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Figure 1: Functional Schematic of an Inlet Pressure Regulator
Showing the Different Forces Involved

Equating the opening and closing forces together:
FS + Fatm = Frs + FPl + FPZ
ksDX:L + Pathl = krsDXZ + PlAs + PZAJ.

The assumption is that the displacement on the load
spring and the return springs are equal (Dx;=Dx,=Dx)
and solving for the outlet pressure:

Dx(ks - krs)- H.ASE_I_ Patm
A 0

Also, assuming that the return spring is used only to
close the valve in the absence of pressure (k.s@):

é
P=g
e

— éDst B Fi'%l\il

P=g———0%Pumn
e A 0

Where: ks=spring rate or strength of load spring
kis=spring rate of valve return spring
Dx=displacement on spring to create load
A;=area of diaphragm

As= area of valve seat

Pi=inlet pressure

P,=outlet pressure

The end result shows that the outlet pressure (P2) is directly
affected by the local atmospheric pressure conditions. For a
given regulator set point (described in the equations as the
spring displacement (Dx), the outlet pressure will go up or
down directly with a change in atmospheric pressure.

Precision pressure regulators are widely used in analytical
and medical instrumentation systems in conjunction with
needle valves or flow restrictions such as precision orifices.
In the case of an orifice or needle valve the volumetric and
mass flow rates are respectively expressed as:

Q = KA2 v (Pinlet - Poutlet)

m:)inlet (Pinlet - Poutlet )b

m = KA? ¢ s
e T 2
Where: K = orifice or valve constant

A = effective flow area
Pinet = inlet pressure to orifice or valve
Poutet = OUtlet pressure to system

Q = volumetric flow

M = mass flow rate

As can be seen by the previous relations, any change in the
inlet pressure of an orifice will change the flow. In the case
of analytical instrumentation that need very low flows (<100
cc/min), a change of reference or atmospheric pressure of 2-
3 psi can cause a flow change of 10-30%, which requires that
regulator or needle valve is adjusted. This change can occur
when precision flow devices are operated at different
locations or in pressurized atmospheres.

Electronic Flow Controllers

Although flow sensors in electronic mass flow control
technology, such as thermal and Coriolis mass flow
controllers, are not directly affected by changes in outlet or
atmospheric pressure, they are all calibrated using external
flow devices, called flow standards. These calibrations are
performed under specific conditions that can be affected by
changes in atmospheric pressure. In addition, different flow
sensor/controller designs can have other design related
effects that are dependent on pressure.

The most common type of MFC'’s used to today for flows less
than 100 liters/min are the thermal mass flow controllers.
Thermal MFC’s use thermal sensing devices that measure
changes in temperature that are dependent on flow rate.
The thermal sensor (usually comprised of two filament wires
wrapped around a small capillary tube) is supplied a constant
power from an electrical power source (there are actually



constant power and constant temperature types of thermal
sensors).
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Figure 2: Thermal Flow Sensor Schematic
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Figure 2 shows a rough schematic of a thermal mass flow
sensor. Using the thermodynamic relation of specific heat, a
mass flux can be calculated:

q=mC,DT
m=—
C,DT

g = the heat loss to the gas flow

(i.e. power supplied to the thermal
sensing filaments)

Where:

M= The mass (molar) flow rate
of the gas

C, = gas specific heat
DT = temperature change

Some of the flow is forced through this flow sensor capillary
tube by creating a pressure differential. Figure 3 shows the
schematic of the functional parts of a thermal flow controller.
The pressure differential is created by the bypass, which
commonly comprises of a bundle of capillary tubes
(sometimes an orifice or similar restriction is used). Since
the majority of flow goes through the bypass, it is essential
that ratio of capillary flow and bypass flow remain constant
for all flow rates. If not, then the MFC will not control flow
properly.

In calibration, the thermal sensor output is compared against
an externally measured flow rate using a flow or calibration
standard, which is another high-accuracy flow meter. The
sensor supplies a feedback signal to a logic circuit that then

supplies a proportional signal (either an amplified electrical
current or voltage) to an electromechanical valve, which
throttles the flow. The sensor/valve combination is tuned or
calibrated by measuring the flow rates with the flow standard
and then making adjustments to the scaling circuitry until a
desired flow rate is obtained. This entire calibration process
is performed with a carefully controlled inlet pressure as well
as the controller venting to the local atmospheric pressure.
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Figure 3: Schematic of a Thermal MFC

Since the thermal sensor is designed to measure mass, it
ideally should be relatively independent of pressure changes.
Most MFC manufacturers quote a pressure coefficient that is
very small (commonly 0.01% change (or better) in flow per
psi change in pressure). Most MFC manufacturers also state
a standard pressure drop at which the controller was
calibrated. If the local atmospheric pressure varies a
substantial amount from calibration conditions, there is the
possibility that the controller will be generating a flow error;
which could be caused by:

@ Changes in the flow split ratio between the bypass
and the flow sensor. Dependent on the quality of
the bypass design.

@ Changes in solenoid valve flow characteristics with
a changing pressure differential across it.
Dependent on the valve design.

@ Changes in pressure causing heat transfer
mechanisms in the flow sensor to change. Does not
usually provide a high magnitude of error.

Some thermal MFC manufacturers also state a percentage in
controller error when the controller is mounted in a vertical
position as opposed to a horizontal one. This error is caused
by an effect called thermal siphoning. This is when
convection currents are generated around the bypass/sensor
due to the heating and subsequent cooling of the gas when it
passes through the heated sensor. Figure 4 shows a
representation of this effect. If the inlet pressure increases,
the gas density increases which in turn, increases the
magnitude of the convection currents. Thermal siphoning






