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Calculating the installed flow and gain of a
control valve
A simple process model based on the principle that piping

pressure losses are approximately proportional to flow squared
is presented.

Jon Monsen

Courtesy of Valin E)orporation_

When specifying a control valve, there are several tasks involved. First,
the style of valve must be selected. This is often based on a combination
of process parameters (such as pressure, temperature, corrosiveness of
the media and abrasive properties), plant preference and economics.
Next, the valve’s inherent flow characteristic (linear or equal percentage)
needs to be selected. There are rules of thumb for selecting the inherent
characteristic. For example, some authorities suggest a linear
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characteristic for systems that have very little dynamic pressure losses
due to short pipe runs and few other pressure-consuming elements, such
as isolation valves, elbows, heat exchangers, etc. For a system with long
pipe runs and other pressure-consuming elements, an equal percentage
valve is suggested.

The specifier must also have criteria in mind for how much of the valve’s
control range should be used during normal operation. For example, it is
often recommended that the valve be between about 60% to 80% open at
the maximum required flow to provide sufficient, but not excessive,
safety factor and, whenever possible, not much less than 20% open at the
minimum required flow to avoid unpredictability of the flow
characteristic below 10% opening. Once it is determined what valve style
will be used, one of the many available valve sizing computer programs
can be used to perform sizing calculations.

Two tools that can help the specifier in their selection of a valve are
graphs of the installed flow characteristic and installed gain: of all the
valves that are being consideration for the application. Figure 1 shows
the installed flow characteristic and installed gain for two possible valve
selections (segment ball valves, which have an equal-percentage inherent
flow characteristic) for the same application and where the process
includes long pipe runs and a centrifugal pump. The 6-inch valve will
control the full required flow range of 80 to 550 gpm over a travel range
of 10% and a bit over 40% open, only 30% of its full travel capability,
making flow quite sensitive to valve position changes. There is not much
safety factor at the low end, and there is a lot of wasted flow capacity
beyond the maximum flow of 550 gpm that is costly and unnecessary.

The 3-inch valve will control the full required flow range between about
22% open and about 72% open, 50% of its full travel capability, making
flow less sensitive to valve position changes. The minimum and
maximum specified flows are symmetrically placed on the valve’s
installed flow characteristic, and there is about the same amount of
safety factor at each end of the specified control range.
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Figure 1: Sample control valve installed flow and installed gain characteristics comparing two valves
in the same system. Emphasis added to show the portion of the graphs that fall within the user's

specified flow range between minimum and maximum required flow of 80 to 550 gpm.Courtesy of Valin
Corporation

Typically, installed flow characteristics are graphed as relative flow
versus relative travel as shown in Figure 1. That flow is graphed on a
scale of 0 to 1, that is, from zero flow to 100% of the fully open flow, and
valve travel is graphed on a scale of 0 to 1, that is, from fully closed to
fully open. This graph gives a good visual representation of how linear
the flow versus valve travel is and where the required flow range fits on
the valve’s range of travel. What is missed with graphing relative flow is
the relative slopes of the installed flow graphs of the valves being
considered. If the two valves on the installed flow graph had been
graphed with a vertical scale of gpm (or kg/h), the 6-inch valve’s graph
would be much higher at 100% open (1.0% relative travel) and its slope
would be much steeper.

Graphing the installed gain gives a different aspect to the installed
behavior of a control valve and puts valves of different sizes and different
styles on the same footing where they can be examined and compared.
The gain of any device is defined as the rate of change of the output
divided by the rate of change of the input. For a control valve, the input
is the valve position, and the output is the flow through the valve. On the
installed gain graph, the flow scale is shown as a relative flow with the
reference point being the user’s specified maximum required flow rate.
The user’s maximum specified flow rate is referred to as Qmax.



In Figure 1, 1.0 on the Q/Qmax scale represents the example’s maximum
specified flow of 550 gpm, and 0.4 on the Q/Qmax scale represents 220
gpm. This is done so that that valves of different styles and sizes can be
directly compared with each other.

Extremely low gains are undesirable because a low gain means when the
valve moves, the flow does not change very much. It might not be so
obvious why high gains are undesirable. An audio amplifier with a high
gain may be desirable. But control valves are mechanical devices and, as
such, parts that move while in contact with each other tend to stick when
not moving. If a valve, because it tends to stick when not moving, can
only be positioned within 2% of the desired position, and it has a gain of
4, the flow can only be adjusted within 8% steps, which may not be
desirable. One valve manufacturer recommends the following gain
criteria for installed gain within the specified flow range:

. Gain > 0.5

. Gain< 3.0

« As constant as possible

« Asclose to 1.0 as possible

« Gain (max) / Gain (min) < 2.0

The reason for limiting the change in gain within the required flow range
to 2 to 1 is so that it will be easier to tune the controller for stable and fast
response throughout the required flow range.

In addition to using the installed flow and gain analysis for comparing
different valve sizes, it can be useful in comparing different valve styles
in the same system. Suppose one has settled on a 10-inch segment ball
valve for an application. The purchasing agent may point out that a 10-
inch high performance butterfly valve would be much more economical.
Segment ball valves typically have a close-to-perfect equal-percentage
inherent flow characteristic, while high-performance butterfly valves
have an inherent flow characteristic that is between linear and equal
percentage. So, which one would be the best choice? It really depends on
the system. A system with significant dynamic losses might be better
controlled by the segment ball valve, but a system with intermediate
dynamic losses might be better controlled by a high-performance



butterfly valve. An installed flow and gain analysis could help in making
the choice.

Some globe valves tend to have less-than-perfect inherent linear or
equal-percentage inherent flow characteristics. Would an eccentric
rotary plug valve be a good choice for a particular system?

A simple process model for creating installed flow and gain graphs is
presented here. The method is based on the principle that piping
pressure losses are approximately proportional to flow squared. This
process model is only valid for fully turbulent flow and should be treated
as an approximation.

To illustrate the method, it has been implemented here in Microsoft
Excel. The author’s Excel worksheet is shown here divided into three
tables. Tables 1 through 3 show sufficient detail so that anyone with
experience with Excel should be able to implement a working Excel
sheet. Alternately, the user could implement the method in their
preferred programming environment. The method involves using one’s
preferred control valve sizing software in conjunction with values of P1
and either P2 or Delta P calculated by the process model based on flow
rates entered by the user in D25 of Table 1.

A ] 8 ] ¢ | oD | E] F L ¢ ] #H [ 11 J | K ] L
Name of cell  User inputs and
to the right Calculated formulas

9 IMinimum design flow Qmin 80 USER INPUT

L
El

10 JMaximum design flow Qmax 550 USER INPUT

11 JValve inlet pressure at minimum design flow P_1_minQ 56.7 USER INPUT

12 Jvalve inlet pressure at maximum design flow P_1_maxQ 46.7 USER INPUT

13 Jvalve pressure drop at minimum des. flow DELTA_P_minQ 32 USER INPUT

14 |valve pressure drop at maximum des. flow DELTA_P_maxQ 20 USER INPUT FORMULAS

15 |Vvalve outlet pressure at minimum design flow P_2_minQ 24,7 INTREMEDIATE CALC  =P_1_minQ-DELTA_P_minQ
16 JValve outlet pressure at maximum design flow P_2_maxQ 26.7 INTREMEDIATE CALC  =P_1_maxQ-DELTA_P_maxQ
17 |P1 change between P_1_minQ and P_1_maxQ dp_up 10 INTREMEDIATE CALC  =P_1_minQ-P_1_maxQ

18 JUpstream system resistance factor R_up 3.38E-05 INTREMEDIATE CALC  =dp_up/{{@max*2-Qmin*{2))
19 |P2 change between P_2_maxQ and P_2_minQ dp_dn 2 INTREMEDIATE CALC  =P_2_maxQ-P_2_minQ

20 |Downstream system resistance factor R_dn 6.75E-06 INTREMEDIATE CALC  =dp_dn/{{Qmax*2-Qmin~2)
21 JUpstream system press drop at min flow dpup_minQ 0.2161 INTREMEDIATE CALC  =R_up*Qmin~2

22 |Downstream system press drop at min flow dpdn_minQ 0.0432 INTREMEDIATE CALC  =R_dn*Qmin*2

25 |Given flow Q_i 766 USER INPUT

27 |P1 at this iteration flow rate P1_Qi 37.10 CALCULATED RESULT =P_1_minQ@-{Q_i*2*R_up)+dpup_minQ
28 |Delta P at this iteration flow rate DELTA_P_Qi 8.48 CALCULATED RESULT =P1_Qi-P2_Qi
29 |P2 at this iteration flow rate P2 Qi 28.62 CALCULATED RESULT =P_2_minQ#{Q@_i*2*R_dn)-dpdn_minQ

Table 1: Process model. Courtesy of Valin Corporation



The sample calculations in Tables 1 through 3 are based on the system
depicted in Figure 2. A static analysis of the system produced the
pressure values shown in the table and shown graphically. The
calculations are based on analyzing a 3-inch segment ball valve, which
has an equal-percentage inherent flow characteristic.

Because there is a significant amount of piping involved in the system, it
turns out that the installed flow characteristic is close to linear.

Flow Pp Pipe P1 Pipe P2
m sia | Loss sia | Loss sia | AP
adtl s wp) | P |(down)| P
80 56.8 0.1 56.7 0.05 24.7 32
550 51.7 5 46.7 2 26.7 20
P1=56.7
[
- P1=46.7
Q
o 32
2 20
(V]
o R
Y — J_Ez_;;s'i
P2=24.7 -
0 100 200 300 400 500 600 700 800 =% Inherent
Flow, gpm characteristic

Figure 2: System used in the example installed flow and gain calculations.Courtesy of Valin Corporation /
Segment valve graphic courtesy of Neles.

The Ap used in the sizing calculation cannot be arbitrarily specified
without regard for the actual system into which the valve will be
installed. What must be kept in mind is that all of the components of the
system except for the control valve (pipe, fittings, isolation valves, heat



exchangers, etc.) are fixed, and at the flow rate required by the system (to
cool a hot chemical to a specified temperature or maintain a specified
level in a tank), the pressure loss in each of these fixed elements is also

fixed.

Only the control valve is variable, and it is connected to an automatic
control system. The control system will adjust the control valve to
whatever position is necessary to establish the required flow and thus
achieve the specified temperature, tank level or whatever. At this point,
the portion of the overall system pressure differential (the difference
between the pressure at the beginning of the system and at the end of the
system) that is not being consumed by the fixed elements must appear
across the control valve.

Making the calculations

In Table 1, based on the process model, flow entries in cell D25 will yield
values of P1, P2 and delta P (the pressure drop across the control valve)
at that flow. The only flow entry in D25 that requires any major effort on
the user’s part is the flow when the valve being considered is fully open.
This requires some simple guess work.

A good first guess would be to enter the specified required maximum
flow increased by 10%. Using that first guess of flow, enter it into D25.
Also, enter that flow guess along with P1 and either P2 or Delta P
calculated in column D for that flow into your preferred control valve
software and observe what percentage of valve travel the sizing program
returns. The goal is to refine your flow guess (entered into the process
model and the valve sizing program) until the valve travel is as close as
possible to 100%.

Enter this fully open flow into the worksheet (shown in Table 2), cell

L35, and then fill in row 35 with all the remaining flows. (Fully open flow
X relative flow.) This could be done with simple formulas or manually.
Also, complete column L with P1 and Delta P from the process model and
CV and relative travel from your valve sizing program. The rest of the



tabulated data can be filled in using the process model and your sizing
program.

A | B | [+ | D | E | F Il ¢ | H ] 1] J | x | L

31 Fully

| 32| Open
33 Tabulated Data for Installed Flow graph Flow
34 |(1) Relative flow, Q 0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
35 |(2) Flow = Relative flow X Flow @ h=1.0 0.0 76.6 153.2 229.8] 306.4 383] 4596| 536.2| 612.8] 6894 766|
36 |(3) P1 56.72 56.12] 55.13 53.75] 51.96] 4978] 47.21] 44.23] 4087| 37.10|
37 |(4) DeltaP 32.02 31.31] 3012| 28.45] 26.31| 23.70] 20.61] 17.04[ 13.00 8.48|
38 |(5) Cv 0.0 135 274 42.1 58.2 76.5 98.2 126 165 232 418]
39 |(6) Relative travel, h 0.0 0.217 0.327] 0413] 0.487| 0558 0.631] 0.712 0.8/ 0.884] 0.999

41 (1) Relatve flowis always 0.0 to 1.
42 |(2) Calculated from fully open flow and relative flow. E.g. C35 =C34 * $L35
3 |(3) Calculated by process model

44 |(4) Calculated by process model
45 |(5) Calculated with user’s preferred valve sizing software Installed Relative Flow vs. Relative
46 |(6) Calculated with user's preferred valve sizing software Travel
7 |(Relative travel is valve % travel / 100)
48 1.0
49 |Make a graph of Relative Flow vs Relative Valve Travel fé’w‘
0.8
Menu Insert Chart Scatter x
=]
Right click inside the empty chart. Click "Select Data" = 0.6 f
2
In the “Select Data Source” dialog, under “Legend Entries” Click on “Add.” -E-; 0.4 ,#f
For “Series name:” type “Installed Relative Flow vs. Relative Travel.” x j
0.2
Under “Series values:” j
1.f P;ace the :cnselrtion poi:l in the fiel: ;‘Se'r‘iesli.va lues:” a|:]d sele;t all 0.0 M
of the row 0- va ut'es youv a\_fe entere or -Re ative Travel” (B39 thru L39). 0.0 02 0.4 0.6 0.8 1.0
2. Place the insertion point in the field “Series Y values:” Delete the entry .
“+(1).” Then select all of the row of values you have entered for “Relative Flow" Relative Travel

(B34 thru L34)
Click "OK” twice

Locate where the minimum and maximum specified flows intersect the installed flow graph from your valve sizing
calculation_s at the specified minimum and maximum flow rates. (Percent open divided by 100)

Table 2: Graphing the installed flow characteristic. Courtesy of Valin Corporation

At this point, you have all the data needed to construct a graph of relative
flow versus relative travel using the instructions in Table 2. Then, you
have enough information to fill in the tabulated data for the installed
gain graph table of Table 3 and construct the installed gain graph
following the instructions in Table 3.



A [ 8 C | D [TET FT 6T T T T v T KT L
71 Tabulated Data for Installed Gain graph

72 |(1) Valve relative travel, h 0217 0.327] 0.413] 0.487] 0558] 0.631] 0.712 0.8] 0.884] 0.999
73 |(2) Relative flow, Q/Qmax 0.139 0.279] 0418] 0.557| 0.696] 0.836] 0.975| 1.114| 1.253| 1.393]
74 |(3) Delta (Q/Qmax) 0.279 0.279] 0.279] 0.279] 0.279] 0.279] 0.279] 0.278] 0.279
75 |(4) Delta h 0.327 0.196] 0.160] 0.145| 0.144] 0.154] 0.169] 0.172] 0.199
76 |(5) Gain, A(Q/Qmax)/Ah 0.852 1.421] 1741 1.921] 1.934] 1809 1.648] 1.618] 1400

(=] [=][=l[=

78 |(1) Copied from relative travel in installed characteristic calculation

78 |(2)Flow from installed characteristic calculation divided by Gmax (Qmax is the maximum design flow). E.g. C73 = C35/Qmax
80 |(3) Relative flow from next column - relative flow from previous column. E.g. C74 = D73-B73

(4) Relative travel from next column - relative travel from previous column. E.g. C75 = D72-B72

(5) Delta (Q/Qmax) / Delta h E.g, C76 = C74/C75

EE

Make a graph of Installed Gain vs Q/Qmax (Note that Qmax is the maximum user specified required flow rate)

Menu Insert Chart Scatter

Installed Gain
Right click inside the empty chart. Click "Select Data"

In the “Select Data Source” dialog, under “Legend Entries” Click on “Add.”
For “Series name:” type “Installed Gain” |

=
n

Under “Series values:”

1. Place the insertion point in the field “Series X values:” and select all

of the row of values for “Relative flow, Q/Qmax”:.

2. Place the insertion point in the field “Series Y values:” Delete the entry
“+(1).” Then select all of the row of value for “Gain, A{Q/Qmax)/Ah"
Click “OK” twice
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Table 3: Graphing the installed gain. Courtesy of Valin Corporation

There are two ways you can mark the points of minimum and maximum
specified flow on the installed flow graph. One way is that you can find
where the relative minimum and maximum specified flows intersect the
installed flow graph from your valve sizing calculation. The relative
travel would have been calculated by your sizing program when you sized
the valve for the minimum and maximum specified flow points as a
percent opening. Divide this by 100 to get the relative travel. The second
way is that you can find where the installed flow graph intersects the
minimum specified flow on the relative flow scale at Qmin / fully open
flow and where the installed flow graph intersects the maximum
specified flow on the relative flow scale at Qmax / fully open flow.

On the installed gain graph, the given maximum specified flow is always
at 1.0 on the Q/Qmax scale. The minimum design flow on the Q/Qmax
scale is at Qmin/Qmax. These two points on the Q/Qmax scale of the
installed gain graph will be the same for any valve sizes or styles that are
being considered for the system represented by the user’s input of system



parameters in column D, rows 9 to 14 of the process model, making it
easy to compare their control capabilities.

References

1. Monsen, Jon, An Insider’s Guide to Valve Sizing & Selection, Flow
Control, February 2015, Vol. XXI, No. 2, pp. 29-32.

2. Monsen, Jon, An Insider’s Guide to Installed Gain as a Control
Valve Sizing Criterion, Flow Control, May 2015, Vol. XXI, No. 5,

pp. 22-25.

B Jon F. Monsen, Ph.D., P.E., is a
control valve technology consultant for Valin Corporation with more
than 30 years of experience. He has lectured nationally and
internationally about control valve application and sizing, and he is the
author of the chapter on “Computerized Control Valve Sizing” in the ISA
Practical Guides book on control valves. Monsen is also the author of
the book Control Valve Application Technology: Techniques and
Considerations for Properly Selecting the Right Control Valve.



https://www.valin.com/

