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Abstract

are preferred for the transport of ammonia.

Keywords

Anhydrous ammonia is the most used raw material in chemical fertilizer production. In the fertilizer production process, during
the transportation of anhydrous ammonia, pressure and temperature have to be kept under control. Transport and storage of
anhydrous ammonia requires resistance to cryogenic conditions. Therefore, materials that are resistant to cryogenic conditions

In this study, the kinetic energy of anhydrous ammonia transported under cryogenic conditions (=33 °C) was analysed and

solutions proposed to minimize the problems such as cracking and corrosion occurring in the materials that form the structure
of transportation and storage systems due to cryogenic conditions were discussed.

Ammonia, cryogenic conditions, multistage compressor, manifold

1 Introduction

One of the most important raw materials in chemical fer-
tilizer production is anhydrous ammonia. In the fertilizer
production process, anhydrous ammonia is used by condi-
tioning (> 10 °C, 6 bar). This conditioning process is usu-
ally carried out by evaporating ammonia through evapora-
tors. Therefore, the storage of ammonia to be used in the
chemical fertilizer production process is a sensitive issue,
and due to the low boiling point of ammonia (—33 °C), it
has to be brought to the desired conditions with the use of
multi-stage compressors and expansion valves.

The cryogenic and abrasive properties of anhydrous am-
monia, which is used as a raw material in chemical fertiliz-
er production, require the material to be used as process
building material to have certain properties. Because the
corrosive nature of ammonia causes metal wear in the pro-
cess in which it is used, it may cause metal contamination
in the final product.

In order to avoid problems such as metal contamination,
materials that are not affected by the corrosive properties
of ammonia should be used in the process. However, vol-
umetric changes that may occur in the process lines due to
cryogenic conditions cause the metal structure that forms
the lines of the process to wear out. Since both anhydrous
ammonia storage and chemical fertilizer production facil-
ities require high investments, problems such as corrosion
and abrasion in the process lines should be minimized.

The design of ammonia pipelines is an important focus of
researchers. One of the first design studies on this subject
was carried out by Roasch et al." Similarly, important stud-
ies have been carried out on land and sea transportation
for ammonia transportation within the United States.?
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There are also various field studies on industrial scale stor-
age of ammonia.’ The use of pressure injection systems for
the storage of ammonia is one of the first studies in this di-
rection.* In such a study, semi-cooled spherical tanks were
used for the storage of ammonia.> On the other hand, the
risks associated with transporting ammonia by wagons,
barges and pipelines are reported in the literature.®

In order to reduce the problems that may occur during
the transport of ammonia, semi-cooling systems have been
studied.” In a study similar to this, it was found that the
transportation of petroleum-derived chemicals differs sig-
nificantly in terms of long-term use of the lines.?

In another study on the transportation of ammonia by long
pipelines, prevention of ammonia leaks by providing insu-
lation in the pipeline of crude oil was evaluated.’

In addition, atmospheric pressure storage and transporta-
tion of ammonia is another example that can be given to
the relevant isolation studies. Such a facility can be de-
veloped to include condensation tower, saturation tower,
and ventilation equipment in itself. There are studies on
volume changes in such a facility due to cryogenic condi-
tions. ™

There are also various research studies on the methods
of removing dissolved metal salts from the environment
during the storage and transfer of anhydrous ammonia."
Similar to the transport of ammonia for storage, various
methods have been developed for transferring it for use in
agricultural fields, such as manifolds."

Another method of transporting anhydrous ammonia is
the use of underground pipes.” A similar research study
involves the use of transfer lines to transport ammonia to
agricultural areas.” However, other petroleum-derived
chemicals such as ammonia were carried on the same
transfer line.”
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There are also reported studies on the transport of ammo-
nia and the cleaning of process pipelines in various ways
using inert gases and the thermodynamic behaviour of
ammonia.'®'® Considering the volume changes that may
occur in the lines where ammonia is transported, as well as
the environmental risks involved in the transportation of
ammonia are important issues studied.'2°

In the literature, the number of loops used to reduce the
problems caused by sudden volume changes during the
ammonia transfer and their exergy analysis have not been
reported on an industrial scale. In this study, the sections
named “loop” used against sudden volume changes during
ammonia transfer on an industrial scale were defined, and
an exergy analysis was made by calculating the number of
loops to be used on the pipeline.

2 Ammonia storage systems
and methodology

In the design of ammonia pipelines, it is necessary to antic-
ipate possible sudden volume changes due to the cryogen-
ic properties of ammonia. To accommodate these volume
changes, pipelines have to be built longer than they should
be. Length caused by volume changes can be tolerated by
creating “U” shaped sections on the pipeline. These “U”
shaped sections are called loops (Fig. 1).

Fig. 1 — Shape change occurring in the ammonia pipeline

Pressure losses occurring in the transfer line due to the low
boiling point of ammonia were formulated by Darcy-Weis-
bach.”!

V2L Li?
—=f1 (1)
2D, ' pD;

AP =f,

As may be seen, at a defined flow, the pressure loss is in-
versely proportional to the fifth force of the pipe diameter.
Using the current Blasius correlation for turbulent flow in
smooth pipe with Re = DV/v and V = 4m/npD?, the fric-
tion factor known as f = 0.3614/Re®?* can be written as:

_ 0.224,“0.25‘“0425
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m
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3 Results and discussion

The use of anhydrous ammonia as an important raw ma-
terial in chemical fertilizer production has necessitated the
development of ammonia transfer lines. The distance of
ammonia production facilities to industrial facilities where
it is used as raw material is another important reason for
the development of lines used for ammonia transport. The
cryogenic properties of ammonia form the basis of transfer
studies.

Transporting anhydrous ammonia may require different
ways of handling the material to behave flexibly. During
the transfer of anhydrous ammonia, it must be kept in a
liquid state and at a constant flow temperature, and also
the pressure value must be maintained. Because ammonia
has a low boiling point (=33 °C), it creates an addition-
al pressure in the pipelines during transfer. This pressure
poses a problem for the long-term use of transfer lines. In
order to maintain pressure balance in transfer lines, water
tanks are placed in the pipeline at certain distances and
excess ammonia is removed from the system by the ad-
sorption mechanism.

3.1 Optimum pipe diameter

The enthalpy value of liquid and gaseous states in the am-
monia L-length transfer line and the thermal change occur-
ring during this time can be expressed as follows:*

Q — qr!
p(hvap _hliq) .

In such a case, the cost of maintenance of the welded pipe
due to material wear caused by cryogenic conditions in the
line can be expressed as follows:

2.75

C179BL g 1
total n1475p2Di4475 (h _h“q )2.75 rlsflm
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Thus, the optimum pipe diameter for an industrial cooling
line can be calculated as follows:

With a general acceptance

dC,.
tota :0
i (5)

Assuming that the optimum pipe diameter is,

0.714C.t,, u’ g,
Di,opt = 6-7\5/(52 l ! (6)

- 1)CmatpmatCRF 6.7\5/ qrzef (hvap - h|iq )2-75 N/

In this equation, the first expression in brackets is related
to the economy of the pipe, while the expression in the
other brackets expresses the effect of the thermal changes
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that occur during the ammonia transfer on the pipe mech-

anism.

Table 1 — Characterization of the pipeline for ammonia transfer

under cryogenic conditions

Characterization Ch .
of pipe for aracterl;aﬁlon
Parameter Symbol crvomenic for the initial
YO8E state of the pipe
conditions
heat flux/W m~2 Q
heat conduction
coefficient/ W mK~! k 200 200
outer radius/ mm ry 508 508
inner radius/mm r 497 497
pipe length/m L L, L,
internal
temperature /K T 240 240
outside
temperature /K T2 313 313
surface area
where heat is A 2mrl 2mrl
transferred / m?
T

Fig. 2 — Cylindrical cross-sectional area in an ammonia pipeline

According to the Fourier law (conduction heat transfer):

)
Q=-k-ALl %

Mathematical expression of the equation:

J er
k2mrL

=JdT (8)

If the equation is analysed for the first case determined
(Table 1, Fig. 2);

(Inr,) = (Inr,)
A7) 1o
Q (anrL) ( ! 2) ©
r,=20-2.54-10 =508 mm
In508 =6.23
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r,=508—11=497 mm

(11 mm wall thickness of the pipe) (12)
In497 =6.20 (13)
T,=-33°C=240K (14)
T,=40°C=313K (15)

Heat flux is calculated according to Eq. (9). When L is
drawn from this equation

(Inr,)—=(Inr)
F )1, 1,) el
Considering the pipe length L, of 40 °C (313 K) in the first
case, and the pipe length L, at a temperature of —33 °C
(240 K) in the second case, it is necessary to put a loop
inside the pipe to compensate for the volume loss due to
cryogenic conditions. In this case, from Eq. (8) it comes:

Inr A7)
rk2mrL
Inr 18)
rk2mrT
Inr
For 40 °C — A
Q oo 27 Tyoc “oe (19
Inr ..
For —33 °C —=C .
[ onoe 20T e (20)

-33°C -33°C

The ratio of the length values found for these two temper-
ature values will give the volumetric loss, and therefore the
number of loops required in the transfer line.

Inryg.c

Mo 2K Typec — Lygec

Inr - 1

_ L yec
Fyec 2K T 00
In508
508 mm-2m-k(273+40)K I ...
In497 "L (22)
497 mm-2m-k(273-33)K
Lue _q98

—-33°C

Q

(23)

If an assumption is made for weather conditions up to
40 °C according to summer season conditions; when the
maximum volumetric loss value that may occur in the
pipeline is taken as reference, a volume loss of 1.28 times
the length of the first pipeline will occur.

Accordingly, at the planned distances of the ammonia pipe-
line with the aforementioned pipe diameters, the number
of “loops” to be applied to the line can be determined by
considering the 1.28 ratio calculated for volumetric chang-
es that may occur in the pipeline.
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For example, 100 m of pipeline under atmospheric con-
ditions should be taken as 128 m at —33 °C. In this way,
loops should be formed from the remaining 28 m in the
system. These loops on the pipeline can be prepared at
different heights according to the shape of the road. For
example, by making 4 loops 7 m high or 7 loops 4 m high,
volumetric changes in the line due to the cryogenic envi-
ronment can be avoided.

3.2 Material selection for cryogenic conditions

The use of industrial materials to transport supercooled
(cryogenic) materials requires certain conditions. Corro-
sion risk of pipe transfer lines is an important problem due
to the corrosive properties of the transferred chemical.
Materials such as copper, zinc, and aluminum, which are
frequently used in industrial process lines, carry a risk of
corrosion due to the corrosive nature of ammonia. For this
reason, steel materials that are not affected by the corro-
sive nature of ammonia are used in ammonia transfer lines.
In addition, steel material can be used as building material
for all kinds of cooling materials. However, the use of steel
pipes in large diameters can be more economical.

In ammonia applications, thicker-walled Type 80 is pre-
ferred among steel pipes, which are industrially called
Types 40 and 80. The pipeline used for ammonia transfer
should made out of steel material due to cryogenic condi-
tions involved. The pressure differences of the steel materi-
al at different evaporation temperatures and different pipe
diameters are shown in Table 2.

Multi-stage compressors are used to liquefy ammonia?
at high pressure (17 bar).? Liquefaction operation at this
pressure value cannot be performed in single-stage com-
pressors. However, the use of multi-stage compressors for
compression under high pressure is preferred to compen-
sate for pressure losses in the transfer of ammonia.*

In the ammonia liquefaction process, a multi-stage com-
pressor provides the cryonic ambient conditions (=33 °C,
17 bar), and the liquefied ammonia is circulated in all
transfer lines. The low boiling point of ammonia and its
constant tendency to evaporate cause pressure differences
along the transfer lines. Accordingly, thermal and volumet-
ric changes, material erosion and thus material cracking
may occur within the transfer line. Therefore, in an exergy
analysis made due to these changes in ammonia transfer,
the thermal change in the line length L can be expressed
as follows;

Q =m(1-x)(h,—h,)
where x is expressed as the ratio of the mass of gaseous
ammonia to the total amount of ammonia in the transfer
line. Similarly, h, is the enthalpy value of ammonia in gas
phase, and h, is the enthalpy value of ammonia in liquid
phase, indicates the mass flow rate of the total ammonia
used in this system.

(24)

Accordingly, considering the energy losses in the lines and
the work done by the compressor during the transfer for
the exergy analysis (Fig. 3)

A. 0. GEZERMAN: Industrial Scale Ammonia Pipeline Transfer System and Exergy Analysis, Kem. Ind. 70 (11-12) (2021) 711-716

Table 2 — Steel material optimum capacities (kW) and possible
pressure losses (Pam™") for ammonia transfer

Type 40 steel Evaporation temperature /°C
ipe
Apfpz m-1 | =35 | =25 | =15 -5 5
3/8” 0.87 1.30 2.02 2.6 3.75
Ap 16.61 24.56 31.06 36.84 | 44.78
" 1.42 2.26 3.40 4.53 6.38
Ap 13.72 | 21.67 26.72 32.50 | 39.00
Y 2.19 3.62 5.30 7.11 10.1
Ap 10.83 16.61 20.95 24.56 | 30.34
1”7 3.66 6.17 8.95 12.0 17.0
Ap 9.390 | 14.45 18.06 21.67 | 26.00
2" 9.89 16.3 23.7 31.8 45.4
Ap 2.889 5.056 5.778 7.223 | 8.667
2" 21.6 35.7 51.9 69.6 99.4
Ap 5.056 | 7.945 9.390 | 11.56 | 13.72
37 33.1 54.9 79.6 107 152
Ap 4.334 6.500 7.945 9.390 | 11.56
3% 45.5 75.4 109 147 206
Ap 3.611 5.778 7.223 7.945 | 10.11
4" 57.4 95.0 138 185 264
Ap 3.611 5.056 6.500 7.223 |1 9.390
5” 91.8 152 221 296 422
Ap 2.890 | 4.334 5.056 6.500 | 7.945
6" 136 225 326 438 625
Ap 2.167 | 3.611 4.334 5.056 | 6.500
8” 250 414 601 806 1150
Ap 2.167 | 2.890 3.611 4.334 | 5.778
10” 330 546 792 1062 2129
Ap 0.722 1.445 2.167 2.167 | 2.890
127 607 1005 1458 1955 2791
Ap 1.445 2.167 2.890 | 3.611 | 4.334

anet = Wcomp + Wammoniatank = m(h3 - hZ) + m(1 - X)(hZ - h1 ) (25)
In this equation, x is the ratio of vapour mass to total re-
frigerant mass flow rate at the intermediate pressure of the
cycle. The term (1 — x) refers to the liquid mass ratio of the

. Ammonia tank
Muilti-stage compressor

-33°C -9°C

+5°C

Manifold

Fig. 3 —Transfer mechanism of ammonia between manifold sys-
tem and storage tank
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cycle. However, excess coefficient of performance (COP)
as another efficiency parameter can be calculated as a co-
efficient of performance.?

Therefore, the COP of this system can be determined as
follows:

_Q _ (1=x)(h, —h,)
O = = —h)rmO—x)(h—h) 2O
hy: (T,-T)) (27)
h,: (T,-T,) (28)
hy: (T,-T) (29)
T,=+4+5°C,T,=-33°C, T, = -9°C (30)
m:1th™’ (31)
x: 0.1 (32)

_Q _ (1=x)(h, —h,)
O = = h-h)em—x)(n—h)
COP - (1-0.1)(-38-24) 0945 (34

((24+14)+1(1-0.1)(-14 + 38))

The second efficiency or excessive COP can be calculated

as follows:?
_ QL[TO—O
copo e _ T\ (35)
Wnet Wcomp + Vvtank
T
T-x)(h, —h,))| =% -1
-9t -h){ 1] ”
COP = - =0.914
(h, —h,)+m(1=x)(h, —h,)

However, since the work efficiency in terms of providing
the cryogenic conditions with ammonia is found as 0.945
as a result of the exergy analysis, excessive COP calculation
can be assumed as negligible.

4 Conclusion

During the transfer of anhydrous ammonia, the tendency
of ammonia to evaporate continuously causes tempera-
ture changes in the transfer lines. Since these temperature
changes cause volumetric differences in the transfer lines,
they cause damage to the lines with the corrosive effect
of ammonia. Therefore, material selection is an important
issue in the design of transfer lines due to the cryogenic
environment and corrosive properties. In order to prevent
volumetric differences that may occur in transfer lines, cre-
ating loops along the line has been presented as a solution,
and an exergy analysis of this system has been made and its
thermodynamic results revealed. In this respect, with the
exergy analysis made here, it can be concluded that the
transfer process of ammonia, applying multi-stage com-
pressors, and circulating in ammonia tanks and transfer
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lines, is realized with 94.5 % efficiency. It can be stated
that this result is a very good performance compared to the
thermodynamic systems reported in the literature.

List of abbreviations and symbols

A — pipe cross-section area, m?

Cow  — total cost, USD

COP  — coefficient of performance

CRF - Capital Recovery Factor

DF — depreciation factor

D — pipe diameter, m

Djo  —optimum pipe inner diameter, m

f — Darcy-Weisbach friction coefficient

hiq — enthalpy of liquid ammonia at the
expansion valve inlet, k] kg™

hyap — enthalpy of ammonia at the evaporator outlet, k] kg™

— pipe length, m

m — mass flow rate, kgs™

Ap — pressure loss due to friction in the pipe, Pa or Pam™

Q — volume flow, m?s™!

0) — heat flux, Wm=2

QL — thermal change over unit (L) length, k]

Re — Reynolds number

tan —annual working time, H

X — ratio of ammonia gasified/liqufied along the transfer
line to the total amount of ammonia

% — average flow velocity, ms™'

W — work done in the process, k

qu — amount of heat transfer along length L
and diameter r

19 — pipe outer/inner diameter ratio

p — fluid density, kgm~?

v — kinematic viscosity, m?s™"

s — isentropic efficiency

N — mechanical efficiency

U — dynamic viscosity, kgms™'
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SAZETAK

Cjevovod za transport amonijaka u industrijskom mjerilu
I analiza eksergije
Ahmet Ozan Gezerman

Bezvodni amonijak je najces¢e koristena sirovina u proizvodnji kemijskog gnojiva. U procesu
proizvodnje gnojiva, tijekom transporta bezvodnog amonijaka, tlak i temperatura moraju se drzati
pod kontrolom. Transport i skladiStenje bezvodnog amonijaka zahtijevaju otpornost na kriogene
uvjete. Stoga je za transport amonijaka pozeljno upotrebljavati materijale otporne na takve uvjete.
U ovom je istrazivanju analizirana kineticka energija transporta bezvodnog amonijaka pri krioge-
nim uvjetima (=33 °C) te raspravljena rjesenja predlozena s ciliem minimalizacije problema do
kojih dolazi uslijed izloZzenosti kriogenim uvjetima, poput pucanja i korozije materijala upotrije-
bljenog za izradu sustava za transport i skladistenje.

Kljuéne rijeci

Amonijak, kriogeni uvjeti, viSestupnjeviti kompresor, razdjelnik
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