PIPING AND VALVES

Compressible fluid pressure
drop calculation—isothermal
versus adiabatic

Comparisons are made for eight fluids

F. C. Yu, Jacobs Engineering Group, Inc.,
Houston, Texas

ompressible fluid (gas or vapor) flow in a line is

common in any plant or pipeline. Two ways cal-

culate its pressure drop in line: isothermal or adi-
abatic conditions. Either method involves iterations. In
1943, Lapple developed charts to speed pressure drop
calculation. However, the calculation is very tedious.
Calculating compressible fluid pressure drop can be
done much easier with a computer. However, most cal-
culations are based on the isothermal condition. The dif-
ference between isothermal and adiabatic line pressure
drop calculations for several compressible fluids will be
explored.

Eight fluids were selected for testing: methane,
ethane, propane, a pseudogas, hydrogen, nitrogen, car-
bon dioxide and steam. The pseudogas is 80% (volume)
methane and 20% (volume) ethane.

The system used for pressure drop calculation is a
1,000 ft line of two to 12 in. line sizes. Pressure drop is
calculated at three pressure levels: exit pressure from
the line is fixed at 1,000 psig, 500psig and 50 psig.

Fluid flowrate of all the cases is fixed at 100,000
Ib/hr. Physical properties of each fluid were generated
with a process simulator and shown in Table 1.

Calculation equations. Deriving the equations for
isothermal and adiabatic compressible fluid pressure
drop calculations can be found in the book Chemical
Process Principles, Part I, Chapter 16.1 The derivation
is based on ideal gas. However, it is applicable to any
gas whose compressibility factor is independent of tem-
perature and pressure. After rearrangement, the pres-
sure drop equation for isothermal compressible fluid is
shown in Eq. 1. It is the same equation shown in Crane
Technical Paper No. 410.2 The adiabatic compressible
fluid pressure drop calculation equation is shown in Eq.
2. It is in a similar but more complex form of Eq. 1.
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where w is fluid flowrate in Ib/s; g is gravitational
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line inlet and outlet in 1b/ft3; A is line cross sectional
area in ft2; fis the line friction factor; L is line length in
ft; and po is the fluid pressure at line inlet and outlet in
psia and % is the average isentropic exponent.

dq and dy are calculated by:

For the isothermal pressure drop calculation, Eq. 1
is used to back-calculate p; by iteration for a fixed
flowrate, w, line length, L, line diameter, D, and fluid
outlet conditions, pg, T, z9. For isothermal calculation,
line temperature is constant throughout the line
(Ty=T)). Fluid inlet density, dy, is updated by Eq. 3a at

dy=p, M)/ (21 (R)(Ty) (83a)  each iteration using updated p;. It is assumed that fluid
inlet and outlet compressibility factors are the same
dg=pg (M) /(29 (R) (T3)) Bb)  (z1=29).

where M is the fluid molecular weight, z; and z, are
fluid compressibility factors at line inlet and outlet, T,
and T are fluid temperatures at line inlet and outlet in
°R and R is the gas constant, 10.731 psi(ft3)/(1b
mole)(°R).

Comparing Egs. 1 and 2, it is obvious that Eq. 2, the
adiabatic pressure drop calculation equation, is more
complicated than Eq. 1, the isothermal pressure drop
calculation equation. It is interesting to note that Eq. 2
isreduced to Eq. 1 when k=1, T, =T and z; = z,.

In this article, line inlet pressure, py, is back-calcu-
lated from the outlet line pressure, py. Once the inlet
pressue is known, pressure drop through the line can be
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For adiabatic pressure drop calculation, Eq. 2 is used
to back-calculate p; by iteration for fixed w, L, D and
fluid outlet conditions, py, Ty and z,. Average isentropic
exponent, k, and d; have to be updated at each iteration.
d; is updated by Eq. 3a using updated p;, T and z;.
Line outlet density, ds, is calculated using Eq. 3b. It is
not changed during the iteration calculation.

Line friction factor, £, is calculated based on a corre-
lation developed by Churchill.? To be conservative, it
is calculated based on fluid condition at line outlet.

Results.
Effect of using different line segments. A 1,000
ft line is divided into one, two, three and six equal
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length segments. The pressure drop calculation is then
applied to each line segment. Adding the pressure drops
of each segment gives the total line pressure drop. Cal-
culation results for hydrogen and steam at three pres-
sure levels using isothermal and adiabatic methods are
shown in Table 2.

For the high-pressure case, selected line sizes are 3,
4 and 6 in. For the middle-pressure case, selected line
sizes are 4, 6 and 8 in. For the low-pressure case,
selected line sizes are 6, 8 and 10 in. for steam. For the
hydrogen low-pressure case, selected line sizes are 8,
10 and 12 in. to avoid sonic flow at 6 in.

Examining Table 2, the following are observed: (Fluid
velocity and Mach number in Table 2 are based on line
outlet conditions).

1. For hydrogen, increasing the number of line seg-
ments causes pressure drop to increase for the high-
pressure case. The degree of pressure drop increase
will decrease as the line pressure decreases. (For
methane, ethane, propane, pseudogas and carbon diox-
ide, it is observed that at the middle-and/or low-pres-
sure level, line pressure drop decreases as the number
of line segments increases.) For steam, increasing the
number of line segments causes pressure drop to

decrease at all pressure levels. This observation is true
for either isothermal or adiabatic pressure drop calcu-
lations.

At a fixed pressure level, the pressure drop increase
or decrease is reduced as line size increases.

2. Pressure drop increase or decrease is reduced as
the number of line segments increases. The largest
pressure drop change happens with two line segments.
For three or six line segments, pressure drop change
is reduced. This is true for either isothermal or adia-
batic pressure drop calculations.

For example, for high-pressure hydrogen, 3 in. line,
isothermal case, using two line segments, total line
pressure drop increases 41.33 psi over using one line
segment. Using three line segments, total line pres-
sure drop increases by 13.33 psi (54.66 — 41.33) over
the two line segment total line pressure drop. This
pressure drop of 13.33 psi is much less than 41.33 psi.
Using six line segments, total line pressure drop
increases 12.79 psi (67.45 — 54.66) over the three line
segment total line pressure drop. Again, this pres-
sure drop difference (12.79 psi) is much less than
41.33 psi.

For high-pressure hydrogen, 3 in. line, adiabatic
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case, pressure drop increases using two, three and six
line segments are 27.7 psi, 9.99 psi, and 10.38 psi.
Again, the largest pressure drop increase happens using
two line segments.

3. The largest change in pressure drop calculation
happens for high-pressure hydrogen and steam, 3 in.
line using six line segments. For hydrogen, it is 67.45
psi (2.39%) for the isothermal calculation and 48.07 psi
(1.62%) for the adiabatic calculation. Percentages shown
in parentheses are based on the pressure drop calcu-
lated using one line segment as shown in Table 2. For
steam, the pressure drop decrease using six line seg-
ments over one segment is —4.25 psi (-0.55%) for the
isothermal calculation and —1.53 psi (-0.20%) for the
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adiabatic calculation.

Compare isothermal and adiabatic pressure
drop calculations. Results of isothermal and adia-
batic pressure drop calculations are listed in Table 3
for eight different fluids. Each pressure drop calculation
is obtained by dividing a 1,000 ft line into six equal line
length segments.

Examining Table 3, the following are observed:

1. For methane, hydrogen and nitrogen, the calcu-
lated adiabatic pressure drop is larger than the calcu-
lated isothermal pressure drop at high- and middle-
pressure cases. At low pressure, the calculated adiabatic
pressure drop is slightly less than the calculated
isothermal pressure drop.



For ethane, propane, pseudogas and carbon dioxide,
the calculated adiabatic pressure drop is larger than
the calculated isothermal pressure drop only at the
high-pressure cases. At middle and low pressures, the
calculated adiabatic pressure drop is less than the cal-
culated isothermal pressure drop.

For steam, the calculated adiabatic pressure drop is
less than the calculated isothermal pressure drop at
all pressure levels.

2. At high pressure (discharge at 1,000 psig), the cal-
culated adiabatic pressure drop is greater than the cal-
culated isothermal pressure drop for all fluids except
steam. The average percentage difference between adi-
abatic and isothermal pressure drop is 34.0% for
propane, 9.6% for ethane, 9.0% for carbon dioxide, 6.6%
for pseudogas, 6.0% for methane, 4.9% for nitrogen,
3.0% for hydrogen and —2.0% for steam. The percentage
difference in pressure drop is based on the isothermal
pressure drop calculation.

At middle pressure (discharge at 500 psig), the cal-
culated adiabatic pressure drop is greater than the cal-
culated isothermal pressure drop for methane, hydro-
gen and nitrogen. The absolute difference and
percentage difference between the two pressure drop
calculations are smaller than the high-pressure val-
ues. The average percentage difference between adia-
batic and isothermal pressure drop is 2.3% for nitro-
gen and 1.0% for methane and hydrogen.

For ethane, propane, pseudogas, carbon dioxide and
steam, the calculated adiabatic pressure drop is less
than the calculated isothermal pressure drop. The aver-
age percentage differences between adiabatic and
isothermal pressure drops are ~19.1% for propane, —
9.1% for ethane, —2.3% for steam, ~1.6% for carbon diox-
ide and —1.4% for pseudogas.

At low pressure (discharge at 50 psig), the calculated
adiabatic pressure drop is less than the calculated
isothermal pressure drop for all the fluids. The absolute
difference and percentage difference between the two
pressure drop calculations are smaller than the mid-
dle-pressure values. The average percentage differ-
ences between adiabatic and isothermal pressure drop
are —4.9% for propane, -3.3% for ethane, —2.0% for car-
bon dioxide, —1.9% for hydrogen, —~1.7% for steam and
pseudogas, —~1.3% for methane and ~0.6% for nitrogen.

Factors affecting line pressure drop calcula-
tion. Three fluid properties: average isentropic expo-
nent, k, temperature, T}, Ts, and compressibility fac-
tor, 21, 25, are selected for studying their effect on the
isothermal and adiabatic pressure drop calculations.

Effect of average isentropic exponent. Average
isentropic exponent is only used in the adiabatic pres-
sure drop calculation. From Table 1 it is found that
average isentropic exponent is high for hydrogen and
low for propane. Adiabatic pressure drops of methane,
propane, hydrogen and steam are calculated at three
pressure levels by setting average isentropic exponent
to 1.0. Results are tabulated in Table 4.

From Table 4 it is found that for high isentropic expo-
nent fluids, such as hydrogen, reducing % to 1.0
increases pressure drop slightly. For low isentropic
exponent fluids, such as propane, reducing % to 1.0 has
no effect on the pressure drop calculation.

Effect of temperature update. In this article, for
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either isothermal or adiabatic pressure drop calcula-
tions, inlet conditions py, T and 2, are back-calculated
from the outlet conditions. Once the inlet conditions
are calculated, they are used as outlet conditions for
the next line segments. Therefore, temperature is
updated at each line segment. The effect of ignoring
this temperature update is studied by setting the tem-
perature the same as the line exit temperature at each
line segment pressure drop calculation.
High-pressure propane is selected for this study. The
result of study is shown in Table 5. From Table 5 it is
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found that without update temperature at each line
segment, calculated isothermal or adiabatic pressure
drops are about the same. Compared to isothermal pres-
sure drops with temperature updates at each line seg-
ment, they are slightly smaller for smaller lines (3 in.,
4 in.) and are the same for a larger line (6 in.).

Effect of compressibility factor. The effect of com-
pressibility factor on isothermal or adiabatic pressure
drop calculations is studied by setting the compressibil-
ity factor to 1.0 in the pressure drop calculation. From
Table 1 it is found that compressibility factor is high for
hydrogen and low for propane. Both isothermal and adi-
abatic pressure drops of methane, propane, hydrogen
and steam are calculated at three pressure levels by set-
ting compressibility factor to 1.0.
Results are tabulated in Table 6.

From Table 6 it is found that for
high-pressure propane, calculated
isothermal pressure drops are about
2.2 times larger than when using
actual compressibility factor. For adi-
abatic pressure drops, they are about
2.5 times larger for middle-pressure
propane. As pressure is reduced, the
overprediction of pressure drop by
setting compressibility factor to 1.0
is reduced. Therefore, setting com-
pressibility factor to 1.0 may lead to
very conservative pressure drop cal-
culations for low compressibility fac-
tor fluids at middle or high pressure.

Discussion.

1. For steam, pressure drop calcu-
lated using one line segment is
slightly larger than the ones calcu-
lated with two or more line segments
for either isothermal or adiabatic cal-
culations. This is true for all three
pressure levels.

For the other seven fluids at high
pressure, increasing the number of
line segments increases either isother-
mal or adiabatic pressure drop.
Degree of pressure drop increase will
decrease as the line pressure
decreases. As the line pressure fur-
ther decreases, the line pressure drop
may decrease instead of increasing.

The largest pressure drop increase
using six line segments over one line
segment is found for hydrogen at
2.39%. The largest pressure drop
decrease using six line segments over
one line segment is found for steam
at —0.55%.

If 2.5% error in pressure drop cal-
culation is acceptable, using one line
segment for either isothermal or adi-
abatic pressure drop calculation is
adequate. In general, dividing the
line to more segments does not
change the total pressure drop very
much especially at low pressure.



2. For methane, ethane, propane, pseudogas, hydro-
gen, nitrogen and carbon dioxide, the following are
observed by comparing isothermal and adiabatic pres-
sure drop calculations:

At high pressure (1,000 psig), the calculated adiabatic
pressure drop is larger than the calculated isothermal
pressure drop. The average percentage difference in
pressure drop calculations ranges from 34.0% to 3.0%.

Therefore, at high pressure, it is more conservative
to calculate line pressure drop using the adiabatic equa-
tion than the isothermal equation for methane, ethane,
propane, pseudogas, hydrogen, nitrogen and carbon
dioxide.

At middle pressure (500 psig), the calculated adia-
batic pressure drop is larger than the calculated isother-
mal pressure drop for methane, hydrogen and nitrogen.
The average percentage difference in pressure drop cal-
culations ranges from 2.3% to 1.0%. For ethane, propane,
pseudogas and carbon dioxide, the calculated adiabatic
pressure drop is less than the calculated isothermal pres-
sure drop. The average percentage difference in pres-
sure drop calculations ranges from -19.1% to ~1.4%.

Therefore, at middle pressure, it is more conservative
to calculate line pressure drop using the adiabatic equa-
tion than the isothermal equation for methane, hydro-
gen and nitrogen, and it is more conservative to use
the isothermal equation to calculate line pressure drop
for ethane, propane, pseudogas and carbon dioxide.

At low pressure (50 psig), the calculated adiabatic
pressure drop is less than the calculated isothermal
pressure drop. The average percentage difference in
pressure drop calculations ranges from —4.9% to —0.6%.

Therefore, at low pressure, it is more conservative
to use the isothermal equation to calculate the line
pressure drop. Flare header systems usually operate
at low pressure. Therefore, the isothermal equation
can be used for their design.

3. For steam, the isothermal equation provides a
more conservative pressure drop calculation at all pres-
sures than using the adiabatic equation by about 2%.

4. In this article Eq. 1 is used for the isothermal line
pressure drop calculation and Eq. 2 for adiabatic line
pressure drop calculation. Since the adiabatic condi-
tion is closer to the real operation in line, it is expected
that the adiabatic pressure drop calculation with more
line segments is closer to the real line pressure drop.
However, field data are required to confirm this spec-
ulation.

5. The effect of isentropic exponent on adiabatic pres-
sure drop caleulations is weak. The isentropic exponent
value of a fluid is about 1.01 to 1.4, By setting isentropic
exponent to 1.0, calculated pressure drop is about the
same as using the actual isentropic exponent.

6. The effect of compressibility factor on either
isothermal or adiabatic pressure drop calculations is
large, especially for the high- or medium-pressure gas
which has a smaller compressibility factor. Setting the
compressibility factor to 1.0 (ideal gas), calculated pres-
sure drop may be 2.5 times larger than using the actual
compressibility factor.

7. For lines that have elbows, tees, reducers, various
valves, or other fittings, replace f./ D in Egs. 1 or 2 with
K+ Ko+ ... +K, +fL/D). K, Ko +. .., K, arethe excess
head loss for the first, second, . . ., and nth fitting.

NOMENCLATURE

A line cross-sectional area, ft2
dy,dy  fluid density at inlet and outlet of line, 1b/ft3
D line inside diameter, ft
Dp differential pressure, psi
DP; isothermal pressure drop, psi
DP,  adiabatic pressure drop, psi
DP,  calculated pressure drop using x line segments, psi
line friction factor
gravitational constant, 32.174 ft/sec?
average isentropic exponent
excess head loss of nth fitting in line
line length, ft
molecular weight of fluid or Mach number
pz inlet and outlet line pressure, psia
gas constant, 10.731 psi(ft3)/Ibmole/°Rankin
Ty inlet and outlet line temperature, “Rankin
fluid flowrate, lb/sec
fluid compressibility factor at line inlet and outlet
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