the layer, they are expressed in
terms of the defining parameters of the uncoiled vapour flow.
We use the axial component of the moist vapour flow
velocity at the outer boundary of the boundary layer u,y and
the longitudinal z coordinate of the axisymmetric vapour
channel. Taking into account equations (24), we obtain the
following expressions for the boundary layer thickness and
the friction coefficient:

0.8
8§ =6"= (B(1+m) ‘Pt‘Pk) Re;%?z cosp™¢  (31)

Cep 1 1
(1+m)0-2

1 08 0.2 0.6
e, = Cww)  Re;°%cose® (32)

7coscp
In equations (31) — (32), the Reynolds number and the
friction coefficient are determined as follows:

R mix

ix, 1o
= Pvp uzoz/“\r/nplx; E ( yz)wan/pmlx %0 (33)

To evaluate the heat transfer on the vapour channel surface,
we write out the equations for the thickness of the energy
loss with an uncoiled flow in the same way:

57 = (2w )0'8 Pr-06Re; 02z cosp "6 (34)
t > TtTkt z @

Gwall
p{,mem'xuzAT

St = ( YW )0.8 Pr=%6Re; %2cosqp%% (35)

Thus, the coefficient of heat and mass transfer on the wall
during the flow of a partially swirled stream of moist vapour
in the HP’s vapour channel, and the friction stress in the axial
direction of the also partially swirled stream is greater, than
in the not swirling flow by cos¢™® times at the same distance
from the evaporator surface, and the same longitudinal
velocity component at the boundary of the boundary layer. At
the same time, in the first approximation, we do not take into
account the additional impact of mass forces due to the
vapour flow swirled on the turbulent transfer, we consider the

relative friction coefficients to be constant:

The analysis of the boundary layer equations using the
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well-known principle of straightening the current lines [20-
23] shows that the processes of heat and mass transfer and
friction in a swirling vapour flow are similar, and the amount
of friction of the moist vapour flow in the axial direction
increases like the amount of heat transfer, according to (29)
and (30).

However, the results of experimental studies [22, 23] show
a significantly greater increase in hydraulic resistance in a
swirling flow, compared with an increase in heat transfer.
This is due to the fact, that the value of &, in these studies
was determined by the loss of total pressure during flow in
the channel, which consists of friction losses during flow in
the longitudinal and azimuthal directions.

We compare the thickness of the boundary layers of the
flow with a swirled and without a swirled at the same
Reynolds numbers, determined by the magnitude of the total
velocity and by the momentum loss thickness along the
current line:

ok sk IMIiX
xx _ mix 408" _ wx _ O7PYD UZ0 | qux _ o
Re{’ - pvp mix Re{’ - mix ’ 6t =6
Hvp Hvpo

S0

Then the relative coefficients of heat and mass transfer and
friction for a swirling vapour flow can be expressed as

follows:
Cr; St 1
il G R €
Cfo Sto Re:f, cos@

Thus, it can be considered established that the laws of heat
and mass transfer and friction in a swirling stream of moist
vapour inside the HP’s, obtained by applying the principle of
straightening current lines [20-23], coincide with the same
dependencies, obtained using the Prandtl hypothesis [22, 23]
for the spatial boundary layer, and they allow us to apply a
partially swirled flow in the vapour channel to increase the
HP’s heat transfer coefficients Kyp.

(38)

*k
Re;

Figure 2. Image of one of the billets of a multilayer capillary-porous HPs
evaporator with a cell size of 0.04 mm. Four injection channels with a
diameter of 1 mm are clearly visible for the exit and formation of vapour jets,
penetrating through round work pieces with 10 layers of mesh in each.

Multilayer mesh capillary-porous evaporator (CPE) is a set
of blank blocks, welded by contact spot welding to the HP’s
bottom cover, with a total thickness of 3.5 mm. Each of the
blocks is made of 10 layers of metal mesh 0.07 mm thick,
with a cell size of 0.04 mm. Figure 2 shows one of these
blocks with injection channels. The final evaporator with a
thickness of 3.5 mm allows you to reliably form the

azimuthal angle of inclination of the injection channels in the
range of ¢ = 0° — 60°.

For partial twirled and overheating of the swirling vapour
flow, four inclined injection channels with 1 mm diameter
are used in a flat evaporator, the outlet holes of which are
located at a diameter of 2r,, inside the nozzle diameter of
critical section d, 214 < d.,.

The value of the swirling integral parameter

s =Mz

M, 7 achievable in this

evaporator, is

considered in the 3¢ paragraph.

A slight attenuation of the tangential swirling of the jet
vapour flow due to friction, increases the static pressure in
the axial part, and decreases in the peripheral part of the
vapour flow in the Laval nozzle-liked vapour channel, which
increases the stability and turbulence degree of the condensed
vapour flow, and increases the heat transfer coefficient Kyp
of our HP’s.
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Figure 3. The forward direction of the injection vapour channels, the angle
of inclination to the longitudinal axis ¢ = 0 °. The evaporator overheating
relative to the boiling point of diethyl ether is set to 6T = T., T = 15K,
vapour velocity in m/s.
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Figure 4. Moist vapour flow mode. The angle of the injection vapour
channels inclination to the longitudinal axis in the azimuthal direction is ¢ =
15°. The evaporator overheating relative to the boiling point of diethyl ether
is set to 0T = T,,—Tg = 15K, vapour velocity in m/s.
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Figure 5. Moist vapour flow mode. The angle of the injection vapour
channels inclination to the longitudinal axis in the azimuthal direction is ¢ =
30°. The evaporator overheating relative to the boiling point of diethyl ether
is set to 0T = T, —Tg = 15K, vapour velocity in m/s.
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Figure 6. Moist vapour flow mode. The angle of the injection vapour
channels inclination to the longitudinal axis in the azimuthal direction is ¢ =
45°. The evaporator overheating relative to the boiling point of diethyl ether
is set to 0T = T,,—Tp = 15K, vapour velocity in m/s.
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SUB =1
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Figure 7. Moist vapour flow mode. The angle of the injection vapour
channels inclination to the longitudinal axis in the azimuthal direction is ¢ =
55°. The evaporator overheating relative to the boiling point of diethyl ether
is set to 0T = T,,—Tp = 15K, vapour velocity in m/s.

Figures (3—7) show the moist vapour flow mode with a
humidity coefficient y, = 0.2, from a capillary-porous
evaporator with through injection channels with 1 mm
diameter, in the entire range of inclination angles ¢ = 0 ° —
60°, designed for the output and formation of vapour jets
above the flat evaporator surface at high thermal loads.

Capillary-Porous Evaporator (CPE) and Capillary-Porous
Insert (CPI) are connected by contact welding and form a
single hydraulic system for the delivery of diethyl ether
from CPI to CPE. Inclined injection channels allow you to
create a partially swirled vapour flow over a HP’s flat
evaporator.

Large values of the superheated vapour velocity above the
injection channels, are accompanied by large values of the
dynamic pressure Py, in them, and lead to a decrease the
static pressure Py, in the channels, and the horizontal flow of
diethyl ether in the gaps along the layers of the metal mesh of
the CPE, into these injection channels from the CPI,
surrounding the CPE.

The heat transfer o, during diethyl ether boiling in a
multilayer CPE [16, 17, 24] is estimated by the formula:

%oy ~ AQL (39)

The conducted studies on our HP’s give the following
values: A ~ 1; a,, = 2.3-10* W/Km? at a heat load of 8T = Tk,
—Tp =20K.

The expression for the thermal energy released in the HP’s
evaporator, is written using the heat balance equation:

(1 - Xev)clr)nix Mtev Lev -

d ev
Qev — va r(TB) zz Lev - va dz
(40)

d?Tgc
Asc(1— H)vFev(Z)Lev = 0.
The vapour flow can be estimated according to the

interphase mass transfer, gives in case of small departures
from equilibrium by the Hertz - Knudsen equation [16, 17]:

2¢ M 1/2 Pev Pf, d
Gup = = () —eond )0 <1 (41)
P 2-¢ \2mR A Tfev chond

The enthalpy equation of a working evaporator in a
stationary state looks like this:

Hey = var(TB) + vacvp(Tev —Tse) + Glcpl(Tev — Ttev) 42)

The measurements carried out at maximum heating and the
average temperature Tpr = 320.45 K (47.3 °C) of the HP’s
outer surface, electrical power and temperature of the
resistive heater Ty = 353.15 K (80 °C), the contribution
values are as follows: Gy, = 4.4-10™ kg/s; heating of liquid
diethyl ether Cj(T., — Tfey) ~ 12.6 W (or 10%), vapour
overheating C,(Tey —Tsc) ~ 2.5W (or 2%) of the incoming
thermal power Q., W. All the details of the evaporator
operation analysis and the evaluation of the terms of
equations (40), (41) of short HP’s with injection channels are
given in [16, 17, 24].
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2.2. The Shape of the Vapour Channel

The shape of the HP’s vapour channel is chosen as a
closed nozzle, close to the Laval nozzle, with flat upper and
lower covers. The confuser part of the closed nozzle,
operating in the acceleration mode of the moist vapour flow
of short low-temperature HP’s evaporating over a flat
multilayer mesh evaporator, with an injection capillary
channels, is limited by the region of subsonic moist vapour
flow velocities, and small values of the Richardson number
Ri.

The shape of the HP’s vapour channel should be
determined based on the condition of minimal friction energy
losses during subsonic flow of moist vapour over the
evaporator, primarily along the concave walls inside the
boundary layer both in the confuser and diffusor parts of the
vapour channel. It is necessary to specify the shape of the
channel and the radii of longitudinal curvature in the
confuser R ,,r and in the diffusor Ry parts of the nozzle with
subsonic moist vapour flow, taking into account the three-
dimensional flow structure and emerging secondary currents.

2.3. The Confuser Part of the Vapour Channel

To consider our problem of estimating the surface shape of
a concave section of the confuser, made in the form of a
fragment of a closed nozzle close to the Laval nozzle with
flat covers, forming a vapour channel of a short linear HP’s,
and analyzing complex flows in this fragment of the HP’s
vapour channel, we will apply the Richardson number Ri
[18-20]:

Ri = 2u / 0(ur)

(43)

Many authors have modernized and improved this
parameter, for example, which is the ratio of the buoyancy
force in the gravity field g of the Earth to the inertia of the
motion of a dense medium; the ratio of the stratification of a
dense medium, for example, moist vapour also in the gravity
field g in a vertically oriented HP’s vapour channel to the
influence of the radial gradient of flow velocity; the turbulent
Richardson number was also proposed, taking into account
the turbulence kinetic energy k and the dissipation rate € in
the following form:

g aPvp k? u a(ur)
R Ri=55,

This parameter, the turbulent Richardson number, which
determines the ratio of the turbulent energy production by
mass forces to the production of turbulent energy by
tangential stresses during the moist vapour flow over the
evaporator inside the confuser part of the closed nozzle, will
allow us to estimate the surface shape of the HP’s confuser
part of the vapour channel.

In this case, mass forces can be caused not only by the
vapour flow circulation gradient, but also by the density
gradient of this flow in the boundary layer on the inner
surface of the confuser part of the closed HP’s vapour

Ri=—-—x

(44)

channel, and the Richardson number is recorded and

calculated using a more general formula:

u d(ur)
r2 or

Ri = [2 10pu ]/[1 6(ur)

pﬁr r r or (45)

The Richardson number is a local characteristic of the
vapour flow along a curved confuser surface, and its value
varies along the thickness of the boundary layer from zero on
the wall surface, to the highest value on the outer boundary
of the layer. For a flow in a boundary layer on a curved
surface with a constant moist vapour density p“‘11X = const,
the expression (45) is significantly simplified and coincides
with the standard form of the Richardson number (43) [19,
20].

The profile of the confuser part of the nozzle (profiling)
should be constructed taking into account the requirement of
minimal energy losses of the moist vapour, when moving
inside the concave surface of the confuser part of the closed
HP’s vapour channel, and an attempt to briefly estimate its
radius will be given below.

Heat losses into the nozzle wall weaken the influence of
the longitudinal radius of curvature of the channel Ry, on the
convergence process (concentration) of the turbulent vapour
flow, and its absolute value G, = p{}gxu, and near the
surface of the concave confuser channel, the loss value is
recorded as follows:

Qwan = lexpglix T,—u{” =

aT 16(ur)
p‘l};’lX&Z) Jar r dar ]/ Rl

Cmix (46)

The heat flow on the concave surface is closely related to
the distribution of turbulent tangential stresses, and the
magnitude of this stress t,, over the thickness of the curved
boundary layer on the confuser concave surface is as
follows:

T, —p‘r,“p”‘uurO 1- ()ZRiz

e

Thus, by applying the relations (45), (46), and (47), it is
possible to take into account the effect of curvature on heat
and mass transfer and friction during turbulent flow around
concave and convex surfaces. Prandtl [19] was one of the
first to propose a formula for estimating turbulent friction
based on the Richardson number [19-23], using the theory of
the mixing path length, as a result, the amount of friction is
estimated as follows:

S.oRi— 2
= V(1= 0.5Ri); Ri = ==

To estimate the magnitude of the effects caused by the
curvature of the vapour flow lines, the dynamic viscosity
coefficient of moist vapour is multiplied by the damping
function, associated with the Richardson number of the flow
[21-23] as follows:

2 la(ur)
r ar

YR €5 (47)

(48)
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H= vaf(Ri); f(Ri) = V (1—-%§Ri); §~0.1; u= 0'93|>1Vp =
7.5-107°Pa-s (49)

The assessment of heat and mass transfer of moist vapour,
moving along the curved concave surface of the confuser
with a density of p{}gx, is manifested through a change in the
hydrodynamic flow pattern, namely in the form of a decrease
in the transverse (radial) pulsation vapour velocity uy. If the
Prandtl number is less than one, as for example in the case of
diethyl ether vapour Pr = 0.77, and the flow velocity over the
evaporator is greater than u > 20 m/s and the dynamic
boundary layer is thinner than the thermal boundary layer 6 <
d;, then the effect of mass forces on the transfer process will
affect only in the area of the dynamic boundary layer. In this
case, we can write the form of the function f [22, 23, 25, 26]
to determine the mass forces for the curved concave surface
of the HP’s confuser part of the vapour channel in the

following form:
= 1-() () w

where &, is the characteristic thickness of the thermal
boundary layer of the curved concave surface for moist
vapour, m; o is the characteristic thickness of the dynamic
boundary layer of the curved concave surface for moist
vapour, m; J is the characteristic thickness of the dynamic
boundary layer for a flat flow.

The resulting approximation equations, based on the
Richardson number, which is a local characteristic of the
moist vapour flow along the curved surface of the HP’s
vapour channel confuser part, and the value of which varies
along the thickness of the boundary layer from zero on the
wall surface, to the highest value on the outer boundary of
the boundary layer thickness &, allow us to estimate the
required shape of the surface and its radius. The main
parameter, called integral and characterizing the effect of
curvature on heat and mass transfer and friction during flow
along the curved surface of the channel, is the ratio of the
boundary layer thickness & to the radius of the channel
curvature Ry,. To determine this parameter, characterizing
the effect of mass forces, heat exchange and friction on the
confuser wall, we present expression (52) in dimensionless
form, using the relative value of the vapour density and
considering thin boundary layers 6/R, << 1:

2 @)2
® )/ (0§
where @ = ur /uy (Ry, —0) — dimensionless vapour flow
velocity circulation.

Since the vapour density is inversely proportional to
temperature, the relative density value in the channel can be

written as a ratio of experimental temperature values as
follows:

(50)

Ri= —|(20®
Rch

0% pYR* 0% D)

5( L 1 9pmix

mix

~mix _ Pvp~ o E 52
pr pxyp%( - T ( )

Let's analyze the temperature dependence of the

expression for constructing the Richardson number (51),
taking into account the relative temperature values given in
(52):

Ri i(zqn‘;—‘;’ + 2 L@) / (f"")2 (53)

~ Ren wroa—w 08/ \ag.

where the dimensionless values of the confuser wall surface

temperature vy, or the non-isothermicity factor, and the value

of the temperature load 6 (or temperature profile) are
represented in the following expression:

T

Y= \%1_;.111; 0= (T- Twall)/(TO - Twall) (54)

Since the temperature profiles and the dimensionless

circulation of the moist vapour flow velocity in a curved

channel are similar, ¥ ~ 0, which is confirmed by the results

of numerous experimental studies of flows in curved

channels [27-29], they can be equated with each other and

represented as a power decomposition by a dimensionless
height parameter § = y/6, inside the boundary layer:

b=0=¢" (55)

After performing the transformations, taking into account
the proposed power decomposition, we write down the
expression for calculating the Richardson number in
expressions (51) in the following form:

Ri= S (Bt

T Ren \n 0 g/0-(p-1) (56)

The exponent n in the velocity circulation profile in (55) is
a value, determined on the basis of experimental data and
depends on & /Ry, In the first approximation [26, 30-31] it is
usually taken n ~ 1/7 The results of calculations the turbulent
heat and mass transfer and friction on a concave surface with
a longitudinal radius of curvature R, of the HP’s vapour
channel confuser part, under conditions of adiabatic thermal
insulation and the absence of the heat losses in a vacuum
adiabatic calorimeter, in a limited range of the dimensionless
thickness of the boundary layer 6:

0<-><003 (57)
Rch
allow you to simplify the expression for calculating the

Richardson number (57) as follows:

_ Z_SE (1+n)(1+2n)
- Rch n2

Ri (58)

With a limited velocity value and a small value of the
Richardson number for the vapour flow in the confuser part
of the vapour channel, the value of the effective radius of
curvature R.; of the confuser part of the vapour channel arises
and can be evaluated as follows. The ratio of the effective Re¢
and geometric radii of curvature Ry, of the confuser section
of the vapour channel allows us to estimate the required
geometric radius as follows [28]:

d (sz)/dz - ﬁ (RLCh B R«leff)

(59)
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For a small longitudinal lengths s of the curved concave
surface of the confuser section of the HP’s vapour channel
above the evaporator, equation (59) can be simplified and the
geometric radius Ry, can be estimated by the formula (60):

Riff Rch [1 TP (_ 1%)]

Estimation of the Reynolds number [16, 17], based on the
obtained values of the maximum average velocity of the
moist vapour flow between the evaporator surface and the
critical section of the HP’s vapour nozzle u,, ~ (30 + 100) / 2
~ 65 m/s the characteristic diameter of the evaporator D, =
2:107 m tabular values of the moist vapour density pmlx ~3
kg / m’; coefficient of the moist diethyl ether vapour dynamic
Vlscos1ty Nmix ~ 8:10° Pa's, does not exceed the following
value of the Reynolds number:

(60)

mixu D
Re = v vpZev 4 9.105

Nmix

(61)

With such a Reynolds number and the corresponding
thickness of the boundary layer & ~ lmm (10~ m), the
geometric radius of curvature of the confuser part of the
vapour channel does not exceed Ry, ~ (0.8 = 1) -10? m. The
resulting calculation result and the characteristic geometric
radius Ry, which determines the confuser part surface shape
of the HP’s vapour channel for a closed nozzle with two end
flat caps, is close to the real maximum radius of the vapour
channel of our short HP’s, R, = 1- 10 m.

The expanding (diffuser) fragment of the Laval nozzle,
operating in the condensation mode of the vapour flow of
short low-temperature HP’s, is also limited to the region of
subsonic velocities of the moist vapour flow and small values
of the Richardson number Ri.

The developed methods [32-35] make it possible to replace
the difficult calculation of the curved contour of the diffuser
part of the nozzle with a close to parabolic shape of the
nozzle surface, while maintaining the parallelism of the
vapour flow velocity vectors in the diffuser part of the vapour
channel and the longitudinal axis of the nozzle. This makes it
possible to significantly simplify all the work on the
mandrels manufacture, necessary for the molding the
multilayer mesh porous inserts with an internal channel,
made like the diffuser section of the Laval nozzle:

0@ = R + D J1- (R@) z=2i1<z<

The radius of the vapour channel in the dimensionless
form R(z) in the diffuser part of the nozzle from the critical
section R * = 2 mm to the HP’s upper cover, is calculated in
the usual way according to the standard formula:

= Re 1
R(z) = "9, Roy(2) = 202 +y2)

where z is the longitudinal coordinate inside the vapour
channel, m.
The profiles of the vapour nozzle-liked channel can be

(63)

made according to the formula (62) and the equations, given
in the book [32]. Thus, the vapour nozzle of our short linear
HP’s consists of two concave sections, the shape of the
surface of which is described by expressions (60) and (62).

3. The Hydraulic Resistance Coefficient
of the HP’s Vapour Channel

3.1. The Description of the Turbulence Models

Calculations and modeling of the swirling moist vapour
flows over a HP’s flat evaporator, require careful and
adequate selection of a turbulence model. Currently, there are
many professional and commercial software systems for
modeling various kinds of complex, including turbulent
flows. All of them contain basic turbulence models. In this
paper, swirling vortex structures are modeled in the ANSYS
Fluent package. This is a universal software package for
solving problems of fluid and gas mechanics, which provides
adequate modeling of complex vortex flows, containing a k-¢
turbulence model, which is the most optimal for analyzing
condensed vapour flows in HP’s. During the calculations, the
k-¢ turbulence model recommended in the Fluent User's
Manual, Version 6.0, was used, the kinetic energy k and the
dissipation rate € of which were calculated using well-known
equations recommended by the computational developers [36,
371

ot (pvpk) + — 5X (pvpku) = —((umol + ) )]:]> + gk +

gp — p{,“p‘xs - Yy + Sk (64)

(R

(65)

a
a(pVP g) + % (prsu)

&2
Cls E (gk + C3£gb) - CZSpr M + Ss-

In these equations, generally accepted designations are
used: gy - the production of kinetic energy of turbulence due
to the gradients of the average velocity; g, - the production of
kinetic energy of turbulence due to the buoyancy of vapour;
Yu - the contribution of fluctuating expansion in the
turbulence of compressible vapour to the overall rate of
dissipation. Cy, Cy,, C;. are constants; oy and o are turbulent
Prandtl numbers for k and ¢; S, and S, are the initial terms,
respectively. The effective vapour viscosity coefficient
consists of two components: molecular and turbulent. The
viscosity of the turbulent vapour p, is determined by the
standard method in the following form:

kZ

Hyp = Hmol T He; He = pvpcu? (66)

where Cp is a constant, in the standard two equations model

k—¢, the turbulence parameters are C;. = 1.44, C,. = 1.92, oy
=1.0, 0. = 1.3.

The curvature of the moist vapour current lines near the
condensation surface stabilizes the vapour jets and reduces
the kinetic energy of turbulence, while a stable toroidal
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vortex of condensing vapour is formed, and the direction of
rotation of this toroidal vortex depends on the temperature
load on the HP’s evaporator.

3.2. Calculation of the Hydraulic Resistance Coefficients
&, of the Vapour Channel

The effect of partial swirling of the jet vapour stream as a
factor affecting the coefficient of hydraulic resistance &, of
the flow in the vapour channel of short HP’s, made in the
form of a Laval nozzle is ambiguous. The flow rotation
around the longitudinal axis of symmetry lengthens the
trajectories of the vapour micromoles and increases friction
losses. The coefficient of hydraulic resistance of the Laval
nozzle — liked vapour channel, when a swirling stream of
moist vapour flows in it is calculated by the formula (67):

_ 28Pyp _ _2(Pev=Pcona)
p{,n]}x(u%+u,2.+u?p) p{,n]}x(u%+u,2.+u?p)

Evp = (67)

For all calculations of the hydraulic resistance coefficient
&,p of the HP’s vapour channel, we take into account the full
vapour flow rate in the Laval nozzle —liked channel. The P,
pressure above the evaporator and near the condensation
surface P,q1s determined and calculated according to [4-6].
In the cylindrical coordinate system r, ¢, z, the z axis is
directed along the longitudinal axis of the HP’s vapour
channel, made in the form of a Laval nozzle and, accordingly,
along the longitudinal axis of the swirling vortex flow. The
analysis of vortex flows and the calculation of the velocity
components in the HP’s vapour channel will be carried out
using a numerical solution in the dimensionless form of the
Poisson (68) and Navier-Stokes equations (69) — (71) [9-11,
14, 15] with the generally accepted designations of the
current function w, vorticity @= rotu, longitudinal u,, the
radial u, and azimuthal velocity components u, in the

following form:
12y, 0 10, 68)

r 9z2 or \r ar

Sl ()

dw ad 0
Tt 15 (W) + 50 (ww) = o= |om + o5+

Reyp r
2
210up
r 0z (69)
du a 10 Uy 1 0%u
P Lihed ) (%
—2+—(u,u =—(ruyu — ==t
ot +6Z(Z ‘p)+r0r( r (p)+ r Revp[ﬁzz
10 6u¢,) uq,]
ror (T or r2 (70)
19y _ 19y __ Ouy  duy
Ur = roz’ Z_rar'w_ﬁz ar 71

The equations system (68) — (71) of the vapour vortex flow
is written in dimensionless form, the longitudinal u,,
azimuthal (tangential) u, and radial u;, components of the
velocity u are normalized to the longitudinal, azimuthal and
radial components of the vapour velocity directly on the
surface of the flat evaporator, in the outlet mouths of inclined
injection channels according to (1) and [4-6]. The estimation
of the vorticity value o, and the rarefaction AP in the center

of the vortex with radius r [38, 39] of the condensing vapour
gives the following values:

uy _ (3-5)-10'm/s

r 1072m

=3- 5)1o3§;AP = (3-5)10%Pa (72)

On the evaporator surface in the confuser part of the
vapour channel, we set the following distributions of the
axial u,, radial u, and azimuthal u, velocity components with
restrictions inside the radius ry, on which the inclined
injection vapour channels are made, which set the tangential
slope of the vapour jets over the evaporator, and the partial
swirling of the vapour flow, similar to those given in [40-43],
in dimensionless form:

U, = Uy +Ug - exp(=byr?); n, <71 <rgpy. (73)

Ug

T[Ty

Up = Ugo + [1—exp(=b,r?)]; r, <1 < 1oy (74)

U, = Uy + ;;—2[1 —exp(=bsr?)]; n, <1 < 1o (75)

where 14 is the radius, on which the four injector channels in
the evaporator are located, m; rq(;) is the radius of the solid
wall of the CPI near the evaporator, m; u,, — is the
longitudinal component of the vapour velocity directly above
the evaporator, m/s; u., — is the radial component of the
vapour velocity directly above the evaporator, m/s; ugo — is
the circumferential the component of the vapor velocity
directly above the evaporator, m/s.

Formulas (73) — (75) were proposed earlier by Bachelor
[44] from a self—similar solution of the Navier-Stokes
equations for a viscous swirling trace of a swirling flow, in a
simple plane-parallel geometry of the problem. The sharp
profile of the longitudinal and tangential jet components of
the vapour velocity inside the diameter 2r, can be considered
by quadratic function, which exactly corresponds to the
previously proposed and tested calculation options [39] in the
following form:

U, = ag+ta;-r+a,-r% 0<r<r, (76)
Uy =by+b;-r+b,-r} 0<r<r, .(77)

All polynomials coefficients a; and b; are determined from
the condition of the vapour sticking to the confuser section
surface, and the continuity of the velocity components and
their derivatives near the radius of the injection channels r4 in
the evaporator. The input data determining the development
of the vapour flow in the entire nozzle area is given as:

U, = ul,=o(0); up = upl,—o(r); Uy = uzp| 2=0(). (78)

To solve the system (68) — (71), the conditions for y, ®
and u, must be set on the entire solid surface of the vapour
channel as follows:

w_ g0 _ oy

0z 0z 9z 0

(79)

The current function y can be determined up to a constant
value, so we assume that y = 0 on the axis of the vapour
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channel at r = 0. Therefore, on the axis of the channel at r=0:

V=0 w=0u,=0;0 <z <Lyp (80)

On the solid side surface Q=Q(z) of an axisymmetric
vapour channel for a swirling flow, adhesion conditions are
realized in the following form:

U =Yg = const;?—r"’ =0w=0;0<z=<Lyp;r=rqq
(81)

The algorithm of the numerical solution of the equations
system (68) — (71) and calculation the current function,
vortices and vapour flow velocities is standard [39-41], and
consists in the sequential determination, starting from zero,
of all these quantities in steps along the coordinate h and in
time Art, using the equations in finite differences with
homogeneous boundary conditions.

Calculations of the desired parameter value are stopped
when the relative difference between the subsequent and
previous values of the calculated value differ from each other
by less than 5-107°. The numerical result is considered
achieved. All details of the solution of the Poisson (68) and
Navier—Stokes (69) — (71) equations are given in [39, 41].

The momentum flow of the amount of vapour movement
in the axial direction M,, and the momentum flow (amount
of motion) M, of vapour in the axial direction are determined
in the usual way:

Mo = [ pip¥u,u, rdQ; M, = [pi*uzdQ . (82)

The integration boundary surface is the surface of the solid
wall of the nozzle Q(z), starting from the value of the radius
of the evaporator R.,, then up to the critical diameter of the
nozzle d.; and the radius of the HP’s condensation surface
Rcond-

The parameter S of the vapour flow swirling above the
evaporator is determined by the values of the moment flows
of the amount of vapour movement and the value of the
vapour momentum flow, or the component of the vapour
flow velocity directly above the four inclined injector
channels of the evaporator, setting the angle of inclination ¢
of the w,, component above the evaporator as follows:

§ =z o Wev (83)
Mz 14 Uev
Taking into account the radius of the injection channels ry,
the radius of the evaporator R.,, m; the thickness of the
evaporator L.,, m; and the length of the confuser section of
the channel L.y, m; the integral parameter of the swirling
can be written as follows:

+ LE—V”—“) tgo. (84)

_ ( 1
14r4/Rey  Lconf Rev

With the swirling flow of vapour jets, the current lines of
the averaged flow are helical lines, the radius of curvature of
which Ry, depends on the swirling angle of vapour jets ¢
[48], and the radial coordinate r as follows:

o r 1) _ u%(ﬂ), _
Reh = 5oy =T (1 + tgij) =r (1 tim) 0=

arctg (u“’(r)) (85)

uz(r)

The maximum value of the integral parameter S of the
vapour jet flow swirling over our flat evaporator can reach
the value S = 1.52.

The hydraulic resistance coefficient &, of the HP’s vapour
channel with a flat covers, was calculated according to the
procedure, recommended in Russian technical standards
GOST RF R 55508-2013 [42] and RD RF 26-07-32-99 [43],
according to the formula (67). Figure 8 shows the obtained
calculated results of the hydraulic resistance coefficient &,
made in the form of a Laval-liked nozzle with concave walls,
and a vapour channel, closed with flat covers, with injection jet
streams of diethyl ether vapour in the velocity range of 1 — 100
m/s, and in the range of Reynolds numbers Re,,= 10° - 10°.

By calculation, we have recorded the existence of a range
of values of the partial swirling coefficient of the flow S <
0.5, for a moist stream of vapour above the evaporator in the
HP’s vapour channel, at which the coefficient of hydraulic
resistance (hydraulic friction) decreases compared with a
hydraulic resistance of the purely translational jet vapour
flow with equivalent Reynolds number, [41-43]. The
minimum values of the hydraulic resistance coefficient &,
made in the form of a Laval-liked nozzle in the vapour
channel of short HP’s with flat covers, starting with a vapour
flow velocity of 10 m/s, are set by us at a swirling angle ¢ =
(26-28) °. Figure 8 shows the obtained results.
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Figure 8. Dependence of the hydraulic resistance coefficient &, of the
vapour channel, closed by the flat lids with injected jet flows at different
slope angles ¢ in the range of Reynolds numbers R, = 10° - 10°. The figures
on the curves in the left part of the figure mean the average velocity of
vapour flow in the HP's vapour channel, m/s.

A reduction value is up to 40%.
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4. Experimental Determination of the
Heat Transfer Coefficients Kyp

Nine additional HP’s were created with identical
dimensions and diethyl ether filling mass, dm/m <. 0.1%. The
manufacturing errors of flat evaporators, injector channels
with angles of inclination ¢ did not exceed the standard ones,
the error of setting the angles of inclination of channels 6¢ <
not more than 0.5°.

To analyze the characteristics and peculiarities of vortex
swirling vapour flow in the HP’s channel, and to compare the

experimental values of heat transfer coefficients of Kyp, a
vortex flow calorimeter was used, the design of which was
described earlier [4-6], all measurements were carried out
under normal conditions, atmospheric pressure and ambient
temperature Ty =293 K.

The heat transfer coefficient Kyp of our HP’s, according to
Faghri [45], is determined by formula (86):

dev = hfr =K1 (Tup—To)
Fey(2)(Tev — Tcond)

Kyp = (86)

0

T i

Figure 9. Schematic diagram of the vortex flow calorimeter designed for measurements the heat transfer coefficient Kyp of short linear HP’s under normal
conditions, without adiabatic and vacuum insulation. 1-vortex flow calorimeter; 2- HP’s mounting flange, 3- glass cover; 4- cover fastening; 5- support HP's
filled with dried air at atmospheric pressure and the second HP’s, completely identical to the first one, and called measuring HP, filled with diethyl ether, 6-
flat resistive heater; 7-drain connection of the calorimeter; 8-inlet connection - calorimeter swirler; 9-sealed inlet of measuring wires; 10-capacitive sensor
for measuring the modulation frequency in the left HP, in the right HP a similar sensor; 11-external quartz pulse generator; 12- amplification and filtering
circuit; 13-digital oscilloscope; 14-computer PC; 15-a digital voltmeter; 16-a controlled switch based on reed relays RES-44, 17-a constant water head vessel;
18-a generator of air bubbles; 19-a flow meter US 800-10; 20- Dewar vessel, realizing the 'zero point' of 0°C.
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Figure 10. Heat transfer coefficient of short HP’s as a function of the
geometric angle of inclination ¢° of the injection channels in the
evaporators, and at the same temperature load on the evaporator 6T = T,, -
Tz =(20+0.03) K.

Energy losses by vapour friction hy in the vapour channel
of short linear HP’s were estimated earlier [4-6] using an
adiabatic vacuum calorimeter, combined with a vortex flow
calorimeter, in which the HP’s energy losses for heat
exchange do not exceed (0...1)-107 W.

Heat losses of the outside cylindrical surface of the HP’s,
made of stainless steel 1X18H9T, with the average surface
temperature Tpp = (293 ... 373)K, due to heat exchange with
the environment at room temperature 293 K and atmospheric
pressure, are estimated in the usual way [6]:

k9 (Tip — To) = (0...0.125) - (Typ — 293)K =
(0 ...10)W, (87)

All details of the measurements with regard to heat
transfer, including the characteristics of the vortex flow
calorimeter, are given in [4-6].

Figure 10 shows the obtained results of comparing the heat
transfer coefficients Kyp of the identical HP’s with differing
only in the angles of inclination of the evaporator injection
channels at the same temperature load on the evaporator
OT=T,, - Tg = (20 £ 0.03) K.
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All details of the measurements with regard to the heat
transfer, including all characteristics of the vortex flow
calorimeter, are given in [4-6].

5. Results and Discussion

As a result of the analysis of obtained data, presented in
Figure 10, where each point represents the experimentally
determined value of the Kyp of a separate short HP, with
made in the form of the Laval nozzle-liked concave vapour
channel, with identical overall dimensions and mass of filling
with diethyl ether (Am/m < 0.1%), with a given angle of
inclination of the injector channels and at the same
temperature load 8T =T, - Ty = 20K, it was concluded, that
the maximum of the functional dependence of the heat
transfer coefficient, takes place at the vapour flow swirling
angle ¢ = 26°t 2°. The increase of the HP’s heat transfer
coefficients Kyp at a partial swirling vapour flow above the
HP’s evaporator, using the inclination of the injector
channels with a diameter of 1 mm is due to several reasons.

First, the main reason is the occurrence of an additional

| —

azimuthal rotation of the toroidal vortex of condensing
vapour, formed near the flat condensation surface - the
surface of the HP’s top cover, clearly fixed in Figure 11.
Azimuthal rotation of the toroidal vortex, leads to an
additional decrease of static pressure at its center on the
longitudinal axis, and an increase of pressure drop in the
HP’s vapour channel between the evaporator and the center
of the toroidal vortex.

Secondly, the reduction of the hydraulic resistance
coefficient &, of the profiled vapour channel at movement in
it the swirling jet flow of moist vapour, limited by the flat
covers of the short HP’s is obtained by calculations, and the
minimum value of the &, is fixed near the swirling angle ¢ =
26° + 2°, see Figure 8.

To evaluate the effect of additional azimuthal rotation of
the toroidal vortex of condensing vapour, in addition to its
resulting axial rotation [5, 6], it is necessary to estimate the
calculated values of the azimuthal velocity and pressure
change in the center of the toroidal vortex.

Figure 11 shows the rotational flow of a vapour in the
HP’s vapour channel.

0 10.974
5.487 16.461

21.948
27.435

32.922 43.896
38.409 49.383

Figure 11. Partially swirled vapour flow in the vapour channel and near the HP’s condensation surface, confirming the non-zero value of the azimuthal

rotation velocity of the toroidal vortex of condensing vapour.

A qualitative analysis of the toroidal vortex flow in the
HP’s vapour channel can be performed using the Helmholtz
equation, describing the change in the vorticity of the formed
toroidal vortex structure near the vapour condensation
surface, in the following form [14, 15]:

Lt (Vo = (0 Du+ ViErv2e, (88)

This equation relates the change in the vorticity ® of a
mole of moist vapour, moving along the current line (left-
hand side) to the stretching or contraction of the toroidal
vapour vortex under confined channel conditions, and to the
diffusion of the vorticity. The first term on the right side can
be divided into a component along the current line causing
stretching or compression of the vortex, and a component
perpendicular to the current line causing a change in the
orientation of the swirl vector o.

Vortex compression is possible, when the longitudinal

acceleration of the vapour flow in the channel is changed,
when the temperature load on the HP’s evaporator is
increased, and when it is additionally rotated azimuthally as a
whole.

To evaluate the effect of azimuthal rotation of the vapour
vortex near the condensation zone inside the HP, the value of
the azimuthal rotation velocity of a toroidal vapour ring, with
average radius Ry, inside the vapour channel, was calculated
using the Mac - Cormack formula [46, 47].

Figure 12. shows the distribution of the circumferential
velocity of an axisymmetric vapour vortex in addition to the
axial velocity u ~ uy,. We use the maximum value of the
circumferential velocity of the toroidal vortex of 10 m/s, the
energy density of the circumferential rotation in the vortex is
approximately equal:

mix,,2

1 1 J
E = > Pvp” Ugir ~ 53.3 -10% = 1.65 - 1025 (89)
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Figure 12 shows the calculated value of the azimuthal
velocity of the toroidal vortex condensing diethyl ether
vapour [15, 46, 47], the maximum of the azimuthal velocity
isatr/Ry=1.

Figure 13 shows the calculated values of the pressure
change AP at the center of the toroidal vortex condensing
diethyl ether vapour in the HP’s vapour channel.

The dependence of the relative pressure decrease in the
center of the toroidal vortex on the vortex radius using the
McCormick formula is calculated as follows:

P(Teond)- —grsbm— U 12
cond’™ gn2(r21 R2)F(z)
— 0
AP (1) = 90)
e
10 -
5 -
Zof ]
5 - .
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-10 -5 0 5 10
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Figure 12. Calculated values of the azimuthal velocity of the annular vortex
u(r), m/s; Ry is the radius of the vortex, m; r is the distance from the
centerline of the HP’s vapour channel, m.
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Figure 13. Additional relative pressure change in the center of the toroidal
vortex of condensing vapour due to azimuthal rotation of the vortex near the
flat surface of the top cover of the HP, leading to an increase in the heat
transfer coefficient of short HP's with inclined injection channels in a flat
evaporator. This decrease of static pressure in the center of the axial
toroidal vortex ring, with its additional azimuthal rotation, leads to an
increase in the heat transfer coefficient of short HP’s with inclined injection
channels in a flat evaporator.

I = 2nRu,; is the azimuthal circulation of the vortex, m%/s;
P(T.ong) is the vapour pressure inside the vortex near the
condensation surface without azimuthal rotation, Pa.; F(z) is
the area of the condensation surface, m?.

When the azimuthal circulation value of the vapour vortex
inside the HP channel is of the order of I' ~ 0.01 m%/s, the
additional relative pressure drop inside the vortex reaches 0.4

p (Tcond) .

6. Conclusions

1. The use of a swirling flow in the Laval nozzle-liked
vapour channel, in a limited range of the swirling
angles Ag < 30 ° of vapour jets above the evaporator,
reduces the coefficient of hydraulic resistance for the
jets flow in the vapour channel up to 40% compared to
the HP’s with a direct-flow vapour jets.

2. An experimental comparison of the heat transfer
coefficients KHP of short identical HP’s with a Laval
nozzle-liked vapour channel, the same mass of diethyl
ether filling, differing only in the different angle of
inclination of the injection channels of a multilayer flat
evaporator, showed an increase in KHP up to 10% at a
swirling angle (26 + 2) °.

3. The reason for the increase in KHP is the additional
azimuthal swirling of the resulting toroidal vortex of
condensing vapour near the flat surface of the HP’s
upper cover — the condensation surface. Azimuthal
rotation of a toroidal vortex with a standard axial
swirling, leads to a decrease in vapour pressure in the
central part of the vortex ring, and thereby to an
increase in the pressure drop in the HP’s channel
between the evaporator and the center of the
condensing vapor vortex. The value of additional
pressure reduction in the center of the toroidal vortex
of condensing vapour may reaches 0.4 P (Tcond).

Nomenclature

Cg‘ix: heat capacity of moist vapour, J/kgK;

D: diameter of the HP’s vapour channel, m;

F(Z): cross-sectional area of the HP’s, m%;

hg: friction energy losses in the vapour channel and in the
liquid subsystem of the HP’s, W;

k9;: heat exchange coefficient of the HP’s surface with the
environment, W/K:

£,: mixing path length at vapour flow on a flat surface
without swirling, m;

£: length of the turbulent mixing path for the curvilinear
boundary layer, m;

Lyp: length of the HP, m;

Le,: thickness of CPE, m

P.,: vapour pressure above the evaporator, Pa;

P.ong: Vapour pressure above the condensation surface, Pa:

Jev: heat power entering to the CPE, W;

Jeond: heat power released at the condensation surface, W;

r: variable coordinate along the vapour channel radius, m;
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r(Tg): specific heat of vaporization of diethyl ether, kJ/kg;

R(z): radius of the vapour channel of HP’s, m;

Rep: curvature radius of the confuser part of vapour
channel, m;

Ryp(t): thermal resistance of the HP’s, K/W;

Re.g: effective Reynolds number of swirling moist vapour
flow in the HP’s vapour channel;

Re = u,,pTh*D/pyn*: Reynolds number of longitudinal
moist vapour flow in the HP’s vapour channel,

Re**: Reynolds number determined by the thickness of
momentum loss 8** of the moist vapour flow moving along
the HP’s concave confuser surface;

Ri: Richardson number of moist vapour flow;

tg¢ = U, / uy: angle of the vapour flow swirling,
determined by the ratio of azimuthal and longitudinal
velocity components, °;

Ty: the average outlet temperature of vapour at the outer
boundary of the boundary layer, which in the first
approximation can be considered equal to the vapour
temperature above the HP’s evaporator, K;

T: temperature of the moist vapour flow, K;

Tg. boiling point of diethyl ether;

Teong: temperature of the condensation surface of TT, K;

T.,: temperature of the grid evaporator saturated with
working liquid, K;

T,.: temperature of the grid frame of the CPE, K;
Tyan: temperature of the vapour channel wall, K;
T': pulsation component of the moving vapor temperature,
K;

u: flow velocity of the moist vapour flow in the
condensation zone in the HP’s vapour channel, m/s;

u,,: flow-averaged longitudinal component of the moist
vapour velocity in the HP’s channel, m/s;

u,: longitudinal component of the vapour flow velocity in
the HP’s vapour channel, m/s;

u;: radial component of the vapour flow velocity in the
confuser part of the HP’s vapour channel, m/s;

u,.: radial component of vapour pulsation velocity, m/s;

z, y: coordinates, directed respectively, along the surface
downstream and normal to it (inside the boundary layer
thickness 6), m.

Xe: degree of vapour dryness in the CPE;

B: dimensionless constant value;

d: thickness of the boundary layer of the moist vapour flow
inside the HP’s vapour channel, m;

&**: dynamic thickness of momentum loss of moist vapour
flow inside the HP’s channel, m;

5**/R: dimensionless longitudinal curvature of the channel
surface;

0 = (T-Tyan) / (To: Tyay): dimensionless temperature profile
on the wall;

Ase: heat conductivity coefficient of the CPI mesh frame,
W/mK;

Mt): HP’s thermal conductivity coefficient, W/m-K;

u{,“pixz dynamic viscosity coefficient of moist vapour in the
HP’s vapour channel, Ps-s;

& = y / &: dimensionless normal coordinate y in the

boundary layer thickness;

p{,“ljg‘: average discharge density of moist vapour above the
evaporator, kg / m’ ;

p{,“pixz density of the moist vapour inside the HP’s vapour
channel, kg/mB;

(){}},ix: relative density of the moist vapour inside the vapour
channel;

pg}jgv: density of the moist vapour directly above the
evaporator, kg / m’.

To = (t/Twan)o: profile of tangential stresses during the
flow of moist vapour under standard conditions (flat
impermeable wall under isothermal conditions);

T = (t/twan): profile of tangential stresses at moist
vapour flow on the HP’s wall;

Y - relative friction function of moist vapour flow on the
HP’s vapour channel;

vy - relative coefficient of friction of moist vapour flow,
taking into account the influence of longitudinal curvature of
the vapour channel surface;

vy, - relative friction coefficient of moist vapour flow,
taking into account the influence of non-isothermicity of the
vapour channel surface;

®,: dimensionless velocity circulation in a flat isothermal
vapour channel.

IT: porosity coefficient of CPE and CPI.
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