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HIGHLIGHTS

» A simple criterion is given to determine if a compressed saturated vapour condenses.
» Equations are given to estimate the degree of superheating to avoid liquid formation.

» The compressor’s isentropic efficiency is taken into account.

» Examples are provided, and comparison is made with rigorous simulation.
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A very simple criterion is derived to determine whether pure saturated vapours will be superheated or
partially condensed when compressed, taking the isentropic efficiency of the compressor into account.
The only fluid information that is required is the compressor suction (saturation) temperature, and the
ideal gas heat capacity and enthalpy of vaporisation (latent heat) at that inlet temperature. In cases
where partial condensation occurs, this approach allows for the estimation of minimum degrees of
superheat required prior to compression to ensure that no liquid formation takes place. The approach
relies on conditions where ideal gas behaviour can be assumed; as a rule of thumb, the method should
not be applied at T/T. > 0.6.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

When a saturated vapour is compressed isentropically, it may
become superheated, or it may partially condense; which of these
two outcomes will occur depends on the properties of the fluid
being compressed and—to a lesser degree—on the compressor
efficiency [1-8]. It is imperative to avoid any condensation, as lig-
uid formation in the compressor can rapidly damage the equip-
ment by erosion [3,8].

One major use of compressors is in heat pumps, which have
a wide range of industrial uses, typically in energy-saving configu-
rations, and in refrigeration cycles. In refrigeration cycles, or in other
heat-pumping techniques with closed loops, the working fluid is
independent from the main process itself, and there is a wide range
of fluids that can be chosen to best suit the process requirements in
terms of physical properties and economic considerations [1,7,9].
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However, in heat pump applications such as vapour recom-
pression distillation [4,10—12], or in heat-integrated distillation
columns [13,14], the fluid to be compressed cannot be independ-
ently chosen; moreover, the compressed fluid is a saturated vapour
in these applications, and it is invaluable to know whether con-
densation will occur, and if so, how much superheating of the
compressor suction vapour is required to avoid this.

To answer the first question, Patwardhan [3] developed a cri-
terion to determine whether isentropic compression will lead to
superheating or partial condensation. This criterion requires the
saturated inlet compressor temperature, the fluid’s liquid heat
capacity, and its latent heat as a function of temperature. Pat-
wardhan [3] also proposed replacing the latter with a correlation
requiring the acentric factor and the critical temperature. With
the assumption of liquid incompressibility, the criterion is as
follows:
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where

- 350P),,

Eq. (1) requires the liquid heat capacity, Cﬁ, while Eq. (2) requires
the saturated compressor suction temperature, Tp, and the
temperature-dependent latent heat, A.

Patwardhan [3] suggested the use of a correlation in Reid et al.
[15] to obtain § as a function of acentric factor, w, and critical
temperature, T¢:

T —0-646 T,
g = 7.08 (1 - Tc) (—0,646 + T)

T -0.544 T,
+ 10.95w<1 - i) <7o.544 + TC) (3)

This work proposes an alternative to Patwardhan’s [3] method;
it uses only the ideal gas heat capacity and latent heat, both eval-
uated at To. Therefore, neither the temperature dependence of A,
nor w, nor T¢ is required. It also allows for the inclusion of the effects
of the compressor’s isentropic efficiency. Lastly, equations are
derived for the estimation of suction superheat required to ensure
no condensation in the compressor.

2. Theory and derivation
2.1. Isentropic and non-isentropic compression

An ideal gas, when compressed isentropically from pressure
Po to Py, experiences an increase in temperature from Ty to some
temperature Ty jsentropic; the relationship between these tem-
peratures and pressures can easily be deduced, assuming con-
stant Cj:
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If the compressor is not perfectly isentropic, its efficiency, 1, can
be taken into account, again assuming constant CI‘JG:

n= Ws‘isentropic _ H],isentropic - HO _ T],isentropic - TO (5)
Ws«,actual H],actual - HO Tl - TO
Tl,isentropic = U(T1 - TO) +To (6)

where T; is the actual exit temperature from the compressor.
Substituting Eq. (6) into Eq. (4):
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The vapour pressure curve describes the pressures and tem-
peratures at which a substance is saturated; if, at a given pressure,
the fluid’s temperature exceeds the saturation temperature, the
fluid is superheated. The Clausius—Clapeyron equation is useful for
relating a known point on the saturation curve to one at a similar
temperature assuming constant A:

() - 4-2)

If a new variable is defined as t = 1/Ty, and the logarithm of Eq.
(7) is taken, the following is obtained:
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and using 7 in Eq. (8) gives:
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First, the assumption is made that the saturated vapour be-
comes superheated on compression. If, for a given compressor
pressure ratio (P1/Pp), T in Eq. (9) is lower than the t in Eq. (10), the
assumption was correct, and the compressed vapour will indeed be
superheated. Otherwise, if the opposite is found to be true, then the
compressed fluid must be condensed. This is represented graphi-
cally in Fig. 1, for benzene (partially condensed) and propylene
(superheated), with plots of Egs. (9) and (10). Note that in the case
of condensation, the actual compression profile runs along the
saturation line; the representation of isentropic compression in
Fig. 1 assumes that only vapour exists. If it enters the liquid region,
it means that the assumption is incorrect. Furthermore, propylene
was included in this plot, and treated as an ideal gas for illustrative
purposes; in reality, it does not approximate an ideal gas at these
conditions.

Since both equations pass through Ty and Py, it is sufficient to
compare their gradients at that point to determine whether con-
densation will occur. Eq. (10) is a straight line, and its gradient is
already known to be —A/R. For Eq. (9), the gradient can be
found by taking the derivative of In(P;/Py) with respect to t to
obtain —CI',GTOn /R. Therefore, the proposed criterion is, very simply:

CTon < A (superheated) C°Ton > A (partially condensed)
(11)

Because only the gradient at Ty is considered, and CI‘,G and A are
evaluated at that temperature, it can be shown that the only as-
sumptions in Eq. (11) are that the gas is ideal and that the specific
volume of the saturated liquid is negligible in comparison with the
specific volume of the saturated vapour. Both of these are reason-
able assumptions far from the critical point.

Durandet [9] implicitly presented a similar criterion to Eq. (11),
but the derivation is based solely on the fluid properties and can
therefore not take into account the compressor’s efficiency.

2.2. Superheating before compression

If it is found that the saturated vapour condenses on com-
pression, the issue can be circumvented by superheating the inlet to
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Fig. 1. Plot of In(P;/Py) as a function of 7 for propylene (superheated on isentropic
compression) and benzene (condensed on isentropic compression).
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