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1. Introduction
The CDS for Lund Test Stand 2 is dedicated to transferring cooling power from the TICP to the ESS elliptical cryomodules under their site acceptance tests in the test stand bunker. The system includes a cryogenic transfer line (CTL), one valve box and four auxiliary process lines. 

The CTL runs from the TICP cold box in the cold box building to the test stand bunker placed in the klystron gallery. The line is a vacuum insulated multichannel line and its vacuum jacket houses four cold process lines, thermal shield, supports and thermal compensation system. The cryoline ends in the test stand valve box, in which four branch process lines connect the headers with the cryomodule cold circuits. Thus the whole system consists of four main and four branch cold process lines. Their names and acronyms are as follows:

•
helium supply lines: helium supply main line (MC) and helium supply branch line (BC), 

•
vapour low-pressure lines: VLP main line (MB) and VLP branch line (BB),

•
thermal shield supply lines: TS supply main line (ME) and TS supply branch line (BE),

•
thermal shield return lines: TS return main line (MF) and TS return branch line (BF).

The process and instrumentation diagram of the CDS is shown in Figure 1.1. 
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Figure 1.1. Process and instrumentation diagram of the CDS for Lund Test Stand 2

The dimensions and operating conditions of the main and the branch cold process lines are presented in Table 1.1.

Table 1.1.  Design parameters of the main and the branch cold process lines

	Type of 
process line 
	Process 
line 
name
	Process line acronym
	Size
	Design pressure a
	Nominal operating pressure a
	Nominal operating temperature

	Main cold process lines (headers)
	He supply line
	MC
	DN15
	16 bar
	3 bar
	4.5 K

	
	VLP line
	MB
	DN65
	12 bar
	27 mbar
	3 K - 5 K

	
	TS supply line
	ME
	DN15
	22 bar
	12.8 bar
	40 K

	
	TS return line 
	MF
	DN15
	22 bar
	12.5 bar
	50 K

	Branch cold process lines 
	He supply branch line
	BC
	DN10
	16 bar
	3 bar
	4.5 K

	
	VLP branch line
	BB
	DN50
	12 bar
	27 mbar
	3 K - 5 K

	
	TS supply branch line
	BE
	DN10
	22 bar
	12.8 bar
	40 K

	
	TS return branch line
	BF
	DN10
	22 bar
	12.5 bar
	50 K


a - all pressure values are given as absolute pressures


The CDS-LTS2 includes also 4 auxiliary process lines that connect the tested cryomodule and valve box with the warm compressor station (WCS) of the TICP. The main auxiliary process lines run from the compressor building along the CTL duct and gallery and further to the cold box building and klystron gallery alongside the cryogenic transfer line. There are four main and four branch auxiliary process lines. Their names and acronyms are as follows:

•
high pressure line: HP main line (MH) and HP branch line (BH),

•
purge return line: Purge return main line (MP) and Purge return branch line (BP),

•
safety valve relief line: SV relief main line (MS) and  SV relief branch line (BS),

•
helium recovery line: helium recovery main line (MR) and helium recovery branch line (BR).

The dimensions and operating conditions of the main auxiliary process lines are presented in Table 1.2.
Table 1.2. Design parameters of main auxiliary process lines

	Type of process line 
	Process line

Name
	Process line

code
	Size
	Design pressure a
	Nominal operating pressure a
	Nominal operating temperature

	Main auxiliary process lines (headers)
	SV relief line
	MS
	DN100 b
	6 bar
	1.1 bar
	4K - 300 K

	
	HP line
	MH
	DN25
	16 bar
	3.0 bar
	300 K

	
	Purge return line
	MP
	DN50
	6 bar
	0 bar - 
- 1.1 bar
	300 K

	
	Helium recovery line
	MR
	DN50 c
	6 bar
	1.1 bar
	4 K - 300 K

	
	
	
	
	
	
	


a - all pressure values are given as absolute pressures
b - the SV relief line is equipped with a drip tray in the test stand bunker
c - the helium recovery line is vacuum insulated in the klystron gallery and cold box room;
the size of its external envelope is DN100
2. Aim of the report
The aim of the report is to confirm the proposed size of the process and auxiliary lines in view of the flow pressure drop specified in Table 12 of [1] and recalled here in Table 2.1. 
Table 2.1.  Maximum allowable pressure drops in the cold process and auxiliary lines of the CDS-LTS2 
	Process 
line
	Maximum allowable pressure drop 
	Flow
rate in main lines
	Calculation pressure a
	Calculation temperature

	He supply line
	5 mbar
	3.0 g/s
	3.0 bar
	4.5 K

	VLP line
	1.5 mbar
	3.0 g/s
	31.3 mbar
	5.0 K

	TS supply line
	25 mbar
	4.5 g/s
	12.8 bar
	35 K

	TS return line
	35 mbar
	4.5 g/s
	12.5 bar
	55 K

	SV relief line
	50 mbar
	50 g/s
	1.05 bar
	300 K

	HP line 
	300 mbar
	6 g/s
	3.0 bar
	300 K

	Purge return line
	50 mbar
	5 g/s
	1.05 bar
	300 K

	Helium recovery line
	35 mbar
	6 g/s
	1.05 bar
	300 K


The values in Table 2.1 for the cold lines are applicable for the ensemble of both the main lines and the branch lines in the valve box and jumper connection.
3. Calculation teoretical background

Each line is composed of different pipe pieces as linear pieces, elbow pieces, T-connections or corrugated elements (bellows, elastic hoses) . The fluid flow pressure drop p in the particular piece can be calculated from the following equation:
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where:

 - local pressure drop coefficient of the piece - dimensionless

W - fluid mass stream - kg/s

d - internal diameter of the piece through which the fluid flows, m

 - fluid density, kg/m3
In case of fluid flow through the linear piece the local pressure drop coefficient can be calculated from:
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where:

- linear pressure drop coefficient - dimensionless

Lp - pipe piece length, m

In the further analysis the  values are calculated from the equation (7.32) [2]:
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where:

k - the pipe roughness, m

Re - Reynolds number - dimensionless

In the further calculations the pipe roughness is assumed as 70m, while the Reynolds number is calculated from the following equation:
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where:

v - is the fluid velocity, m/s

 - dynamic viscosity of the fluid, Pa.s

The fluid velocity in the circular pipe can be calculated from:
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In case of the gas flow through the corrugated elements the linear pressure drop coefficient is increased by factor 1.5 [3].
For the pipe elbows with radius-to-diameter ratio R/d=1.25 the pressure drop coefficient elb=0.203 is taken as per [2] Table 10.6.3 pos. 1.
For the T-connectors with flow inlet from branch side the TB=o=0.91 is taken as per [2] Table 10.6.3 pos. 14 for qV0/qV=1.0. 
For T-connectors without outflow to the branch (straight flow) the TS=p=0.04 is taken as per [2] Table 10.6.3 pos. 14 for qV0/qV=0.
In case of the branch line connection with the main line for VPL and TS Return lines the local pressure drop coefficient T =1.0 is accounted as per [2] Table 10.6.3 pos. 33 for the free outlet from the line, what can be  justified by the large branch and main lines diameter difference. For the He Supply and for the TS Supply lines this connection is considered as the inlet to the line and the T =0.5 as per [2] Table 10.6.3 pos. 29.
For the pipe extensions and reductions the local pressure drop coefficient EX or RE is taken from Table 10 pos. 27 and 28 respectively for given D/d ration and extension/reduction angle .

In case of the valves installed in the cold branch lines the pressure drop is calculated with respect of the thermodynamic parameters specified in Table 2.1 and minimum required valve flow coefficient, determined in [4]. 
For the gas flow through valve the pressure drop is calculated by rearmament of the equation (3.2) [4] to equation (3.5) with assumption that the expansion factor Y≈1 - compare the Y value in [4], Table 4.1:
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where:
N6 - constant depend on the unit,  N6= 31.6 for W[kg/h], p [bar a],  [kg/m3],
pin - fluid pressure at the valve inlet, bar a,
in - fluid density at the valve inlet, kg/m3,
while for the liquid flow the pressure drop is calculated by rearmament of the equation (3.7) [4] to equation (3.6)
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 where:
Q - Volumetric flow rate, m3/h
N1 - constant depend on the unit, N1= 1 for Q[m3/h], p [bar a]
0 - reference density, 0 =1000 kg/m3
4. Calculations

4.1. Cold main lines
All main cold process lines are composed of this same line pieced but with different diameter. Only VLP main line has the DN65/D40 reduction (D/d=1.4, =20o, RE=1.3) close to the connection to the TICP. Table 4.1 presents exemplary detail calculation results for VLP main line while Table 4.2 summarises the flow pressure drop calculation assumptions and results for all main lines. In the Table 4.2 values of the fluid density and dynamic viscosity are calculated with [5] for temperature and pressure specified in Table 2.1.
Table 4.1 Calculation results of the pressure drop in the VLP main line

	Piece type
	W
	L
	D
	Length/ pcs
	Density
	Viscosity
	Velocity
	Re
	
	
	Sum 
	p

	
	g/s
	m
	m
	m
	kg/m3
	10-6 Pa.s
	m/s
	
	
	
	
	mbar

	DN 65
	3.0
	56
	0.069
	56
	0.307
	1.254
	0.802
	44143
	0.0247
	NA
	20.1
	0.2105

	Elbows
	3.0
	NA
	0.069
	9
	0.307
	1.254
	0.802
	44143
	NA
	0.23
	2.07
	0.0217

	DN 40
	3.0
	0.5
	0.0443
	0.5
	0.307
	1.254
	1.950
	68817
	0.0247
	0.266
	0.267
	0.0165

	Reduction DN65/DN40
	3.0
	NA
	0.0443
	1
	0.307
	1.254
	1.950
	68817
	0.0247
	1.3
	1.3
	0.0805

	Total
	0.3292


Table. 4.2 Summary of the flow pressure drop calculation assumptions and results for 
He Supply, TS Supply and TS Return lines
	Line name
	Nominal diameter
	Linear piec. total length
	Reduced diameter
	Reduced diameter length
	Elbow pcs.
	Mass flow
	Density
	Velocity
	Viscosity
	Total press. drop

	
	-
	m
	-
	m
	-
	g/s
	kg/m3
	m/s
	10-6 Pa.s
	mbar

	VLP
	DN65
	55.5
	DN40
	0.5 
	9
	3.0
	0.307
	0.80
	1.254
	0.329

	He Supply
	DN15
	56
	NA
	NA
	9
	3.0
	129.7
	12.8
	3.472
	0.621

	TS Supply
	DN15
	56
	NA
	NA
	9
	4.5
	17.23
	1.11
	5.39
	10.53

	TS Return
	DN15
	56
	NA
	NA
	9
	4.5
	10.76
	1.78
	6.95
	17.11


4.2. Cold branch lines

4.2.1. VLP branch line
For T=5K and p=31.3 mbar the density of helium is determined with [5] and =0.307 kg/m3 while its dynamic viscosity is =1.254 Pa.s. Mass flow in the VLP branch line is 3.0 g/s.

The valve box branch VLP line is composed of:


- total 3.9 m of linear DN50 pieces


- 1 × DN50, 0.31m long elastic hose. The influence of the hose on the pressure drop is included in the calculations by increasing the total length of the branch line linear pieces by 0.31x1.5=0.47m


- 6 × DN50 elbow


- 1 × DN50 T-connection (straight flow - TS=0.04)


- 1 x DN50 valve (CV04) - pressure drop is calculated from (3.5):
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- 1 x free outlet from the line

The calculated pressure drop in the VLP branch line is presented in the Table 4.2

Table. 4.2. Calculation results of the flow pressure drop in the branch VLP line

	Piece type
	W
	D
	Length/ pcs.
	velocity
	Re
	
	/piece
	Total 
	p

	-
	g/s
	m
	m
	m/s
	-
	-
	-
	-
	mbar

	DN50 pipe
	3.0
	0.0553
	4.37
	4.07
	55079
	0.0246
	NA
	1.95
	0.0494

	DN50 Elbow
	3.0
	0.0553
	6
	4.07
	55079
	NA
	0.203
	1.22
	0.0310

	CV-04 Valve
	3.0
	0.0553
	1
	4.07
	55079
	NA
	NA
	NA
	0.1956

	T-conn straight
	3.0
	0.0553
	1
	4.07
	55079
	NA
	0.04
	0.04
	0.0010

	Outlet
	3.0
	0.0553
	1
	4.07
	55079
	NA
	1.00
	1.00
	0.0254

	Total
	0.3024


4.2.2. He Supply branch line

Table 4.3 summarises the flow pressure drop calculation assumptions and results for the He Supply branch line. The calculation are done for density =129.72 kg/m3 and dynamic viscosity = 3.472.10-6 Pa.s  determined for T=4.5 K and p=3.0 bara from [5].
Table 4.3 Calculation assumption and results of the flow pressure drop in the He Supply branch line

	Piece type
	W
	L
	D
	Length/ pcs
	Velocity
	Re
	
	
	Sum 
	p

	
	g/s
	M
	m
	m
	m/s
	-
	-
	-
	-
	mbar

	DN10 pipe
	3.0
	3.455
	0.0132
	3.455
	0.169
	83349
	0.0308
	NA
	8.05
	0.1492

	Elbow
	3.0
	NA
	0.0132
	6
	0.169
	83349
	NA
	0.20
	1.20
	0.0222

	T-conn branch
	3.0
	NA
	0.0132
	1
	0.169
	83349
	NA
	0.91
	0.91
	0.0169

	CV-04
	3.0
	NA
	0.0132
	1
	0.169
	83349
	NA
	NA
	NA
	0.1530

	Inlet
	3.0
	NA
	0.0132
	1
	0.169
	83349
	NA
	0.50
	0.50
	0.0093

	Total
	0.3505


4.2.3. TS Supply branch line
Table 4.4 summarises the flow pressure drop calculation assumptions and results for the TS Supply branch line. The calculation are done for density =17.236 kg/m3 and dynamic viscosity = 5.390.10-6 Pa.s  determined for T=35 K and p=12.8 bar a from [5].
Table 4.4 Calculation assumption and results of the flow pressure drop in the TS Supply branch line

	Piece type
	W
	L
	D
	Length/ pcs
	Velocity
	Re
	
	
	Sum 
	p

	
	g/s
	m
	m
	m
	m/s
	-
	-
	-
	-
	mbar

	DN10 pipe
	4.5
	3.9
	0.0132
	3.9
	1.91
	80531
	0.031
	9.10
	9.100
	2.855

	Elbows
	4.5
	NA
	0.0132
	6
	1.91
	80531
	NA
	0.23
	1.380
	0.433

	T conn straight
	4.5
	NA
	0.0132
	1
	1.91
	80531
	NA
	0.04
	0.040
	0.013

	Valve CV-60
	4.5
	NA
	0.0132
	1
	1.91
	80531
	NA
	NA
	NA
	3.813

	Inlet
	4.5
	NA
	0.0132
	1
	1.91
	80531
	NA
	0.50
	0.50
	0.157

	Total
	7.270


4.2.4. TS Return branch line

Table 4.5 summarises the flow pressure drop calculation assumptions and results for the TS Return branch line. The calculation are done for density =10.73 kg/m3 and dynamic viscosity = 6.952.10-6 Pa.s  determined for T=55 K and p=12.5 bar a from [5].
Table 4.5 Calculation assumption and results of the flow pressure drop in the TS Return branch line

	Piece type
	W
	L
	D
	Length/ pcs
	Velocity
	Re
	
	
	Sum 
	p

	
	g/s
	m
	m
	m
	m/s
	-
	-
	-
	-
	mbar

	DN10 pipe
	4.5
	7.56
	0.0132
	7.56
	3.05
	62432
	0.031
	17.81367
	17.814
	8.947

	Elbows
	4.5
	NA
	0.0132
	12
	3.05
	62432
	0.031
	0.23
	2.760
	1.386

	T conn straight
	4.5
	NA
	0.0132
	1
	3.05
	62432
	0.031
	0.04
	0.040
	0.020

	T conn Branch
	4.5
	NA
	0.0132
	1
	3.05
	62432
	0.031
	0.91
	0.910
	0.457

	Valve CV-61
	4.5
	NA
	0.0132
	1
	3.05
	62432
	0.031
	NA
	NA
	6.106

	Inlet
	4.5
	NA
	0.0132
	1
	3.05
	62432
	0.031
	2
	2.000
	1.005

	Total
	17.821


4.3. Total pressure drop in the main and branch cold process lines

Table 4.6 summarises the flow pressure drop for main and branch process lines as well as provides the maximum allowed pressure drop.

Table 4.6 Total pressure drop comparison with the maximum allowed pressure drop

	Line name
	Main line 
press. drop
	Branch line
press. drop
	Total 
press. drop
	Max allowed press. drop

	
	mbar
	mbar
	mbar
	mbar

	VLP
	0.329
	0.3024
	0.6316
	2.0

	He Supply
	0.621
	0.3505
	0.971
	5.0

	TS Supply
	10.528
	7.270
	17.79
	25

	TS Return
	17.109
	17.821
	34.93
	35


From Table 4.6 it can be found that the calculated flow pressure drop in the all cold lines are lower than maximum specified ones.
4.4. Auxiliary lines

The HP line and the Purge Return line will working at room temperature, therefore those lines are composed of linear and elbows pieces. The Helium recovery line will be equipped with the compensation bellows with internal sleeve, therefore, as in case of the cold process line, the flow pressure drop is calculated as for the linear pieces.
 The assumptions and results of the flow pressure drop calculation in the auxiliary lines are presented in the Table 4.7. In the calculations the density and dynamic viscosity for each auxiliary lines is determined for the calculation pressure and the calculation temperature specified in Table 2.1. 
Table. 4.7 Summary of the flow pressure drop calculation assumptions and results for 
SV Relief, HP, Purge Return and Helium Recovery lines
	Line name
	Nominal diameter
	Linear piec. total length
	Elbow pcs.
	Mass flow
	Density
	Viscosity
	Total press. drop
	Max allow. press. drop

	
	-
	m
	-
	g/s
	kg/m3
	10-5 Pa.s
	mbar
	mbar

	SV Relief line
	DN100
	63
	17
	50

	0.171
	1.993
	15.57


	50

	HP line
	DN25
	63
	17
	6
	0.487
	1.994
	66.28
	300

	Purge Return line
	DN50
	63
	17
	5
	0.171
	1.993
	5.41
	50

	Helium Recovery line
	DN50
	63
	17
	6
	0.171
	1.993
	7.49
	25


5. Summary

Calculations of the flow pressure drop in the CDS-LTS2 cold process and auxiliary lines shows, that the size of the lines originally proposed by the ESS is correct. 
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�This value should be higher, since the mass flow rate from the CM can reach 104 g/s. See requirements ID2175 and ID2204.


�How much higher will it be for 105 g/s?


�For 105 g/s the pressure drop is 61.97 mbar
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