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ABSTRACT

The measurement of helium mass flow in the International Fusion Superconducting
Magnet Test Facility (IFSMTF) is an important aspect in the operation of the facility’s
cryogenic system. Data interpretation methods that lead to inaccurate results can cause
severe difficulty in controlling the experimental superconducting coils being tested in the
facility. This technical memorandum documents the methods of helium mass flow meas-
urement used in the [IFSMTF for all participants of the Large Coil Program and for other
cryogenic experimentalists needing information on mass flow measurements. Examples of
experimental data taken and calculations made are included to illustrate the applicability
of the methods used.
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1. INTRODUCTION

The International Fusion Superconducting Magnet Test Facility (IFSMTF) has been
designed and built at the Oak Ridge National Laboratory (ORNL) for the purpose of test-
ing prototype superconducting toroidal field coils that are approximately half-scale for a
tokamak fusion reactor.! The test coils have been provided through international collabora-
tion by the United States, EURATOM, Japan, and Switzerland and are being tested in a
six-coil compact torus. The test coils have bore dimensions of 2.5 X 3.5 m and a weight of
40-45 tonnes. Each coil is designed to produce a peak field of 8.0 T.

The test facility consists of an 11-m-diam vacuum tank and is cooled with a liquid
nitrogen (LN) system and a helium refrigeration system. The helium system is designed to
provide a cooldown flow of 300 g/s of helium gas with a temperature between 300 and
80 K. During operation, liquid helium at 4.2 K is provided to the bath-cooled coils and
test stand; at the same time, 300 g/s of 3.8 K helium at supercritical pressures up to
1.5 MPa (15 atm) is provided to the forced-flow coils. Operation of the helium system is
carefully integrated with coil testing in order to minimize thermal stresses during cooldown
and to provide adequate liquid and cooling to keep the coils in their superconducting state.
Accurate measurements of helium flows and heat loads are required over a wide range of
operating parameters to ensure cryostable and efficient operation.

The measurement of fluid flow in closed conduits is widely practiced in process indus-
tries and is generally well understood. The unique feature of helium mass flow measure-
ment in IFSMTF is the wide range of thermodynamic conditions under which the flow
must be measured. This feature necessitates the calculation of thermodynamic properties of
helium from the measured helium temperature and pressure in order to get accurate mass
flow results over the entire range of conditions.

2. PRINCIPLES OF FLUID FLOW MEASUREMENT

2.1 THEORETICAL DERIVATION

When viscous stresses and heat transfer are suppressed, the quantity (5 + u?/2) is a
constant along a streamline in a tube of steady flow with no elevation difference, where h
is the specific enthalpy (enthalpy per unit mass) and u is the fluid velocity.? For the case
shown in Fig. 1, the idealized isentropic flow is given by Bernoulli’s equation:

ulf2 —udf2+h; —hy=0. (0
The conservation of mass is given by
m = prAu; = pyAu; , (2)

where p is the density of the fluid and A is the cross-sectional area. By solving Eq. (2) for
u; and u; and inserting into Eq. (1), one gets
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Fig. 1. Ildealized flow through a restriction.
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m = /12[)2[2(}11 - hz)/[l - (Azijlpl)Z] (3)

for the mass flow. Equation (3) may be written in terms of pressure drop by noting that
for isentropic processes’

Lap , (4)

dh = —
p

where P is the pressure. Thus,

12
m = Azpz{2 J;)P; %dP/[l = (Apr/ A1)}, (5)

2

where the integral is evaluated along a line of constant entropy, since Eq. (4) applies to an

isentropic process.
The pressure and volume of an ideal gas (e.g., helium above 20 K at 1 MPa) are

related at constant entropy by the equation

Y

p

Py =P = constant , (6)

where v is the specific volume and v, the isentropic exponent, is the ratio of specific heat
at constant pressure to specific heat at constant volume (Cp/C,). By using Eq. (6) to evalu-
ate the integral in Eq. (5) one gets the expression*



2 = ZA%TZ/’Yplpl

Sl - ]

which is known as the theoretical adiabatic mass flow equation, where 7 is the pressure
ratio P,/ P, . For incompressible flow (e.g.. p is constant), Eq. (5) yields the expression

243APp,
2 2 27
= 245(Py — P 1 — (A4,/4 = . (8)
2Py ~ P [ 11 — (4y/A )] R
It is common to write Eq. (7) in the form
2= 43P, — Pz)pl/[l - (AQ/A‘)Z] , (9)

where ¢, called the expansion factor, is less than unity and is equal to the ratio of the
square roots of the right-hand sides of Eqgs. {7) and (8). With some simplification, the
expression for the expansion factor can be written as:

— 42742
- Y o 1 — A3/A4
y—1 1 — 7% A4/4,)?

By defining 8, the diameter ratio, as d/D = (A4,/4,)'/%, Eq. (10) can be rewritten as:

1/2
1 — T(7~1)/"y]

(10)

1—
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1 — D
¢ = [;t- ”1,_72/754]{ 1oy ] ' (1)

2.2 CORRECTIONS TO THE THEORETICAL EQUATIONS

In addition to the expansion factor derived in Sect. 2.1, the viscous stresses, heat
transfer effects, and pressure tap locations must also be taken into account for accurate
mass flow measurement.*

2.2.1 Discharge Coefficient

A factor known as the discharge coefficient, a measure of the flow’s departure from
the theoretical flow rate, is included in the expression for mass flow. The expression can be
written as:



m = eCE %dz(lAPp)’/z , (12)

where E is the velocity of approach factor 1/(1 — $*)!/? and C is the discharge coeffi-
cient. Note also that 4, has been rewritten as (x/4)d2. In general, C cannot be calculated
and must be determined by experiment. In some flow equations the discharge coefficient is
combined with the velocity of approach factor and redefined as the flow coefficient. The
flow coefficient is then defined as

ap, == = EC . (13)

2.2.2 Thermal Expansion

Another correction factor which must be applied is the thermal expansion factor. The
material of the pipe and the flow eclement expand or contract with temperature, which
affects the pipe and orifice diameters. The thermal expansion factor F, is used to correct
for these effects. When the thermal expansion coefficients azg of the flow clement and
pipe are approximately the same, the thermal expansion correction factor is given by*

Fo= 1+ 2ag(Tg — 293.15) . (14)

As an example, a 300-series stainless steel element that has a thermal expansion coefficient
of 0.0133 pm/mm-X would have a thermal expansion factor F, of 0.9923 at 4 K.

The complete expression for mass flow rate, including the discharge coefficient and
the thermal expansion factor, then becomes:

m o= gFaas-’4—‘5(12(21&19,9)‘/2 . (15)

3. HELIUM FLOWMETERS FOR IFSMTF

The orifice plate and venturi tube are the two primary types of flowmeters used to
measure helium flow in the cryogenic system of the IFSMTF. The venturi flowmeters are
used in the forced-flow coil and helium purifier circuits because of their inherently low
unrecoverable pressure drop. The flow rates in the pool boiling and cooldown circuits are
measured with orifice plates because of their simplicity of manufacture and installation.
The unrecoverable pressure drop is significantly higher in the orifice plate than in the ven-
turi meter because of the different discharge coefficients of the two types of flowmeters.



3.1 VENTURI TUBE

The venturi flowmeters used in the IFSMTF helium system are classical venturi tubes
with machined convergent entrance and exit cones.” A diagram of the geometric profile of
the venturi meters is shown in Fig. 2. The venturi meters are manufactured from 304L
austenitic stainless steel and have an internally smooth finish. The pressure taps are
located at the vena contracta or throat and at the entrance.
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Fig. 2. Venturi tube profile.

The discharge coefficient for the classical venturi tube with a machined convergent
entrance varies from 0.996 at a Reynolds number greater than 5.0 X 10° (low-
temperature conditions) to 0.96 at Reynolds numbers below 1.0 X 10° (room tempera-
ture). Since the highest accuracy is desired at low-temperature conditions in IFSMTF, the
discharge coefficient is assumed to be a constant 0.995.

For venturis, the gas expansion is assumed to be purely axial. For these devices there
is excellent experimental agreement with the adiabatic gas expansion factor. At low tem-
perature and high pressure, supercritical helium is not an ideal gas; therefore the expansion
integral in Eq. (5) has been calculated explicitly and compared to the ideal adiabatic gas
expansion factor [Eq. (10)]. The difference between using the integral and using the
expansion factor in the mass flow equation is shown in Appendix A to be very small over
the range of temperature and pressure used in the IFSMTF; therefore, the adiabatic gas
expansion factor is used in calculating venturi mass flow rates for all helium conditions.

3.2 ORIFICE PLATE

The orifice plates used in the IFSMTF helium system are circular and concentric with
the pipe centerline and have flat and parallel faces. A diagram of an orifice plate is shown
in Fig. 3. The orifice plates, manufactured from 304L austenitic stainless steel, are welded
into the pipe. The pressure taps are corner taps that brcak through the wall flush with the
faces of the plate. The discharge coefficient for the corner-tap orifice plate has been empir-
ically determined to be given by the Stolz equation:®
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106 0.75

Rep (16)

C = 0.5959 + 0.3128%! — 0.18408% + 0.00298%3 |-—

For a square-edged orifice, such as those used in the IFSMTF, gas expansion is both
radial and axial, and an empirically determined expansion factor is used instead of the adi-
abatic gas expansion factor. The orifice expansion factor derived by Buckingham® is



e=1— (041 + 0.358% AP 17)
vP

and is applicable in the range of use for helium in the IFSMTF.

3.3 INSTALLATION

Both types of flowmeters are installed in the system by welding the units into the pro-
cess piping. Since the system is cryogenic, the piping, including the flowmeters, is insulated
from radiative heat with superinsulation. Small-diameter, thin-wall stainless steel tubing is
welded into the pressure tap sockets of the flowmeters and is wrapped around the process
piping several turns for improved heat sinking. The tubing is routed at a slight incline to a
vacuum flange, where the connections are made to the differential pressure and pressure
instrumentation. The tubing must be insulated from radiative heat and must also be routed
at an incline to minimize acoustic oscillations.

3.3.1 Cavitation

The effects of cavitation (boiling of the process liquid, caused by a decrease in the
pressure to the vapor pressure) must be considered in the design of any flow measurement
system. The collapse of the vapor cavities formed in the fluid by cavitation can damage
piping and flowmeters. In the IFSMTF, the process fluid is helium gas or supercritical
helium, and cavitation does not occur from pressure drop in the flowmeters. When liquid
helium is introduced into the system, the flow rate is so low that the pressure does not fall
below the vapor pressure to cause any appreciable cavitation.

3.3.2 Length Of Straight Pipe

In order to ensure that the velocity of the fluid at the flowmeter is primarily axial and
swirl free, a long length of straight pipe must be upstream of the flowmeter.® In the
IFSMTF, the helium piping was designed to accommodate at least 20 pipe diameters of
straight length upstream of all flowmeters.

4. HELIUM FLOW DATA COLLECTION AND ANALYSIS

It can be seen from the formula derived for mass flow in Sect. 2 that the differential
pressure across the flow element and the density of the helium in the flow element must be
known in order to calculate the mass flow rate. The differential pressure is measured
directly by a differential pressure transducer that works on a variable capacitance princi-
ple. Density cannot be measured directly and must be calculated from the temperature and
pressure measurements using the known thermodynamic properties of helium. The pressure
is measured directly with a strain gage transducer, and the temperature is measured with a
type E thermocouple for temperatures above 77 K and with a carbon glass resistance ther-
mometer for lower temperatures. The analog voltages from these transducers are read by
the data acquisition system, and computer programs are used to calculate the mass flow .
rates. A block diagram of the instrumentation used for mass flow measurement is shown in
Fig. 4.
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Fig. 4. Block diagram of mass flow measurement instrumentation.

4.1 LCPDAS

The Large Coil Project data acquisition system (LCPDAS) is a VAX 11/780
minicomputer-based system designed for the acquisition, storage, and retrieval of experi-
mental IFSMTF data.” The analog signals from instrumentation in the facility are inter-
faced to four front-end processors that convert the data from analog to digital form, which
is acquired by the VAX through a CAMAC serial highway. The VAX archives the data
on magnetic disk media and makes the information available for a variety of application
programs to display and analyze.

A software mechanism has been implemented in the LCPDAS to enable the retrieval
of pseildo—sensors using data from archived data files or real-time data buffers. Pseudo-
sensors calculate a user-defined physical parameter using actual measurements from multi-
ple real sensors. The pseudo-sensors are defined in a utility program, and routines for cal-
culating the physical parameter are used in the data retrieval software to retrieve pseudo-
sensor data. Helium mass flow is one of the many pseudo-sensor calculations available to
users of the LCPDAS. Helium properties such as density, viscosity, and enthalpy are also
available as pseudo-sensors.

4.2 HEAT FLOW

One important pseudo-sensor calculation that deserves mention is heat flow through a
section of the cryogenic system. In an isobaric process, the heat that is transferred is the
change of enthalpy;’ that is,



where H is the enthalpy and @ is the heat. By calculating the specific enthalpy at two
points of approximately the same pressure and calculating the mass flow through the sys-
tem, it is possible to calculate the heat flow with

The heat flow calculation routine in the LCPDAS calculates the specific enthalpy at two
locations in the cryogenic system and uses one orifice plate mass flow calculation to derive
the heat flow.

The calculation routines from the LCPDAS for calculating helium mass flow rates
from venturi meters and orifice plates and the routine for calculating heat flow are
included in Appendix B. The routines are written in VAX-11 PASCAL and use the
HEPROP FORTRAN subroutines from Oxford University® to calculate the thermophysi-
cal properties of helium. The thermodynamic properties are derived in HEPROP from
equations of state developed by McCarty® and are valid at temperatures from 2 K to
1700 K and at pressures up to 100 MPa, as shown in Fig. 5.
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5. ACCURACY AND EXAMPLES OF IFSMTF MASS FLOW DATA

Much data has been and will continue to be collected from the Large Coil Program.
The mass flow data are used in operating the facility and in analyzing the thermodynamic
properties of the superconducting coils.

5.1 ACCURACY

The measurement of mass flow rate has inherent errors, as do all measurements. To
determine mass flow rate measurement accuracy, the accuracy of the flowmeter must be
combined with the individual accuracies of the instruments used to measure temperature,
pressure, and differential pressure and then properly weighed in the mass flow rate
calculation. The accuracy of the temperaturc measurement is affected by the location of
the temperature sensor on the outside of the pipe and its thermal conductivity with the
helium. The static temperature of the moving helium is assumed to be equal to the
indicated temperature. The pressure and differential pressure transducers are calibrated
with accurate gages traceable to NBS standards.

A simplified method of estimating the mass flow rate measurement accuracy Acc is
the root-sum-square method:*

Ace = [(X7) + (Xp)* + (Xapl + - - - 12, (20)

where the square root of the sum of the squares of individual quantities is taken as the
overall accuracy. The quantities that influence the mass flow rate measurement are listed
in Table 1 with their estimated accuracies. The overall accuracy of the measurement is
then estimated to be the root-sum-squarc of these accuracies, which is 3.5% and is well
within the initial design goal for the IFSMTF of 5%.

Table 1. Mass flow measurement accuracies

Estimated accuracy

Quantity X(Acc) (%) [X(Acc)]?
Temperature T 2.50 6.2500
Pressure P 1.00 1.0000
Differential pressure AP 1.00 1.0000
Density calculation p 1.00 1.0000
Discharge coefficient C 1.00 1.0000
Expansion factor ¢ 1.00 1.0000
Thermal expansion factor F,, 0.50 0.2500
Pipe diameter D 0.25 0.0625
Flowmeter diarneter d 0.10 0.0100

11.5725

IZ [X(Acc)]3V/2 = 3.4




11

5.2 EXPERIMENTAL DATA

Examples of the data collected and processed by the mass flow calculation routines
are shown in the following plots. In Fig. 6 the temperature, pressure, differential pressure,
and calculated helium mass flow rate in grams per second through a venturi flowmeter in
the IFSMTF system are shown over a 36-h period. In Fig. 7 the temperature, pressure,
differential pressure, and calculated helium mass flow rate through an orifice plate in one
of the forced-flow coils are shown over a 16-h period.

As can be seen from the data, the mass flow rate is subject to sudden changes due to
the helium refrigerator operating conditions. It is important for the refrigerator operators
to monitor the mass flow rate so that the cooldown of the coils and facility may be main-
tained at a steady rate and not cause any thermal stresses to build up between structural
components.

6. CONCLUSIONS

The accurate measurement of helium mass flow in the IFSMTF has been made possi-
ble by careful design of the helium and instrumentation systems and by use of known ther-
mophysical properties of helium. The general methods used in the IFSMTF are applicable
to other cryogenic systems where there are wide variations in the density of the fluid and
where the fluid can be approximately modeled as an ideal gas.
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Appendix A
EXPANSION FACTOR COMPARISON

In Sect. 2 it was shown that for an ideal gas, the mass flow equation [Eq. (5)] could
be rewritten in the form of a theoretical adiabatic mass flow equation [Eq. (8)]. For a
non-ideal gas, in particular supercritical helium, it is necessary to use Eq. (5) and solve the
expansion integral to get accurate mass flow calculations. This integral was solved using
the following method, and the resulting mass flow calculation was compared with the
theoretical adiabatic mass flow equation.

A.1 INTEGRAL CALCULATION

The expansion integral is given from Eq. (5) as

F = PILdP (Al)
P, p

and is evaluated along a line of constant entropy since it applies to an isentropic process.
To solve this integral it is necessary to calculate the density from P; to P,, which requires
the temperature from P, to P,. The temperature can be calculated by use of the adiabatic
condition:

as

apP

as

dS =0 = a7

dP +
T

ar . (A2)
P

The first term in Eq. (A2) may be written as

s
JaP

4
ar

Vv

= —Vg . (A3)

- - -yl
T P 4

The second term in Eq. (A2) may be written as

as
aT

_ do/dr),

= Cp/T . (Ad4)

P

Thus, Eq. (A2) can be solved for d7, yielding

dT = (BT /pCp)dP . (AS5)
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The parameter beta may be calculated in the following way:

oT

_ _119n
P B o [aT]p . (46)

From the minus-one chain rule, the parameter beta may be rewritten as

B =

T [@Tepy, @PjaeYr| T b (P (A7)

1] ~1 _ 1 (@PpT),
p (8P/3p)r °

which can be calculated numerically by HEPROP! using DPDT/(DPDD * p). The follow-
ing iteration scheme can then be used to numerically integrate the expansion integral:

AP = (P, — P,)/N , (A8)
Poyy = P, — AP | (A9)
Ba Ty AP
Tn-+l = Tn - —_NT_ ’ (AIO)
Pnp
AP
Fopy = F, + o (ALl)
n

The initial pressure is taken as P, and the initial temperature is taken as 7.

A.2 COMPARISON

The mass flow rate of helium was calculated for a given venturi by using both the
theoretical adiabatic mass flow equation and the equation with the expansion integral. In
sclving the expansion integral, it was verified that the integral was evaluated along a line
of constant entropy. The results of both calculations were compared over a range of tem-
perature and pressure expected to be seen in the cryogenic system of the IFMSTF and
were plotted in Fig. A.1. The maximum difference between the two calculations is on the
order of 1%. It was therefore decided to use the adiabatic mass flow equation for all
helium venturi calculations because the solution of the integral uses significantly more
computer processing time,
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Difference in mass flow calculation.

Fig. A.1.
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Appendix B
LCPDAS HELIUM MASS FLOW CALCULATION ROUTINES

(*********t}

{*

{* Function heflow orif: real;

{*

{* functional Description:

{* function to calculate helium mass flow from

{* temperature, pressure, and differential pressure in

{* an orifice plate conforming to IS0 5167~1989.

{* The massflow is returned in g/s as the function value.
{* This routine is called as a calcutation channel routfine.
{*

{* Formal Parameters:

{* Sensor_count —- integer number of sensor values used. {(4)
{* Sensor_values{1l}) - temperature value in K {low temp).

{* . Sensor_values(2) ~ temperature value in K {(high temp}.
{* Sensor_values{3) ~ pressure value in PSIA.

{* Sensor_values{4) - differential pressure value in mBar.
{* Sensor_coeffs{l) ~ inner diameter of pipe in mm.

{* Sensor_coeffs{2) ~ inner diameter of orifice throat In mm.
{* Sensor_coeffs{3) ~ temperature breakpoint in XK.

{*

(* Implicit Inputs:

{* convfactl - conversion factor for PSIA to PASCAL.

{* convfact2 -~ conversion factor for mBar to PASCAL.

{* alpha_ss - thermal expansion coefficient stainless steel.
{*

{* Implicit OQutputs:

{*

{* Routine Status/Completion Codes:

{* )

{* ‘ Side Effects:

{*

{* Notes: ;

{* Reynold’s number assumed to be fnitially 1.9E5.

{* The massflow calculation is fterated until the

{* reynold’s number converges to within 18%.

{*

v kv KKK K KR

function heflow_orif
{var sensor_count: {readonlylinteger;
var sensor_values: [readonlylpacked array
[$11..%ul: Integerl of real;

var sensor_coeffs: [readonlylpacked array
[$12..%u2: integerl of real):

real;

fabel
1111, 9999; { Error exit }

var
temp_low,temp_high: real; { sensor values }
temp,press,deltap: real; { sensor values )}
temp_bkpt: real; { temperature breakpoint )}
idpipe, idthroat: real; { sensor coefficients }
dens: real; { density Ko m**-3 3}
mflow: real; { mass flow KG/s )
ReD: real; { Reynold®’s number }
diffReD: real; { {ReD ~ newReD)/newReD }
newReD: real: { new calculated value of ReD
eta: real; { Viscosity N s m**-2 }
C: real; { discharge coefficient }
alpha: real; { Flow coefficient }
expan: real; { Expansion factor }
beta: real; { ratio of d to D }
aread: real;: { area of throat 2
m: real; { beta squared
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Cp and Cv 1}

Isentropic exponent }
constant in alpha 3}
Thermal-expansion factor 1}

cp, Ccv: real;
gamma: real;
a: real;
F: real;

e N N W}

begin {function heflow_oritf}
{ Initialize input parameters ?}

temp_low := sensor_values(ll];
if temp_low < 2. then
temp_low 1= 2.8
temp_high := sensor_values[2];
if temp_high < 2.8 then
temp_high := 2.8;
press := sensor_values[3];
if press (= press_min then
begin
heflow_orif := O.8;
goto 99899;
end;
deltaP := sensor_valuesl[4];
if deltap <= #.# then
begin
heflow_orif := #.4;
goto 9999;
end;

idpipe := sensor_coeffsll11;
idthroat := sensor_coeffsi2]1;
temp_bkpt := sensor_coeffsli3];
{ Conversions and factors 1}

if temp_high (= temp_bkpt then

o

temp temp_low
else

temp := temp_high;
beta := idthroat/idpipe; { calc ratio of d to D }
m := beta*%*2; { m = beta squared }

aread := {({idthroat/190@8.4)**2)*pi/4.9;
{ area of throat m**2 }

deltap := convfactZ2*deltap; Convert mBar to Pascal

press 1= convfactl*press; Convert PSIA to Pascal 1}
dens := dfun {(press,temp}; Heprop density KG/M**3 }
eta

Calculate Cp 1}

cp := csubp {temp,press};
= Calculate Cv }

cv csubv {temp,press);
gamma := cp/cv; calc isentropic exponent }
ReD := 1.0E5; Start ReD = 1909097 }
F := 1 + 2% alpha_ss*{temp - 293.15);

{ Thermal-expansion factor 3}

{
{
: {
= visc {(dens,temp); { Heprop wiscosity N s M**-2 }
{
{
{
{

1f {dens<@.2) or {(eta<@.@) or (cp<d.#)
or {(cv <#.4) then
begin
heflow_orif := -9993.,9;
goto 9933,
end;

1111:
{ Discharge coefflicient for orifice plate IS0 516£7-1988 )
C := £.5959 + P.Qg312%beta®**2.1 -~ F.184F*%beta**8. g
+ (F.84929%beta**2 . .5}*{1.20E6/ReD)**g 75;

{ Flow coefficient for orifice plate IS0 5167-1988 )
alpha = C * {1 - beta**4 . 4}**{-4.5);

{ Expansibility {expansion) factor ISO 5167-198%
expan = 1 - {@#.41 + F.35%beta*%"4) * deltap/{press * gammal;
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{ Calculation of mass flow (Kg/s) }
mflow := alpha*F*expan*aread*{{2.0%dens%deltap)**¥.5);

{ Calculate new value of Reynold’s number )}
newReD := mflow*4/{p! * eta * (idpipe/1908F.8));
d{ffReD := {ReD-newReD)/newReD;
ReD := newReD;
If diffReD > #.1 then

goto 1111;

heflow_orif := mflow * 10908.8; { massflow in g/s }

9999:
end; {function heflow_orif}
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{i****'t*i*}

{i

{* Function heflow_vent: real;

(*

(* Functional Description:

{* Function to calculate helium mass flow from

(* temperature, pressure, and differential pressure fin

(* a venturi tube conforming to IS0 5167-1984.

{* The massflow is returned in g/s as the function value.
{* This routine is called as a calculation channel routine.
{*

{* Formal Parameters:

{* Sensor_count - integer number of sensor values used. (4)
{* Sensor_values{l) - temperature value in K. (low range)
{(* Sensor_values(2) - temperature value In K. {(high range)
{* Sensor_values{3}) - pressure value in PSIA.

{* Sensor_values{4) - differential pressure value in mBar.
{* Sensor_coeffs(l) ~ inner diameter of pipe in mm.

{* Sensor_coeffs(2) - inner diameter of venturi throat fn mm.
{* Sensor_coeffs(3) ~ temperature breakpoint in K.

(*
{* Implicit Inputs:

{* convfactl - conversion factor for PSIA to PASCAL.
{* convfact? - conversion factor for mBar to PASCAL.
{* alpha_ss - thermal-expansion coefficient for SS.
(*

(> Implicit Outputs:

(i

{* Routine Status/Completion Codes:

(*

{* Side Effects:

{*

{* Notes:

{* Reynold’'s number assumed to be initially 1.0E5.
{* The massflow calculation is fterated until the

{* reynold’s number converges to within 18X.

(*

{*i********}

function heflow_vent
{var sensor_count: [readonlylinteger;
var sensor_values: [readonlylpacked array
[$11,.8ul: itntegerl) of real;
var sensor_coeffs: [readonlylpacked array
{$12..%u2: integer]l of real):
real;

label
8999 { Error exit }

var
temp_high, temp_low: real;
temp_bkpt: real;
temp,press,deltap: real;
tau: real;
idpipe, idthroat: real;
dens: real;
mflow: real;
ReD: real;
diffReD: real;
newReD: real;
eta: real;
C: real;
alpha: real;
expan: real;
beta: real:
aread: real;
m: real;
cp, cv: real;
gamma: real;
a: real;
F: reatl;

temperature values 2}
temperature breakpoint 1}
sensor values }

ratio of p2 to pl 1}
sensor coefficients )
density KG m**-3 1}

mass flow KG/s }
Reynold’s number 3}

{Rel - newReD)/newReD }
new calculated value of ReD
Viscosity N s m**-2 }
Discharge coefficient }
Flow coefficient >
Expansion factor 1}

ratio of 4 to D 3}

area of throat

beta squared

Cp and Cv 3

Isentropic exponent }
constant in alpha }
Thermal-expansion factor

P N T e e e T e e T e T e e e e W e W W B W M |
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begtin {function heflow_vent}
{ Initialize input parameters }

temp_Tlow := sensor_values(11]1;
if temp_low < 2.# then
temp_low 1= 2.8

temp_high := sensor_valuesl[2];
if temp_high < 2.8 then
temp_high := 2.8

press := sensor_values{3];
if press <= press_min then
begin
heflow_vent := £.8;
goto 9999;
end;

deltaP := sensor_values[41;
if deltap <= 9.4 then
begin
heflow_vent := #.9;
goto 9999;
end;

tdpipe := sensor_coeffsll1];
idthroat := sensor_coeffsi2];
temp_bkpt := sensor_coeffsl[31;

{ Conversions and factors }

if temp_high <= temp_bkpt then
temp := temp_low

H o3

else

temp := temp_high;
beta := {dthroat/idpipe; { calc ratio of d to D }
m := beta**2; {m = beta squared }

aread := {({idthroat/1200.8)Y**2)*pi/4.0;

area of throat m**2 }
Convert mBar to Pascal )
Convert PSIA to Pascal }
ratio of p2 to pl }

Heprop density KG/M**3 )}
Heprop viscosity N s M*x%x-2 3
Calculate Cp }

Calculate Cv }

deltap := convfact2*deltap;
press := convfactl*press;
tau := {(press-deltapl}/press;
dens := dfun {(press, temp);
eta := visc {(dens,temp);
cp := csubp {(temp,press);
cv = cgubv (temp,press);
gamma := cp/cv; calc isentropic exponent }
ReD := 1.9E5;: Start ReD = 109980 3}
F t= 1 + 2% alpha_ss*{temp ~ 293.15};

{ Thermal-expansion factor }

e T Wt e T e Wt Bt W B W )

{ Check for errors )}
1f (dens < #.8) or (eta < #.#) or {cp £ #.8}
or {cv < #.4) then
begin
heflow_vent := ~9899.9;
goto 99995;
end;

{ Discharge coefficient for venturi ISO 5167-198¢ }
C := §.,995; { Assumes |.9E% < ReD < 1.9E6 }

{ Flow coefficient for venturi IS0 5167-198¢ }
alpha 1= € * {1 - beta**4 P)**{-g.5);

{ Expansibility {(expansion) factor I1SA nozzles IS0 5167-198¢ )
expan 3= {{gamma*tau**{2/gamma)/{(gamma~1))*
{({1-beta**4 . &)/ (1~-{beta**4 . F)*tau**{2/gammal)})*
({l1-tau**{{gamma—-1)/gammal)/{l-taul))*=xg 5;
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{ Calculation of mass flow (Kg/s) }
mflow := alpha*F*expan*aread*{2.8*dens*deltap)**g.5;

{ Calculate new value of Reynold’s number 3}
newReD := mflow*4/{pi * eta * (idpipe/19086.8));
diffReD := (ReD-newReD)/newReD;

heflow_vent := mflow * 180f.#; { massflow in g/s 3}

9999:
end; {function heflow_vent}
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¢ {**********}

{*

{* Function heatflow_orif: real;

{'k

{* Functional Description:

{* This function calculates the heat flow between two locations
. {* fn the LCTF helium system using the helium mass flow

{* calculated from the heflow_orif function at one location

{* and the temperature and pressure at both locations.

{* The enthalpy is calculated at both locations and the

{* difference in enthalpy is then used to calculate the

{* heatflow in J/s (Watts}) which is returned as the function

{* value.

{*

{* Formal Parameters:

{* Sensor_count - integsr number of sensor values used (7).

{* Sensor_values{1l) - low temperature (K) at location 1.

{* Sensor_values{(2) - high temperature (K) at location 1.

{* Sensor_values{3) - pressure {(PSIA) at location 1.

{* Sensor_values(4) - Tow temperature (K) at location 2.

{* Sensor_values{5}) ~ high temperature {(K) at location 2.

{* Sensor_values{6) - pressure {PSIA) at location 2.

{* Sensor_values{(7) - differential pressure {(mBar) at location 1.

{* Sensor_coeffs{l) ~ inner diameter of pipe in mm.

{* Sensor_coeffs{(2) - inner diameter of orifice throat in mm.

{* Sensor_coeffs(3) - temperature breakpoint {(K).

{il

{* Implicit Inputs:

{* convfactl - conversion factor for PSIA to PASCAL.

{* convfact?2 - conversion factor for mBar to PASCAL.

(*

{* Implicit Outputs:

{*

{* Routine Status/Completion Codes:

(*

{* Side Effects:

{* ;

{* Notes:

{*

{*i’t*******}
function heatflow_orif
{var sensor_count: [readonlylinteger;
var sensor_values: [readonlylpacked array
[$11..%ul: integerl of real;
var sensor_coeffs: [readonlylpacked array
[$12..%u2: integer]l of real):

real;
label
9999 { Error exit 3}
var
templ_high,templ_low.temp2_ high,temp2_low,temp_bkpt: real;
templ, pressl, temp2, press2, deltap: real;
densl, dens2, mflow: real;
jidpipe, idthroat: real;
enthalpyl, enthalpy2: real;
value: packed arrayll..4]1 of real;y
coeff: packed arrayll..31 of real;
begin {function heatflow_orif}

{ Initialize variables }

templ_low :
templ_high

= sensor_valdes[1l1;
t= sensor_valuesl[2];
pressl := sensor_valuss(3]1;
temp2_low := sensor_values(4]1;
temp2_high := sensor_valuesl[5];

press2 sensor_values(61;
delitaP sensor_valuess[71]1;
temp_bkpt := sensor_coeffsl3];

{ Determine which temperature to use in regfion 1 }
if templ_high <= temp_bkpt then
templ := templ_low
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else
templ := templ_high;

{ Determine which temperature to use fin ragion 2 }
if temp2_high <= temp_bkpt then

temp2 := temp?2_low
else

]

temp2 temp2_high;
{ Check for possible bad data }
if (deltaP < #.8) or {pressl < #.8) or (press2 < .8 ) or
{templ < #.9) or (temp2 < #.8) then
begin
heatflow_orif := #.0;
goto 9999;
end;

{ Set up arrays for calling heflow routine
valuelll templ__low;

valuel2l := templ_high;
valuel3] := pressl;

valuel4] := deltaP;

coefflll := sensor_coeffsll];
coeffl2] = sensor_coeffs(21;
coeffl3] := sensor_coeffsli31;

{ Calculate helium massflow from orifice at position 1 )}
mflow := heflow_orif (4, value, coeff);
{ units of g/s ?

{ Convert pressure units }

pressl := convfactl*pressl; { pressure 1in Pascal }
press2 := convfactl*press2; { pressure in Pascal }
{ Calculate densities at position 1 and 2 }

densl := dfun (pressl,templ); { density from HEPROP
densZ := dfun (press2,temp2); { density from HEPROP

{ units of KG/M**3 }

{ Calculate enthalpies at position | and 2

enthalpyl hfun {densl,templ);{ enthalpy from HEPROP }

enthalpy?2 hfun (dens2,temp2):;{ enthalpy from HEPROP I
{ units of J/Kg }

{ Calculate heatflow from position 1 ta 2 3}
heatflow_orif := mflow * {(enthalpy2-enthalpyl)/1980.0;
{ units of J/s=Watts }
9999:
end; {function heatflow_orif}
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