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MEASUREMENT OF SMALL VALUES OF HYDROSTATIC PRESSURE WITH THE COMPENSATION
OF ATMOSPHERIC PRESSURE INFLUENCE

POMIAR MALYCH WARTOSCI CISNIENIA HYDROSTATYCZNEGO Z KOMPENSACJA WPELYWU
CISNIENIA ATMOSFERYCZNEGO

Knowledge of pressure distribution (or differential pressure ) determines the fluid flow description
through the porous medium. In the case of big Reynolds numbers it is not difficult, but for laminar flows
(i.e. for Re numbers Bear, 1988; Duckworth, 1983; Troskolanski, 1957) from the scope 0.01 to 3) this
description is virtually impossible on the basis of the tools available on the market. The previous study
(Broda & Filipek, 2012) focused on the difficulty of measurement in the case of small differences of
pressure and suggested a new original method for the measurement. A new unit for the measurement was
constructed consisting of two separate measurement containers. Then the measurements were conducted,
which necessitated temperature stabilization of the device and compensation of the atmospheric pressure
influence on the measurement process.

This paper presents the results of the continuation of research concerning the methods and equipment
for the measurement of very small pressure differences. The paper includes also the experience gained
from the new measurement unit, which was presented in figures 1-5 subsequently presenting the concept
of measurement of small values of hydrodynamic pressure with compensation of atmospheric pressure
influence fig. 1; illustration presenting the state corresponding to the case of the lack of flow through the
tested item fig 2; state corresponding to the fluid flow through the tested item fig. 3; then the description
of the measurement of pressure drop on the tested item fig. 4 and the measurement methodology (relations
(1) — (20)). Picture of the measurement unit and its components — fig. 5.

Furthermore, the authors present an exemplary measurement series and focus on the method of
measurement and data processing — tables 1-8 and figures 6-8.

Table 4 presents the comparison of the measurement unit used in the previous research (Broda &
Filipek, 2012) and the new one — presented in the paper. It should be noted that the structure has been
simplified and the measurement accuracy has increased.

Keywords: small values of differential pressure, measurement, filtration, manometers

Znajomo$¢ rozktadu cisnienia (lub roznicy cisnien) determinuje opis przeptywu ptynu przez osrodek
porowaty. W przypadku duzych liczb Reynoldsa nie nastrgcza to wigkszych trudnosci, lecz dla przeptywow
laminarnych (tj. dla liczb Re (Bear, 1988; Duckworth, 1983; Troskolanski, 1957) z zakresu 0.01 do 3)
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jest to praktycznie niemozliwe w oparciu o dostgpne na rynku przyrzady. Przyczyny powodujace taka
sytuacj¢ zostaly omowione w poprzednim opracowaniu (Broda i Filipek, 2012), w ktorym zwroécono
uwagg na trudno$ci pomiaréw zwigzane z napigciem powierzchniowym czy wloskowatoscia (Adamson,
1997). Zaproponowano (Broda i Filipek, 2012) nowa, autorska metod¢ pomiaru bardzo matych réznic
ci$nien oraz skonstruowano odpowiednie stanowisko sktadajace si¢ z dwoch oddzielnych zbiornikow
pomiarowych oraz przeprowadzono pomiary. Z przeprowadzonych badan (Broda i Filipek, 2012) wyni-
kata konieczno$¢ zastosowania stabilizacji temperatury urzadzenia oraz kompensacji wptywu ci$nienia
atmosferycznego na proces pomiarowy.

Niniejsza publikacja przedstawia wyniki kontynuacji badan nad metodami i aparatura do pomiaru
bardzo matych roznic ci$nien z uwzglednieniem zdobytych doswiadczen, w oparciu o nowe stanowisko
pomiarowe, ktorego zasadg dziatania i budowg przedstawiono na rys. 1-5, kolejno przedstawiajac koncep-
cj¢ wykonania pomiaru matych warto$ci ci$nienia hydrodynamicznego z kompensacja wptywu ci$nienia
atmosferycznego rys. 1; ilustracjg obrazujaca stan odpowiadajacy przypadkowi braku przeptywu ptynu
przez badany obiekt rys. 2; omawiajac stan odpowiadajacy przypadkowi przeptywu ptynu przez badany
obiekt rys. 3. Kolejno omowiono stan odpowiadajacy pomiarowi spadku ci$nienia na badanym obiekcie
rys. 4 oraz przedstawiono metodyke pomiaru (zalezno$ci (1) — (20)). Zdjgcie stanowiska badawczego
oraz jego elementow ilustruje rys. 5.

W dalszej czg$ci artykutu autorzy przedstawiaja przyktadowa serig¢ pomiarowa zwracajac uwagg na
sposOb prowadzenia pomiarow oraz opracowywania wynikow tabele 1-3 oraz rysunki 6-8.

W tabeli 4 przedstawiono porownanie stanowiska pomiarowego uzywanego w badaniach poprzed-
nich (Broda i Filipek, 2012) oraz nowego — prezentowanego w artykule. Nalezy zwroci¢ uwagg na duze
uproszczenie budowy stanowiska przy znacznym wzroscie doktadnosci pomiarow.

Stowa kluczowe: mate warto$ci réznicy cisnien, pomiary, filtracja, manometry

Knowledge of pressure distribution (or differential pressure) determines the fluid flow
description through the porous medium. In the case of big Reynolds numbers it is not difficult,
but for laminar flows (i.e. for Re numbers (Bear, 1988; Duckworth, 1983; Troskolanski, 1957)
from the scope 0.01 to 3) this description is virtually impossible on the basis of the tools avail-
able on the market. Therefore, a lot of research has concerned medium velocity distribution
which penetrated the intended medium (Bear, 1988) or pressure distribution at high hydraulic
gradients (Trzaska & Broda, 1991; Trzaska & Broda, 2000; Trzaska et al., 2005). This situation
resulted from the lack of access to suitable measurement methods facilitating the measurement
of very low pressure (Duckworth, 1983; Troskolanski, 1957). It is possible technically to build
such a sensor (Raymond 1997, 1998) but the solutions which have been used so far, are used for
gas medium measurement, e.g. Askania (Filek et al., 1990). The causes of this situation were
discussed in the previous paper (Broda & Filipek, 2012), where the difficulties of measurement,
resulting from surface tension or capillarity, were pointed out (Adamson, 1997). A new original
method (Broda & Filipek, 2012) was proposed to measure very small differences of pressure
and a suitable unit consisting of two separate measurement containers was constructed. Then
the measurement was conducted. This innovative method of small hydrostatic differential pres-
sure measurement facilitates the measurement of hydrostatic differential pressure with accuracy
up to 0.5 Pa. It was also possible to considerably limit the phenomenon of hysteresis (Broda &
Filipek, 2012). It was also suggested that the accuracy of measurement should be extended by
one order, which entails temperature stabilization of the tool and compensation of atmospheric
pressure influence on the measurement process.

This paper presents the results of the research continuation concerning the methods and
equipment for measurement of very small differential pressure with experience taken from the
new measurement unit, the function and structure of which was presented below (Fig. 1-5).
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Fig. 1. Diagram of the unit for small value of hydrodynamic pressure measurement
with compensation of atmospheric pressure influence

Figure 1 presents the idea of measurement of small values of hydrodynamic pressure
with compensation of atmospheric pressure influence. In the diagram, three elements can be
distinguished: the item being tested, the pump and the measurement tool. The pump generates
differential pressure which facilitates the fluid flow through the tested item. The difference is
measured with the measurement tool, which consists of two measuring containers marked 1 and 2
in the Fig. 1 and a pressure gauge.
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Fig. 2. Lack of fluid flow through a tested item

Let us consider the situation when there is lack of fluid flow through a tested item. When
the pump is on, pressure AP is to be generated, flow intensity Q is to equal 0 (v = 0). If we apply
the second Kirchhoff’s law in hydrodynamic perspective (Cross method) (Gabryszewski, 1973),
which says that algebraic sum of the pressure loss in every closed loop (network loop) is equal
to 0, the situation (Fig. 2) can be described in the following way:

YP,,=0 =AP-P, —P,+P,+P, =0 =AP=P, —P, (1)

2

Taking into account the relation on hydrostatic pressure (p = pgh), (1) can be presented in
the following way:

AP:PHI—Pszngl—ng :pg(Hl_HZ) @)
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As aresult, when AP = 0, which is equivalent to Q = 0 (v =0) for the pump out of operation,
we get H; and H,values being equal to each other and we can present it in the following way:

AP=0=H=H, = H, 3)

Fig. 3. Case of fluid flow through the tested item

If the pump is switched on (AP > 0, Q > 0), it will cause, according to (1)-(3) — that H,
fluid height value will increase above H value and H, will decrease. Assuming that these two
containers are identical, we can present that difference as 4° parameter

H =H+h

=h =H~-H=H-H, )
Hy=H-I

Mass exchange between the containers will take as long as (2) condition obtains. The result
will look as follows:

AP = pg(H,~H,)= pg(H +h° —H +h°) = 2pgh (5)

AP depends on the difference of levels of free surface in both containers. In a steady state
AP value will be equal to the equal value of pressure drop on the tested item.

Let us now install a tool for differential pressure measurement in the system presented in
Fig. 3 as it was presented in Fig. 4. In a steady state, when there is no exchange of mass between
the two containers, equation (1) looks as follows:

2Fppy =0=AP-P; —F,-P+F,+F,;, =0 (6)

After the transformation:
AP=Py; —b; +P 7
Fluid height value in the first container will increase and in the second container it will de-

crease above H value analogously as in the first case (Fig. 3). However, since measurement tool
generating pressure drop P was applied, difference between H; and H, will not be as significant
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Fig. 4. State corresponding to the measurement of pressure drop on the tested item

as in the case discussed previously. Assuming that these two containers are identical, we can
present this difference as 4! parameter and then we can present the relation to determine AP:

AP:pg(Hl—H2)+P=pg(H+hl—H+hl)+P=2pghl+P (8)
Let us compare equations (5) and (8)
AP =2pgh’ =2pgh' + P )

We should not forget that in steady state AP value will be equal to the pressure drop on
the tested item and it is the value we try to determine by the applied measurement tool which
measures P value. Unfortunately, as it can be concluded from relation (9), it is not possible to
determine accurately of AP because of 2pgh' segment.

By introducing proportion parameterb defined as:

hl
=— 10
B 0 (10)
we will obtain
2pgh’ =2pgh' + P => P =2pgh’ —2pgh' = P =2pgh’(1- ) (11)

where f parameter is always below 1. For # =1 (h° = h") the measured pressure P = 0, which
corresponds to the lack of measurement tool (Fig. 3 and Fig. 4).

After the transformation

P

AP=—"
-5 (12)

we achieve the relation that enables us to determine AP. However, this result is inconvenient
from the engineer’s point of view. In order to determine the assigned value, we have to know
[ parameter value, which is the function of the measured value. It would be more convenient
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to design the tool for small value measurement of hydrodynamic pressure in such a way that
parameter value would be small enough to be omitted.
AP-P
AP

B= (13)
The form of equation (13) suggests us the way of solving the problem. It expresses the
definition of relative error in metrology and statistics (Szydtowski, 1978).
Every measurement tool has its so-called accuracy class which determines acceptable error
of the measured value, which is marked as K. Therefore it may be assumed that real measure-
ment error K. will amount to

K,.=K+p (14)

If we assume that § will be many times smaller than K, then the real influence of S param-
eter on real measurement error is to be neglected. The relation will be marked with n parameter:

n=£<<l (15)

Then the real error will amount to
n<<l=K, =K(l+n)~K (16)

The relation given above (15), conditioning bon the class of the applied measurement tool,
is crucial. If § value will be greater than the class of the tool, the measurement error will be
greater than the class of measurement tool. In such a case, the application of this tool would not
be economically viable.

In order to build a measurement tool for small values of hydrostatic differential pressure one
should know the maximum volume that should be pumped into the tool (e.g. differential pressure
transducer) and the volume should correspond to the maximum pressure measured P,,,. Let us
assume that this parameter is marked as V), and equal to:

v, =Sh' (17)

where S is the surface of one measurement containers (two identical containers) and A' is the
height of elevation or drop of free surface of fluid in measurement containers (Fig. 4).

By substituting equation (17) to (10, 13) and implementing relation (15), we can determine
the surface S of 1 and 2 containers,

- pg— 2 (18)

If we want to keep the measurement error resulting from the tool geometry below 0.001
AP,.x, then S should be determined from the following relation:

v
5 >1000pg —2 (19)
AP

max
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Assuming additionally that hydrostatic pressure for water is measured, S can be determined
from the following relation:

) Vp[cmS] 20
S[m 129,81—Apm[Pa] (20)

Air pressure change in a closed space in 1 and 2 measurement containers under the influence
of atmosphere may occur only as a result of air temperature and pressure change (Gorniak &
Szymczyk 1999, Szargut 1997). However, in such a case cooling or heating and pressure influence
occurs in both discussed environments. Regardless of the air volume change in 1 and 2, measure-
ment vessels under the influence of atmosphere AP (Fig. 4) remains unchanged in accordance
with (6) — similarly as § does. Therefore, we obtain a method of measurement for small values
of hydrostatic pressure with compensation of atmospheric pressure influence.

Fig. 5 shows a laboratory unit for the measurement of small values of hydrostatic pressure
with compensation of atmospheric pressure influence. Individual elements of the unit were
marked with subsequent letters: A — tool for the measurement of small values of hydrostatic
pressure; B — calibrated feeler gauges for standard values of hydrostatic pressure; C — registering
gauges: value of hydrostatic pressure, atmospheric pressure, fluid temperature (manometric),
air temperature over the free surface of the fluid; D — laptop for data storage; E — power supply.

Fig. 5. Laboratory unit for measurement of small values of hydrostatic pressure
with compensation of atmospheric pressure influence

Measurement process has been shown on the example of one completed measurement se-
ries. Table 1 presents assigned values of level difference of water and corresponding measured
parameters of the medium for the series of 15 completed measurements. The symbols mean the
following respectively:

H — (difference of water levels assigned with feeler gauge in measurement containers,
AH — feeler quality (error);
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TABLE 1
Assigned values
Measurement | H | AH | T ATy T AT, P Ap Pigsgn. | APugsgn.
No mm | mm | °C °C °C °C kg/m® | kg/m® Pa Pa
00 23.2310.05| 0.5 |23.33]10.05| 0.5 | 997.50 |0.00125
01 23.07|0.04| 0.5 [23.16]0.04 | 0.5 | 997.54 | 0.00125
02 1.00 ] 0.01 |22.90| 0.05| 0.5 |22.99]0.05| 0.5 | 997.58 |0.00125| 9.79 | 0.098
03 0.5010.01 122.72|0.05| 0.5 {22.80|0.05| 0.5 | 997.62 |0.00125| 4.89 | 0.098
04 1.50]0.02 12271 0.05| 0.5 |22.76|0.03 | 0.5 | 997.63 |0.00125| 14.68 | 0.196
05 2.0010.02 122.80|0.02 | 0.5 {22.88]0.01 | 0.5 | 997.60 |0.00125| 19.57 | 0.196
06 2.50]0.0322.82|0.00| 0.5 |2291|0.01 | 0.5 | 997.60 |0.00125| 24.47 | 0.294
07 3.000.0412290|0.02| 0.5 |22.93]0.02| 0.5 | 997.58 |0.00125| 29.36 | 0.392
08 3.50]0.0422.98|0.03| 0.5 |23.02]0.03| 0.5 | 997.56 |0.00125| 34.25 | 0.392
09 4.00| 0.05|23.03|0.01 | 0.5 |23.04|0.01 | 0.5 | 997.56 |0.00125| 39.15 | 0.490
10 4.50 | 0.05[23.03|0.01 | 0.5 |23.04|0.05| 0.5 | 997.56 | 0.00125| 44.04 | 0.490
11 5.00]0.06 123.01]0.02| 0.5 |23.01]0.03| 0.5 | 997.56 |0.00125| 48.93 | 0.588
12 0.2510.01 122.91|0.03 | 0.5 {22.90|0.03 | 0.5 | 997.59 |0.00125| 2.45 | 0.098
13 0.75]0.01 |22.71|0.08 | 0.5 [22.71|0.08 | 0.5 | 997.63 | 0.00125| 7.34 | 0.098
14 22.1612.54 | 0.5 [22.47]0.04| 0.5 | 997.72 {0.00125
T, — water temperature in measurement containers, A7 — standard deviation and mea-
surement tool error;
T, — air temperature over water level in measurement containers, A7, — standard devia-
tion and measurement tool error;
p — water density for assigned measurement temperature; Ap — density error calculated
with exact differential;

Psen — hydrostatic pressure corresponding to / (calculated in accordance with the relation
P sqn = pgH) telation; AP, — pressure error calculated with exact differential
method.

TABLE 2
Measured values

Measurement Py, AP, Pcasured AP yeusured Pya APy AP
No Pa Pa Pa Pa Pa Pa Pa
1 2 3 4 5 6 7 8
00 2.488 0.037
01 3.608 0.062
02 3.677 0.086 13.581 0.055 9.904 0.140 0.500
03 3.704 0.081 8.809 0.034 5.106 0.114 0.500
04 3.679 0.085 18.302 0.059 14.624 0.144 0.500
05 3.773 0.074 23.121 0.095 19.348 0.169 0.500
06 3.815 0.069 27.878 0.066 24.063 0.135 0.500
07 3.822 0.087 32.788 0.066 28.965 0.153 0.500
08 3.857 0.095 37.431 0.052 33.574 0.147 0.500
09 3.861 0.109 42.283 0.087 38.422 0.196 0.500
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TABLE 2. Continued
1 2 3 4 5 6 7 8
10 3.878 0.105 47.186 0.110 43.308 0.215 0.500
11 3.901 0.153 51.694 0.082 47.793 0.235 0.500
12 3.603 0.054 6.431 0.049 2.828 0.104 0.500
13 3.379 0.100 10.973 0.017 7.594 0.117 0.500
14 2.477 0.064

The first step in measurement involved reference measurement P,.; thenheight H was as-
signed and finally P,,.;,r.q Was determined and finally Py,; = P,easured — PropWas calculated — the
most important value in our measurements. For the said values, standard deviation was calculated
AP, AP yeqsureds APpyq- The last column in Table 2 shows the error of measurement increase
AP. The manufacturer declares that within a year, with constant pressure measurement, the er-
ror should not exceed 0.5 Pa. However, since the measurement was made with relations to the
assigned pressure value with a given accuracy, the error was determined with standard deviation
(measurement tool calibration).

Fig. 6 shows itemized measurements and corresponding reference pressure values P,and
measured pressure P, q..¢ during measurement process. What should be noted is that pressure
value jump in A occurs when the system starts up, the measurement tool is switched on, and is
equal to the pressure value at the moment when the system is stopped (B). Whereas, as it can be
seen in Fig. 6, reference pressure of the whole measurement is constant.
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12:00:00 13:12:00 14:24:00 15:36:00 16:48:00 18:00:00 19:12:00 20:24:00 21:36:00
time [h:m:s]

Fig. 6. Chart of the measured pressure value in time
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Fig. 7 Chart of the measured pressure value in time for selected pressure value

TABLE 3
Calibration of measured values
Item | Measurement No Passen Pina A P ina A

Pa Pa % Pa %
1 12 2.45 2.83 15.59 2.51 2.52
2 03 4.89 5.11 4.34 4.85 0.82
3 13 7.34 7.59 3.45 7.41 1.01
4 02 9.79 9.90 1.19 9.79 0.06
5 04 14.68 14.62 0.39 14.65 0.2
6 05 19.57 19.35 1.16 19.52 0.3
7 06 24.47 24.06 1.65 24.37 0.4
8 07 29.36 28.97 1.35 29.42 0.19
9 08 34.25 33.57 1.98 34.16 0.27
10 09 39.15 38.42 1.85 39.15 0.02
11 10 44.04 43.31 1.66 44.18 0.33
12 11 48.93 47.79 2.33 48.80 0.27

Table 3 shows the measurement results ordered in accordance with the assigned pressure
value P, measurement results from Table 1 and a corresponding percentage difference:

Py =Py
A= BT 100% 1)

assgn
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Then, the chart: P, — Ppyg = f(Pygsen)- For the marked points regression line was deter-
mined (Fig. 8).

P sen values (tab. 1, tab. 3) were substituted to the obtained regression equation and PZyd
and A" (table 3) was achieved.

The obtained results are significantly more accurate estimates of the measured differential
pressure. It can be concluded from the said measurements that if we assign differential pressure,
we make the part of the fluid flow between the containers (Fig. 4), which entails that real dif-
ferential pressure in 1 and 2 containers is smaller than the assigned one.

Loo | : {7 (Pauign) = 0.0295 Prsuga— 0.4031 =
R?=0573 =

—

Pusgn- Piya [F2]
:
]
4
X

000 ///
930 /:r/ o
040 g

000 1000 000 30,00 4000 50.00 6000
Passgn [P0]

Fig. 8. Chart of P, — Py, relation to P, value

For the small values of differential pressure, the obtained measurement error is the smallest
since the measurement time was too short to determine the pressure value. In big jumps (Fig. 6)
it may be omitted, but in small jumps a short measurement time significantly affects the occur-
rence of error (Fig. 7).

Concluding, the method devised on the basis of earlier tests and the measurement unit built
on the basis of the method has a simpler structure: only one pressure transducer was applied
without a very complicated operational system and without an additional module for reference
pressure function. However, the implementation of atmospheric pressure compensation and
of atmospheric temperature compensation in two identical measurement vessels significantly
increased the accuracy and reliability of measurements.

Table 4 shows the comparison of the previous (Broda & Filipek, 2012) and the new method
of measurement of small values of hydrostatic pressure.

The results of our research presented above are successful and outline next steps of the
development of measurement method.
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TABLE 4
Comparison of the old and new method of small values of hydrostatic pressure
Old method
(Broda & Filipek, 2012) New method
Measurement of difference . .
Measurement method of . Direct measurement of difference between
. between free surfaces with
hydrostatic pressure two free surfaces
reference to reference pressure.
Number of pressure transducers Two One
Operation system Very complicated None
Additional module for reference
. Present None
pressure function
Influence of atmospheric pressure Vital Compensation of atmospheric pressure
on measurement accuracy influence with two measurement vessels
Influence of temperature Vital Compensation of atmospheric temperature
on measurement accuracy influence with two measurement vessels
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