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FOREWORD

The D-Zero Detector liquid argon calorimeters must remain cold to
function. For this reason, it is important that cold liquid nitrogen is available
to cool the calorimeters and the argon liquid in them. A liquid nitrogen
subcooler U-tube was designed to replace the liquid nitrogen supply jumper at
D-Zero, but there was some doubt as to the need for the subcooler and about the
ability of the subcooler to function as efficiently as claimed in the initial
design calculations.  Therefore, the D-Zero mechanical group performed
additional calculations on the device. This engineering note is a summary of
those calculations. -
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INTRODUCTION

This note contains information on the calculations and provides a
summary of the results. A simplified sketch of the nitrogen flow path shows
the several reference points and their elevations used in the calculations. The
property tables(tables 1 and 2) show calculated conditions of the nitrogen at
the reference points. Appendix A includes the various quality calculations
performed. The first group of this appendix includes the calculations for the
jumper(no subcooling), the second is the U-tube with subcooler, and the third
group is some of the sample calculations of liquid and gas volume fractions.
Appendix B contains the subcooler heat exchanger calculations performed by
Russ Rucinski referenced in the calculations of appendix A.

SIMPLIFYING ASSUMPTIONS

There were various approximations made in the analysis of the nitrogen
path. The first is that the nitrogen leaving the dewar is a slightly compressed
liquid at 50 psia. While the liquid removed from the dewar is probably a
slightly compressed liquid, the pressure of the dewar actually tends to vary
slightly depending on the amount of nitrogen in the dewar and time since
filling, etc. Heat loads to the bayonets were approximations acquired from a
Cryolab catalog as was the heat loading to the vacuum insulated line and the
valves. Some of the bayonets and valves were Cryolab, but the lines and some
of the bayonets were Fermilab constructions(Rotary bayonets). The Fermilab
constructed bayonets have similar properties to those listed in the Cryolab
catalog, so the catalog heat transfer values were used for simplification.
Catalog Cy values for the valves were used also. Approximate elevations and
- line distances were taken from a number of different drawings. These
drawings included: 3740.512-MC-223065 (and many of the spool drawings listed
on it), 3740.510-ME-222906, 3740.220-MD-294890, and 3740.220-ME-278695 to
name just a few of the many drawings of the building piping and their
assemblies in and around the D-Zero Assembly building. I attempted to use the
most common or seemingly most reliable information for the building piping
locations when information was conflicting or vague on drawings.




- INFORMATION SOURCES

Resources of several types were used to obtain information used in these
calculations.  Nitrogen property values were obtained from NBS-TN-1025
Thermodynamic Properties of Nitrogen, and values between table values were
extrapolated linearly. Flow rate for the first group of calculations (nitrogen
jumper with no subcooler) was approximated from an average value of all of
the nitrogen consumed during the last cooling run, approximately 34.6
grams/second. This is more of an upper bound value, since not all of that
nitrogen was used for the calorimeter cooling spools. A portion of that
nitrogen actually was used to cool the argon dewar. For the calculations
performed with the subcooler, the actual value of about 25 grams per second
was used. The Lockhart-Martinelli parameters found in chapter 7 of
Cryogenic Systems, by Randall F. Barron were utilized in a TK Solver program
to determine liquid and gas fractions. A few samples of this are included in
the calculations.

CALCULATION PROCESS

The most common engineering fluids and thermodynamic
simplifications were used when determining the properties of the supply
nitrogen at each location. Altitude changes were always taken into
consideration for pressure changes as well as potential energy changes. In
the early stages, kinetic energy changes were calculated, but they can be seen
to have no noticeable affect. For the later calculations, the kinetic energy
effects were neglected. Pressure drops for lengths of pipes, bends and valves
were calculated from either the standard k values for resistance coefficients
or Cy values for friction coefficients listed in catalogs. Because of their
similar constructions, all of the cryogenic valves in this line had the same
approximate heat load and friction losses. As it turned out, pressure changes
due to altitude differences were the dominating factor in changing pressures,
with friction losses much less than the total pressure change. The properties
for each section were calculated in the standard manner. A control volume is
defined as the volume between each point with fluid moving in and out. Heat
loads were calculated for the control volume and then a new enthalpy is
calculated for the fluid as it exits. The entrance density was used to determine
the outlet pressure Ap=pgAh. Outlet pressure and enthalpy determined the new
density, and the average of the original inlet and new outlet densities were
used to determine a new average density. The average density is then used to
recalculate the pressure change. This process is repeated until the average
density calculation is the same as the input average density used to determine
the change in pressure. Convergence usually required about 4 to 6 iterations.
The new state of the exiting fluid in then known. The same steps are
continued for each state with the new conditions of each outlet being the inlet
conditions for each new control volume. For the last few stages from locations
5 to 7 to 9, it is assumed that the subcooler in the collision hall is able to take
out the heat input from the lines but no more. These values are not actually
known, but seem reasonable from information on that subcooler.

RESULTS .

The tables show the calculated values for Temperature, pressure, mass
flow rate, quality, liquid and gas volume fraction and density, and elevation at
each named location on the nitrogen flow path. A definite improvement can
be seen for the case with the subcooler in the U-tube since the liquid is
saturated or compressed at each tee that splits off to a calorimeter. The




expected result of such an improvement will be the increased efficiency in
cooling the liquid argon calorimeters and keeping them cold. It is assumed
that the nitrogen would most likely be at its worst condition at the entrance to
the south end calorimeter since it receives the least amount of subcooling, and
there is a phase separator to remove some of the nitrogen gas for the
subcooler at position 9. These factors are about the only difference in
conditions between locations 5 and 9. Because of this, it is likely that the
nitrogen entering location 11 at the valve box for the north end calorimeter is
probably slightly better than estimated. In all cases, the considerably larger
liquid amounts reaching the cryostats despite smaller flow rates in the second
table shows that the subcooler should be quite useful.
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N2SUPPLY )
Table { JLN2 Jumper _No Suboooling
ocation —> 1 2 3 4 5 6 7 8 9 11
JProperty/condition  |Dewar exit U-ube entranceU-lube exk  |{Cryo comer  |Tee 0 ECS ECSentrance |Tee 1o CC CC entrance | Tee @subcooler ECN entrance
mass _flow rate 34.63 34.63 34.63 34.63 34.63 10.389 24.241 10.39 13.851 10.39
emperature {K) 89.5 89.4 89.4 91.4 89.55 89.5 88.7 89.78 89.5 89.5
fPressure {aim) 3.40 am 3.37 3.37 4 3.42 3.475 3.456 3.48 3.417 3.475
0 0 0.018 0 0.022 0.0325 0.0205 0.0194 0.0221 0.0325
iquid volume fraction |1 1 0.491 1 0.46 0.553 0.662 0.607 0.609 0.55
volume fraction {0 0 0.509 0 0.54 0.447 0.338 0.393 0.391 0.45
average density {g/cc)i0.76 0.75 0.38 0.738 0.353 0.286 0.369 0.38 0.35 0.286
liquid density (g/cc) 10.786 0.75 0.749 0.738 0.748 0.747 0.747 0.747 0.75 0.747
as density (g/cc) n/a n/a 0.014 n/a 0.0144 0.0147 0.0147 0.0148 0.014 0.0147
elevation  (feet) [746' 1/2°* 17476 3/4* 747'10° 704" 3/4° 73511 1/4° |729'9 1/2° 732'3"* 729'9 1/2° 73511 1/4* 729'9 1/2*
Table 2 LN2 U-Tube | Subcooling |
Location -> 1 2 3 4 5 i6 7 8 9 11
Property/condition Dowar oxit U-tube entranca U-tube exit Cryo comer Tee 10 ECS ECSeontrance {Tee o CC CC entrance | Tee @subcooler ECN entrance
|mass flow rate {g/8) |25 25 23.6 23.6 23.6 7.08 16.52 7.08 9.44 7.08
[Temperature (K} 89.5 i89.4 88.2 89 90 80.6 80.§ ROUGHLY ROUGHLY ROUGHLY
Pressure (aim) 3.40 aim 3.369 3.363 4.338 3.63 3.75 3.711 EQUIVALENT TC EQUIVALENT TG EQUIVALENT TQ
quality 0 0.002 n/a n/a n/a 0.0068 n/a POSITION7 POSITION § POSITION 6
Liquid volume fraction |1 0.847 1 1 1 0.771 1 POSSIBLY
Gas volume fraction |0 0.153 0 0 0 0.229 0 SATURATED
Javerage denshy 0.75 0.68 0.756 0.752 0.749 0.569 0.743 LIQUID
liquid densi cc) 1075 0.75 0.756 0.752 0.749 0.734 0.743
I%;as density Eﬁlﬁoc) in/a 0.014 n/a n/a n/a 0.018 n/a
elevation (feel) 746" 172 747'6  3/4" 747'10* 704" 3/4° 73511 1/4° |729'9 1/2° 732'3* 729'9 t/2* 73511 1/4° 729'9 1/2*
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vol=1.547
delP=1/vol*100**3/1000*9.806*1.886
‘P=(367877-100+delP)
P_atm=P/101325
d=(P_atm-3.5)*2
h_f=-95.175+d*(95.175-91 761)
h_g=85.031+d*(85.731-85.031)
h_fg=h_g-h_f
v_f=1.339+d*(1.354-1.339)
v_g=67.418+d%(59.361-67.418)
v_fg=v_g-v_f
h=-92.3
h=h_f+x*h_fg
v=v_f+v_fg*x
v_avg=(1.336+v)/2
T_sat=89.834+d*(91.414-89.834)

d = 0.495 delP = 11954.826
h_f = -93.484 h_fg = 178.862

P =379731.826 P_atm = 3.748

v= 1757 vol = 1.547
v_f=1.346 v_fg = 62.081

x = 0.0066

h =-92.300
h_g = 85.378
T_sat =90.617
v_avg = 1.547
v_g = 63427



state @ 2,

Elevation= 747' 6.5" ,
Flow rate =25 g/s
delP = 3215.082
h =-95.800

h_f =-96.158
h_fg = 180.963
h_g = 84.805
P=341399.588
P_atm = 3.369
T_sat = 89.380
v=1471

vol = 1.403
v_avg = 1.403
v_f=1.335

v_fg = 68.785
v_g = 70.120

x = 0.0020

Condition: 2 phase
mixture
State @ 3
Elevation=747' 10"
Velocity=0.03 m/s
flow=23.6 g/s
h=-98.6 J/g
v=1.323 cc/g
P=340777 Pa
=3.363 Atm.

h_f=-96.2
h_g=84.795

Condition: Sub-cooled

liquid

| state@ 5 state @ 6

Elevation=735' 11.25" Elevation=729" 9.5"

| Flowrate=23.6 g/s  Flowrate = 7.08 g/s

delP = 71356.489 delP = 11954.826

h = -97.000 h =-92.300
P =367877.511 h_f=-93.484
~ P_atm =3.631 h_fg = 178.862
T_sat = 90.302 'h_g =85.378
vol = 1.333 P=379731.826
v_f=1.343 P_atm = 3.748
v_fg = 63.192 T_sat = 90.617
v_g =64.536 v=1.757
vol = 1.547
Condition: sub-cooledv_avg = 1.547
liquid (nearly v_f=1.346
saturated) v_fg =62.081
jv_g = 63.427
'x =0.0066

Condition: 2 phase
mixture
,ww'm‘\~ .

' State @ 4

 FElevation=704' 0.75"

P=439.334 KPa
P=4.336 Atm

'h=-97.0J/g

‘flow rate=23.6 g/s
'v=1.330 cc/g

Condition: sub-cooled
liquid
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Lockhart Martinelli correlation
for two phase pressure drop
through an adiabatic horizontal pipe

St Input. - Name  Qutput  Unit Comment.

Argon Calorimeter Liquid nitrogen
supply pipe, rough guess at flow
regime, deltaP etc. if x=0.05
Russ Rucinski 10/20/93
valid ‘'invalid model validity
flow 'turbulen flow type
£ . friction factor ; Must enter a guess
.000005 epsilon ft pipe roughness
1.5 D in Pipe inside diameter
100 L ft Length of pipe
A .00114009 n*2 cross sectional area
10.39 mdot g/s Total mass flow rate
747 rhoL kg/m*3 Liquid density
14.8 rhog kg/m*3 density of the gas
99.51 mul Hra-s Liquid viscosity
6.26 muG HPa-s Gas viscosity
.00617 sigmal N/m Surface tension of liquid
.0194 X quality = mdotG/mdot
Rel 3422 Reynold's # for liquid
mdotL  .01018843 kg/s Mass flow rate for liquid
ReG 1076 Reynold's # for gas
mdotG .00020157 kg/s Mass flow rate for gas
dpdLL Pa/m AP/AL for the liquid
dpdLTP Pa/m AP/AL for the two phase
deltaP psig Total pressure drop for the pipe
philL 1.647664 Lockhart-Martinelli parameter
X 5.929937 Lockhart-Martinelli parameter
1 m L-M constant; Look up in Table 7.19
.25 n L~-M constant; Look up in Table 7.19
64 CG : L-M constant; Look up in Table 7.19
.316 CL L-M constant; Look up in Table 7.19
10 Cc L-M constant:; Loock up in Table 7.19
lambda 3.0383323 Baker diagram dimensionless parameter
1.2 rhoair kg/m”3 density of air
998 rhoH20 kg/m~3 density of water ,
sigh 6.6506878 Baker diagram dimensionless parameter
.073 sigmaH2 N/m Surface tension of water
1000 muH20 HPa-s viscosity of water
BakerXa 1020 X - axis value for Baker plot
BakerYa 42.9 1bm/hr-ft Y - axis value for Baker plot
c 1
M 1
RsubL . 60691986 Volume fraction of liquid phase
RsubG . 35308014 Velume fraction of gas phase
Gasvel .03035028 m/s Gas velocity
LigVel .01971132 m/s Licquid velocity

o SUiLII-ER
P




St Input

.000005
1.5
100

13.851
750

14
100.192
6.25
.00623
.0221

.25
64
.316
10

.073
1000

Name  Qutput  Unit = Comment

valid

flow
£
epsilon
D

L

A
mdot
rhoL
rhog
nmul,
muG

sigmal,

RelL
mdotL
ReG
mdotG
dpdLL
dpdLTP

deltaP

phik

X

m

n

CG

CL

C
lambda
rhoair
rhoH20
sigh
sigmaH2
muH20
BakerXa
BakerYa
c

M
RsubL
RsubG
Gasvel
Ligvel

'accurate

'turbulen

.00114009

4518
.01354489
1637
.00030611

1.6412816

6.002227

2.9610024

6.5840332

863
66.9
1
1
. 60927995
.39072005
.04508399
.02599906

ft

in

ft

m*2
g/s
kg/m”3
kg/m~3
pPa-s
prPa-s
N/m

kg/s
kg/s
Pa/m

Pa/m

psig

kg/m~3
kg/m”3

N/m
HpPa-s

lbm/hr-ft

m/s
m/s

Lockhart Martinelli correlation
for two phase pressure drop
through an adiabatic horizontal pipe

Argon Calorimeter Liquid nitrogen
supply pipe, rough guess at flow
regime, deltaP etc. if x=0.05
Russ Rucinski 10/20/93

model validity

flow type
friction factor ; Must enter a guess
pipe roughness

Pipe inside diameter
Length of pipe

cross sectional area
Total mass flow rate
Liquid density

density of the gas

Liguid viscosity

Gas viscosity

Surface tension of liquid
quality = mdotG/mdot
Reynold's # for liquid
Mass flow rate for liquid
Reynold's # for gas

Mass flow rate for gas
AP/AL for the liquid
AP/AL for the two phase

Total pressure drop for the pipe

Lockhart~-Martinelli parameter
Lockhart-Martinelli parameter

L~-M constant; Look up in Table 7.19
L-M constant; Look up in Table 7.19
L-M constant; Look up in Table 7.19
L-M constant; Look up in Table 7.19
L~-M constant; Look up in Table 7.19
Baker diagram dimensionless parameter
density of air

density of water

Baker diagram dimensionless parameter
Surface tension of water

viscosity of water

X - axls value for Baker plot

Y - axis value for Baker plot

vVolume fraction of liquid phase
Volume fraction of gas phase
Gas velocity :
Liquid velocity
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. 000005
1.5
100

25

750

14
100.75
6.23
.00623
.002

.073
1000

Nane Qutput. Unit

valid

flow

£
epsilon
D

L

A

mdot
rholL
rhog
mul,
miG
sigmal

ReL
mdotL
ReG
mdotG
dpdLL
dpdLTP

deltaP

philL

X

m

n

CG

CL

C
lambda
rhoair
rhoH20
sigh
sigmaH2
muH20
BakerXa
BakerYa
c

M
RsubL
RsubG
GasvVel
Ligvel

Yaccurate

"turbulen

.00114009

8276
.02495

268.2
. 00005

1.1811838
25.403567

2.9610024

6.5962334

9750

10.9
1
1
.84660832
.15339168
.0204221
.03446569

ft

in

ft

m~2
g/s
kg/m*3
kg/m”~3
HPa~s
pPa-s
N/m

kg/s
kg/s
Pa/m

Pa/m

psig

kg/m*3
kg/m*3

N/m
ppa-s

lbm/hr-ft

m/s
m/s

Comment:
Lockhart Martinelli correlation

for two phase pressure drop
through an adiabatic horizontal pipe

Argon Calorimeter Liquid nitrogen
supply pipe, rough guess at flow
regime, deltaP etc. if x=0.05
Russ Rucinski 10/20/93

model validity

flow type

friction factor ; Must enter a guess
pipe roughness

Pipe inside diameter
Length of pipe

cross sectional area
Total mass flow rate
Liquid density

density of the gas

Liquid viscosity

Gas viscosity

Surface tension of liquid
quality = mdotG/mdot
Reynold's # for liquid
Mass flow rate for liquid
Reynold's # for gas

Mass flow rate for gas
AP/AL for the liquid
AP/AL for the two phase

Total pressure drop for the pipe

Lockhart-Martinelli parameter
Lockhart-Martinelli parameter

L-M constant; Look up in Table 7.19
L-M constant; Look up in Table 7.19
L-M constant; Look up in Table 7.19
L-M constant; Look up in Table 7.19
L-M constant; Look up in Table 7.19
Baker diagram dimensionless parameter
density of air

density of water

Baker diagram dimensionless parameter
Surface tension of water

viscosity of water
X - axis value for
Y - axis value for

Baker plot
Baker plot

liquid phase
gas phase

Volume fraction of
Volume fraction of
Gas velocity
Liquid velocity
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