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This paper presents an analysis of working parameters of the pressure-powered
pump. Mathematical models for determining the pump filling and discharge peri-
ods were developed and statistically compared to experimental results. The statisti-
cal parameters of the final correlation between here presented mathematical model
and experimental results are in the acceptable range. Pump characteristics are
presented in the common manner: in the form of the pump head vs. capacity dia-
gram.

Key words: pressure-powered pump, pump working cycle, filling period,
discharge period, condensate recovery

Introduction

A device designed to move liquids using the energy of pressurized air, inert gas or
steam is called a "Pressure-Powered Pump" (PPP), “pressure motive pump® or “motor-less
pump” [1]. This device enables flow of the liquid (primary fluid) by using the secondary fluid
(steam, pressurized air or inert gas), which fills the pump volume periodically. In other words,
the secondary fluid functions like a piston or a membrane, which pump the primary fluid.

The working cycle of the PPP has two phases (fig. 1): the filling or intake period and
discharge or exhaust period. During the filling period liquid (primary fluid) enters the pump ves-
sel through an inlet check valve. The float moves upward, while the exhaust valve is opened. Af-
ter having achieved high liquid level( HLL) the float-actuated device opens the secondary fluid
valve and closes the exhaust valve. The secondary fluid enters the pump volume; the pressure
within the vessel rises and enables the liquid from the vessel to flow through the outlet check
valve. When the liquid level drops to low liquid level (LLL) the float closes the secondary fluid
valve and opens the exhaust valve, so the next cycle can start. The mechanism of PPP enables re-
liable operation under variable operating conditions as non-electric, seal-less, and mainte-
nance-free pumping device [2, 3].
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Figure 1. The working cycle of a PPP (arrows denote the flow of fluids and direction of the moving
of the float)

When the liquid pressure in the suction side of the pump is low or near by the satura-
tion pressure, the centrifugal pumps can be exposed to cavitation. These scenarios include the
following: transport or drainage of condensate in the pipelines, pressure or vacuum vessels,
manholes, pits, swimming pools, wells, efc. For these cases, it is useful to consider using of PPP
instead of centrifugal pumps, as the cavitation problems can be avoided.

According to the Directive 2010/31/EU of the European Parliament and of the Council
of May 19, 2010, on the energy performance of buildings, the new buildings occupied and
owned by public authorities have to be nearly zero-energy buildings after the end of 2018, and
after the end of 2020 all new buildings will be nearly zero-energy buildings (Article 9) [4].

The growth of energy consumption of HVAC systems is particularly significant: 50%
of building consumption and 20% of total consumption in the USA [5]. The modern PPP with a
precisely balanced working cycle can be used as energy saving devices [6]. This is especially
prominent for the condensate return lines since the PPP does not need electrical energy to pump
the condensate. Instead, the steam that is already available in the facility is used to pump the
condensate back to the boiler [1, 7-10]. Implementation of a condensate recovery system is a pri-
mary energy saving attempt. With this investment an owner can obtain 10 to 20% of potential
energy savings in a building [11, 12]. As condensate has two to four times higher temperature
than that of the makeup water, the energy savings can be realized by returning condensate to the
boiler. This is recommended in cases when condensate is not contaminated in the process. Also,
the lost of “blowdown water” in the steam boilers will be lower. Therefore, the following energy
savings can be considered due to [7]:

— less consumption of the boiler fuel as less energy is need to convert the condensate to steam,
— less consumption of water treatment chemicals, and
— lower costs of boiler feed-water supply.

The condensate recovery systems find their implementation in HVAC systems, as ad-
ditional sources of water for the cooling towers. For instance, the condensate from the cooling
coils could be collected and pumped back into the cooling tower make-up water pipeline [13,
14].
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The PPP can also be used for pressure maintenance in heating system installations (ex-
pansion tanks) and for the pressure rise in the water supply systems. Using of PPP can be also
beneficial in hazardous areas, or in cases of transport of aggressive and/or flammable liquids
[15].

As pump manufacturers usually provide a set of capacity curves for their pumps when
handling water at different temperatures [7, 16], the designers, field and plant engineers have to
rely on available tabulated data or diagrams. On the other hand there are practically none tran-
sient data regarding PPP cycles [17]. The aim of this paper is to validate the established mathe-
matical model of a PPP cycle by using unique experimental results and to explain the main
working features.

The experimental set-up and measuring method

There are many companies worldwide that
manufacture PPP; some of them are widely
known and some operate only on a small scale
(national markets). For our experimental inves-
tigation we used the PPP “Elephant” manufac-
tured by the Serbian company “Traco” from
Belgrade [18].

This study was conducted in order to corre-
late the duration of the working cycle with the

working conditions such as the pressure of the ,
p S

secondary fluid and pump head. The experi-
mental set-up is schematically presented on fig.
2. The primary fluid was water and the second-
ary fluid was compressed air from a compressor Figure 2. Experimental set-up
(1). Water was introduced into the pump vessel
(2) by gravity from a tank (3). After the filling
period the water from the vessel was pushed, by compressed air, back to the tank (3). Valve (4)
was used for water flow rate regulation. The diameters of the inlet pipeline were: DN25, DN40,
DN50, and DN80. The diameter of the outlet pipeline was DN 50. The compressor was con-
nected to the pump vessel by a 9 mm diameter hose.

The following values were measured during the experiments:
h, [m] is the water level in tank, /4, [m] — the water level inside the pump, p, [bar] — the gauge
pressure of compressed air, 7; [s] — the duration of filling period, 7, [s] — the duration of dis-
charge period, and Ap [bar] — the the pump head (outlet pipe resistance).

Ninety eight experimental runs were conducted and working parameters during the ex-
perimental work were as follows:
— the pressure of compressed air was 2-6 bar,
— the pump head was up to 6 bar,
— the maximal flow rate (pump capacity) was up to ¥ =9 m3/h,
— the height of the water level in the tank was 4, = 880-3000 mm, and
— the absolute pressure in the pump vessel was between atmospheric pressure (1 bar) and 2.5

bar.

Duration of characteristic PPP periods was measured by chronometer watch, pressures
were measured using manometer with Bourdon tube (class 0,6), and the heights of the water
level were measured by simple metre with millimeter scale.
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Modeling of the PPP cycle

As explained before, the working cycle of the PPP “Elephant” consists of the filling
period and discharge period, so parameters for these two phases have been analyzed separately.
Modeling of the pump filling period
Mathematical modeling of the pump filling period

The process of filling of the pump vessel is presented on fig. 3.
Based on the equation of continuity it follows:

wed, =wedy =w A, @)

where w, [ms™'] is the discharge velocity of the

o A Tankh tank, 4, [m?] — the area of the cross-section of
e [ o — the tank, w, [ms~!] - the velocity of water in the
__________ ' pump vessel, 4, [m?] — the cross-sectional area
----- of the pump vessel, w;[ms™'] — the water veloc-
_____ h FEP ity in the inlet pipe, and A; [m?] — the cross-sec-

bl | =---- dh A tional f the inlet pipe:

T by | P ional area of the inlet pipe:

A

“““ } == nd?
sosed Tl A = 2
| C — = @)

W Py and d; [m] is the inlet pipe inside diameter.
Based on Bernoulli's equation it follows:

Figure 3. Schematic representation of the pump

filling process pw? pw?

+p, +pgh= + P, +Aps (3)

and the mass balance equation is:
wededry =—A,dh, = A,dh, 4)

where p [kgm™] is the density of water, p, [Pa] — the absolute pressure in the tank (atmospheric

pressure), g =9.81 m/s? is the gravitational acceleration, 4 [m] — the difference between the wa-

ter levels in the tank and in the pump, p,, [Pa] — the absolute pressure in the pump vessel, Ap,

[Pa] — the pressure drop in the inlet pipeline, and £, [m] — the water level in the pump vessel.
The pressure drop in the inlet pipeline is:

L pws pw?
AP =| fr L +K; |—L=C; L 5
Ploss [ff df fj 2 f 7 ( )

where C;is the coefficient of the overall flow resistance, f; — the friction factor, K;— the local re-
sistance coefficient, and L; [m] — the length of inlet pipe.
The water velocity through the inlet pipeline is:

2
2gh+—(p, — pp)
Wy = P (6)
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The change of the fluid level height in the tank and the pump is:

~dh=~dh, +dh, (7
from where follows:
4,
1+—2

T

so the differential equation for filling time is:

2 2
4 cf{Af] (4]
A, 4, A,

A 2
1+ 2gh+—(p, —p,)
A p

T

The difference between water levels in the tank and in the pump is LLL [m] at the start
of'the filling period [z = 0], and HLL [m] at the end of the filling period [z = 7], so after solving
the eq. (9) the duration of the filling period is:

2 2
Tf:\/g f ! \/LLL.FM-\/HLL.}-M (10)
g 1A rg rg

Analysis of experimental results for the pump filling period

The experimental results obtained during the pump filling period were analyzed using
the least squares method, taking into consideration the derived theoretical eq. (10). Monitoring
of pump behavior showed that the suction duration depends on the compressed air pressure, so
this parameter was included into the correlation:

e ‘/hr+—p‘_pp —‘/hr—ou?)—pr_pp o2 (11)
pg pg

C oot . . .
where 7 é [s] is the correlated duration of the filling perl(?d Table 1. Values of parameter C and
and p, [bar] is the gauge pressure of the compressed air. ¢ RMSD for eq. (1)

Water level height in the tank 4, was measured from the

axis of the inlet pipeline. According to measurements, the DN . LD, [
parameter C depends on the diameter of the inlet pipeline 25 252 10.69
and on the type of the check valve. The experimentally 40 133 11.92
determined values for the constant C and the root-mean 50 49 1230
square deviation (RMSD) are given in tab. 1, and correla-

tion field is presented in fig. 4. 80 40 788
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Figure 4. Measured vs. experimental filling
time data during the filling period of the pump
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Figure 5. Measured vs. calculated discharged
period data during the pump discharge period
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Figure 6. Correlation field for the complete
PPP working cycle

VE(p,)=00248 +000152p,  (12)

where VpC [m?] is the correlated filling volume.
The RMSD of the pump intake volume is 0.89%.

Statistical modeling of the pump
discharge period

Based on the statistical analysis of the experi-
mental results, the following equation for the dis-
charge duration period was obtained:

43 —Tp. +067p?
TS — Pe P (13)

n

Ap

where 7 [s] is the correlated discharge period
and Ap [bar] is the pump head. The correlation
field for the discharge duration period is shown
in fig. 5. The RMSD of the pump intake volume
is 7.80%.

Analysis of the complete working
cycle of PPP

The working cycle consists of the filling and
discharging period. The total duration of a work-
ing cycle is:

T, =Ty + 74 (14)

and the correlated time of the working cycle is
calculated using eqgs. (11) and (13)

¢ =1¢ +1§ (15)

The correlation field for the total duration of
the working cycle is presented in fig. 6. The
RMSD of the correlated and measured values is
5.82 %.The diagram in fig. 7 shows all measured

working cycles in the form of a pump head vs. capacity diagram. Pump capacity ¥ [m*h!] is the
discharge flow rate reduced to the complete PPP working cycle.
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Conclusions

cap oD
N s GO
EEEEE

Th PPP working cycle consists of two periods:
the filling (or intake) and discharge (or exhaust) pe-
riod. In the present paper, an analysis of both work- ] T B Lo B e o O T
ing periods of PPP was analyzed through experi- v T T a
mental work and mathematical modeling. 2
Correlations for each period were established in or-
der to connect the process variables of PPP. L I O 8 I I

Experiments and mathematical modeling pre- ' v w.;%i'q’@ 7 O ]
sented in the paper, as well as the statistical analysis 12 a3 4 5§ 3
of correlations, was the basis for establishing the di- Vimh~)
agram of PPP h@ad vs. capacity. Since the statistical g gure 7. PPP head vs. capacity diagram —
parameters are in the narrow and acceptable range,  measured values
presented modeling adequately describes the work-
ing cycle of the PPP and it can be used further on for
research of other types of PPP.

Generally speaking there are three cases that govern the PPP selection for the engi-
neering application:
— the pump capacity (¥, [m*h']) is determined on

Ap [bar]
=

the basis of the required pump head and . ' ' 1T '

flui E‘ Fp.=6bar " Tsucion pipeline DNSO

| Disch: line DNSO |
secondary fluid pressure, . ' LI Discrarge ppeline D50
— the pump head (Ap, [bar]) is determined on the < Tank pressure 1 barA

basis of the required pump capacity and

secondary fluid pressure, and
— on the basis of pump head and pump capacity

engineer should determine the pressure of the
secondary fluid (p,, [bar]).

Manufacturers and suppliers of th PPP provide
diagrams or tabulated data that are used by design- Og————%
ers, plant or field engineers. These diagrams are
generated from the experimental results, which are Figure 8. PPP head vs. pump capacity

post-processed as presented in this paper. The ex- diagram from a manufacturer's catalog [18]
ample of the final diagram form is presented in fig.

8.

5
V[m*h]

The main benefit of modeling presented in this paper is the following.

It provides the description of experimental set-up for PPP cycle analysis.

The simplified research basis (mathematical modeling) is suitable for any engineer that has
to analyze the working cycle of any PPP pump.
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Nomenclature
A, — cross-sectional area of the tank, [m?] A — cross-sectional area of the inlet pipe, [m’]
A, — cross-sectional area of the pump C — parameter

vessel, [m?] Cy — overall flow resistance coefficient
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ds — suction (inlet) pipe inside diameter, [m] Ap.ss — pressure drop in the inlet pipeline, [Pa]
I — friction factor RMSD - root-mean square deviation

g — gravitational acceleration, [ms ] 14 — pump capacity, [m°h"']

HLL - high liquid level height, [m] v, — filling volume, [m’]

water velocity in the inlet pipe, [ms ']

h — difference between the water levels in the W -
tank and in the pump, [m] wp — water velocity in the pump vessel, [ms ']
h, — water level in the tank (measured from W, — discharge velocity of the tank, [ms™']
, the axis of the inlet pipeline), [m] Greek symbols
) — water level in the pump vessel, [m]

K — local resistance coefficient P — density of water, [kgm ]

LLL  — low liquid level height, [m] T — time, [s]

L — length of inlet pipe , [m] T4 — duration of discharge period, [s]

Pe — gauge pressure of the compressed air, T¢ — duration of filling period, [s]

[bar] 7, — total duration of a working cycle, [s]

P — absolute pressure in the pump vessel, [Pa] .

pf — absolute pressure in the tank, [Pa] Superscript

Ap — the pump head (outlet pipe resistance) C — correlated
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