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Abstract: The results of the experimental studies of heat transfer coefficients KHP 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 φ relative to the longitudinal axis in the azimuthal direction, in the range of 0° < φ 

< 60°. The heat transfer coefficients KHP of a set of the identical HP’s with a different inclination angles φ of the injection 

channels in the evaporators, with the same working fluid mass filling (δm/m ≤ 0.1 %), at the same evaporator temperature heat 

load δT = Tev –TB = (20 ± 0.03) K, represent an extreme convex function, depending on the inclination angle φ magnitude of 

the injection channels, with a maximum at the swirled angle of the vapour flow φ = 26° ± 2°. The magnitude of the excess of 

the KHP 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 δ/Rconf 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 δ along the concave wall of the confuser part of the vapour channel with a longitudinal radius of 

curvature Rconf. 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 ξvp 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 ξvp coefficients at high 

values of the evaporator temperature load, in the range of vapour flow velocities 1 m/s < uz ≤ 100 m /s, and in the range of 

swirling angles 0°<φ<30°. With the increasing the swirling angles φ>30°, a sharp increase in the hydraulic resistance 

coefficient ξvp 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 КHP 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 KHP 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�� � u�� � u	�             (1) 

leads to a decrease in the hydraulic resistance coefficient ξvp, 

when moist vapour moves in the vapour channel in a certain 

range of swirling angles ∆φ. 

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 KHP 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]. 

 

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 Reeff, determined by the formula: 

Re�

 � Re��1 �  tg�φ�; Re � ��������
µ�����        (2) 
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where φ 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 - uz ~ uφ·Cosφ – the 

longitudinal component of the vapour velocity above the 

HP’s evaporator, m/s; ur ~ uφ·Sinφ –the radial component of 

the vapour velocity above the HP’s evaporator, m/s; uφ – 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]: 

ρ� 
!"# $u� %�&'

%� + u� %�&'
%� + &'
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The components of the tangential stresses and heat flow in 

the vapour channel can be written as follows: 

τ�	 =  −ρ� !"#u	C u�C......  +  μ� !"#r %1&'/�3
%�         (7) 

τ�� =  −ρ� !"#u�C u�C......  +  μ� !"# %&E
%�            (8) 

q� =  −ρ� !"#C !"#u�C TC......  +  λ %;
%�           (9) 

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: 

q� =  −ρ� !"#C !"#u�C TC......  + λH %;
%�.       (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: 

uℓ =  &5
JKL	 ; τNℓ = − O-5

JKL	 ; dℓ = Q�
JKL	 ; φ = arctg &'

&5 .   (11) 

where φ 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 δ/R << 1, the equations of the boundary 

layer energy and motion [14, 15] are written as follows: 

ρ� !"#uN %&ℓ
%N +  uℓ %&ℓ

%ℓ = − % 
%ℓ +  %OTℓ

%N     (12) 

%������&T
%N +  %������&ℓ

%ℓ = 0.         (13) 

ρ� !"#C !"# $uN %;
%N +  uℓ %;

%ℓ( = %UT
%N .     (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 Rev, with the longitudinal coordinate ℓ  and the 

velocity of the undisturbed flow �ℓ. 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]: 

MW = G!"#  = G� + GQ� = nW � m� = F���z�ρ� !"#�T���u =
]^�

��;_� = 4.4 ∙ 10bc 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 ρ� !"# 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: 

z = L��: λ�� %;^�
%h iΩ^�k

− λ�� %;^�
%h iΩ^�l

= G!"#;  u� =
&��
&^� ; u� = ���

�^� ;  u	 = m��
m^� , ρ = ρ�  !"#.     (16) 

at the interface of the pairs – the inner surface of the insert Ω�z.� (adhesion condition): 

o = p = Ω�z.�, z. = �
q∗: uz = 0, ur = 0, uφ = 0; 

%������
%N = %������

%# =
0; γQ� = 0.2        (17) 

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

x=0, y=0: 
%&
%N = %&

%# = 0; %������
%N = %������

%# = 0   (18) 

on the condensation surface (inner surface of the flat top 

cover): 

z = LHP – δfilm: 
%&
%� = 0, %�

%� = 0, %m
%� = 0, %������

%� = 0. (19) 
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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 δ, 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 С
ℓ and the Stanton number 

Stℓ in the following form: 

Qwℓ
∗∗

Qℓ �  *
� С
ℓ .            (20) 

Qwxℓ
∗∗������>����&ℓ∆;

������>����&ℓ∆;Qℓ � Stℓ .         (21) 

The integral parameters for equations (12) – (14) for the 

moist vapour flow are written as the thickness δℓ
∗∗  of the 

momentum loss and the thickness δ{ℓ
∗∗ of the energy loss of 

the longitudinal swirling flow along the current lines as 

follows: 

|ℓ
∗∗ �  } ������&ℓ

���~���&ℓ~

�
� $1 − &ℓ

&ℓ~
( �p.       (22) 

|�ℓ
∗∗ �  } ������&ℓ

���~���&ℓ~

�
� $1 − ;b;����

;~b;����( �p.      (23) 

In this case, the friction and heat exchange coefficients 

along the current lines are determined in the usual way: 

*
� С
ℓ �  O�ℓ

�~&ℓ~
+ ;  Stℓ  =  U����

������>����&ℓ~�;~b ;����� .  (24) 

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 �ℓ� 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 �ℓ� and the current line 

length ℓ. 

Special Reynolds numbers are introduced, the first based 

on the thickness of the pulse loss along the current line Reℓ
∗∗ 

and the second Reynolds number based on the thickness of 

the energy loss along the current line Re�ℓ
∗∗: 

*
� C
ℓ � �

� �Reℓ
∗∗�b�.��Ψ{Ψ�; Reℓ

∗∗ � ρ� 
!"# uℓ�δ∗∗/μ� �!"#.  (25) 

Stℓ � �
� �Re{ℓ

∗∗�b�.��Prb�.��Ψ{Ψ�{; Re�ℓ
∗∗ � ρ� 

!"#uℓ�δ{
∗∗/μ� �!"#. (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: 

δℓ
∗∗ � $��*�!�

� Ψ{Ψ�(
�.�

ℓ Reℓ
b�.�; Reℓ � ρ� 

!"#uℓℓ/μ� !"#. (27) 

>�ℓ
� �  wℓ

∗∗

ℓ�*�!� ;  m = 0.25           (28) 

For a thermal boundary layer with a constant value of the 

heat flux qwall = const, similar functional dependences of the 

boundary layer parameters can be written as: 

δ�ℓ
∗∗ � $�

�  Ψ{Ψ�{ (�.� Prb�.�ℓ Reℓ
b�.�; Reℓ � ρ� 

!"#uℓ ℓ/μ� !"# (29) 

Stℓ �  wxℓ
∗∗

ℓ                    (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 uz0 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: 

δℓ
∗∗ �  δ∗∗ =  $��*�!�

�  Ψ{Ψ� (�.� Re�b�.�z cosφb�.�   (31) 

*
� C
� = >�ℓ

�
*

JKL	 � *
�*�!�~.+ $�

� Ψ{Ψ�(
�.� Re�b�.�cosφb�.�  (32) 

In equations (31) – (32), the Reynolds number and the 

friction coefficient are determined as follows: 

Re� = ρ� !"#u�Kz/μ� !"#; 
*
� C
� = 1τN�3m���/ρ� !"#u���    (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: 

δ{∗∗ =  $�
�  Ψ{Ψ�{ (�.� Prb�.�Re�b�.�z cosφb�.�   (34) 

St =  U����
������>����&5∆; = $�

�  Ψ{Ψ�{ (�.� Prb�.�Re�b�.�cosφb�.� (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 cosφ
-0.6

 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: 

Ψ{  =  Ψ�{  = 1               (36) 

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 ξvp 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: 

Reℓ
∗∗ � ρ� !"# &ℓ~wrr

µ�����  � R�ℓrr � wrr������&5�µ��~��� ; |�rr � |rr   (37) 

Then the relative coefficients of heat and mass transfer and 

friction for a swirling vapour flow can be expressed as 

follows: 

Ψ �  $>�5>�~(��ℓrr �  $ �{�{~(q�xℓrr �  *JKL	       (38) 

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 KHP. 

 

Figure 2. Image of one of the billets of a multilayer capillary-porous HP’s 

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 φ = 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 2r4, inside the nozzle diameter of 

critical section dcr, 2r4 ≤ dcr. 
The value of the swirling integral parameter S � M�	 M� ·  @c�  achievable in this evaporator, is 

considered in the 3
d
 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 KHP 

of our HP’s. 

 

Figure 3. The forward direction of the injection vapour channels, the angle 

of inclination to the longitudinal axis φ = 0 °. The evaporator overheating 

relative to the boiling point of diethyl ether is set to δT = Tev –TB = 15K, 

vapour velocity in m/s. 

 

Figure 4. Moist vapour flow mode. The angle of the injection vapour 

channels inclination to the longitudinal axis in the azimuthal direction is φ = 

15°. The evaporator overheating relative to the boiling point of diethyl ether 

is set to δT = Tev –TB = 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 φ = 

30°. The evaporator overheating relative to the boiling point of diethyl ether 

is set to δT = Tev –TB = 15K, vapour velocity in m/s. 

 

Figure 6. Moist vapour flow mode. The angle of the injection vapour 

channels inclination to the longitudinal axis in the azimuthal direction is φ = 

45°. The evaporator overheating relative to the boiling point of diethyl ether 

is set to δT = Tev –TB = 15K, vapour velocity in m/s. 

 

Figure 7. Moist vapour flow mode. The angle of the injection vapour 

channels inclination to the longitudinal axis in the azimuthal direction is φ = 

55°. The evaporator overheating relative to the boiling point of diethyl ether 

is set to δT = Tev –TB = 15K, vapour velocity in m/s. 

Figures (3–7) show the moist vapour flow mode with a 

humidity coefficient ydr = 0.2, from a capillary-porous 

evaporator with through injection channels with 1 mm 

diameter, in the entire range of inclination angles φ = 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 Pdyn in them, and lead to a decrease the 

static pressure Pstat 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 αev during diethyl ether boiling in a 

multilayer CPE [16, 17, 24] is estimated by the formula: 

���  ~ Aq��
�/ 

               (39) 

The conducted studies on our HP’s give the following 

values: A ~ 1; aev = 2.3·10
4
 W/Km

2
 at a heat load of δT = Tev 

–TB = 20K. 

The expression for the thermal energy released in the HP’s 

evaporator, is written using the heat balance equation: 

q�� ) G�  r�T�� Q#^�Q� L�� ) G�  �1 ) x���C !"# Q;�^�Q� L�� )λLJ�1 ) Π� Q+;£¤Q�+ F���z�L�� � 0.     (40) 

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]: 

G� � �¥�b¥  $ ¦�§q(*/� ¨ ©^�
ª;�^� ) ©�¤�«¬ª;�¤�«¬ ­ ;  ® ¯ 1.  (41) 

The enthalpy equation of a working evaporator in a 

stationary state looks like this: 

H�� � G� r�T�� � G� С� �T�� ) TLJ� � G�C±��T�� ) T²
���  (42) 

The measurements carried out at maximum heating and the 

average temperature T²;; = 320.45 К (47.3 °C) of the HP’s 

outer surface, electrical power and temperature of the 

resistive heater TH = 353.15 K (80 °C), the contribution 

values are as follows: Gvp = 4.4·10
-4

 kg/s; heating of liquid 

diethyl ether C��T�� ) T²
���  ~ 12.6 W (or 10%), vapour 

overheating Cpv(Tev –Tsc) ~ 2.5W (or 2%) of the incoming 

thermal power Qev, 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 Rconf and in the diffusor Rdiff 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/ %�&��
%�               (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 ε in 

the following form: 

Ri = − ´
������

%������
=< $%&

=<(�µ ;  Ri = ¶+ 
·+ 

&
<+

%�&��
%�       (44) 

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 

channel, and the Richardson number is recorded and 

calculated using a more general formula: 

Ri =  ¸2 &
�+

%�&��
%� + *

�
%�
%�

&+
� ¹ ¸*

�
%�&��

%� ¹�µ     (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 ρ� !"# = 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 Rch on the 

convergence process (concentration) of the turbulent vapour 

flow, and its absolute value Gº± =  ρ� !"# � , and near the 

surface of the concave confuser channel, the loss value is 

recorded as follows: 

qm��� = C !"#ρ� !"# TCu�C...... =
 C !"# ρ� !"# ℓ��  %;

%�  ¸*
�

%�&��
%� ¹  ª1 −  $ N

ℓ~(� Ri .µ     (46) 

The heat flow on the concave surface is closely related to 

the distribution of turbulent tangential stresses, and the 

magnitude of this stress τzx over the thickness of the curved 

boundary layer on the confuser concave surface is as 

follows: 

»�# = ρ� !"# uCu��C....... ª1 − $ N
ℓ~(� Ri =

 ρ� !"# ℓ�� ¸*
�

%�&��
%� ¹� ª1 −  $ N

ℓ~(� Ri .      (47) 

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: 

O
O~ =  ��1 − 0.5Ri�;  Ri =  �&

�%&� %�⁄ �        (48) 

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: 
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μ = μ� f�Ri�;  f�Ri� = ��1 − ξ Ri�;  ξ ~ 0.1;  μ = 0.93μ� =
7.5 ∙ 10b� 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 ρ� !"#, is manifested through a change in the 

hydrodynamic flow pattern, namely in the form of a decrease 

in the transverse (radial) pulsation vapour velocity u�C . 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 δ < 

δt, 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: 

f =  ª1 − $ N
ℓx(

�  $wx
w~(� Ri            (50) 

where δt is the characteristic thickness of the thermal 

boundary layer of the curved concave surface for moist 

vapour, m; δ is the characteristic thickness of the dynamic 

boundary layer of the curved concave surface for moist 

vapour, m; δ0 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 δ, 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 δ to the radius of the channel 

curvature Rch. 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 δ/Rch << 1: 

Ri =  w
q¤Â Ã2Ф %Ф

%Å + *
�Æ�����

%�Æ�����
%Å Ф�Ç $%ф

%Å(��       (51) 

where Ф = ur /u0 (Rch –δ) – 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: 

ρÉ� !"# =  ������
���~���  ≅  ;~

;             (52) 

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 = w
q¤Â $2Ф %Ф

%Å + Ф� Ëb*
Ë� Ì�*bË�

%Ì
%Å(  $%Ф

%Å (�µ       (53) 

where the dimensionless values of the confuser wall surface 

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

of the temperature load θ (or temperature profile) are 

represented in the following expression: 

ψ = ;����
;~ ; θ = �T − Tm���� �T� − Tm����⁄       (54) 

Since the temperature profiles and the dimensionless 

circulation of the moist vapour flow velocity in a curved 

channel are similar, Ψ ~ θ, 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 ξ = y/δ, inside the boundary layer: 

Ф =  θ =  ξÏ              (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 = w
q¤Â $�Å

Ï + Å
h  Ëb*

Ë Ì⁄ b�Ëb*�(         (56) 

The exponent n in the velocity circulation profile in (55) is 

a value, determined on the basis of experimental data and 

depends on δ /Rch. 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 Rch 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 δ: 

0 < w
q¤Â ≤ 0.03            (57) 

allow you to simplify the expression for calculating the 

Richardson number (57) as follows: 

Ri = � w Å
q¤Â  �*�h��*��h�

h+           (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 Ref of the confuser part of the vapour channel arises 

and can be evaluated as follows. The ratio of the effective Ref 

and geometric radii of curvature Rch of the confuser section 

of the vapour channel allows us to estimate the required 

geometric radius as follows [28]: 

d $ *
q^��( dz ~ *

*�wµ  $ *
q¤Â − *

q^��(        (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 Rch can be estimated by the formula (60): 

*
q^�� = *

q¤Â ¸1 − exp $− L
*�w(¹          (60) 

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 uvp ~ (30 + 100) / 2 

~ 65 m/s; the characteristic diameter of the evaporator Dev = 

2·10
-2

 m, tabular values of the moist vapour density ρ� !"# ~ 3 

kg / m
3
; coefficient of the moist diethyl ether vapour dynamic 

viscosity η!"# ~ 8·10
-6

 Pa·s, does not exceed the following 

value of the Reynolds number: 

Re = ������ &�� �^�
Ó���  ≤  4.9 · 10�      (61) 

With such a Reynolds number and the corresponding 

thickness of the boundary layer δ ~ 1mm (10
-3

 m), the 

geometric radius of curvature of the confuser part of the 

vapour channel does not exceed Rch ~ (0.8 ÷ 1) ·10
-2

 m. The 

resulting calculation result and the characteristic geometric 

radius Rch, 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, Rch = 1·10
-2

 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: 

Ω�z.� = �R²�z� + 1�ª1 − 1R²�z�3b�; z. = �
q∗ ; 1 ≤ z. ≤ 44   (62) 

The radius of the vapour channel in the dimensionless 

form R²�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: 

R²�z� = q¤Â���
q∗ ;  RJÕ�z� = ª*

� �x� + y��     (63) 

where z is the longitudinal coordinate inside the vapour 

channel, m. 

The profiles of the vapour nozzle-liked channel can be 

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-ε 

turbulence model, which is the most optimal for analyzing 

condensed vapour flows in HP’s. During the calculations, the 

k-ε turbulence model recommended in the Fluent User's 

Manual, Version 6.0, was used, the kinetic energy k and the 

dissipation rate ε of which were calculated using well-known 

equations recommended by the computational developers [36, 

37]: 

%
%{ 1ρ� k3 + %

%#� 1ρ� ku"3 = %
%#× Ø$μ!K� + μÙ

ÚÛ( %�
%#×Ü + g� +

gÝ − ρ� !"#ε − Yà + S�.         (64) 

%
%{ 1ρ� ε3 + %

%#� 1ρ� εu"3 = %
%#× Ø$μ!K� + μÙ

Úá( %·
%#×Ü +

C*· ·
� �g� + C ·gÝ� − C�·ρ� ·+

� + S·.       (65) 

In these equations, generally accepted designations are 

used: gk - the production of kinetic energy of turbulence due 

to the gradients of the average velocity; gb - the production of 

kinetic energy of turbulence due to the buoyancy of vapour; 

YM - the contribution of fluctuating expansion in the 

turbulence of compressible vapour to the overall rate of 

dissipation. C1e, C2e, C3e are constants; σk and σε are turbulent 

Prandtl numbers for k and ε; Sk and Se are the initial terms, 

respectively. The effective vapour viscosity coefficient 

consists of two components: molecular and turbulent. The 

viscosity of the turbulent vapour μ{  is determined by the 

standard method in the following form: 

μ� =  μ!K� + μ{;  μ{ =  ρ� Cμ �+
·           (66) 

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

k–ε, the turbulence parameters are C1e = 1.44, C2e = 1.92, σk 

=1.0, σε = 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 

ξvp of the Vapour Channel 

The effect of partial swirling of the jet vapour stream as a 

factor affecting the coefficient of hydraulic resistance ξvp 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): 

ξ� = �â©��
������1&5+��ã+�&'+ 3 =  ��©^�b ©¤�«¬�

������1&5+��ã+�&'+ 3       (67) 

For all calculations of the hydraulic resistance coefficient 

ξvp of the HP’s vapour channel, we take into account the full 

vapour flow rate in the Laval nozzle –liked channel. The Pev 

pressure above the evaporator and near the condensation 

surface Pcond is determined and calculated according to [4-6]. 

In the cylindrical coordinate system r, φ, 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 ψ, vorticity ω= rotu, longitudinal uz, the 

radial ur and azimuthal velocity components uφ in the 

following form: 

*
�

%+Ë
%�+ + %

%� $*
�

%Ë
%� ( = − ω         (68) 

%å
%{ + %

%� �u�ω� + %
%� �u�ω� = *

q��� ¸%+å
%�+ + %+å

%�+ + %
%� $å

� (¹ +
S� *

<
=�æ+
=�             (69) 

%�æ
%{ + %

%� 1u��ç3 + *
<

%
%� 1ru��ç3 + �ã�æ

< = *
q��� ¸%+�æ

%�+ +
*
<

=
=< $@ =�æ

=< ( − �æ
<+ ¹            (70) 

�< = − *
<

=Ë
=� ;  �� = *

<
=Ë
=< ;  ω = %&-

%� − %&5
%�       (71) 

The equations system (68) – (71) of the vapour vortex flow 

is written in dimensionless form, the longitudinal uz, 

azimuthal (tangential) uφ and radial ur 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 ω, and the rarefaction ∆P in the center 

of the vortex with radius r [38, 39] of the condensing vapour 

gives the following values: 

ω~ &�
� = � b��∙*�èé/ê

*�k+é = �3 − 5�10  *
ê ; ∆Р = �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 uz, radial ur and azimuthal uφ velocity components with 

restrictions inside the radius r4, 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� =  ��� + �� ∙ exp�−b*r��;  @c < @ < @Ω���.  (73) 

u	 =  u	� + �~
</<í 61 − exp�−b�r��7;  @c < @ < @Ω���. (74) 

u� =  u�� + �~
</<í 61 − exp�−b r��7;  @c < @ < @Ω���. (75) 

where r4 is the radius, on which the four injector channels in 

the evaporator are located, m; @Ω��� is the radius of the solid 

wall of the CPI near the evaporator, m; ���  – 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; u	� – 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 2r4 can be considered 

by quadratic function, which exactly corresponds to the 

previously proposed and tested calculation options [39] in the 

following form: 

u� =  a� + a* ∙ r + a� ∙ r�;  0 < r < rc. (76) 

u	 =  b� + b* ∙ r + b� ∙ r�;  0 < r < rc . (77) 

All polynomials coefficients ai and bi 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� = u|�ï��r�;  u� =  u�|�ï��r�;  u	 = u	ð �ï��r�. (78) 

To solve the system (68) – (71), the conditions for ψ, ω 

and uφ must be set on the entire solid surface of the vapour 

channel as follows: 

%Ë
%� = %å

%� = %�æ
%� = 0           (79) 

The current function ψ can be determined up to a constant 

value, so we assume that ψ = 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: 

ψ � 0;  ω � 0; u	 � 0;  0 ¯ z ¯ Lñ©      (80) 

On the solid side surface Ω=Ω(z) of an axisymmetric 

vapour channel for a swirling flow, adhesion conditions are 

realized in the following form: 

ψ � ψΩ��� � const; %�æ%< � 0; ω � 0; 0 ¯ z ¯ Lñ©; @ � @Ω���     

(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 ∆τ, 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 5·10
-3

. 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 Mzφ and the momentum flow (amount 

of motion) Mz of vapour in the axial direction are determined 

in the usual way: 

M�	 �  } ρ� !"#u�u	 rdΩ; M� � } ρ� !"#u�� dΩ .  (82) 

The integration boundary surface is the surface of the solid 

wall of the nozzle Ω(z), starting from the value of the radius 

of the evaporator Rev, then up to the critical diameter of the 

nozzle dcr 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 φ 

of the wvp component above the evaporator as follows: 

S � à5'à5· <í  Ê  m^�&^�  .          (83) 

Taking into account the radius of the injection channels r4, 

the radius of the evaporator Rev, m; the thickness of the 

evaporator Lev, m; and the length of the confuser section of 

the channel Lconf, m; the integral parameter of the swirling 

can be written as follows: 

S �  Ã **��í/ò^� � ó^�ó¤�«�
�íq^�Ç tgφ.        (84) 

With the swirling flow of vapour jets, the current lines of 

the averaged flow are helical lines, the radius of curvature of 

which Rch, depends on the swirling angle of vapour jets φ 

[48], and the radial coordinate r as follows: 

RJÕ � �L"h+	��� � r $1 � *{ô+	( � @ Ã1 � &5+���&'+ ���Ç ; φ �
arctg $�æ�<��E�<�(           (85) 

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 ξvp 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 ξvp, 

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 Revp = 10
3
 – 10

5
. 

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 ξvp 

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 φ = 

(26-28) °. Figure 8 shows the obtained results. 

 

Figure 8. Dependence of the hydraulic resistance coefficient ξvp of the 

vapour channel, closed by the flat lids with injected jet flows at different 

slope angles φ in the range of Reynolds numbers Revp = 103 - 105. 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 KHP 

Nine additional HP’s were created with identical 

dimensions and diethyl ether filling mass, δm/m ≤. 0.1%. The 

manufacturing errors of flat evaporators, injector channels 

with angles of inclination φ did not exceed the standard ones, 

the error of setting the angles of inclination of channels δφ ≤ 

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 KHP, 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 T0 = 293 K. 

The heat transfer coefficient KHP of our HP’s, according to 

Faghri [45], is determined by formula (86): 

Kñ© =  U^� b Õ�- b�ТТ
~ �;²÷øb;~�

ù^�����;^� b ;¤�«¬� .          (86) 

 

Figure 9. Schematic diagram of the vortex flow calorimeter designed for measurements the heat transfer coefficient KHP 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. 

 

Figure 10. Heat transfer coefficient of short HP’s as a function of the 

geometric angle of inclination φ° of the injection channels in the 

evaporators, and at the same temperature load on the evaporator δT = Tev - 

TB = (20 ± 0.03) К. 

Energy losses by vapour friction hfr 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)·10
-2

 W. 

Heat losses of the outside cylindrical surface of the HP’s, 

made of stainless steel 1X18H9T, with the average surface 

temperature T²ТТ � �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]: 

kТТ
� �T²ñ© ) T�� � �0 … 0.125� ûü · �T²ñ©  ) 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 KHP 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 

δT=Tev - TB = (20 ± 0.03) К. 
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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 KHP 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 (∆m/m < 0.1%), with a given angle of 

inclination of the injector channels and at the same 

temperature load δT =Tev - TB = 20K, it was concluded, that 

the maximum of the functional dependence of the heat 

transfer coefficient, takes place at the vapour flow swirling 

angle φ = 26°± 2°. The increase of the HP’s heat transfer 

coefficients KHP 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 ξvp 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 ξvp is fixed near the swirling angle φ = 

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. 

 

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]: 

%å
%{ + �u · þ�ω � �ω · þ�u � ν� 

!"#þ�ω.      (88) 

This equation relates the change in the vorticity ω 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 ω. 

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 R0, 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 ~ uvp. 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: 

E �  *
� ρ� 

!"#uJ"�
�  ~ 

*

�
3.3 · 10� = 1.65 · 10� �

!+
   (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 

is at r/R0 = 1. 

Figure 13 shows the calculated values of the pressure 

change ∆P 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: 

∆PJ"��r� � �©�;¤�«¬�b è
��+

������ Г+
1-+l ò~+3
�5��

©�;¤�«¬�          (90) 

 

Figure 12. Calculated values of the azimuthal velocity of the annular vortex 

u(r), m/s; R0 is the radius of the vortex, m; r is the distance from the 

centerline of the HP’s vapour channel, m. 

 

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. 

Г = 2πR0ucir is the azimuthal circulation of the vortex, m
2
/s; 

P(Tcond) 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
2
. 

When the azimuthal circulation value of the vapour vortex 

inside the HP channel is of the order of Г ~ 0.01 m
2
/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 ∆φ < 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 

C !"#: 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
2
; 

hfr: friction energy losses in the vapour channel and in the 

liquid subsystem of the HP’s, W; kТТ� : heat exchange coefficient of the HP’s surface with the 

environment, W/K: ℓ�: mixing path length at vapour flow on a flat surface 

without swirling, m; 

ℓ: length of the turbulent mixing path for the curvilinear 

boundary layer, m; 

LHP: length of the HP, m; 

Lev: thickness of CPE, m 

Pev: vapour pressure above the evaporator, Pa; 

Pcond: vapour pressure above the condensation surface, Pa: 

qev: heat power entering to the CPE, W; 

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

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

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

Rch: curvature radius of the confuser part of vapour 

channel, m; 

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

Reeff: effective Reynolds number of swirling moist vapour 

flow in the HP’s vapour channel; 

Re = uzo ρ� !"# D/ μ� !"# : Reynolds number of longitudinal 

moist vapour flow in the HP’s vapour channel; 

Re**: Reynolds number determined by the thickness of 

momentum loss δ** of the moist vapour flow moving along 

the HP’s concave confuser surface; 

Ri: Richardson number of moist vapour flow; 

tgφ = uφ / uz0: angle of the vapour flow swirling, 

determined by the ratio of azimuthal and longitudinal 

velocity components, °; 

Т0: 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; 

TB: boiling point of diethyl ether; 

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

Tev: temperature of the grid evaporator saturated with 

working liquid, K; 

Tsc: temperature of the grid frame of the CPE, K; 

Twall: temperature of the vapour channel wall, K; TC: 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; 

uzo: flow-averaged longitudinal component of the moist 

vapour velocity in the HP’s channel, m/s; 

uz: longitudinal component of the vapour flow velocity in 

the HP’s vapour channel, m/s; 

ur: radial component of the vapour flow velocity in the 

confuser part of the HP’s vapour channel, m/s; �<C : 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 δ), m. 

xev: degree of vapour dryness in the CPE; 

β: dimensionless constant value; 

δ: thickness of the boundary layer of the moist vapour flow 

inside the HP’s vapour channel, m; 

δ**: dynamic thickness of momentum loss of moist vapour 

flow inside the HP’s channel, m; 

δ**/R: dimensionless longitudinal curvature of the channel 

surface; 

θ = (T-Twall) / (T0: Twall): dimensionless temperature profile 

on the wall; 

λsc: heat conductivity coefficient of the CPI mesh frame, 

W/mK; 

λ(t): HP’s thermal conductivity coefficient, W/m-K; μ� !"#: dynamic viscosity coefficient of moist vapour in the 

HP’s vapour channel, Ps·s; 

ξ = y / δ: dimensionless normal coordinate y in the 

boundary layer thickness; ρ� �!"#: average discharge density of moist vapour above the 

evaporator, kg / m
3
; ρ� !"#: density of the moist vapour inside the HP’s vapour 

channel, kg/m
3
; ρÉ� !"#: relative density of the moist vapour inside the vapour 

channel; ρ� ��!"# : density of the moist vapour directly above the 

evaporator, kg / m
3
. »̃� =  �» »
�HH⁄ ��: profile of tangential stresses during the 

flow of moist vapour under standard conditions (flat 

impermeable wall under isothermal conditions); τ Æ =  �τ τm���⁄ �: profile of tangential stresses at moist 

vapour flow on the HP’s wall; 

Ψ - relative friction function of moist vapour flow on the 

HP’s vapour channel; 

ψk - relative coefficient of friction of moist vapour flow, 

taking into account the influence of longitudinal curvature of 

the vapour channel surface; 

ψt - relative friction coefficient of moist vapour flow, 

taking into account the influence of non-isothermicity of the 

vapour channel surface; ω² �: dimensionless velocity circulation in a flat isothermal 

vapour channel. 

П: porosity coefficient of CPE and CPI. 
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