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New experiments have provided data necessary for designing thermosyphons with horizontal evaporator 
tubes (HET systems). A physical-mathematical model with diff erent input parameters was used to describe the 
operation of a HET system in varions modifi cations. The model includes temperature excess in the working 
fl uid as a correction added to the previous model version to improve the fi t between the computed and measured 
average evaporator temperatures. The excess temperatures have been estimated for diff erent confi gurations of 
HET systems charged with ammonia.
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INTRODUCTION

As oil and gas resources in West Siberia become 
progressively more exhausted and hard to recover, 
the East Siberian Subarctic and Arctic reservoirs 
arouse ever greater interest of investors. Active de-
velopment of these reservoirs requires extensive con-
struction of production and utility structures. How-
ever, construction in high latitudes may face prob-
lems associated with degradation of permafrost and 
related loss of its bearing capacity. The unwanted ef-
fects can be mitigated using various systems that 
keep the ground frozen for the lifetime of the struc-
tures, which operate as a “heat diode”: conduct cold 
in winter and stop working in summer. Currently, 
many various refrigeration systems have been in use, 
such as single and deep thermosyphons; systems 
based on natural convection (two-phase thermosyph-
ons) with vertical and horizontal evaporator tubes 
(VET and HET, respectively); drain systems, etc. 
[Dolgikh et al., 2008].

Before coming into the construction practice, 
such systems were used for cooling equipment units 
in chemical, nuclear power, and steel making indus-
tries [Kutepov et al., 1986; Pioro et al., 1991], where 
thermal loads are orders of magnitude greater than in 
the heat transfer processes in foundation soils.

This study focuses on the operation of an HET 
experimental system with diff erent input parameters 
of tube length, condenser height, specific thermal 
load, and condenser temperature [Dolgikh and 
Okunev, 1989]. The experiments yield average evapo-
rator temperatures which are compared with the re-
sults of physical-mathematical modeling. The com-
parison of measured and computed evaporator tem-

peratures in HET systems of diff erent confi gurations 
allows estimating the excess temperature of the work-
ing fl uid.

HET THERMOSYPHON SYSTEMS

The experimental installation used for estima-
tion of the HET system parameters with tube lengths 
from 200 to 800 m is a fi eld-size thermosyphon with 
one plastic tube of a variable length [Dolgikh and 
Okunev, 1989]. The system operates as a two-phase 
thermosyphon with unidirected fl ow of the working 
fl uid (coolant), ammonia in this case, composed of va-
por and liquid phases (Fig. 1). 

The system consists of an evporator and a con-
denser. The evaporator is a plastic tube with heaters 
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Fig. 1. An experimental HET system, general layout: 
1 – evaporator; 2 – condenser; 3 – drain vessel; Qin – input heat 
fl ux; Qout – output heat fl ux.

http://earthcryosphere.ru/


52

A.A. ISHKOV ET AL.

mounted on its outer surface while the condenser is a 
welded assembly placed on a rack above the ground 
with an easily changeable height from 0.86 to 3.0 m. 
Cooling is performed by refrigerating compressors 
(2FU-I2) for the most precise setting of the condens-
er temperature. 

The heaters are made as spiral aluminium foil, 
63 mm wide and 0.065 mm thick, with a clearance of 

4–5 mm between the turns (Fig. 2). They are protect-
ed from electrcity and water eff ects with an insulating 
polyethylene film and are connected to a power 
source with clipps. The evaporator tubes have a foam 
polyurithane coating, with Pt thermistors placed at 
every 25 m inside it. The resistance is measured by a 
digital bridge gauge (accurate to 0.01/0.05) accord-
ing to the state standard requirements (GOST 
19876-81). The temperature measurements are accu-
rate to 0.1 °C.

METHODS
The experimental system was prepared for work 

in several steps: 
– checking the density of working fl uid (ammo-

nia) at a pressure of 1.5 MPa;
–  vaccuuming to residual pressure no higher 

than 3 kPa;
– charging the system with fl uid;
– checking the system for presence of air.

Fig. 2. Placement of heaters on evaporator tube: 
1 – polyethylene tube; 2 – insulating fi lm; 3 – heater; 4 – clips.

Fig. 3. Example data spreadsheet:
a – run data and input parameters; b – condenser height (1, 1′) and placement of thermistors (t1–t26); c – temperatures along tube 
path. 1 – output evaporator segment; 1′ – input evaporator segment.
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The following parameters were varied:
(1) tube length, from 200 to 800 m;
(2) specifi c heat fl ux, from 9.46 to 57.10 W/m;
(3) condenser (liquid column) height over the 

evaporator tubes, from 0.86 to 3.0 m.
We varied thermal loads by changing power sup-

ply to the heater and the hydraulic pressure by chang-
ing the condenser height. 

The temperatures of the tube wall, condenser, 
and ambient air were measured by thermistors, which 
were placed on the evaporator to avoid distortion by 
heating; the thermistor sites were insulated and were 
not exposed to heating. The results were presented as 
a spreadsheet (see an example in Fig. 3).

RESULTS AND DISCUSSION
The operation of an HET system was described 

by a physical-mathematical model and the results 
were compared with expermental measurements. The 
system was modeled with the following input para-
meters: evaporator tube length (Lev), condenser 
height above the tube (Hcon), condenser temperature 
(tcon, °C), and specifi c thermal load on the evaporator 
(q, W/m) (Table 1).

The output parameters were average tempera-
ture at the evaporator wall and fl ow parameters of the 
two-phase (gas + liquid) working fl uid. The evapora-
tor temperature is especially important for this study 
as it is used to compare the measured and computed 
values (Fig. 4), in order to assess the modeling quali-
ty. This parameter was chosen because it is little vari-
able along the tube path [Feklistov et al., 2008]. The 
average temperature in physical-mathematical mo-
deling was found as a sum of temperature values at 
each tube length step divided by the number of steps. 
In the experiment, averaging was performed by divid-
ing the sum of temperatures at all thermistors by 
their number (Table 2). 

Ta b l e  1. Input parameters for physical-mathematical
 modeling of HET system operation

No. Lev, m Hcon, m q, W/m tcon, °C

1 800 3.00 9.46 –2.25
2 400 0.86 11.85 –1.99
3 200 1.80 28.55 –6.50
4 400 0.86 9.50 –3.70
5 400 0.86 13.47 11.75
6 400 1.67 14.03 8.61
7 600 3.00 12.05 –4.25
8 600 1.80 9.35 –3.75
9 200 3.00 32.50 –5.00

10 400 3.00 31.68 –10.50
11 200 3.00 57.10 –15.00
12 400 1.67 21.89 11.98
13 200 1.80 48.10 –15.00

Ta b l e  2. Experimental and theoretical (modeling)
 results

No. Lev, m Hcon, m q, W/m tcon, °C texp, °C ttheor, °C

1 800 3.00 9.46 –2.25 –0.87 –1.55
2 400 0.86 11.85 –1.99 –0.53 –1.78
3 200 1.80 28.55 –6.50 –4.67 –5.99
4 400 0.86 9.50 –3.70 –2.06 –3.47
5 400 0.86 13.47 11.75 13.42 11.89
6 400 1.67 14.03 8.61 10.50 8.91
7 600 3.00 12.05 –4.25 –1.82 –3.49
8 600 1.80 9.35 –3.75 –1.54 –3.29
9 200 3.00 32.50 –5.00 –2.18 –4.17

10 400 3.00 31.68  –10.50 –5.95 –9.67
11 200 3.00 57.10  –15.00 –9.05  –13.95
12 400 1.67 21.89 11.98 17.37 12.24
13 200 1.80 48.10  –15.00 –8.65  –14.36

Fig. 4. Measured (texp) and computed (ttheor) aver-
age evaporator temperatures (1) and their least 
square approximation (2). 

The data of the physical-mathematical model 
and the experiment are in a linear relationship 
(Fig. 4), with an approximation reliability (R2) of 
96.12 %. According to the trend equation, the calcu-
lated average evaporator temperature is 2.52 °C lower 
than the measured one, for two possible reasons: (i) 
heat loss in the tube thermal insulation and the eff ect 
of he aters on the thermistors, and (ii) earlier fl uid 
boiling at some path segment by overheating. This 
happens in practice contrary to the assumption in the 
model that boiling starts only when the fl uid reaches 
the boiling temperature at a saturation pressure. 
Since it is impossible to judge about the heat loss or 
the heating effect on measued temperatures (they 
commonly change smoothly within some range) in 
the experimental system which lacks the respective 
segments, the excess temperature of the fl uid is as-
sumed to be responsible for the misfi t [Dolgikh and 
Okunev, 1989].
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The operation of an HET system is considered 
further using the parameter of a relative evaporator 
length for convenience:

 
ev

,xy
L

=

where Lev is the evaporator tube length; x is the dis-
tance from the evaporator input to the current point, 
ranging from 0 to Lev. Thus, the relative evaporator 
length varies from 0 to 1.

The length of the heated evaporator segment 
(ymax) is given by
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where ymax is the relative path length from the evapo-
rator input to the point where the fl uid begins to boil, 
u.f.; Δpcon is the pressure gradient required to overcome 
friction,  Pa; ρL is the density of the liquid fluid 
phase,  kg/m3; g is the gravity acceleration; Hcon is 
the height of the condenser, m; CpL is the specifi c heat 
capacity of the liquid at constant pressure, J/kg; GL is 
the fl uid fl ow rate within the heating segment,  l/h; 
dPsat/dtcon is the pressure of saturated vapor as a func-
tion of condenser temperature, Pa; U is the total heat 
output to the evaporator, W.

The main equation for the operation of an HET 
refrigeration system is [Anikin et al., 2011]:
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where  ϕG(1) is the true volumetric gas content at the 
evaporator output [Nigmatulin, 1987a,b], u.f.; ϕL(1) is 
the true volumetric liquid content at the evaporator 
output, u.f.; 2 (1)LΦ  is the dimensionless empirical cor-
rection coeffi  cient; ( )Re ,Lξ Δ  is the friction drag de-
pending on Reynolds number and relative roughness 
of the tube surface; D is the tube diameter, m; 2

trS  is 
the tube cross section area, m2; GL(y) is the fl ow rate 
of liquid within the tube length y, L/h; q is the heat 
fl ux per tube unit length, W/m; Ly is the path length 

between the accelerator output and the confl uence of 
the Gx and Gy fl ows (node), m; Lz is the path length 
from the evaporator output to the accelerator input, m; 
Lun is the path length from the node to the evaporator 
input, m; VL(0) and VL(1) are the true liquid fl ow ve-
locities at the evaporator input and output, m/s; VG(1) 
is the true gas velocity at the evaporator output, m/s; 
Δp is the pressure gradient due to acceleration of the 
liquid-gas maxiture, Pa; ρG is the density of gaseous 
fl uid, kg/m3.

The fi rst term in (3) refers to the pressure gradi-
ent in the liquid between the accelerator output and 
the evaporator input; the second term corresponds to 
the total pressure gradient required to overcome fric-
tion within the tube segment fi lled with liquid only; 
the third term accounts for the pressure drop to zero 
due to friction within the phase transition segment; 
the fourth term is the pressure gradient required to 
overcome friction in the tubes; and the fi fth term is 
the pressure gradient due to acceleration of the gas-
liquid mixture.

The derivation for ( )Re ,Lξ Δ  and 2
LΦ  was de-

tailed earlier [Idelchik, 1992; Anikin et al., 2011].
Since it is the error in the ymax path length that 

most likely causes misfi t between measured and com-
puted average evaporator temperatures, equation (2) 
has to be corrected for excess fl uid temperature:

 con
max ex

sat con
,pL LL C GgH p

y dt
dP dt U

⎛ ⎞ρ − Δ
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⎝ ⎠
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where dtex is the excess temperature,  °C. The new 
parameter dtex is the temperature excess relative to 
the phase change point, before the boiling starts and, 
hence, before the gas phase appears in the fl uid fl ow. 

The trend with a least-square approximation 
y = kx + b, and dtex was selected such that the coeffi  -
cient b in the trend equation reduced to zero, i.e., the 
theory fully coincided with the experiment (Fig. 4). 
For this, the excess temperature was specifi ed as a lin-
ear series with the values dtex = [0.0; 2.5; 5.0; 7.5] °C, 
and the operation of the HET systsem was modeled 
for each value, with the input parameters correspond-
ing to the specifi c experimental run (Table 1). Ac-
cording to the modeling results (Table 3), the average 
evaporator temperature changes linearly as a function 
of dtex. The next step consisted in search of the best-
fi t dtex value using the Tendency option in Microsoft 
Offi  ce Excel. Thus dtex values were found for each run 
(Table 4).

To properly check the quality of the experimen-
tal results, the HET system has to reach certain op-
eration stability, which was not the case in all runs 
(Table 4). For instance, excess temperature in run 1 
was only 1.34 °C, possibly because the system had not 
attained stable operation yet. The high excess tem-
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Ta b l e  3. Average evaporator temperature as a function of excess temperature (dtex), 
 at input parameters of specifi c runs 

No. Lev, m Hcon, m q, W/m tcon, °C texp, °C

dtex, °C

0.0 2.5 5.0 7,5

Average evaporator temperature, °C

1 800 3.00 9.46 –2.25 –0.87 –1.54 –0.29 0.96 2.21
2 400 0.86 11.85 –1.99 –0.53 –1.78 –0.53 0.72 1.97
3 200 1.80 28.55 –6.50 –4.67 –5.98 –4.73 –3.48 –2.24
4 400 0.86 9.50 –3.70 –2.06 –3.47 –2.22 –0.97 0.28
5 400 0.86 13.47 11.75 13.42 11.89 13.14 14.39 15.64
6 400 1.67 14.03 8.61 10.50 8.91 10.16 11.41 12.66
7 600 3.00 12.05 –4.25 –1.82 –3.48 –2.23 –0.98 0.27
8 600 1.80 9.35 –3.75 –1.54 –3.29 –2.04 –0.79 0.46
9 200 3.00 32.50 –5.00 –2.18 –4.16 –2.91 –1.67 –0.42

10 400 3.00 31.68 –10.50 –5.95 –9.67 –8.40 –7.14 –5.88
11 200 3.00 57.10 –15.00 –9.05 –13.92 –12.67 –11.42 –10.17
12 400 1.67 21.89 11.98 17.37 12.24 13.49 14.74 15.99
13 200 1.80 48.10 –15.00 –8.65 –14.35 –13.10 –11.85 –10.60

Ta b l e  5. Results of physical-mathematical
 modeling for HET system operation,
 with dtex = 3.125 °C

No. Lev, m
Hcon, 

m
q, 

W/m
tcon, 
°C

texp, 
°C

ttheor, 
°C

1 400 0.86 11.85 –1.99 –0.53 –0.22
2 200 1.80 28.55 –6.50 –4.67 –4.42
3 400 0.86 9.50 –3.70 –2.06 –1.91
4 400 0.86 13.47 11.75 13.42 13.45
5 400 1.67 14.03 8.61 10.50 10.47
6 600 3.00 12.05 –4.25 –1.82 –1.91
7 600 1.80 9.35 –3.75 –1.54 –1.73
8 200 3.00 32.50 –5.00 –2.18 –2.60

Fig. 5. Measured (texp) and computed (ttheor) aver-
age evaporator temperatures (1) and their least 
square approximation (2), corrected for excess 
temperature.

peratures in runs 10–13 (7.36–11.41 °C) may indi-
cate too high thermal loads on the evaporator, with 
high probability that the fl uid would consist of a sin-
gle gas phase at the evaporation output during stable 
operation, i.e., the system will reach the upper critical 
thermal load for the given HET confi guration [Mel-
nikov et al., 2017]. Therefore, those runs should be 
excluded from the consideration. 

Then, taking into account possible errors, the av-
erage excess temperature (overheating) of the work-
ing fluid in all remaining runs can be estimated as 
dtex = 3.125 °C. This value is assumed to be the true 
excess fl uid temperature for all confi gurations of the 
HET system charged with ammonia. The solutions to 
the physical-mathematical model corrected for this 
temperature excess are listed in Table 5. 

Ta b l e  4.  Fluid excess tempeartures for each run

No. Lev, m Hcon, m q, W/m tcon, °C texp, °C

Fluid 
excess 

temper-
ature, 

°C
1 800 3.00 9.46 –2.25 –0.87 1.34
2 400 0.86 11.85 –1.99 –0.53 2.50
3 200 1.80 28.55 –6.50 –4.67 2.63
4 400 0.86 9.50 –3.70 –2.06 2.82
5 400 0.86 13.47 11.75 13.42 3.07
6 400 1.67 14.03 8.61 10.50 3.18
7 600 3.00 12.05 –4.25 –1.82 3.32
8 600 1.80 9.35 –3.75 –1.54 3.50
9 200 3.00 32.50 –5.00 –2.18 3.98

10 400 3.00 31.68 –10.50 –5.95 7.36
11 200 3.00 57.10 –15.00 –9.05 9.74
12 400 1.67 21.89 11.98 17.37 10.27
13 200 1.80 48.10 –15.00 –8.65 11.41
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In Fig. 5, thus estimated and corrected average 
evaporator temperatures are compared with the mea-
sured values. The coeffi  cient b has been obviously re-
duced to zero (Fig. 5), i.e., the correction has led to a 
perfect fi t between the computed and measured val-
ues; the trend slope is 44.99°.

The results of this study provide more rigorous 
constraints on temperature variations during the op-
eration of HET systems. The obtained evaporator 
temperatures are slightly higher than in the previous 
studies [Anikin, 2009; Anikin et al., 2011; Melnikov et 
al., 2017] because the fl uid overheats before the boil-
ing point.

The revealed relationship between the parame-
ters unambiguously determines the behavior of the 
system, at both high and low condenser temperatures. 

CONCLUSIONS

1. A new parameter of fl uid overheating (excess 
temperature) has been introduced into the existing 
physical-matehmatical model to describe the opera-
tion of HET systems. The respective correction led to 
a 1.57 °C higher average evaporator temperature cal-
culated with the model.

2. The excess temperature of the working fl uid 
(ammonia) is 3.125 °C, whch is reliable for HET sys-
tems of various confi gurations, with the 0.86 to 3.0 m 
condenser heights; 200 to 600 m tube lengths; –6.50 
to 11.75  °C condenser temperatures; and 9.35 to 
32.50 W/m specifi c thermal loads.

3. The approximation of the obtained relation-
ship between computed and measured average evapo-
rator temperatures is relaible to 99.87 %, at a trend 
coeffi  cient of k = 0.9995, i.e., almost zero error. There-
fore, the physical-mathematical model provides an 
unambiguous description for the system operation at 
both positive and negative condenser temperatures. 
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