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ANALYSIS OF ENERGY CHARACTERISTICS

Titlov A.,
x::vllil‘: :., n OF ABSORPTION WATER-AMMONIA
Moses 0.~ REFRIGERATION MACHINES IN THE

WASTE HEAT RECOVERY SYSTEMS OF
GAS TURBINE INSTALLATIONS ON GAS
MAIN PIPELINES

OO0HUM 3 NEPCNEKMUBHUX HANPSIMKIE SHUNCCHHS eKCNAYAMAUIIHUX 6MPam 6 MAaziCmpaivHUx 2azonposooax
€ NOnepeone 0X0A00NCEHH KOMNPIMIPYeMO20 243y 3a 00NOMO2010 MENIOBUKOPECIYIOUUX AOCOPOUIHUX 6000~
amiaunux x0100unvrux mawun (ABXM), axi ymurisyromo dapmose menio 6i0XiOHUX NPOOYKMie 320paHis
2asonepexauyeanvnux azpezamie. 06 ’ckmom docnioxncenns ¢ enepzemuuni xapaxmepucmuxu ABXM 6 wupoxomy
dianasoni napamempis excnayamauii (memnepamyp 306HiUHLOZ0 NOGIMPSL), SKi 6 danuil yac ne susueni. [ane
docniddcerms npucesueno po3pobui memoouxu modemosanis pexcumie ABXM, nposedennio anarimuunux 0ocui-
0JCeND T ANANIZY OMPUMAHUX PE3YILMAMIE 8 WUPOKOMY iandasoni memMnepamyp 306HiHb020 NOGIMPSL.

Jocridacenns nposoounocs sa 0onomozor meopemuuinozo anausy uukiiec ABXM e wupoxomy dianasoni mem-
nepamyp 306HiUHbLO20 NOGIMPsL i memnepamyp 06 ’cKkma 0x0100xcenHs. AANi3 OMPUMAHUX Pe3YIbMamie noxasas,
w0 6 0ianasomni Po3PAXYHKOBUX NAPAMEMPIE MAE MICUe MAKCUMYM eHepzemuunoi epexmusnocmi ABXM. Hatibinvw
0UeBUONO HAABHICTND MAKCUMYMY O YMO8 POBOmMU npu memnepamypax 0xoiooxucyrouoi cepedosuwa 20...32 °C
i nusvkux memnepamypax 06’ckma oxonoodxucenns (minyc 25 °C). Ipu suuscenni memnepamyp 06’ekma 0xo-
JIOOHCEHHST MAKCUMYM eHepeemuuHol eekmueHocmi Milyemocst 6 001acmb BUCOKUX MeMNePamyp zpirouozo
cepedosuua, a 10zo uuceavii 3navenns amenuyiomocs. Ilpu memnepamypax, wo zpic dacepena 6id 90 °C do
130 °C, enexmpuuna nomyxcHicmo UUPKYISIUilHOZ0 HACOCA MAE MAKCUMAbHe 3Havenns. Hadani i3 spocmanmsim
memnepamypu, wo zpie dicepena cnocmepizacmvcs il acumnmomuyie 3HUICeHIs i nogiivhe 3menuenns. Haii-
Ol 3minu npu upbomy 6i00YEaAIOMbCA NPU NIOBUUECHUX MEMNEePAMYPAX 0X0100%4cy104020 cepedosuma (32 °C).

Pesynvmamu modeniosaiiis 003604510Mb SUSHAUUMU HATOIILIWL eHepzemuyio 6uzioni pexcumu pobomu ABXM
3 pisnumu Oxceperamu meniogoi enepzii (memnepamypu 6io 90 do 160 °C) i nposodumu pospobky cucmem 0xo-
J00HceHHs: 05t wupokozo dianasony memnepamyp (minyc 30..15 °C). [ns docsienenns maxux onmuMaioHux
pexcumie neobxiona 6ionosiona xombinauis ckaady po6ouozo miia i memnepamypu, wo 2pic oxrceped.

Kmouosi cnosa: abcopbuitini 6o0oamiauii Xor00ULbHI MAWUNL, OAPMOBE MENJL0, eHePLeMUUNaA e(eKmuUeHicmo,
nonepecHe 0X0L00HCEeHHS NPUPOOHOZ0 2a3Y, MAZICMPATLLHI 2A30NPOBOJU.
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1. Introduction

The gas transportation system of Ukraine is designed
to supply gas to both domestic consumers and fuel transit
to Western Europe. For the transportation of natural gas
through pipelines at compressor stations (CS), gas pumping
units (GPU) were installed, the energy carrier for which, in
most cases, is transported natural gas. 0.5...1.5 % of the volume
of transported gas is consumed (burned) by the GPU drive [1].

The efficiency of most of the GPU fleet currently in
operation in Ukraine is in the range of 24..27 [2].

Pumping costs can be reduced as follows:

— replacement of existing units with low efficiency

by more economical ones, with an efficiency of 36 %

and higher;

— modernization of existing equipment with the use

of new approaches to the organization of the processes
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of compression (compression) at the main compressor

stations.

The situation with the replacement of existing equip-
ment with modern equipment is associated with significant
investments, on the one hand, and the uncertainty with
the transit of Russian natural gas through Ukrainian gas
transmission systems in the near future [3, 4].

An analysis of ways to increase the energy efficiency of gas
compressor units [5] shows that one of the promising areas
could be pre-cooling of the compressed gas using heat-using
absorption water-ammonia refrigeration machines (AWRM)
that utilize the waste heat of the exhaust products of com-
bustion [6, 7]. It is shown [5] that for the current economic
situation (July 2019) in the Ukrainian gas market, the daily
decrease in operating costs in typical gas pipelines with
a decrease in gas temperature before compression by 20 K
in gas compressor units ranges from 1800 to 3360 USD.
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Since gas is transported year-round under various cli-
matic (temperature) environmental conditions, it is neces-
sary to evaluate the changes in the energy efficiency of
the AWRM cycle.

Of particular interest are also the lowered temperatures
of the cooling object, which make it possible to increase the
useful effect of pre-cooling natural gas before compression [5].

Any systematic research in this area of refrigeration
is currently unknown to the authors.

Thus, the object of research is the energy characteristics
of the AWRM in a wide range of operating parameters (out-
door temperatures) and temperatures of the cooling object.

The aim of this research is conducting analytical studies
of the energy characteristics of the AWRM in the waste
heat recovery systems of gas turbine plants on gas pipelines
in a wide range of outdoor temperatures and temperatures
of the cooling object.

2. Methods of research

One of the features of the AWRM is the interdepen-
dence of temperatures in the characteristic processes of
the cycle — the temperature of the heating medium ¢, the
temperature of the cooling medium ¢,, and the temperature
of the cooling object t,. Of the three temperatures, only
two can be arbitrarily specified [8].

When modeling AWRM cycles, a subsystem of library
functions of the thermodynamic and thermophysical proper-
ties of pure ammonia and a water-ammonia solution (WAS)
is developed, based on the use of standard approximation
functions (linear or spline) of the MathCAD system [9].

Fig. 1 is a diagram of a pumping AWRM with two
regenerative heat exchangers — solutions (RHS) and am-
monia (RHA) [8].

A low-potential heat is supplied to the AWRM 1 genera-
tor, which is filled with liquid WAS, as a result of which
a low-boiling component (ammonia) with insignificant par-
ticles of water vapor will mainly boil out of the solution.

The steam enters the rectifier 2, in which the cooled satu-
rated WAS with RHS 5 and absorber 4 flows towards the
steam coming from the generator 1. In this case, less volatile
water vapor condenses first, increasing the concentration of
ammonia in the stream. Further, the WAS vapors fall into
the reflux condenser 3. On its cold tubes, water vapor that
remains after the rectifier 2 is the first to condense. The
presence of the rectifier 2 and the reflux condenser 3 in the
AWRM circuit allows almost completely eliminating water
vapor in the ammonia vapor stream that goes to the con-
denser 7. Next, the ammonia vapor enters the condenser 7,
liquefies with the heat of the phase transition, enters the
RHA 8, in which the cold ammonia vapor that comes from
the evaporator 9 to the absorber 4 is preheated. Due to
this, the thermal coefficient of the AWRM cycle increases.

Liquid ammonia is throttled and boils in the evaporator 9,
while generating artificial cold. Ammonia vapor comes from the
evaporator 9, through the RHA to the absorber 4, where it is
absorbed and dissolved in a weak (with a minimum ammonia
composition) WAS. A weak WAS through the throttle enters
from the generator 1 into the absorber 4 through the RHS 5,
in which a strong (saturated) WAS is heated. Saturated WAS
using pump 6 enters the rectifier 2 and the cycle repeats again.

The initial data for the calculation are temperatures:

a) cooling medium ¢,

b) cooling object ¢,p;

¢) temperature differences on elements that do not
explicitly take into account heat transfer conditions and
heat under-recovery:

— At — the temperature difference between the weak

WAS and the heating source of heat of the generator;

— Atwg, Atys, Atwp — temperature head in the condenser,

absorber, reflux condenser with a cooling medium;

— Atrp — temperature head between the flows of weak

and strong WAS at the cold end of the RHS;

d) Q, — cooling capacity of the evaporator.

The variable parameter is the temperature of the heat-
ing heat source ¢,

i
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Fig. 1. Diagram of an absorption water-ammonia refrigeration machine with two regenerative heat exchangers [8]:
1 — generator; 2 — rectifier; 3 — reflux condenser; 4 — absorber; 5 — regenerative heat exchanger solutions; B — pump; 7 — capacitor;
8 — regenerative heat exchanger of ammonia; 9 — evaporator
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3. Research results and discussion

At the first stage, two pressure levels in the AWRM
cycle are determined by the ammonia condensation tem-
perature and the temperature of the cooling object.

Then, thermodynamic parameters (temperature, specific
volume and mass fraction) and thermal functions (specific
enthalpy) are found at the characteristic points of the
cycle (at the input and output of the elements).

The specific thermal loads on the elements are de-
termined:

a) cooling capacity of the evaporator q,;

b) thermal load of the reflux condenser ¢p;

¢) thermal load of the generator gg;

d) thermal load of the capacitor gg;

e) the thermal load of the absorber gyu;

f) electric power of the circulating pump /Zyym.

Let’s find the heat input:

G1=qc +qo+ Ly, (1)
and removed heat:

q2=qa+qx +qp. (2)

The mass flow rate of ammonia vapor in the evaporator is:

Q,
q,

D= 3)

Full thermal loads on the AWRM elements are found
by relations of the type:

Q=4,D, (1)

Thermal cycle coefficient of pumping AWRM:

n=@- (%)

Based on the above algorithm, the AWRM cycles are
analyzed and their energy characteristics are determined —
the heat coefficient and the operation of the circulation
pump, depending on the temperature operating conditions.

The temperature of the cooling object in the calcula-
tions is: minus 5 °C; minus 15 °C; minus 25 °C, cooling
medium temperature: from 10 to 32 °C.

The temperature head Atyg, Atyu, Atwp, Aty are taken
equal to 5 °C, and Af,=10 °C.

The minimum temperature of the heating medium in
the analysis is 90 °C, the maximum is 170 °C. The mini-
mum temperature value is chosen at the boundary of the
AWRM cycle implementation, and the maximum tempera-
ture is taken into account taking into account the onset
of active corrosion of the structural material.

When calculating the electric power of the circulation
pump, the AWRM cooling capacity of 1 kW is taken.

The results of calculating the AWRM are presented
in the form of graphical dependencies in Fig. 2.

Analysis of the calculation results allows to draw the
following conclusions.

First, in the range of design parameters, the maximum
energy efficiency of the AWRM takes place. The most
obvious is the presence of a maximum for operating con-

ditions at cooling medium temperatures of 20...32 °C and
low temperatures of the cooling object (minus 25 °C).

As the temperature of the cooling object decreases, the
maximum energy efficiency shifts to the region of high
temperatures of the heating medium, and its numerical
values decrease.

So, for example, when the temperature of the cool-
ing medium is 26 °C and the temperature of the cooling
object minus 5 °C, the maximum thermal coefficient of
the AWRM cycle (0.53) takes place at the temperature of
the cooling object 110 °C. At temperatures of the cooling
object minus 15 °C and minus 25 °C, the temperatures
and thermal coefficients, respectively, will be: 120 °C and
140 °C; 0.44 and 0.34.

Analysis of the calculation results shows that such
a course of calculated dependencies is explained as follows.

In the region of low temperatures of the heating medium
(up to the maximum of the thermal coefficient) — high
WAS circulation between the generator and the absorber
(from 6 to 112), which is due to the narrow degassing
area (0.006...0.033).

In the region of high temperatures of the heating me-
dium (after the maximum of the heat coefficient) — an
increase in the proportion of water in the steam stream
of the ammonia-water mixture leaving the generator. So,
for example, at a temperature of the cooling medium of
26 °C and the temperature of the cooling object minus
5 °C, the increase in the proportion of water vapor in the
mixture is from 0.036 to 0.408, i. e., more than 10 times.

In the first case, additional heat inflows to the gen-
erator with the flow of a strong WAS.

In the second case, despite the decrease in the WAS
circulation frequency, the heat load in the generator in-
creases due to additional energy costs for evaporation of
the absorbent — water. The increase in the thermal load of
the reflux condenser also increases by more than 10 times
(at a temperature of the cooling medium of 26 °C and
a temperature of the cooling object minus 5 °C — from
0.024 kJ/kg to 2,200 kJ /kg).

The decrease in the thermal coefficient of the AWRM
cycle with a decrease in the temperature level of the cool-
ing object is explained by the fact that for such regimes a
WAS with an increased absorbent content is required. So,
for example, at a cooling medium temperature of 26 °C,
a decrease in the temperature of the cooling object from
minus 5 °C to minus 25 °C requires a decrease in the
proportion of ammonia in a weak WAS from 0.439 to
0.129. At the same time, despite the decrease in the heat
load of the generator due to the decrease in the multi-
plicity of the liquid circulation, the process of additional
evaporation of water vapor from the WAS has a leading
adverse effect on the energy efficiency of the AWRM cycle.

In the calculation range, in all cases, an increase in
the temperature of the heating source leads to a sharp
decrease in the power of the circulation pump pumping
a strong solution from the absorber to the generator.

As calculations show, at heating source temperatures
from 90 °C to 130 °C (depending on the temperature of
the cooling medium), the electric power of the circulation
pump has a maximum value. Subsequently, with an increase
in the temperature of the heating source, its asymptotic
decrease and slow decrease are observed. The greatest
changes in this case occur at elevated temperatures of
the cooling medium (32 °C).
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Fig. 2. The results of calculating the thermal coefficient of the cycle () of the absorption water-ammonia refrigeration machine and the electric power
of the circulation pump (Lpym,) at various temperatures of the cooling (t,), heating medium (#,) and at the temperature of the cooling object (#,):
a, b — tyy=minus 5 °C; ¢, d — t=minus 15 °C; g, f — t;;=minus 25 °C

The nature of the calculated dependences for the cir-
culation pump (Fig. 2, b, d, f) coincides with the results
of studies by other authors [10].

The asymptotic increase in the electric power of the
pump at lower temperatures in the generation zone is
explained by an increase in the degassing zone in the ab-
sorber due to a decrease in the mass fraction of ammonia
in the weak WAS stream.

4. Conclusions

A technique for modeling AWRM modes is developed
and an analysis of the results is carried out in a wide
range of working thermodynamic parameters (ambient tem-
perature — 10...32 °C, temperature of the cooling object —
minus 30..15 °C). It is shown that during AWRM cycles,
there are modes with maximum energy efficiency in the
practical temperature ranges of the cooling medium (from

10 to 32 °C) and cooling objects (minus 25...minus 5 °C).
To achieve the AWRM operating modes with maximum
energy efficiency, an appropriate combination of the working
fluid composition and the temperature of the heating source
is necessary, which can be achieved using an automatic
control system.

The results can be used in the design of energy-efficient
systems for transporting natural gas through pipelines and
help reduce operating costs during the operation of gas
COmMpressor units.
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