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The methodology presented in the article allows calculating the thermal-hydraulic characteristics of di-
rect-flow cylindrical steam generators operating on a freon coolant for boundary conditions of the third
kind. The purpose of this article is a calculation to determine the length of the channel required for com-
plete evaporation of the coolant, the power expended on pumping the evaporating coolant and the
amount of heat required for evaporation of the coolant. In addition, of significant interest is the search
for design parameters of steam generators with heat exchange intensifiers, with which it is possible to ob-
tain an energy gain compared to smooth-walled steam generators. This gain can be obtained only under
boundary conditions of the first or third kind. In the case of boundary conditions of the second kind, ac-
cording to the law of conservation of energy, with the same heat flows on the surface, for a channel with
a heat exchange intensifier and for a smooth-walled channel, the same length of these channels is re-
quired for the evaporation of the same amount of liquid. Considering that the hydraulic resistance of
channels with a heat intensifier is higher than the hydraulic resistance of smooth-walled channels, it is
impossible to obtain an energy gain in this case. It should be noted that since the analytical dependencies
available in the literature for the thermal calculation of the evaporation sections of direct-flow steam
generators were mainly obtained for the boundary conditions of the second kind, it is necessary to create
a method for recalculating the thermal-hydraulic characteristics of direct-flow steam generators from the
boundary conditions of the second kind, in particular, for the boundary conditions of the third kind. This
is ultimately necessary for conducting a comparative analysis of direct-flow freon steam generators with
heat exchange intensifiers and smooth-walled freon direct-flow steam generators.
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1. Introduction

An important task of industrial development in
modern conditions is the creation of highly efficient
refrigeration and air conditioning equipment operating
on freon coolants and using various types of heat ex-
change intensifiers, such as porous high-heat-conduc-
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ting inserts. At the same time, in the process of design
development of such systems, the thermohydraulic
calculation of the evaporation or vaporization section
is of significant importance. Let us consider the meth-
od of recalculating the characteristics of straight cy-
lindrical smooth-walled freon steam-generating chan-
nels from the boundary conditions of the second kind
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to the boundary conditions of the third kind. We will
provide a short list of calculation formulas character-
izing heat exchange and hydraulics in the evaporation
zone of direct-flow steam generators.

2. Heat exchange in a cylindrical smooth-wal-
led channel

According to [1], the average heat transfer coeffi-
cient during boiling of Freon in the channels can be

Table — Data for calculate the coefficient A[1]

calculated using the formula of Bogdanov S.N.:

a=Aq"(wp)"*d;” (1)

where o [kW / m’K], g [kW / m?]; wp is the specific
mass flow rate of the cooler, [kg / m?* - s]; di, — inter-
nal diameter of the channel [m].

To calculate the coefficient A, depending on the
type of Freon and boiling temperature, the following
reference table is recommended in [1]:

. Boiling temperature #, °C
Refrigerant 30 10 0 0 30
R11 0,0208 0,0300 0,0341 0,0382 0,0498
R142 0,0372 0,0461 0,0514 0,0568 0,0710
R12 0,0536 0,0659 0,0719 0,0776 0,0928
R22 0,0599 0,0738 0,0833 0,0928 0,1170

Note: Here R11, R142, R12, R22 are respectively the names of the refrigerants Freon 11, Freon 142, Freon 12, Freon 22

Formula (1) takes into account the various flow re-
gimes that occur when the vapour content varies along
the length of the evaporator from x = 0 to x = 1. The
range of application of the formula (1) is: ¢ =0.6... 25
kW / m? wp =50...600 kg / m* - s.

The formula (1) for determining the heat transfer
coefficient a includes the value of the heat flow g. Let
us substitute into equation (1) the value of the heat flow
g, written for the boundary conditions of the 3rd kind.
According to [2], for the boundary conditions of the
third kind, the following relationship can be written:

I 1 1
—= @
K a K
or
K= (IXK ,wherelc':B—I/1 2)
K'+a d
That's why
a-Bi-4
_ Ty — d 7
+a
d

In relations (2)-(4) the following notations are
adopted: o — local coefficient of heat transfer from the
liquid flowing in the pipe to the inner surface of the
wall; k” — local coefficient of heat transfer from the
inner surface of the wall to the environment; x — local

coefficient of heat transfer from the liquid flowing in
the pipe to the environment; 7,

1. — ambient tempera-
ture; fs — (average mass) temperature of the liquid on

the saturation line in a given section.
For a round pipe, for the parameter «’, according to
[2], the following relationship can be written:

— = Ip— 4T (5)

where d;, and d — are the inner and outer diameters of
the pipe; A is the thermal conductivity coefficient of
the wall material.

When substituting the value g = x(7], —i) = fla)

from equation (4) into equation (1), we obtain the fol-
lowing expression

a=A4q"(wp)*d,*k(T,, -T,) =
a-Bi-A 0o

o Reg oo 00 d,
- A( ) din Bl . ﬂ.
d.

m

(T.-T)| (6

m
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It was taken into account that since the Reynolds
number of the flow at the entrance to the channel is

Re, u
d,

m

_ Wp din

Re, , then wp= @)
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It can be noted that the value of a is included in the
left and right parts of equation (6). Therefore, equa-
tion (6) is a nonlinear algebraic equation with respect
to the value of the heat transfer coefficient a, which
cannot be solved analytically in an explicit form.
When calculating the value of a using equation (1),
the method of successive approximations should be
used.

3. Calculation of the pressure drop during
evaporation of freon in a cylindrical smooth-
walled channel

When freon evaporates in a cylindrical smooth-
walled channel, the pressure drop is calculated, ac-
cording to [1], [3], using the simplified Beau-Pierre
equation for complete evaporation of the refrigerant:

APO =" x0, (1] din) (pW)? (®)

where APy [kPa]; f is the coefficient of total re-
sistance, taking into account friction losses, accelera-
tion and flow turns. For pure refrigerant /= 1,5-107,
and in the presence of oil f= 3,5-10°. v" is the speci-
fic volume of saturated refrigerant vapor, m*/kg; x,» is
the average vapor content (consumption one). Since
the calculations assume complete evaporation of fre-
on, we take x,, = 0.5.

4. Calculation scheme for calculating the ther-
mophysical and hydraulic characteristics of a
freon direct-flow evaporator for boundary con-
ditions of the 3rd kind

Let us consider the calculation procedure for a
smooth-walled direct-flow steam generator with freon
as the working coolant. Since for this case the average
heat transfer coefficient along the length of the evapo-
ration zone is specified in the literature, the calcula-
tion procedure for the channel length required for
evaporation, the amount of heat absorbed in the pro-
cess, and the pressure drop applied to pump the cool-
ant will look as follows:

1. Based on the data on the flow of liquid at the
channel inlet available before the start of the calcula-
tion, namely: the Reynolds number Rey, the dynamic
viscosity and thermal conductivity coefficient of the
liquid on the saturation line (p and 1), as well as the
ambient temperature and the temperature of the liquid
at the channel inlet, and specified the Biot criterion
(Bi) and the channel diameter, we determine the ave-
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rage heat transfer coefficient along the length of the
channel (evaporation zone) using formula (6):

0 = A" (wp)* d 0k O(T, ~T)) =

av
0,6

ay -Bi-A

o Regt0n 00 d, N

- A( dl,n ) din B1 . /’L 0 (]—;oo Tl’s) (9)
d av

in

Since the channel wall thickness is neglected dur-
ing the calculations, we assume that d;, = d. The value
of A at the zero iteration step is calculated based on
the value of the saturation temperature of the coolant
ty at the channel inlet. The value of the dynamic vis-
cosity p and thermal conductivity of the liquid A at the
zero iteration step is found based on the values of the
temperature and pressure of the coolant on the satura-
tion line at the channel inlet (¢, Po).

2. We calculate the average specific heat flow
along the length of the evaporator at the zero step of
the iteration, using the formula:

2 Bi-
0 _ _ .0 0 _ din 0
av Kav AZLav - Bl i Atav (10)
Bz qo
d

Here the superscript (0) indicates the iteration step.

3. Based on the average value of the specific heat
flow ¢”., calculated at the zero step of the iteration,
we calculate the length of the smooth-walled evapora-
tion tube from the following relationships:

Q(O): qav(o) -dl© (1 1 )

09=m -r (12)
(0) -

o= Q Sl (13)

wq?  mdq?

Since M = pWFeross section = pw - (md*/4) and taking
into account (7), we obtain:

. Reypu,, m’
m=(—>-")-— 14
— ) (14)
l(O): Reoluor (15)

4qq,
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Here m - is the mass flow rate of the coolant,
kg/s; r is the specific heat of vaporization, J/kg.

4. Using the simplified Bo-Pierre equation [1], [3],
we calculate the pressure drop for complete evapora-
tion of the coolant:

APO = " x4 (1] d) (pW)> (16)

The value of the parameter £, according to the data
[1], for pure Freon, without oil, is taken to be f =
1,5-10”. The value of v’ = (1/p”) — the specific vol-
ume of steam on the saturation line is taken at the
temperature and pressure at the entrance to the chan-
nel. The value of the average mass flow rate of steam
content along the length of the channel is taken to be
equal to x4, = 0,5.

5. We calculate the pressure at the outlet of the
channel at the zero step of the iteration:

P§), =P, — AP (17)

The subscript (2) refers to the outlet cross-section.

6. Based on the pressure value PZO(S) , we determine

the saturation temperature in the outlet section at the
zero iteration step:

(S)2 =f(P 5)2) (18)

For this purpose, you can use, for example, the da-
ta from the reference book [4]

7. We calculate the average temperature head (av-
erage temperature difference) based on the values of
the temperature head at the inlet and at the outlet of
the steam-generating channel:

AWO=T, - Tg; ALO=T, - Tgh:
At” + At
At), = 1#2 (19)

Subscripts 1 and 2 refer to the input and output
cross-sections, respectively.

8. We calculate the value of the average specific
heat flow at the zero iteration step, based on the value
of the average temperature difference at the zero itera-
tion step At

ay -Bi-4

d.
g0 = k0N = G |Ag

—_— 20
av av Bl . ﬂ 0 av ( )
+a

in

9. We compare the value g.,"" with the value g,
and calculate the value of the relative error of mis-
match:

(0-1) (0)

an an
(0-1)

q av

AO= 100 % 21)

10. If the value A(0) < 1%, we accept that the size
of the smooth-walled steam-generating channel I,
the average value of the specific heat flow ¢, and the
pressure drop in the channel AP, as found.

11. If the value A(0) > 1%, we accept

-1 (0)
) _ qav +q,

> (22)

qav

12. We calculate the average temperature in the
channel

(0)
_lo*Tse

tnD = 5 52 (23)

13. We determine the value of the coefficient A for
calculation using formula (8) at the first step of the
iteration, based on the value of 7, i.e.

AY = ft,"V) (24)
The superscript (1) denotes the iteration number.
14. We calculate the average value of the heat

transfer coefficient in the evaporation channel at the
first step of the iteration

g = A® g0 Re, ,U)oz 402 25)

Note that the calculation of all thermo physical
quantities in the channel (except of the complex

(Reo #oy0.2) at the first step of the iteration is performed
d

based on the value of the average temperature of the
cooler, which is on the saturation line.

15. Next we calculate the length of the smooth-
walled evaporation channel at the first step of the iter-
ation

10 = Re,- u, - r

v (26)
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16. After that we find the pressure drop at the first
step of iteration
APV =y xq (1) (pw)  (27)
or

Re, /Jo)

APYD = £ x4 (1V/d) ( (28)

17. We determine the pressure and temperature on
the saturation line in the outlet section of the evapora-
tion channel

1) 1 (@) 1)
Ps, =Po— APV T, = f(Pg),) (29)

18. Next we calculate the temperature heads (the
temperature differences) in the inlet and outlet cross-
sections of the channel, as well as the average temper-

ature head (average temperature difference) along the
length of the channel:

A =Ty - T to; Ay =Ty — T, (30)
) (1
ar = AL AL 31)

19. After that we calculate the value of the average
specific heat flux in the channel at the first iteration
step based on the value of Az,,(":

(1) -Bi-A
R P LA c)
v a Bl'ﬂ;+ (1) v

in

20. Compare the valuesof average heat flows ga\'"
and ¢,,'" calculated using formulas (32) and (22) at

the first step of the iteration.

(1=1) ()

(1 _ Qv —Yay
A 1-1

an

-100% (33)

21. If the value A" < 1%, we stop the calculation
process and accept the values 1 and AP™ as final.

22. If the value A" > 1%, we organize the calcula-
tion at the second iteration step similarly to the first
iteration step, starting with formula (21) and to formu-
la (33), etc.

5. Conclusions

The above method allows calculating the thermal-
hydraulic characteristics of direct-flow cylindrical
steam generators operating on a freon coolant for
boundary conditions of the third kind. This method
was created for the purpose of subsequent calculations
of the thermal-hydraulic efficiency of direct-flow cy-
lindrical freon steam generators under boundary con-
ditions of the third kind and was implemented in the
form of a calculation program.
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Haseoena y cmammi memooduka 0038015€ npo8oOUmu po3paxyHox menio2iopagiivHux XapaKxmepucmux
NPAMOMOYHUX YUTTHOPUYHUX NAPO2EHepamopis, Wo Npayoms Ha QpeoHosoMy MenioHocii, i1 epa-
HUYHUX YMO8 mMpembo2o pody. Memoio 0aH020 pOo3paxyHKy € GUSHAYEHHS 008XHCUHU KAHATLY, HeOoOXIOHOT
0/1 NOBHO20 BUNAPOBYBANHS MENIOHOCISA, NOMYICHOCTI, WO BUMPAYAEMbCA HA NPOKAYYBAHHSA MENIOHO-
Cisl, WO GUNAPOBYEMBCS, | KiIbKOCI Menid, HeoOXiOHo2o 011 eunapogysants menjonocis. Kpiv mozo,
3HAYHUL IHMepec npedcmasisac NOULYK PO3PAXYHKOBO-KOHCMPYKMUSHUX NAPAMempie NapoceHepamopis 3
inmencughixamopamu menio0OMiHy, NPU AKUX MONHCHA OMPUMAMU eHEPLeMUYHUU 8UePalL Y NOPIGHAHHI 3
2Na0KOCMIHHUMU napozenepamopamu. Lleti uepaus MoxcHa ompumamu auuie 3a SPaHUYHUX yMOo8 nep-
wo2o Yy mpemvoco pody. Y pazi epaHuuHux ymos opy2020 pooy, 32iOH0 i3 3aKOHOM 30epedcenHs. eHepeii,
npU OOHAKOBUX ENJIO8UX NOMOKAX HA NOBEPXHI, OJisl KAHALY 3 iHMeHCUpIKamopom menioooMiny ma 01a
2NIA0KOCMIHHO20 KAHALY, OJIsl BUNAPOBYBAHHA 00HAKOBOI KITbKOCHI PIOUHU, He0OXIOHA 00HAKOBA 00BIICU-
HA yux Kauanie. Bpaxosyrouu, wo 2i0poonip Kanauie 3 iHMeHcupixamopom menia GUull, Hisc 2i0poonip
2NIAOKOCMIHHUX KAHALI8, OMPUMATU eHepeemUYHULl 8Uspaul y Ybomy 8URAOKY Hemodxcauso. llpu yvomy
CLIO 3A3HAMUMU, WO OCKINLKU AHATIMUYHI 3AeHCHOCII OISl MEeNI08020 PO3PAXYHKY OLIAHOK GUNAPOS)-
BAHHS NPAMOMOYHUX NAPOSEHEPAMOPI6 8 OCHOBHOMY OYIU OMPUMAHT OISl SPAHULHUX YMO8 OPY2020 pody,
HeOOXIOHO CMBOPUMU MEMOOUKY NEPepaxyHKy menio2iopasiivHux Xapakmepucmux npiMomoyHux napo-
2EHEPamopia 3 ePAHUYHUX YMO8 OPY2020 POOY, 30KpeMa, 05l SPAHUYHUX YMO8 mpemboco pody. Lle, 3pe-
wWmoio, HeoOXiOHO w000 NOPIBHANLHO2O AHANIZY NPAMOMOYHUX (DPEOHOBUX NAPOSEHEPAMOpI6 3 THMeH-
cugixamopamu menio0OMiHy i 21A0KOCMIHHUX (PPEOHOBUX NPAMOMOYHUX NAPOSEHEPAMOPIS.

Knrouosi cnoesa: Ilapozcenepamopu; @peonosuii mennouociu, Ipanuuni ymosu; Tennooomin, Ten-
N02I0pABIIUHI XapaKmepucmuKy
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