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Abstract

A Thermal-fluid Analysis of Piping Dead-legs in High Purity Water Systems
By

Dantel C. Coyle (B Eng MIMechE MIEI)

Punfied water forms an mtegral part of pharmaceutical production The consistency
of water quality produced by purification processes and distributed to pomts-of-use
ts of utmost importance Tee-sections nstalled mn distribution loops are commonly
used to divert fluid flow at take-off pomts However fluid flow restriction at tee-
section branches can cause piping dead-legs.

Dead-legs consist of regions of stagnant flmd where harmful orgamisms can
proliferate unaffected by the scourmg effects of distribution loop flow. This thesis
presents a thermo-fluid analysis focusing upon the fluid dynamics and heat transfer
mechanisms occurring within dead-leg branches A literature review of high purity
water system design details samtization methods currently employed in industry with
reference to the detrimental effects of dead-legs.

Experimentation was performed using a single-loop flmid nig complete with capped
90° tee-section representing a piping dead-leg. Analysis of the thermal conditions for
various dead-leg configurations was performed mcluding variations of branch length
and diameter. The effect of varying loop velocity was also investigated, The
application of non-intrusive analysis techniques was considered. Infrared
thermography and surface-mounted thermocouples were used to map surface
temperature distribution across a dead-leg branch

Increased temperatures were noted at the base of the dead-leg branch for mcreasing
loop velocities, Comparison of reduced and equal diameter dead-legs for varymg
branch lengths suggested dead-leg temperature is strongly related to mnlet loop
velocity. Acceptable thermal responses were noted i 4d dead-legs for loop velocity
> 0.94m/s, 2d reduced diameter dead-legs at 1 50m/s and in 2d equal diameter dead-
legs throughout the exammed velocity range.

Although all dead-leg configurations used in analysis adhered to industry
recommendations; unsatisfactory thermo-fluid conditions recorded for remamning
dead-legs suggests revision of accepted regulations. Non-intrusive analyses
illustrated greater temperatures at branch mud-pomnt compared with base
measurements. However the application of techniques was deemed limuted due to
pipe wall conduction effects.
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Chapter1  Introduction

Punified water forms the core of every pharmaceutical manufacturing plant Every
pharmaceutical facility requires purified water, and 1ts quality 1s critical to all
production processes [1] The consistency of water quality achieved 1s as important
as the quality of water The expense and high technology mvolved in water
purification 1s negated 1f the distribution system cannot mamtain the required water
quelity [2] A reduction mn water quahty may result m the suspension of
pharmaceutical processes. Production downtime suffered during cleamng and
rectification can have significant detriment upon manufacturing output and company

revenue

For flow conversion, fluid 1solation and take-off pomts m a sterile process pipework
system, the nstallation of a tee-section piece 1s the most commonly used method [3]
However the mstallation of tee-sections mn high purity water systems (HPWS) has
the potential to compromise water quality By restricting flow m the tee-section
branch; dead-legs can occur The stagnant water 1n a tee-section dead-leg promotes
the growth of biofilm [4] When dead-leg water 1s released, 1t has the potential to

contaminate entire production

1.1  The 6d-Rule
In an nspections guide [5] 1ssued for review the Food and Drugs Administration

(FDA) stated that “no pipe should have an unused portion greater in length than 6
diameters of the unused pipe measured from the axis of the pipe in use”. This
statement became known as the 6d-rule within industry A representation of the 6d-

rule 18 shown 1n figure 1 1

The FDA stressed that the regulation applied to hot water systems only (75-80°C)
They considered any unused portion of pipe 1 an ambient or cold circulating system
as a dead-leg, having the potential for biofilm formation The FDA recommended
ambient water systems have a self-samtizing procedure n place for dead-legs or

eliminate them entirely



DEAD-LEG > 6d

Figure 1.1 - Classic 6d dead-leg configuration

Although the 6d-rule became an industry standard for suitable dead-leg length, 1t 1s
not truly representative of what dead-leg characteustics are critical to designing a
cleanable process piping system [6]. The American Society of Mechanical Engmeers
(ASME) suggested that dead-legs within HPWS be designed to achieve a dead-leg
length of 2 or less, where the length of the dead-leg extension is measured from the
inside diameter wall. The ASME states that this is merely a target, not an absolute
requirement and that the system designer must attempt to elimmate system dead-legs

and 1dentify where exceptions exist {7].

Compared to the ASME, the FDA recommendation is poorly worded The ASME
recommendation measures from the true beginning of the dead-leg whlst the 6d-rule
measures the length of the dead-leg from the centreline of the main branch. The 6d-
rule becomes questionable when designing systems with smaller diameter branches
located off larger diameter main pipelines Figure 1.2 displays dead-leg
configurations with varying branch diameters. Shown are loop to branch diameter
ratios of 1:1, 2:1 and 4:1. Take the example of a designer placing a 12 Smm valve off
a 50mm diameter main section of pipeline; a 2d length already exists at the pipe
wall. Should the main pipe have a 150mm pipe diameter, the 6d-rule is already

compromised
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Figure 1 2 - Application of the 6d-rule with varying branch diameter

Definite confusion exists concerning the application of the FDA 6d-rule, Research
has shown that various industry experts [2, 8 & 9] have their own recommendations
of suitable dead-leg lengths. These can range from 1d - 5d Ilengths, however all
accept that the 6d-rule is flawed.

In a recent paper [10] the validity of the 6d-rule is questioned,;

“There are many gwidelines cuwrrently m use that “assist” the industry
(pharmaceutical) in engineering equipment and systems Some of the guidelines are
used simply because they are considered to be “standards” Often, what 15 not
considered 1s the actual applicability of a given guideline to a particular system or

prece of equipment

Pharmaceutical companies expend significant expense to adhere their system to the
FDA 6d-rule, however little is known of actual suitable lengths for dead-legs The
rule itself 1s ambiguous, ultimately leading to confusion among HPWS designers,

which must be avoided in such a delicate manufacturing sector.



1.2 Pharmaceutical Waters
In order to understand the sanitary 1ssues associated with piping dead-legs, one must

first consider the systems they can compronuse Considerable expense 1s mcurred in
the purchase, mstallation and validation of central purification equipment 1 HPWS
[2]. These systems are essentially designed with a desired water quahty m mind
Varous standards of product water are used i the pharmaceutical mdustry

depending upon the end-use of the manufactured product.

Four standards of production water exist each discemable by their level of purity
These include;

- Source Water

- Potable Water

- Punfied Water

- Water for Injection

1.2.1 Source Water
Source water 1s water in 1fs rawest untreated state It comprises of water n

reservoirs, lakes, rivers and streams prior to being withdrawn for treatment and
distribution as potable water supply. Geological factors contribute to the quality of
such waters Having had contact with its surroundings, source water cannot be
assumed pure. Dissolved minerals, salts from earth and rocks will have leached into
the water Water, fallmg as ram will have also scrubbed various gases from the
atmosphere [4]. Natural waters serve to nurture organisms such as bacteria and other

viruses.

Therefore, water approached as a source supply by a facility 1s not entirely water, but
contains a multitude of aqueous solutions and substances [4] The standard of source
waters will vary by location, however some of the impurnties that can exist m source
water supphes nclude:

- Ionic and Orgamc Contarmmants

- Bicarbonate and Scaling

- Suspended Matter

- Silica and Dissolved Gases



Source waters will inevitably require cleansing to remove such contaminants and

achieve higher purity.

1.2.2 Potable Water
Potable water or ‘city water” as 1t 18 sometimes termed acts as feed water for facility

production. The recommended microbial lumit for potable drinking water specified
by the FDA 1s 500¢fu/ml [5]

The punification of source water to potable standards typically begms with the
treatment of water with an oxidant to remove tastes and odours. Following this,
water 15 clanfied by removing large suspended matter using alum treatment
Filtration 15 performed to remove smaller organisms before finally chlorne 1s added

to protect against after-contamination

Additional attention must be paid to the quality of source water as 1t can be subject to
environmental changes. For example, new construction or fires can deplete water

stores and cause an mflux of heavily contaminated water from storage [4]

1.2.3 Purified Water
Purified water 1s used m the manufacturing of topical and oral medications 1n the

pharmaceutical industry, Purified water consists of potable water having undergone a
series of purification methods to further remove damaging bactenal elements The

FDA recommends an upper bacterial limit of 100¢fi/ml for high purity water [5]

1.2.4 Water for Injection
Water for Injection (WFI) as the name suggests 1s used m the pharmaceutical

mdusiry for manufacturing drugs mntravenously adminzstered to patients Distribution
systems carrying high quahty WFI are assumed essentially sterile However,
sampling of the water takes place m non-sterile environments therefore some
microbial counts are assumed FDA recommended mcrobial limits are shown in

table 1.1 [51,.



Upper bacterial limit 10¢fi:/100 ml

Upper endotoxin Trmt 0 25 umits per ml

Table 1.1 - FDA microbial himztts for WFI

An endotoxin 15 a toxic substance bound to the bacterial cell wall released when the
bacterium ruptures or disintegrates. The above limuts do not refer to pass or fail
standards, only action limits, When the supply exceeds the above limits then process
engineering must mvestigate the problem, reduce the microbial presence and analyze

the 1mpact that heightened limits may have had upon production.

1.3  Pre-treatment Processes
The preparation of waters for application i the pharmaceutical, semi-conductor or

power-industries can mvolve three main stages: pre-treatment, prmcipal purification
methods and poimnt-of-use treatment [4] Prmcipal purification typically involves one
or more of distillation, 1on exchange or reverse osmosis (RO) processes. However, to
ensure principal purification freatments produce the high quality waters they must,
pre-treatment methods must first be performed. Addttionally in the interest of costs,

pre-treatment methods can extent the service Iife of valuable prmcipal equipment

Figure 1 3 illustrates the stages necessary to increase the purity of potable water to

the high standard required of Water for Injection

Facilities that use source water as opposed to a potable supply must perform inrtial
purification methods. Yet potable water has Irmted direct application
pharmaceutical manufacturing processes because 1t contans variable amounts of
dissolved substances, and added chlormne for microbial control [4] Facility water 1s
separated from ‘city water’ by a check-valve to prevent back flow, which may
contact and contaminate production equipment One of the mihal pre-treatment

processes 1n a high purity loop 1s filtration with multi-mecha filter




Figure 1.3 - Functional block diagram of WFI system [11]

1.3.1 Deep Bed Filtration
The function of a deep-bed filter is to prevent the passage of suspended matter,

accommodate a reasonable volume of suspended material and hold retained solids

loosely to aid easy cleaning by backwashing [4].

A deep-bed filter consists of a multi-media bed, with levels of varying media such as
charcoals, manganese greensand, garnet or anthracite with a final support layer of
gravel. Beneath the gravel support layer a distributor tank collects the water.
Considering figure 1.4, the treated water is removed from the holding tank via a
system outlet pipe. Silica sand is the typical medium used in deep-bed filter
construction, aiding the removal of bulky substrate in the water. However deep-bed
filters may themselves becomé havens for organisms to flourish [4]. Accordingly

chloride is added prior to the water passing through.
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|
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Figure 1.4 - Multi-media filter illustrating various media [13]

1.3.2 Water-softening
Water softening techniques typically follow mecha filtratton, Water varies mn

hardness from soft to very hard depending upon muneral content. Table 1 2 displays

the hardness levels of water 1n terms of calcium carbonate concentrate (CCC).

Figure 1.5 illustrates the water softening process Using 1on-exchange, hardening
ions such as calcium and magnesium are removed from the water and replaced with
non-hardness 1ons (sodwim). Sodium 10ns are supplied via dissolved sodium chloride
salt or brine. Backwashing up through filter beds removes foreign particulate. Salt/
brine solution 1s passed through the bed, removing magnesium (Mg) and calcrum
(Ca) 1ons Loosely attached sodium ions are released m their place, effectively
charging the bed with substitute rons. Finally the bed 1s rinsed to remove excess

sodium/brine solution



Level CCC (mg/l)
Soft 0-60
Medium Hard 60-120
Hard 120-180
Very Hard > 180

Table 1.2 - Water hardness levels [14]

Water softening does not remove bactera, silt or sand, lead, mitrate, pesticides, and
any other organic and morgamc compounds [15] However, water softening does
remove alkaline [19]. Alkaline reduction protects from scale formation on RO
membranes and within distillation stills downstream, thereby improving operating
lifetimes of expensive principal purification equipment. However application of
water softening techniques can allow for the mvaston of the water-processing system

by organisms [4] To counteract such effect, chlorme s added to the system.,

STCOP CHECK VALVE

™~ » SOFT WATER
OUTLET
BY-PASS CHECK=
VALVE /
SALT &
HARD WATER | BRINE TANK Na REPLACE
INLET VALﬁE Ca & Mg IONS
BRINE FEED
VALVE
DRAIN + 1

Figure 1 5 - The water softening process



1.3.3 De-chlorination
Chlorne destroys bacteria and prevents biofilm development on wetted pipe interiors

[16]. De-chlormation mtroduces chlorme mto the water using activated chlorme
(AC) or direct chlorme injectton. Chlorine mjection does not foster microbial-growth
as opposed to AC beds and 18 favored withim mdustry [17] The chlorine mjection
techmque 1s shown n figure 1 6.

When chlorme 1s mjected into the water, 1t oxidizes mto sulphate. Free chlorme n
the system reacts with the sulphate and forms chlorine 1ons. Both sulphate and
chlorine 1on by-products are easily removed by RO treatment down-stream [17]. It 1s
worth noting the presence of chlorine residual m water 1s prolonged for as long as
possible as 1t undergoes treatment to act as a safety precaution agamst the ever-

present threat of microbial recontamination,

CHLORINE
SOLUTION
TANK

K_\

PRESSURE TREATED WATER
_D-% N {OO}— TANK [  oumEer

INLET VALVE CHECK VALVE INJECTION VALVE FLOWMETER

e Sy

Figure 1 6 - De-chlornation imjection system

1.3.4 Reverse Osmosis
Osmosis refers to the natural movement of pure or distilled water through a

membrane to a concentrated water solution containing salts and other impurities
[18]. With the application of sufficient pressure to the concenirated solution, the
osmos1s process can be altered. Forcing a concentrated water solution of salts and
other impurities on one side of a seru-permeable membrane through to an empty
holding tank 1s known as reverse osmosis [18], The technique 1s shown mn figure 1.7
Pure water seeps through the membrane to a holding tank leaving behind mmpurities
trapped m the membrane Impurifies such as bacteria are removed from the

membrane by a sieving action.
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Figure 1.7 - The reverse osmosis process [18]

Membrane pores are minute in size (approx. 0.005pm), with the smallest typical
bacteria around 0.2um. In fact, some membranes can reject 99.0% of sodium
chloride [17]. Should continuous pressure be applied to the water to separate
impurities through the membrane, dissolved impurities would become so
concentrated they would precipitate the solution and foul the membrane [18].
Accordingly, a technique is employed to carry away the impurities forming around
the membrane. This is performed by ‘reject water’ which is flushed from the process

in sacrifice of pure or ‘product water’ [18].

The amount of ‘product water’ separated from total water (reject and product) is
known as the process ‘recovery’. The amount of ‘recovery’ depends upon the

performance of the process equipment and the standard of water feeding the process.

The reverse osmosis process removes the following impurities;
- Particulate matters — scale, rust, sediment, sands
- Colloidal matter — particulate that is continuously suspended, never settles
- Dissolved sodium
- Bacteria
- Pyrogens — bacterial by-products

- Organic molecules — sugars, protein, dyes

11



Pre-treatment of feed water is recommended by manufacturers of dishillation
equipment and 1s particularly advised for RO umts [5] Although RO offers a
substantial purification of water 1t does suffer one draw back. Substances such as
alcohols, phenols, formaldehyde and other dissolved gases cannot be removed using
RO. Therefore, the process 1s viewed merely as a bacterial reduction mechanism as

opposed to a complete santtization method [4].

RO product water 1s typically de-iomzed and passes through a mcrobial reduction
process, such as filtration or high mtensity ultraviolet (UV) hight [11]. Electro De-
Ionizing (EDI) 1s often used m ndustry i conjunction with RO, RO waters serving

as desirable permeate for the EDI process

1.3.5 Electro de-Ionizing
Electro de-Tomizing consists of selective membranes that isolate 10ns from therr

counter-ions [18]. Anions are negatively charged 10ns; thewr resins permit only other
anions to pass. Equally a cation is a positively charged 10n that can only pass through
a sumlarly charged resin By spacing alternating layers of anion and cation resins, a
series of diluting and concentrating compartments are created, all under the influence

of a DC current [18]. A basic EDI system 1s shown m figure 1 8
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Figure 1 8 - Electro de-Ionizing system [18]

Water is channelled between three compartments, dilute, concentrate and
anode/cathode (electrolyte) streams. Membranes do not allow water to permeate
through them, acting as barriers to fluid flow, Therefore feed water 18 channelled mto
the concenfrate and dilute compartments. As the water passes through the dilute
compartment, sodium and chlorne 1ons are exchanged for favourable 1ons on the

resin surface

Electrical current drives 10ns away from the resm through the membrane into the
concentrating compartments. Negative 1ons in the product stream are then attracted
towards the anode These 10ns pass through the anion permeable membrane into the
adjacent concentratmmg stream where they are repelled by cation permeable

membrane and become trapped.



As water moves through the flow compartments, 1ons n the dilute stream will
deplete and become concentrated in the adjacent concentrating stream The resulting

water is flushed from the system.,

1.3,6 Distillation
Distillation 1s used to remove volatile impunties such as low-molecular-weight

organics, catbon dioxide and oxygen from water. The purification process uses the
volatilization of water as a means of separating it from 1its non-volatile impurrties;
and the condensation of the volatilized water (steam) to 1solate 1t from 1its more

volatile impurities [4].

VAPOUR
BOILER WITH BAFFLE CONDENSER
COOLING WATER &
STEAM , FEED 1111 FEED SUPPLY
SUPPLY ( < I l l I | ¥
© STEAM
CONDENSATE
v COOLING WATER
DISCHARGE
3
DISTILLATE

Figure 1 9 - Smgle-still distillation system

An example of basic distillation equipment 18 a one-stage still shown m figure 1 9
One-stage stills consist of a boiler to vaporize the water, a dis-entrainment device
and a condenser to convert the water back to its liquid state. Liquid particles can
become trapped within vapour in the form of must particles The entramment of
water particles (mist) must be reduced to avoid the carryover of non-volatiles.

Devices such as baffles help prevent such carryover
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Any water vapour is condensed into its ligud form by encountering cooling surfaces
within the condenser Condensation heat that must be removed to re-liquidize the
water 15 extracted by cooling water flowing within coils that condensate the water
upon contact Cooling must be adequate but minimal as higher degrees of cooling

encourage the condensation of volatiles also [4].

Distillation 15 not an absolute process [4] The quality of the distilled water 1s

proportionate to the quality of the feed water entering the system.

Bacterial Limits (¢f#/ml)
Sampling Location Target Alert Action

Raw Water 200 300 500

Post multi-media filter 100 300 500
Post softener 100 300 500 |

Post activated Carbon filter 50 300 500

Feed to RO 20 200 500

RO permeate 10 50 100
Ponts of Use (post EDI) 1 10 100 _.

Table 1 3 - World Health Organisation muicrobial limits [19]

Additional point-of-use treatments such as polishing ensure high punty water
maintains bactena free after principal purification until time of use Polishing brings
water to 1ts highest point of purity prior to entry into production Table 1 3 displays

microbial stipulations per process recommended by the World Heaith Organization

(WHO).
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1.4  High Purity Water System Design ~ Sanitary Considerations
The design of hugh purity water systems 15 tallored to meet the requirements of the

process yet maintam optunum economy [2]. The purified water distribution system
forms the ntegral link between pre-treatment and pomnt-of-use instances. The

distribution system must be above all capable of mamtaming the required water

qualty.

Crucial design parameters for HPWS design mnclude mamtaining continuous water
rectrculation at an adequate velocity, continuous or periodic samtization/ sterilization
and the absence of stagnant areas [2] Failure to achieve any of these parameters may

lead to a non-sterile system of contaminated product water

1.4.1 Main Distribution Loop Size
Distribution loop size 1s a factor of user requirements. HPWS designers consider

dstribution loop size based upon circulation velocities and circulation quantity
assuming maximum simultaneous system draw-off Standard distribution system
sizes mclude,

- Single pipe loop

- Double pipe, flow and return loop

- Double pipe, flow/reverse return loop

We will consider single pipe distribution loops, the remaming loop sizes are beyond

the scope of this discussion. Table 1.4 lists the characteristics of a single pipe

distribution loop.
Advantages Disadvantages
- least amount of pipework - possibility of high system pressures
- equal flow rate/velocity around loop |- flow balancing devices required
- flow balancing 1s complex

Table 1 4 - Characteristics of a singie pipe loop

i6




A piping and mstrument diagram (PID) of a typical single pipe distribution loop 1s
shown mn figure 110 A PID displays the disiribution system including flow
regulation devices, circulation pumps and the operator control systems with key
components such as storage vessels and heat exchangers Where sterile pomi-of-use
requires mcreased water temperature a sub-loop incorporating a heat exchanger 1s
mstalled. However the added cost of such sub-loops can be negated by designers

using separate cold and warm distribution loops [2].

Single pipe loop systems are the natural choice for cold or ambent distribution
requirements They are most suited to situations where the main requirement 1s for
loop temperature outlets with a small number of variable temperature outlets [2})
Single pipe loops offer equal flowrate throughout the hne along with the least

amount of pipework thereby reducing cosis and mstallation space [2]
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Figure 1 10 - Single pipe distribution loop
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Yet system pressures are a concern m such systems. Maximum recommended system
pressure 18 10bar, with a potential pressure drop across a heat exchanger of 0.3bar
[2] Heat exchangers have an accumulative pressure effect and can therefore present
a significant portion of system pressure alone. As such single pipe loops are suitable

for a small number of heat exchangers only [4]

1.4.2 Circulation Temperature
The circulatton temperature of the distribution system 1s determined by the required

microbial limits and/or pomnt-of-use temperatures For a microbat it of legs than
10¢fi/100m] a mmmum continuous temperature of at least 80°C 1s required to
ensure self samtization occurs [2]. However for less strmgent microbial

specifications, a hot system (=80°C) may not be necessary

1.4.3 Circulation Velocity
Recirculating systems are essential 1f microbiological limits are to be mamtained [2]

Low velocity or stagnant regions within the distribution loop have the ability to
promote the growth of bacteria Non-recirculation 1s acceptable for purified water
systems should the water be continually consumed and flush procedures are m place

during non-use.

The accepted mmmimum circulation velocity range for HPWS is 15 - 2.0 m/s [2].
This range 1s concerned with preventing the adhesion of biofilm to mner pipe walls
However recent research [20] mndicates required velocities for biofilm control are
less than half of current mdustry recommendations In fact required velocities to

ensure biofilm control can vary for hot and ambient distribution systems

1.4.4 Pipework and Assembly
Distribution pipework must remain mert to the purified water 1t carries and not leach

any components into the water Additionally it must withstand sterilizing agents used
during cleaning procedures. 316L Stainless Steel (SS) 1s the preferred pipework

material for valves and pipework distribution systems [3] Polyvinylidene fluoride
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(PVDF) and Polyvinyl chlonde (PVC) plastic pipes are used in systems with liquid
temperatures less than 50°C [21].

316L S8 has a low-carbon content (0.03%) minimising carbide precipitation during
welding which can lead to reduced corrosion resistance in the steel. SS offers smooth
surface finish, dimensional consistencies and ease of cleanmmg. The typical
bropharmaceutical finish is approximately 15 Ra (Roughness Average) or 0.38 um
for electropohished 316L SS [22] Electropolishing serves to smooth pipe inner

surface and reduce differentials between microscopic peaks and valleys.

Pipework assemblies with threaded or flanged connections are avoided as
contaminants can accumulate mn spaces between threads [22]. As a result system
pipework 1s typically welded together, Figure 1.11 1llustrates a threaded connection
compromising system waters. With respect to cleamung procedures pipework return
lines require suitable slope to encourage gravity drainage and avoid potential air

pockets which prevent cleaning solution from reaching inner surfaces [22]

COMPONENT

PIPE WALL

OPEN CHANNEL
BETWEEN
THREADS

Figure 1.11 - Contamination via threaded sections
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1.4.5 Valves
Valves mstalled within distribution loops have the potential to contribute to the

proliferation of contanunants It 15 recommended that all parts of a valve i contact
with product waters be crevice-free and accessible to steam sterilisation {3]. Figure

1.12 displays the types of valves available to HPWS designers

-3
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Figure 1 12 - Selection of valves, (1) Ball (2) Butterfly and (3) Diaphragm [23]

Ball and Butterfly-type valves are considered non-sterile as they can harbour steam
and water m air-tight crevices effectively creating stagnant pools that encourage
bacterial formation, The spacing between the elastic diaphragm sections and valve

housing of diaphragm valves can also serve as potential contamimant crevices

Self-drainage 1s an important attribute of valve design [31;

- making high quality cleaning possible by reducing soil deposttion

- allowmg free-dramage of condensate during steam sterilisation

~  munimising fhnd retention, important during small batches or the manufacture of

high quality product.
As with pipework 1t is necessary to construct valve components chemically nert to

process fluid. As such SS 1s the material of choice for most valve housings Seals,

gaskets and other flexible diaphragm materials 1 contact with process fhuds are
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typically manufactured of Polytetrafluoroethylene (PTFE) providing the designer

with excellent chemical resistance {3]

All valves can pose a sterilisability risk for designers Selectton must be based upon
munumsing possible system confammnation along with incorporating necessary

sanrtizing techmques to linmt bactenal proliferation

1.4.6 Pumps
Fluid pumps are required to manipulate purified water through the system at required

velocities. Both constant and variable speed pumps are used 1n industry. Constant
speed pumps involve less mitial capital expense and mamtenance compared to
variable umts However, both flow and pressure output of a constant speed pump
varies with changing water usage. Therefore pump efficiency and performance 1s

dependent upon the demand for water

Multistage centrifugal pumps are commonly used i pharmaceutical production as
they offer a low rate of wear at common operating levels Pump wear 18 an important
sanitary consideration for designers Particles are generated from the wear of rotors,
seals and other internal parts Therefore pumps should be mstalled sufficiently

upstream of pre-treatment units to ensure particle removal via filtration.

Additional pump umts are mcorporated 1nto system design to compensate for maimn
unit fatlure However the FDA 1dentify waters present 1n any additional pipework
used to connect stand-by units to mam distribution loops as stagnant and possible

areas of bactenal proliferation [5].

1.4.7 Storage Vessels
Facilities often use high purity water to rinse pipework and process equipment

followmg batch production The high volume of water necessary during rinsing
requires an adequate system storage capacity durimg such periods of maximum
demand. Storage vessels act as reservoirs storing purified waters for periods of high

‘draw-off’
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However storage vessels have the potential to generate bacteria growth due to low
velocities of waters within, Vessels also have the propensity to promote bacterial
growth on internal surface walls when not completely filled [4]. Therefore vessel
capacity should be selected to ensure system recirculation flowrate results 1n storage
volume bemg replenished approximately every 6 hours [2] Additionally vessels
mstalled m re-circulatory systems dispense return waters along tank walls via wall-

mounted spray balls to minimise bacteria growth.

1.48 Heat Exchangers
A heat exchanger 1s a device which provides for transfer of thermal energy between

fluids at different temperatures [24] They are typically employed as part of sub-
loops m HPWS used to manipulate fluids to required pomnt-of-use temperatures, Heat

18 transferred between fluids via conduction through a heat transfer surface,

Figure 113 shows a single pass shell-and-tube type exchanger commonly used mn
industry Shell-and-tube exchangers consist of circular tubes mounted within a
cylindrical shell with tube axis parallel to that of the shell. Fhuid of set temperature
flows along and across the exterior of the tubing heated by a flmd at elevated

temperature within the fubes
Heat exchangers are susceptible to bio-fouling. A mimmum velocity of 1m/s 1s

recommended for tubular heat-exchangers fo reduce the mcidence of biofilm

formation [25]
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Figure 1.13 - Single pass shell-and-tube type heat exchanger [24]

1.5  Sanitization - Bacterial Control of Pharmaceutical Water Systems
Recently the cleaming of pharmaceutical faciities and production equipment has

become one of the most important issues n the pharmaceutical mndustry [10].
Samifization 1s the process of ¢leansmg each component that contnbutes to the
process of water purtfication. Samitization is necessary mn the reduction of harmful

bacteria in process waters that can compromuse the quality of manufactured product

Samtization 1s however not considered an absolute phenomenon, only serving to
partially remove orgamisms Free-floating bacterial population 1s ehminated, yet
surface attached biofilm can remam on equpment walls [4] Hence cleaning
validation 1s required to ensure the desired contaminants have 1n fact been removed,
and that all process equipment has been sanitized to an appropriate level. Validation
of samtization has now become a primary focus of both regulatory agencies and the
industry as a whole [10], Various methods of samtizing water systems within
mdustry are employed Their application and frequency 1s dependent upon the

manufacturer’s desired water quality.
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The mam methods [26] used for microbiological control in industry mclude;
- Mamtenance of piping at elevated temperatures

- Use of chemical disinfecting agents

- Use of sterthzing radiation (UV)

- Clean-In-Place (CIP) which renders pipug chemically clean

- Steam-In-Place (SIP) followed by the use of sterile barners

Biopharmaceutical operations are typically based upon 24 hour per day, seven days a
week production. Pharmaceutical factlities may utilize some or all of the cleanimg
methods mentioned above to ensure a sterile system For example m a 24/7
operation, CIP may only be part of a typical 8-hours turn-around (dirty to clean)
cycle which also mcludes SIP and the associated heat-up, cool down, and ntegrity

testing [22].

1.5.1 Sterilization
Pharmaceutical water systems may operate at ambient temperatures or contain water

ai elevated temperatures. High temperature systems (>80°C) are termed self-
sanitizing as water temperature 1s constdered sufficient to naturally kill bacteria [4]
Ambient systems require the water to be heated to 80°C for a fixed period of time
before cooling the system back to distribution temperatures in order to kill harmful

bacteria.

The effectiveness of sterilization i bacterial control 1s accomplished by a
combination of exposure to contaminated surfaces and temperature [28] However
maintaiming distribution temperatures above 80°C will only limit bacterial
proliferation [2] Sterilization should not be assumed a complete phenomenon but be

incorporated as part of flushing techmques and/or CIP or SIP procedures

1.5.1.1 Bacterial Kill Rates
Temperature 1s one of the key parameters mfluencing growth, propagation and

survival of all waterborne organisms [29] Although temperature ranges where
orgamisms exhibit thewr greatest or least growth exist, 1t 15 widely accepied that

mnereasing temperatures above a particular point will destroy microbes affecting a
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sterilizing consequence Opftimal temperatures for growth tend to occur near the

upper limits with lethal temperatures occurring only a little above optimal

During sanitization, bacteria subjected to heat are killed at a rate dependent upon
temperature of exposure and the time required at this temperature to accomplish the
desired destruction rate. The D-value of an orgamism 1s a measure of 1ts heat
resistance. It 1s given as the time required destroying 90% of organism population at
a given temperature Z-value reflects the temperature dependence of a reaction, The
Z-value 15 defined as the temperature change required altering the D-value by a

factor of 10

Pseudomonas aerugmnosa 18 a gram-negative orgamsm typically found m aqueous
biofilm Gram-negative orgamisms are known to shed endotoxins which can cause
sickness when mjected mfo humans [4] Pseudomonas microbes find adequate
nutrition even m waters of extremely low nifrogen and carbon content (purified
waters). The FDA stated that the presence of Pseudomonas in WFI would be cause

for its rejection [4].

The optimal growth of Pseudomonas aerugimosa ranges from 28-38°C [30].
Pseudomonas aeruginosa do not survive temperatures of 60°C or higher for any
extended periods of time, although the contact time required to kill them 1s longer at
60°C than at 80°C Reported D-values [31] of Pseudomonas aeruginosa i water are

shown in table 1.5.

Temperature (°C) Time, t (mins)
50-58 <5
60 2.6
70 1.3

Table 1 5 - D-values of Pseudomonas aeruginosa
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Figure 1 14 represents the D-value for Pseudomonas aeruginosa at a temperature of

70°C
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Figure 1.14 - Pseudomonas aeruginosa D-value at 70°C

1.5.2 Ultraviolet Radiation
Radiant energy from ultraviolet (UV) light mnduces a photochemical reaction in

micro-organisms mhibiting their growth [4] In higher doses UV radiation can kali
such micro-orgamisms, UV radiation methods are used both during the pre-treatment
stages of water purification as well as during pohishing prior to point-of-use
application UV 1s generated via discharge lamps consisting of glass/quartz tubing
contamming an mert gas and metal. Mercury/Aragon lamps are favoured for hgh

efficiencies and performance [4].

The bacterial destructiveness of UV radiation 1s wavelength dependent. Organisms
exhibit different sensitivities to different parts of the UV spectrtum [4]. However
organtsm destruction 1s not only dependent upon UV wavelength but also radiation
mtensity, duration of exposure as well as the medium through which the light 1s
transmutted  Suspended particles i the medium have the potential to absorb UV

radiation destined for undeswred bacternia As such, this media must be removed
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upstream prior to UV disinfection processes. Additionally care must be taken to

ensure UV lamps are dirt-free

UV dosage 1s a function of both radiation intensity as well as exposure time. The
mintmum recommended dosage for high-purity water treatment 15 100mJ/em?® [4]
(area refers to lamp geometry) Radiation exposure ts alse based upon water flow
velocity and the geometry of the radiation chamber Should the suspended media
travel at excessive velocities through the chamber mimimum required absorption may

not occur,

1.5.3 Clean-In-Place
Clean-In-Place refers to the process of cleaning systems and equpment without

major disassembly of process components [22]. CIP nvolves the mtroduction of
chemical cleaning agents mto the existing water distribution system. Chemmcal
solutions of alkali, acid and sodium hypochlorite are used to aid the removal of
contarnunants, Sufficient but not excessive chemical concentrafions, temperature and
force are applied to the internal surfaces being cleansed. CIP allows the cleaning
solutton to be brought into contact with all soiled surfaces of the process equipment

by a sequence of draming, rinsing, washing and rinsing [32].

The cleaning sequence mvolves a series of preset manual and automated operations
Manual cleaming 1s considered unsafe and the standard of cleaning 1s typically much
less effective and consistent compared to a fully automated CIP procedure [21].
Addifionally automation reduces system mamtenance costs, production down-time

and unproves operator safety [22]

CIP utilises high pressure pumps, spray nozzles and spray balls permanently or
temporarily installed 1n the system to ensure chermcal solution contacts all necessary
surfaces. Certain equipment such as ball valves, globe valves and gate valves are
considered not suitable for HPWS as parts of thewr surfaces may not be exposed to

the sterilizing agent during CIP.
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Once the CIP process has fimished and the final rinse has been performed, 1t is
necessary to ensure the complete removal of all cleaning agent residue All sections
of pipe must have an adequate slope to encourage the flow of material under gravity
out of points such as elbows, valves or specially installed openings for dramnage A

slope of at least 1:100 for all pipework 1s recommended to guarantee self-dramning

12].

Once CIP 15 complete, testing 1s performed to ensure desired contamnants are
removed from the system and 1t has now been sterthized to an appropriate level to
return to production Microscopic counts, filtration tests along with other

contaminant counts are performed as vertfication

1.5.4 Steam-In-Place
Sterilization by steam or Steam-In-Place mvolves draining the system, pressurization

by steam, venting and refilling The sterilization of WFI systems should not be
attempted with mdustrial steam as 1t may contain chemical additives and will not be
free of pyrogens [2]. Although steam-sterilization 1s considered energy wasteful, 1t 1s

probably the most widely used samtization method within industry [2].

CIP operations are often used n conjunction with SIP, In fact CIP performed prior to
SIP procedures can aid steam-sterilizatton, CIP serves to remove chlorides that may
cause stress corrosion when heated, along with protems that can become ‘baked’
onto equipment surfaces by steam [22] A system designed for CIP can be readily
adapted to perform SIP operations. Additional hardware such as steam traps, vent
valves and resistance temperature devices (RTD) are necessary to control and

withstand the steam sterilization cycle [32].

Entrapped air 15 recognised as the greatest impediment to the effectiveness of steam-
sterilization because it retards heat and moisture penetration [28] As such vents and
bleed valves within the system allow advancing steam to displace entrapped atr
During the SIP cycle it 1s accepted that steam temperature will decrease during heat
transfer Condensate steam water (<100°C) must be removed by drainage as this will

reduce sterilization temperatures Self-dramming capabilities are important for systems

28



incorporating SIP sterilisation as the required samtizing temperature of 121°C could

not be guaranteed in parts of the system where residual water 1s present [2]

1.6  Dead-legs - Formation in a High Purity Water System
Dead-legs have the potential to jeopardize the manufacture, ¢leaning, sanitization as

well as stertlization of HPWS. Regardless of the pretreatments and costs expended
to secure the desired microbal level of production water, dead-legs can cntically

compromise water quality.

A dead-leg 1s an unused section of piping that contans origmally sterile product
waters. They represent a weak point 1n systems as transport into them 1s not directly
affected by recirculation [26] Dead-legs are effectively stagnant havens where
organisms can attach themselves to surfaces, flourish and develop into a biofilm
undisturbed by scourmng water flowrates [4]. The lnmted or stagnant flow within
such sections promotes the growth of biofilm within the dead-leg, which can expel

organisms mnto the main stream of fluid.
Figure 1 15 shows an example of a tee-section dead-leg. Static waters remain trapped

once the operator closes the branch valve. The length of the dead-leg 1s calculated
from the centre of the main loop to the end of the branch-leg (length A+B+C)
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Figure 1.15 - Dead-leg dimension

However the formation of dead-legs is not restricted to tee-section configurations. In
distribution networks, dead-legs can form where process equipment connects to the
water system. When the equipment is not required and connecting valves are closed,
water stagnates. Consider the equipment attachment in figure 1.16. Should process
operators open the main isolation valve before the point-of-use valve then the main
stream will contaminate with dirty water. Methods such as regular line flushing or

slow constant flow from point-of-use can alleviate such problems

30




[ >FLow

X

R MAIN ISOLATION VALVE

AREA OF

DEAD-LEG |
, POINT-OF-USE S
L VALVE — QUIPMENT

Figure 1.16 - Dead-leg at equipment attachment points

Consider the example of dead-leg formation in the ball valve shown in figure 1.17.
Closing the ball valve across traps fluid, which remains stagnant until the valve is re-
opened. Upon doing so, the main stream is exposed to contaminated waters and
downstream flow may be compromised. The FDA state that such valves are not
considered sanitary valves since the center of the value can contain water when

closed [5]. This is a stagnant pool of water than can harbor microorganisms.
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Figure 1.17 - Dead-legs in ball valves

Pumps have been known to fail and for this reason some systems have been installed
with run or stand-by units. However the incorporation of an additional pump can
lead to significant dead-legs in the system due to stagnant waters in the unused pump
or piping, A risk also exists that should a section of process equipment be removed
post-installation, a dead-leg can form from the overlooked section of piping that

remains [2].

In an effort to eradicate dead-legs from process systems equipment manufacturers
have developed specialized attachments. Specialty take-off valves, similar to figure

1.18 create minimal or ‘zero dead-legs’ at instances within the main loop.

Figure 1.18 —*Zero dead-leg” take-off valves [39]
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‘Zero static’ tees are designed to reduce inherent dead-legs and areas of possible
product entrapment. As illustrated in figure 1 19, these tees consist of a section of

pipe routed to poini-of-use complete with take-off valve mimmizing static fluid flow.

Figure 1.19 — ‘Zero static’ tee [39]

Such speciahized valves ensure conformance to the 6d-rule yet some areas remain
where bacteria can proliferate under stagnant flow conditions The presence of
clamped connections to reduce dead-legs may not justify the presence of gaskets or
threaded areas [40].

1.7  Biofilm - The link with Dead-legs
Biofilm 1s the accumulation of micro-organisms and their excretions onto surfaces of

a water treatment system [33] A bacterial matrix or covering known as glycocalyx
forms on surfaces and acts as a barrier that traps organisms away from the water
source generating biofilm growth. The adhesion of organisms to the surface of pipe
walls encourages the formation of additional orgamsms to system surfaces Figure

1.20 1llustrates the mechanism of biofilm attachment to surfaces.

Biofilm detachment is a determining factor for biofilm formation, because it is the
primary process that balances growth [34] Self-replicating biofilm can compromise
the microbial integrity of liqmd with shed organisms Therefore WFI and Purified

waters in contact with biofilm could be sufficiently contaminated with undesirables
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Figure 1 20 - Stages of biofilm formation [33]

Tests are performed in industry to monitor the amount of suspended organisms m an
aqueous medm which represent plankton population Worryingly organisms that
attach themselves to plant pipe walls will not flow freely within the body of hquid
and would not feature 1 plankton samples Accordingly satisfactory plankton levels
may not mdicate the true magnitude of biofilm formation within the system In fact
1 environmental and industrial flow systems the majority of bacteria are attached to

surfaces [12)

1.7.1 Surface Finish Characteristics
Regardless of the quality of valves and pipes biofouling can be expected. However

smooth surface finishes are considered slower at permitting biofilm formation than

rougher surfaces [12].
Punty water devoid of 1ons 15 often referred to as ‘hungry water’ [12]. Minerals that

would otherwise have deposited a protective coating on materials upon contact are

removed by de-iomzmg or other water softening processes making waters highly
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corrosive. SS pipework offers desirable corrosive resistance to ‘hungry water’
Internal vanations (peaks and valleys) however in SS pipes with heights as Iittle as

4um can successfully house bacteria and permait biofilm formation [3].

Surface Profile
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Figure 1 21 - Bacterial movement due to surface roughness [3]

The surface profile of an unpolished SS pipe 18 shown m figure 1.21 Polishing
techniques are employed to reduce surface roughness. A polished SS surface with Ra
< 0.2um permits contaminating bacieria to be swept away during cleaning [3]
Electropolishing can achieve a high standard of surface fimish (up to 0 25pm)
provided the part is pre-polished mechantcally [35] Therefore since biofilm 1s a

surface phenomenon — the rougher the surface the higher the possible presence.

1.7.2 Flow Velocity and Recirculation
Dead-legs and regions of low velocity flow can signify areas of particular biofilm

presence The magnitude, structore and mduction time of biofilm formation 1s
mfluenced by fluid velocity [36]. Research [37] has shown mduction times for
biofiltn formation at high velocities were over three times greater than that of low

velocity mduction ttmes Reduced mduction times at low velocities are owing to the
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limuted shear forces acting at pipe walls Mimimal shear forces permit bacterial

elernents to attach to pipe walls

Planktonic samples do suggest that bacteria presence 15 higher m stagnant flow
conditions. However as mentioned previous such samples primarily record free
floating orgamsms. As velocity 1s mcreased these free floating organisms migrate to
contamer walls where they form as biofilm [4]. Subsequently free floating planktonic
counts are reduced indicating an overall mnproved microbial situation Yet an

increased quantity of biofilm may have in fact occurred.

Limited recirculation of fluids m dead-legs results m reduced mixing occurring
within the section branch. Circulating flow magnitude within dead-end pipes
observed as mner pipe surface shear strength 1s considered the major contributory
cleaning force [10] Lack of turbulent flow results 1n lower wall shear stresses which
effectively leads to reduced cleaning actions. Recent research [20] confirms wall
shear strength as the controlling parameter of biofilm growth as opposed to specific

distribution loop velocities

Cleanmg solution recirculation and temperature are essential to mawntain efficient
CIP procedures [9]. Maintaming system temperatures above 80°C 1s shown to aid the
reduction in the presence of biofilm [38] Although mgh temperature sanitization
serves to elimimate free-floating bacteria, sessile or surface attached biofilm remains
protected by the surrounding glycocalyx film In relation to dead-legs and biofilm
content thereof, 1t 1s difficult to explair why dead-legs should be conducive to
orgamism growth except where heat 1s involved; turbulence makes for good heat

transference [4]

1.8  Dead-legs - Sanitization Difficulties
The threat dead-legs can pose to distribution loop cleaning procedures are of

particular concern Dead-legs have the ability to compronmuse the overall
gifectiveness of automated cleaning procedures ultimately leading to contaminated

product waters.
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1.8.1 Sterilization Issues
The lack of re-circulation at the base of the dead-leg contributes to lower

temperatures 1n the branch As such water contamed within the branch tends to be
cooler, having been passed less frequently through a heat exchanger The mability to
reach required sterilization temperatures contributes to a reduction 1n the destruction
of micro-orgamisms Higher loop velocities can increase eddy diffusion down the
dead-leg branch [40]. The increased presence of eddies may contribute to improved

heat transfer generating greater fluid temperature within the branch

The possible detriment a dead-leg can have upon samitization can be determined by
the length of the dead-leg The overall cleanability of a dead-leg pipe within a
distribution loop 1s considered a function of both fhuid velocity and the branch
length/diameter (I/d) ratio of the dead-leg itself [41] However the industrially
accepted design gmdeline of 1/d = 6 1s generally not considered sufficient to samtize

dead-legs, with industry experts recommending I/d < 4 [2, 9, 26)

1.8.2 Clean-In-Place Issues
Dead-legs can retamn contammants making full removal of soiled waters difficult

during CIP procedures In an effort to remove these waters imncreased cleaning cycle
times are required This leads to increased plant effluent and usage of valuable high
quality waters The most expensive stage of the CIP process 1s the final rinse due to
the large volume of WFI or Punfied water required flushing chemicals from the

system [41]

Dead-legs also pose difficulties dunng the cleaning stage of CIP procedures
Cleaning chemicals may not diffuse down the entire length of vertically orientated
dead-legs. This can result in regions of mner pipe surface remammg unexposed to

cleaning solution concentration for an acceptable length of time or temperature [40].
Should the dead-leg end with a valve, pulsing the valve open several times durmg

each cleaning step ensures that the entire length of the dead-leg sees fresh chemicals

and also cleans the valve seat. A dead-leg cleaned m this manner may not require
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strict adherence to the 6d-rule and the use of conventional samitary fittings 1s

sufficient as opposed to ‘zero static’ valves

Optimum cleaming occurs withn piping when flow rate yields a Reynolds Number n
the turbulent regime [41]. Turbulent flow will increase fluud movement towards pipe
surfaces where the solvent can mix and react with protem or other contanmunants,
assisting m moving the resultant mixture away from the internal surface [22].
Diffusion and convection are the controlling elements of cleaning kimetics in dead-
legs [41] Alternatively limiting branch length may allow mner pipe walls to be

suscepiible to recirculation cleaning at normal velocities [9].

1.8.3 Steam-In-Place Issues
During SIP procedures importance 1s placed upon achieving the required sterilization

temperature of 121°C at every pomnt within the distibution loop equipment Failure
to mamtain set-pomnt temperature results 1 partial system sterilization [8]. Trapped
Iquid and air within system pipework serve as potentral thermal resistors The
temperature of steam 15 effectively lowered at such instances, thereby reducing
sterilizing effects. Unless ‘zero dead-leg’ valves are mcorporated into system design,

all a1r vents have the potential to yield dead-legs [2].

Failure to adequately remove particle deposits during sterihization and CIP
procedures leads to further difficulties during SIP. Biofilm for example remaining on
pipe mner walls can cause less efficient heat transfer and lower wall temperatures,

thereby reducing the sterilizing effects of steam wpon those surfaces [8].

Dead-end geometries represent a severe challenge for the removal of air [28]. The
physical orentation of dead-legs 1s an mmportant 1ssue concermng systems
meorporating SIP procedures Research [28] has shown that dead-legs orientated
vertically upward reached steam sterilizatton temperatures over a shorter length of
time compared to horizontally mounted pipes Dead-legs mounted vertically struggle
to achueve sterilization temperatures, filling with condensate protecting the dead-leg

from the full steam temperature
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Branch diameter also has a significant effect upon SIP procedures. The time taken to
achieve sterilization temperatures decreases with respect to increased pipe diameter
[27] Increased pipe diameter can negate the effects of negative dead-leg orientation
As such distribution loop designers must strike a balance between the optimum dead-

leg orientations for steam (vertically upward) and for clean (horizontal) operations

1.9  Research of Piping Dead-legs
In the ever expanding pharmaceutical industry with increasingly stringent

regulations, the elimination of design flaws such as piping dead-legs has become

ever critical.

Contamination 1ssues assoctated with piping dead-legs and the dangers they pose to
the sanitary consistency of HPWS has prompted extensive research mnto the fluid

dynamics associated with such phenomenon

Research has attempted to describe the physical parameters affecting dead-legs and
how the manipulation of these can reduce or at best eliminate associated

contammmnation risks

Early research by Bates et al [42] 1dentified flow characteristics 1n an equal diameter
90° tee-section for branch and straight flow scenarios Using Laser Doppler
Anemometry (LDA) to describe flow conditions, a flow mduced cavity with swirling

motion was 1dentified within the branch section

In research by Sierra-Espinosa [43] the author argues that the majority of previous
research had assumed symmetrical fluud motion 1 tee-sections Static pressure
analysis across the branch exit indicated however the presence of asymmetric
pressure condrtions. Such asymmetry the author claimed was a result of dynamic

three-dimensional swirl flow in the branch as opposed to a mere recirculating region
LDA measurements along the branch exit mndicated high velocity flow along the

downstream wall with lower, negative magnitudes occurring along the upstream

wall. Changes in boundary layer behaviour at the entrance of the branch were also
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noted. Boundary layers change from separated-recirculating flow along upstream

branch wall to thin jet-like layers along the downstieam wall position

Recent work by Nakamori et al [44] identified 1ssues surrounding dead-legs in piping
hnes within nuclear power facilities The author highlighted the occurrence of
thermal stratification and thermal cychng effects in vertically onentated reduced

diameter dead-end pipes

By placing thermocouples along the outer wall of branch pipes, cavity flow

penetration depths were determined from outer wall temperature distribution.

An 1ncrease m cavity flow penetration length with respect to increased main loop
velocity was noted It was determuned that reduced penetration depth occurred for
non-1sothermal conditions due to density differences between warm and cool fhuds
within the branch. A mathematical expression between cavity flow penetration depth
and main loop velocity was developed and experimental results compared well with

numerical analysis.

The 1ssues associated with piping dead-legs durmng samitization operations are of
particular concern Dead-legs can retam contammnants thus requinng additional
flushing They are also prone to limiting the adequate diffusion of chemicals into the

branch thereby reducing the effect of cleaning solution

Earlier work by Noble [26] analysed the fransport of thermal and ozene disinfectant
during sterithizing treatments with respect to piping dead-legs Research focused upon
methods in which flwd 1s transported mto dead-legs, turbulence from attached
convective stream, natural convection n thermal systems and diffusion. Using a
mathematical expression, tegions of dead-leg flow were separated into turbulent, free

convection and diffusive transport zones of dormnance.

It was argued that beyond the turbulent zone in vertically downward dead-legs,
thermal transport 1s accomplished via diffusion effects Based upon mathematical
methods Noble predicted that substanfial temperature drop occurred within this

diffusional zone.
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Noble alluded to the presence of heat conduction in the walls and 1ts significant role
m heat transport, assisting the transport of energy within a dead-leg branch An
equation was developed for diffusional thermal response time with applications to

CIP sanitizations

Recent research conducted by Haga et al [10] studied relationships between dead-leg
length and flmd flowrate and the effect these parameters had uwpon cleanmg

temperatures and times durtng CIP operations

By placing a fixed amount of contamunant at the base of a dead-leg branch and
passmg cleaning solution through a mam loop, the effect loop velocity and branch
length had upon dead-leg cleanability was monttored. Analysis was performed using
an equal branch diameter tee-section of 23mm. Results 1nd1c:e1ted for I/d = 6, loop
velocity <2m/s was required to tmmediately remove residue. However lower main

loop velocity of 0 Sm/s was sufficient to remove residue for /d =2 8

Coupled with experimental results, computational simulation was used to investigate
cleanmg mechanisms Results confirmed mcreased main loop velocities (>2 Om/s)
generated larger regions of recirculating flow in the dead-leg branch The author
suggested that circulating flow magnitude was associated with wall surface shear
strength which contributed to internal cleanmg. The author concluded the
cleanability of dead-end sections must be considered 1n terms of both 1/d ratio and

main loop velocity

Entrapped air 1n dead-leg geometries can severely impede the effectiveness of steam
sterilization as 1t retards heat and moisture penetraion Work performed by Young et
al [28] provided insight into parameters affecting heat and mass transfer during SIP
operations 1n various dead-leg branch diameters SIP sterilization was governed by
heat and mass transfer which were dependent upon equipment geometry and size.
Steam temperature was momtored using thermocouples secured to a nylon string

positioned along the centreline of an operational branch.
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Cycle Log Reduction (CLR) times (ttme taken to reduce bacterial population by 1
log) were compared with D-values of Bacillus stearothermophilus 1n stamless-steel

tubes 0 4 - 1 7cm ID and 9.4cm 1n length.

It was discovered that dead-ended tubes orientated at 5° to the horizontal resulted
temperature decrease as distance up the tube increased. At sumlar branch positions
greater temperature decreases were evident in vertically upward tubes compared with
5° horizontal dead-ends 12-log reduction in spore populatton took 50mns in

vertically onentated 1.7¢m tubes whereas 167mins was required for 1 Ocm tubes.

In relatton to mass transfer the author concludes that retarding viscous forces
increase with tube diameter resulting m higher transport of steam up the tube and

removal of air from the top of the tube

Increased computer processing power and the advent of Computational Fluid
Dynamics (CFD) afforded researchers the opportunity to mvestigate fully turbulent
condtions occurring within tee-sections. Although beyond the scope of this research,

CFD analysis has provided msight ito flow behaviour in dead-ended branches

Recent research by Corcoran et al [45] identified flow characteristics in equal
diameter branches under both divided and dead-leg flow scenarios The author
highhghts flow scenarios in a 50mm diameter 90° tee-section using a numerical

model based upon earlier Laser Doppler Velocimetry (LDV) data [43].

Using CFD models, regions of low turbulence were 1dentified within the dead-leg
branch Branch wall analysis provided areas of low velocity and low wall shear

stress; conditions the author argues are conjugative of biofilm development.

Flow visualization provided by a two-dimensional flow plate collaborated well with
CFD findings, dentifying a slow moving vorfex circulating flid mto the branch
along the downstream walls Dye mjected into the base of the two-dimensional flow

plate branch revealed stagnant flow conditions,
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Negative effects of piping dead-legs are not limiuted to pharmaceutical applications
In the o1l and gas industry dead-leg corrosion presents the highest percentage of

internal damage to pipelines [46].

Research conducted by Habib et al [46] analyzed the effect dead-legs had upon pipe
corrosion n piping systems transporting crude o1l and water solution. Using
computational fluid modelling 1n conjunction with Laser Particle Image Velocimetry
(PIV), the author described flow field geometry and orientation 1n reduced diameter
dead-leg branches Analysis mcluded horizontal and vertical branch orientations

wsing fixed mlet velocities with 1/d ratios ranging 1-9.

Flow visualization studies correlated well with computational analysis It was
concluded that no stagnant zones exist for 1/d < 3 for vertical orientations For ratios
I/d > 3, regions close to mam Joop flow are characterized by vertical flmd

circulation. The remamder of the branch was shown to remain stagnant

Research by El-Shaboury [47] investigated forced convection mn equal and reduced
area ducts using computational modelling It was determined that branch flow
parameters were strongly influenced by branch-to-mnlet ratio. Reduction 1n ratio
resulted 1in decreased vortex magnitude withun the branch The size of the 1e-

circulation zone was also shown to decrease with Reynolds Number

The author also suggested that for a reduced branch size which constitutes less area
compared with an equal area branch size, heat flux will increase as the flud has less

area withim which to transfer

A review of research to date has mdicated that flow behaviour within capped tee-
sections 1s complex m nature. The presence of recirculating vortices 1s highlighted n
dead-leg branches, the magnitudes of which can vary with inlet velocity Branch
flow dynamics 1n general are shown to change with respect to branch depth and

position.

Certain key parameters affecting re-circulating flow magnitude 1n dead-legs are

highhghted With respect to CIP procedures mn distnibution systems with dead-legs

43



present; loop velocity along with branch length and diameter are recogmsed as the
cructal factors affecting cleanability The manipulation of such parameters therefore

may contribute to dead-legs of acceptable configurations.

However the general consensus of dead-leg researchers 1s that the 6d-rule 15 m fact
flawed. Flnd dynamic studies continually describe the presence of stagnant zones in
dead-leg configurations £ 6d. This could lead to the construction of possibly
contammnating system dead-legs which are deemed acceptable based upon 6d-

regulation,
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1,10  Objectives of Thesis
This research aims to mvestigate the sanitization and cleaning abtlities of piping

dead-legs considered within the hmits of mdustry recommendations Analysis offers
the opportumity of identifying the thermo-fluud characteristics of dead-legs with
respect to varying branch configurations and loop operating velocities Consideration
of any findings with particular application to the 6d-ruie will be explored 1n terms of

the destruction and removal of contaminants under flow conditions

Experimental discussion will focus upon,

- Evaluation of dead-leg thermal profiles detailing maximum temperature and

profile patterns

- The flmd dynamuics contuibuting to, 1f any, regions of cooler stagnant waters

within dead-legs as well as factors contributing to the scale of fluid mixing

- Comparison of branch temperature and fluid dynamics with respect to fixed

dead-leg geometry ratios

- Determmation of the heat transfer mechanisms occurring in dead-leg branches

- The effect of loop mlet velocity upon dead-leg temperatures.

- The application of non-ntrusive techmques to determine methods of calculating

dead-leg temperature based upon surface temperature measurements.
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Chapter 2  Materials and Methods

Experiments were performed using capped 90° tee-sections fixed to a single pipe
distribution loop A schematic of the distribution loop 1s shown n figure 2.1. All
pipework and component fittings were supplied by Leslie Reynolds & Company

Pipework and fittings were manufactured fiom 316L SS with 50mm outer diameters,
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Figure 2.1 - Schematic of single loop flmid rig

All pipework was nsulated with [5mm thick msulation supplied by Marr Insulation
Ltd. to reduce heat loss via wall conduction Sections of piping were machined to
required lengths and all fithngs were butt welded using a Tungsten Inert Gas (TIG)
welder. Gas purging was performed on intemal pipe surfaces to ensure welds were
flush with internal pipe walls Sections of pipework were wall-mounted using wall
brackets manufactured by DCU engineering workshop Manufactured from
aluminium, they provided adjustable fixing to ensure accurate levelling and sloping

of pipework where necessary
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To ensure fully developed bulk flud veloeities and sufficient turbulence ntensity
profiles approaching the tee-section, a straight length of pipework was installed
Calculations for suitable hydrodynamic entry length were based upon the equation

£1} for turbulent flow at the maximum operational loop velocity [48]
Ln=4 4D (Re) /5 {1}

Exit and entry lengths of 1 Sm and 3m respectively where as those used m similar

experimentation procedures [42].

2.1 Pump
A constant speed multi-stage Grundfos CHI 12-10 centrifugal pump supplied by

Grundfos Ireland Itd was nstalled to generate required water velocities Shown 1n
figure 2.2, the pump (1) 1s simular to those used mn single loop systems within
industry [4] Pump housing and impeller were manufactured from SS with carbon
seals, capable of pumping thin non-explosive flmids between -15°C and +100°C The
CHI 12-10 model has a rated flow of 10m?*h with rated head of 15m

A 3-phase motor 15 controlled via an 1solation switch (4) mounted on the pump
housing. The pump 1s complete with 1 2”7 (38.1mm) BSP female axial suction and
radial discharge ports connected to supply (2) and feed lines (3) respectively The
umt 15 complete with pressure gauge (5) and gate valve (6) supplied by Radionics
Ltd. used to regulate flow mto the unit for manual control during pump prinung All

pipework was attached to ports using tri-clamp brackets.
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Figure 2.2 - Centrifugal pump assembly

2.2  Flow Regulation
A D931 Crane valve supplied by BSS Ireland Ltd. was installed to regulate system

flowrate. Shown in figure 2.3, the valve (1) is complete with 1 ¥%” (38.1mm) BSP
female connections attached to pipework via in-house altered tri-ferrule fittings,

thereby minimising total process welds.

Flow is controlled using a valve-mounted microset hand wheel with diaphragm seal.
The accuracy of flow measurement is +/- 5% across the wheel settings. The valve is
mounted vertically within the system using 50mm galvanised wall brackets supplied
by BSS Ireland Ltd.. The position of the valve at the highest point possible in the
distribution loop ensures pipework remained flooded and flow could be regulated

accurately.
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Figure 2.3 - Flow regulation showing (1) Crane valve and (2) Flowtrak dial indicator

A variable area flowmeter (2) supplied by Manotherm Ltd. was installed in the
system vertically below the Crane valve to determine the setting of volumetric
flowrate. As water passed through an orifice within the flowmeter, a float assumed a
position where the forces created by flow were balanced by the weight of the float. A
magnet in the float is then sensed by a Flowirak dial indicator providing a direct

reading of volumetric flowrate.

The wetted areas of the variable area flowmeter were manufactured from 316L SS.
The device has an operating temperature range between -40°C and +200°C and is
suitable for monitoring the flowrate of liquids or gases in industrial process lines.

Accuracy is given as +/- 2% of full scale reading.

Pipework lengths of 10 and 5 internal pipe diameters were placed upstream and
downstream of the flowmeter respectively. As per manufacturer recommendations,
the placement of bends and other such fittings in close proximity to the flowmeter
were avoided as such fittings may disrupt flow and compromise steady movement of

the internal float device. Additionally the flowmeter was installed to ensure it was
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not 1n proximity to areas of high magnetic field or magnetic materials which may

alter movement of the dial recorder.

2.3 Storage Vessel
The storage vessel provided the volume of water necessary for adequate flowrates

within the loop pipework The storage vessel consists of an open tank 600mm 1n
diameter and 1500mm 1n height manufactured by DCU engineering workshop Tank
volume 18 150L Storage vessel complete with msulated 1id (1) 1s shown n figure
2.4

A cover was placed onto the tank to reduce heat loss to atmosphere Further heat loss
was reduced by insulating both tank and 1id with foam insulation supplied by Marr
Insulation Ltd Lid and tank exterior were msulated with 13mm and 15Smm thick
msulation respectively. The tank was placed upon S8 supports to reduce heat

conduction to earth.

A butterfly valve (2) mstalled at the exat line of the tank enables tank 1solation during
maintenance and system dramnage The feed line to the pump (3) 15 sloped to avoid
air bubbles proliferating mto the pipework The pipe exit line (4) 1s positioned within
the storage tank to ensure that 1t 18 fully submerged when the tank 1s approximately
% full This ensured that the water flowed from the pipe exit lme into the storage

vessel 1n a untform manner as opposed to draining from the section under gravity
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Figure 2.4 - Insulated storage vessel and related components

2.4  Heating Element and Temperature Control
Electrical components relating to the heater element and temperature controllers

were housed in a galvanised box (shown in figure 2.5) supplied by John Denis
Contracting Ltd. mounted to the laboratory wall. Each component was fused within

the box to protect against electrical overload.

A 9kW 3-phase SS immersion heater supplied by Ideal Ltd. was mounted to the base
of the storage tank. The heating element increased water in the storage vessel to
required temperatures based upon operator input via a Technologic TDF 11
temperature controller. Both heating element and controller were supplied by Ideal
Ltd.. Water temperature was monitored via a wall-mounted T-type thermocouple
within the tank. Temperature data was returned to the controller and a contactor
switch was used to reactivate heating to maintain user specified temperatures, Figure

2.5 displays the TDF 11 control unit (1) with wall-mounted master switch (2).
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Figure 2.5 - Galvanised box containing TDF 11 unit and controls

2.5  Tee-section Test Pieces
All tee-sections were supplied by PetroChem Ltd. and manufactured by Stainless

Fittings Ltd. as part of the Biobore® range. Test pieces (see also Appendix A) were
manufactured from 316L SS as part of active American Society of Testing Materials
(ASTM) A270 T316L standards. Tee-sections were manufactured with sateen polish
surface finishes of 0.8-0.9 ym externally with a maximum internal finish of 0.5 um.

Figure 2.6 displays equal diameter branch tee-sections consisting of (1) 6d, (2) 4d
and (3) 2d branch leg lengths. Each section has 50mm outer diameter with branch
lengths measuring 300mm (6 x 50mm), 200mm (4 x 50mm) and 100mm (2 x 50mm)

from the centreline the straight section.
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Figure 2.6 - Equal diameter tee-sections with accompanying attachments

The branch leg of test sections was capped-off using a base-cap (4) with PTFE o-ring
seal (6) and tri-clamp assembly (7) to recreate a dead-leg flow scenario A base-cap
machined by DCU engineering workshop incorporated compression fittings (5)
complete with mtermal seals for thermocouple sheaths. Compression fittings allowed
the manipulation of thermocouple depth and secured probe position during

experiment



Figure 2 7 - Reduced diameter tee-section with accompanying attachments

Displayed 1 figure 2.7 the 6d reduced branch tee-section (1) consisted of a 50mm
outer diameter reducing to a 25mm outer diameter branch, 150mm (6 x 25mm) in
length measured from the centreline of the straight section. Nylon inserts (5)
manufactured by DCU engineering workshop complete with PTFE seals were placed
within the tee-section branch to restrict internal branch length to 50 and 100mm to
reflect 2d and 4d section flow respectively (see Appendix A). The base of the
reduced diameter branch was capped-off using a base-cap (3) with PTFE o-ring seal
(6) and tri~clamp assembly (2). Also shown is a base-cap (4) machmed by DCU

engineering workshop to mcorporate a thermocouple compression fitting

Figure 2.8 illustrates the dead-leg configuration with temperature measurement via a
base-cap mnserted sheath-type thermocouple. All sections where specified with
ferrule ends to ensure ease of attachment to and removal from pipework assembly
usimng PTFE seals and tri-clamp attachments, Test-sections were attached to the
distribution loop with a clearly defined inlet and outlet and subsequent upstream and

downstream branch walls,
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Figure 2 8 - Schematic of dead-leg test section

2,6  Data Acquisition
Temperature measurement was performed using a Pico TC-08 data-logger supphed

by Pico Technology Lid and attached T-type thermocouples. The data-logger (shown
in figure 2 9) measured both loop fluid and ambient air temperatures The TC-08 unit
provided for cold junction compensation as well as for thermocouple curve

normalisation

Attached to a PC wvia senal port, the TC-08 acts as a converter transforming the
measured parameter (voltage across the thermocouple) mto the desired system output
(temperature recording) T-type thermocouples measured temperature on the rig
whereby the TC-08 amplified the signal, feeding 1t to a 16-bit analogue to digital
(ADC) umt T-type thermocouples produced approximately 40uV voltage change

per degree Celsius, Thermocouple tables relating voltage to temperature were stored
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in the accompanying software Details of hardware specifications of the TC-08 unit

are described in table 2.1
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Figure 2 9 - TC-08 data-logger with attached thermocouples

Thermocouple types B.EJKN,R,S,T

Number of input channels 8

Conversion time per active channel 200ms

Standard accuracy the sum of +03% and £0.5°C (cold-
junction compensation)

Input connectors Miniature thermocouple

Environmental conditions 0-50°C/ (- 95% hurmdity

Table 2.1 - TC-08 data-logger hardware specifications

T-type thermocouples consisting of SS sheathed and bead-types were supplied by
Instrument Technology Ltd. The thermocouples consisting of Copper and
Constantan (CuNi) wires joined at both ends produced a measured current between

ends when heated. Accuracy of the T-type thermocouples is detailed in table 2.2.
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Overall Resolution (°C)

0.1°C Resolution (°C)

0.025°C Resolution (°C)

270 to 400

-230 to 400

-20 to 400

Table 2.2 - T-type thermocouple resolutions

Flowrate pressure was monitored upstream and downstream of the tee-section test

piece using two submersible Gems pressure transducers supplied by Manotherm

Ltd.. The transducers manufactured from 316L SS have a pressure range of 0-2.5

Bar. Transducer output range of between 4-20mA was converted via the ADC-16
unit and recorded. The ADC-16 unit (shown in figure 2.9) is a high resolution 16-bit

converter offering 8 analogue input channels capable of detecting signal changes as

small as 40uV. The hardware specifications of the ADC-16 unit are displayed in

table 2.3.

Figure 2.10 - ADC-16 converter with power supply

The pressure transducers were positioned 100mm upstream and downstream to

measure potential pressure drop across the test-section during experiment. Changes

in loop flowrate would result in variations in system pressure. Transducers were used

as means of validating flowrate changes indicated by the Flowtrak dial were local
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disturbances only, ensuring the deswred system flowrate was mamtained for the

duration of the experiment.

Resolution 16 bits + sign

[nput range 25V

Sampling rate 1.5 samples per second

Accuracy 02%

Input connector D25 female

Qutputs 2 (fixed £5 V references) |

Table 2 3 - ADC-16 converter hardware specifications

2.7  Pico-log Software
The accompatying Pico-log software was mstalled onto the PC connected to the TC-

08 and ADC-16 units. The software continuously monitored readings from the active
thermocouple channels and pressure transducers Software was complete with Pico-

recorder and Pico-player applications

Pico-recorder was used to record data while Pico-player allowed the user to scroll
quickly through stored files to compare previous results Pico-recorder monitored
data m real-time modes providing continuous recording over long periods of
expernmment Pico-log allowed the user 1o record as many samples as possible or a
single sample across a recording interval By recording as many samples as possible,
Pico-log saved an average of readings across the interval thereby providing accurate

results of a system that 1n this case was dynamically changing,
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Chapter 3  Results and Discussion

31 Intreduction to Analysis
Resul‘s are presented for a thermal analysis of pharmaceutical dead-legs Results

include dead-leg temperature profiles recorded over time for varied dead-leg lengths

and branch diameters across a range of loop distribution velocities

Prelimmary results are presented detailing imitial difficulties encountered with

experimental techmques The resolutions of these mitial problems are discussed.

Final results are presented for a thermal analysis of 6d, 4d and 2d equal and reduced

branch diameter tee configurations Results include;

- Evaluation of the effect of mam loop velocity and branch diameter upon dead-leg
end temperature

- Evaluation of thermal profiles with respect to temperature, time and profile
pattern,

- Detailed discussion of suitable thermal dead-leg conditions with respect to
branch diameter and length.

- Evaluation of comparable dead-leg fluid and branch surface temperatures m

equal dhameter dead-legs

A thermo-fluid analysis of pipe dead-legs 1s presented based upon experimental data

retriecved from an experumental fluids ng.

Analysis of temperature limits with respect to dead-leg configuration 1s presented
Recommendations regarding dead-leg sanitization based upon heating times and
maximum achievable temperatures are set forth An investigation of the application

of non-intrusive analysis within equal diameter dead-legs 1s performed
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3.2 Preliminary Experimentation
All preliminary results are based upon data recorded during experimental runs

performed using the fluid ng, testing and data acquisition techniques described in the

Equipment & Materials section previous.

Dead-leg temperature Ty, represents fluid temperature recorded at the base of a dead-
leg Figure 3 1 displays loop temperature Ty, and dead-leg temperature profiles A and
B recorded for separate experiment runs with respect to time Profiles represent data
recorded over a 10800s (3 hour) sample period with temperature recorded n 1
second mtervals Time zero signifies the mnstance heating was activated m the system

with thermal profiles representing temperature recorded every 5 minutes

90

—0— Loop temperature T (°C)

—&— Profile A temperature (°C)
—a— Profile B temperature (°C)

Temperature (°C})

10 . . T . .
0 2000 4000 6000 8000 10000
Time (s}

Figure 3 1 - Loop temperature profile and contrasting responses of Ty

The dead-leg temperature T4 recorded for both profiles at fixed time mtervals during
the experiment run are shown 1n table 3.1 Temperature 1s shown to vary between

profiles with respect to time. Loop flowrate recorded for profile A decreased by 25%
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over the duratton of the expernment The required flowrate was mamtamed for
profile B At this stage 1t was deemed necessary to remove all major flowrate loss

from further expermmentation to ensure both accuracy and contmuity of results

Following mvestigation 1t was determined that trapped pockets of air escaping from
loop pipework during system ramp-up to set-point temperature contributed to drops
in volumetric flowrate, As such, prior to each experiment run a complete and
thorough purging cycle was performed to remove all entrapped air from the system.
The purge cycle consisted of slowly increasmg system flowrate by set mcrements,
along with visual mspection of the storage tank for evidence of air bubbles escaping
from the pipe exit line Once the system had been fully purged of air, flowrate was

adjusted to required levels and inspected periodically for change.

Time, t (s) I Dead-leg Temperature, T4 (°C) -]
Profile A Profile B

1 2292 22 52
1800 2138 22 63
3600 2145 23 95
5400 22.03 26 11
7200 23.43 28 43
3000 24,62 3041
10800 25 89 | 31.26

Table 3.1 - Thermal data of contrasting profile responses of Tg

The profile of loop temperature Ty, shown 1n figure 3 1 represents fluid temperature
measured by a T-type thermocouple positioned on the outlet pipe of the centrifugal
pump This thermocouple records temperature in the distribution loop post storage

vessel where fluid 1s heated to requured temperatures.

The TDF 11 unit controls system temperature based upon an ON/OFF heating
mechantsm. Heating occws according to a fixed set-pomt (80°C), with a user
specified negatrve differential switching pont, -6 Figure 3.2 iltustrates the ON/OFF

heating mechanmsm and resultant temperature response The differential switching
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pomt 1s defined as the decrease in temperature necessary to reactivate heating once

system set-pomt tempeiature has been achneved.

This ON/OFF heating process 1s reflected in the periodic profile response of loop
temperature represented in figure 3 1 once set-point temperature of 80°C 1s achreved
This response was accepted as being mherent within the system and consideration
was taken toward this profile response for all experiment results The differential

value, ¢, was shown to remain below 1.6°C for all experimentation,

T(°C)

Set-point temperature (80°C)

NN
/

= t(8)

ON ON

Figure 3 2 - Negative differential heating and temperature response

A\
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3.3  Final Experimental Analysis
Having resolved prelmmary testing issues, final experimentation and analysis

proceeded All experimentation was performed using the flud ng, testing equipment
and data acqusitton techmques detailed in the Equipment & Maternial section
previous Thermal data was recorded for equal and reduced branch diameter dead-

legs of varymg branch length across a range of distribution loop velocities

Distribution loop flowrate was converted to bulk loop velocity U, based upon
volumetric flowrate and mtemal pipe diameter Reynolds Number calculated for all
velocities (see Appendix B) represented flow 1n the turbulent regime [48]. Bulk loop

velocttics and corresponding Reynolds Numbers are shown in table 3 2

Volumetric Flowrate, Velocity, Reynolds Number,

Q (L/min) U, (m/s) Re () ]
20 019 2.33x10°
40 037 465x%10°
60 056 698 x 10°
100 0 94 116 x 10°
120 112 1.39x 10°
160 1.50 186x10° ]

Table 3.2 - Conversion of flowrates to velocity and Reynolds Number

3.3.1 Temperature Profile Analysis
Results are presented of data recorded for experimental runs as per the recording

conditions outhined for preliminary analysis Ambient air temperature was 21 + 1°C
for all experimental runs Heater control set-pomt was fixed at 80°C Results are

presented as per branch configuration (see also Appendices C & D)

63



Part A: Equal Diameter Dead-leg Analysis
The geometries of dead-leg configurations used as part of this analysis are described

in table 3 3.

Diameter Branch Lengths
- D=d - 6d (300mm)
- 50mm OD - 4d (200mm)
- 47 5mm 1D - 2d (100mm)

Table 3 3 - Equal diameter dead-leg configurations

3.3.1.1 6d Equal Diameter Dead-leg
Figure 3.3 presents thermal profiles of loop temperature Ty, and dead-leg temperature

Tgs with respect to time for loop velocity 0.19m/s Tas represents the temperature
recorded at the base of the 6d dead-leg.

The profile of loop temperature follows two distinct phases. From ambient, fluid
temperature ncreases or ramps in a confrolled linear manner. Once set-pount
temperature 15 achieved, loop fluid mamtamns a steady-state temperature of 79 15 +
1°C for the remamder of the run These characteristics of distribution loop

temperature were shown to be similar for all loop velocities.
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Figure 3 3 - Profile of Tgg for Uy=0 19m/s

Tqs shows mimimal temperature increase for the duration of the experiment From
mmtial temperature 21 74°C, fluid at base of the dead-leg achieves a2 mummum of
20 78°C after 2400s. Ty wncreases overall by 098°C at constant loop velocity
indicating a poor standard of mixing between loop fhud and fhud at the base of the
dead-leg for this flowrate Lack of turbulent mixing contributes to a decrease from

nitial temperatuie during the course of the experiment
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Figure 3 4 - Profiles of Ty for Up=0.37, 0-56 and 0 94m/s -

Mo,

L

Profiles of dead-leg temperature for loop VC?IO(I}ltICS 037, 056 and 0 94m/s an;
presented m figure 3.4 All profiles follow smooth ncreasing patterns From initial
temperatures, Tqs shows mereases of 8.74 and 10 83°C for loop velocities 037 and
0.56m/s respectively Improved dead-leg temperatures are' evident for (0.94m/s

velocity, Tgs increases by 17 2 1°(; over the duration of the experiment

-

Increase m loop velocity | from 0. 3710 0 56m/s does not result in s1gmﬁcant ncrease .

n ternperature at’ the base of the dead-leg. The steady manner of temperature

mcrease over the éxperiment suggests constant diffusive transfer of loop fliud mto

the dead-leg branch at these velocities
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Figure 3 5 - Profiles of Tqs for Up=1 12 and 1 50m/s

Temperature profiles for loop velocities 1 12 and 1 50m/s are presented m figure 3.5.
Both profiles exhibit non-linear heating patterns From ambient temperature, Tgs
mereases by 34 35°C across the experiment for fixed loop velocity 1.12m/s
Fluctuations 1 Tye are however evident Sudden decreases followed by subsequent
mcreases 10 temperature are noted at 3900, 7800 and 10200s The dynamic mixing of
warm and cooler fluids along the base of the dead-leg may have resulted 1 sudden
changes 1n Tqg. Research has shown greater loop velocity contributes to the mncreased

magmtude of recirculating fluid motion n the dead-leg branch [44]

The thermal profile of Ty for loop velocity 150m/s shows an mcrease 1n
temperature close to that of loop set-pomt Tgs exhibits approximately linear
increase, reaching steady-state temperature close to loop set-pomnt at 6000s. Tus

mncreases by 51 5°C over the duration of the experiment The temperature profile
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mdicates improved fluid transfer from main loop mto the branch and along the base

of dead-leg

However fluctuations mn Tye suggest non-umiform flow within the branch. Reductions
m temperature are noted at 2400 and 10200s which indicate the rate of fhud flow at
the base of the dead-leg varies and 1s velocity dependent Sudden decreases in

temperature 1mply the disturbance of cooler flund at the base of the branch.

Table 3 4 displays the maximum temperatures recorded at the base of the dead-leg
per distribution loop velocity, Data indicates an increase mm maximum temperature
with respect to mcreased loop velocity The maximum dead-leg temperature
recorded for the 6d equal diameter branch configuration was 75 14°C for loop
velocity of I 50m/s Ty, did not achieve distribution loop temperature 79 15 £ 1°C

across the velocity range

Velocity, Uy, (m/s) Maximum Ty (°C)
019 2272
0.37 31.26
0.56 33 08
0 94 41 64
112 57 60
150 75 14

Table 3 4 - Maximum temperatures recorded for 6d equal diameter dead-leg

Temperature profiles for U, < 0.56m/s suggest mimimal fluid transfer mto the base of
the dead-leg branch. These profiles follow controlled mecreasing patterns indicating
no turbulent fluid flow at 6d depths. Temperature increases for U, < 0.56m/s are
nominal, maximum temperatures remammmng significantly lower than distbution
loop temperatures Resuits indicate the primary mechanism of heat transfer 1nto the

dead-leg 1s diffusion at this velocity range

Improved fluid transfer within the branch is evident for Uy > 1 12m/s Results

indicate temperatures approachimg loop set-pomt with respect to mcreased Reynolds

Number Thermal profiles follow non-linear patterns with fluctuations in temperature
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evident The primary mechamsm of heat transfer at this velocity range 1s forced
convection as higher velocity fluid from the loop carries warm fluid into the dead-leg
branch However such fluid transfer 1s non-linear as demonstrated by fluctuations m

the rate of temperature increase

Further msight 1nto the standard of mixing occwring within the dead-leg branch 1s
provided by examining 1n detail thermal profiles during system heating Figure 3 6
llustrates temperature profiles of Ty for loop velocities 1 12 and 1 50m/s recorded
from 4500s to 5500s

Tas follows a fluctuating pattern for loop velocity 1.50m/s with an imcrease of 10 4°C
across the 1000s sample period recorded. Applying moving average calculations

temperature 1s shown to fluctuate by £ 1 6°C.

The temperature profile for loop velocity 1.12m/s shows contrasting flow
characteristics Tq¢ shows only margmal mcrease of 5 42°C over the sample period
Based upon a moving average, Tqs shows minimal temperature fluctuations of +

0.47°C.

Significant temperature fluctuations at the base of the dead-leg at 1 50m/s ndrcate
the presence of turbulent mxing The magmiude of turbulence 1s a resuit of high
velocity fluids entering the branch from main loop Forced convection becomes the
primary mechanism of heat transfer to the base of the branch. With respect to
1.12m/s, temperature mcrease occurs primarily via the diffusion of warmer fluids
into the branch from main loop flow The limear temperature profile mdicates steady

non-turbulent fluid transfer along the base of the dead-leg at this loop velocity
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Figure 3.6 - Profiles of Ty4s over reduced sample period for Up=1 12 and [ 50m/s

Results incheate the mechanism of heat transfer along the base of the branch

contributes to the magmtude of heating taking place At lower flowrates diffusion 1s

the main contributor to temperature increase compared with convection at higher

flowrates Research has mdicated that the depth of branch turbulence from loop flmd

18 directly proportional to the velocity at the inlet of the dead-leg [26] As

demonstrated therefore (see table 3.4), increased temperatures are recorded with

respect to mcreased loop velocity
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3.3.1.2 4d Equal Diameter Dead-leg
Figure 3 7 presents the temperature profiles recorded for loop temperature T. and

dead-leg temperature Tq4 at loop velocities 0 19 and 0 37m/s. Tgy represents the
temperature recorded at the base of the 4d dead-leg

For loop velocity 0 19m/s, Ty follows a smooth increasing profile Temperature at
the base of the dead-leg increases by 17 95°C from ambient temperature The

controlled manner of temperature increase mdicates lack of turbulent mixing

90
—o— Tgq4 @0 19mfs
—a— Ty @0 37m/s
80_‘ —0— Loop Temperature T Y A0 O 000 0O-C0
0
' ®
70 T : - Y ) ]
o .
5_) ®
w60 A i ,
= 0y
el .
g )
g— 50 . .
= 5"
40 -+ - C -
..
. . .
304 o A -
Y . A ;
20 +— : : ; . ;
4] 2000 4000 6000 8000 10000

Time {(s)

Figure 3.7 - Profiles of Tys for Uy=0.19 and 0.37m/s

Similar fluid transport mechamsms are evident for loop velocity 0.37m/s The profile
of dead-leg temperature Tqy4 follows a controlled pattern, increasing by 36.74°C over
the experiment Intermittent changes i temperature response are however evident.
Decreases mn Tg4 are noted at 4200, 6600 and 8400s indicating dynamic fluid flow
along the base of the 4d dead-leg. Such temperature changes may allude to the

presence of pulsating flud flow.
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Figure 3 8 - Profiles of Ty4 for Uy=0 56 and 0 94m/s

Figure 3 8 presents temperature profiles for loop velocities 0 56 and 0 94m/s Both
profiles follow similar patterns indicating comparable heating mechamisms. Profiles
demonstrate linear heating ramp-up and steady-state temperature phases similar to

the characteristic profile of the mam loop

Similar maximum temperatures (see table 3.5) are recorded for both velocities yet
differences exist between times taken to reach steady-state temperature. At loop
velocity O 56m/s, Tqq reaches steady-state temperature after 6000s compared to 6300s
for loop velocity 0 94m/s Achieving steady-state temperature over a reduced time
length would indicate comparably enhanced fluid transfer with respect to the

mcreased loop velocity
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Figure 3.9 - Profiles of Ty4 for U= 1.12 and 1.50m/s

Figure 3 9 1llustrates temperature profiles for loop velocities 112 and 1 50m/s
Profiles exhibit sumlar characteristics to mamn loop temperature indicating
sigmficant flurd transfer between the main loop and dead-leg branch Tas reaches

steady-state temperature at 6000s for both velocities.

Table 3.5 details maxunum temperatures tecorded at the base of the 4d equal
diameter dead-leg per loop velocity Increases mn maximum temperature at the base
of the dead-leg are recorded with respect to mcreased loop velocity This confirms
the relationship between loop velocity and dead-leg temperature shown for the 6d
dead-leg configuration. The maximum recorded temperature in the equal diameter 4d
dead-leg was 76 74°C for loop velocity 1.50m/s. Loop temperature set-pomt of 79.15

+ 1°C was not achieved across the distribution loop range
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Velocity, Uy (In/s) Maximum Ty4 (°C)
019 40,98
037 59.55
0.56 7522
0 94 75 08
112 7522
150 76 74

Table 3.5 - Maximum temperatures recorded for 4d equal diameter dead-leg

L]

o

Stmlar maximum témpetatures are noted for Uy = 0 56m/s This would suggest a
thermal threshold 1s achieved with respect to ncreasing distribution loop veloctty
Further mcreases m loop velocity may not contribute to mmpioved temperatures

within the dead-leg _

Figure 3.10 represents température proﬁfcs for Ta4 recorded between 4500 and 5500s
at loop velocities of 0.56 and 0 94m/s Temperature Tgq fluctuates sngn;fjcaﬁtly

across the sample range with respect to loop velocity 0 56m/s, suggesting convective

mixing of warmer and cooler fluid at the base of the dead-leg A teml;gramfe‘l

mncrease of 8 29°C 1s recorded across the sample range, with significant ﬂupﬁ;atlbgsr-

s ‘nr‘\g .
: < i
of £ 1 3°C from a moving average noted .

The temperature profile of Tys for loop velocity 0.94m/s shows an increase of 7 96°C
at the dead-leg base across the sample rlange. The profile of Tq4 follows a quasi-
lmear pattern ‘suggesting steady heat transfer Temperature at the dead-leg base

fluctuates by = 0 3°C for a moving average
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Results indicate smular magmitudes of heating with respect to velocities across the

reduced sample range Yet profiles indicate a transition from fluctuating to hinearly

increasing temperatures with respect to mereased loop velocity

This transition from dynamic to predominantly linear heat transfer 1s a result of

mmproved mass transfer occurming with respect to increased branch mlet velocity. The

turbulent mixing contributing to forced convective heat transfer for 0.56m/s 1s not

sufficient to completely remove cooler stagnant flud from the base of the branch
Increased inlet velocity 0.94m/s does result m a sweepmg action at the dead-end

exacting a more rigorous re-circulation of warm loop fluids through the entire branch

length
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3.3.1.3 2d Equal Diameter Dead-leg
Temperature profiles of Ty, for loop velocities 0.19 and 1 50m/s are shown n figure

3 11, Profiles represent Ty,, the temperature at the base of the 2d dead-leg at ugh and

low distribution loop velocrties,
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Figure 3.11 - Profiles of Ty, for U,= 0.19 and 1.50m/s

Both profiles follow patterns consistent with the charactenstic profile of loop
temperature. This is indicative of a significant degree of mass transfer occurrmg
between loop and branch flmd Table 3 6 details maximum temperatures recorded at
the base of the 2d dead-leg with respect to loop velocity. Tax 18 shown to increase
with respect to loop velocity as with previous dead-leg configurations Loop
temperature set-point 79.15 £ 1°C was achieved and maintamned at the base of the 2d
dead-leg for loop velocity 1 50m/s after 6000s
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Both loop velocities contribute to fnd temperature at the base of the 2d dead-leg

close to that of mam loop flow. Flud flow characteristics are comparable for both

profiles as demonstrated by the time taken to reach steady-state temperature (6000s)

Velocity, Uy (m/s) Maximum Ty, (°C)
0.19 77 40
1.50 79 45

Table 3 6 - Maximum temperatures recorded for 2d equal diameter dead-leg

The periodic response of loop temperature at steady-state mitiates a similar thermal

response at the base of the 2d dead-leg for both velocities Taz for loop velocity

0 19m/s however displays a slower response to mam loop temperature fluctuations,

illustrated by the mcreased duration between temperature maximums 1n the loop and

dead-leg Increased response lag with tespect to reduced loop velocity indicates a

slight reduction 1n the scale of fluid transfer into the dead-leg branch.
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Figure 3 12 - Profiles of Tq; over reduced sample period for Uy = 0.19 and 1 50m/s
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Figure 3 12 displays temperature profiles for selected velocities m the 2d dead-leg
branch for 4500s to 5500s Both velocities exhibit linear heat transfer at the base of
the branch with slight variances i temperature evident Fluid temperature mcreases
by 862 and 8 27°C across the sample range at velocittes 019 and 1.50m/s
respectively. Based upon a moving average, temperatures fluctuations of = 0 4°C and

+ 0.5°C are recorded for loop velocities 1 50 and 0,19m/s respectively
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Part B: Reduced Diameter Dead-leg Analysis
Reduced diameter tee-sections are mstalied in HPWS at point-of-use mstances and

for particular instrumentation connection Thermal profiles are presented for reduced

branch diameter dead-legs, geometries as per table 3.7. Figure 3.13 1llustrates the

geometric transition from equal to reduced diameter dead-legs.

Diameter Branch Length
- D#d - 6d (150mm)
- 50mm OD - 4d (100mm)
- 475mm ID - 2d (50mm)
- 25mmod
- 22.5mm1d

Table 3.7 - Reduced diameter dead-leg configurations
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Dead-leg
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lid=4 (200mm) il

1 I/d = 2 (50mra)

Ifd =4(100mm)

1/d = 6(150mm)

Reduced Diameter
Dead-leg

Figure 3 13 - Comparison of equal and reduced dead-leg geometries

79

He



3.3.1.4 6d Reduced Diameter Dead-leg
Figure 3.14 presents profiles of loop temperature Ty and dead-leg temperature Tys

with respect to tume for loop velocity 0 19m/s. Tas represents fimd temperature
recorded at the base of the 6d dead-leg. The loop temperature profile follows the
characteristic curve described previous with temperatures 79 15 + 1°C mamtained at

steady-state for all experimental analysis
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Figure 3 14 - Profile of Tyg for U, = 0 19my/s

Tas shows nominal increase over the duration of the expenment From mitial
temperature 22 27°C, fluid at the base reaches a mummum 20 04°C after 15008 Ty
shows only margimal mcrease of 6.81°C across the experiment suggesting negligible

mixing between fluid within the distribution loop and that at the dead-leg base.
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Figure 3 15 - Profiles of Tgs for Uy, = 0.37, 0 56 and 0 94m/s

Figure 3.15 displays profiles of Tas over increased loop velocities Thermal profiles
demonstrate mcreased femperatures at the base of the dead-leg with respect to

mcreased main loop velocity.,

Simular temperatures are recorded for velocities 0 37 and 0 56m/s with increases m
Tag 0f 9.89 and 11 53°C recorded respectively over the experument. The similarity of
profile patterns suggest comparable standards of mrxing within the branch for both
velocities The steady transient mcrease illustrated by Ty would mndicate primarily

diffusional heat transfer to the dead-leg base at these velocities

Improved muxing at the base of the dead-leg 1s evident with 1espect to increased loop
velocity 0.94m/s Tgs ncreases by 24.37°C from imtial temperature over the
experiment Although the profile of Ty follows a similar pattern to that of the

previous velocities, temperature decrease post thermal maximum 1s noled This
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indicates a reduction m the scale of fhnd transfer to the base of the branch as a result
of non-uniform fluid flow Previous results (see Part A) for equal diameter sections
also suggested the occurrence of non-linear heat transfer within a dead-leg branch at

fixed velocities.

As shown 1 figure 3.16 the profile of Ty ndicates mmproved muxing for U, =
1.12m/s The profile of T4 at loop velocity 1 12m/s follows a non-linear pattern
during ramp-up followed by considerable fluctuations once loop set-point
temperature 1s achueved, The manner of flurd flow nto the branch contributing to an
increase 1 Tgs 1s non-umiform as suggested by the temperature decreases at 7800s

and 9000s

The profile of Ty for loop velocity 1 50m/s closely follows that of loop temperature
indicating a strong transfer of flmd from loop to dead-leg base Although non-lmear,

the profile of Tys clearly exhibits a ramp-up heating phase and quasi-steady state.

Further indication of non-umiform fluud flow withun the dead-leg branch 1s evident
with notable changes m the rate of temperature increase during ramp-up. The profile
of Tge exhibits increases and subsequent decreases 1n temperature at 2100s and 3000s
respectively. Such thermal activity 15 conjugative to the presence of pulsating flud
flow at the base of the branch contributing to sudden temperature mcrease Pulsating
fluid flow would contribute to the disturbance of cooler fluids along the base of the

branch resuliing 1n temperature fluctuation

82



90

I—o— Tagg @ 1 12mfs
—a— Tqs @ 1 50m/s
80 - —@— Loop Temperature T|_
70 ~
6
. o ) (o)
560' OO '.. 000
g* 50 ~
o ()
et o
40 - "
. )
() . .
30 : o™
b A )
- it > >
20 I I 3 I I 1
0 2000 4000 6000 8000 10000

Time (s)

Figure 3 16 - Profiles of Tggfor Uy = 1 12 and 1 50my/s

Figure 3.17 displays the temperature response at the base of the 6d reduced diameter
dead-leg with respect to a sample time of 4500 to 5500s at loop velocities 1.12 and
1.50m/s Loop velocities provide contrasting thermal responses at the base of the
branch, Ty follows a fluctuating pattern with respect to loop velocity 1.50m/s with
temperature varymg by + 3 2°C based upon moving average calculations, An overall

temperature mcrease of 8 62°C 18 recorded across the sample range.

In companison Tgs follows a controlled steady state pattern for loop velocity 1.12m/s
with an increase of 8.23°C recorded across the sample range Temperature at the
base of the branch varnes by + 0 7°C based upon a moving average However sudden
increases in temperature are noted at 4710 and 5325s Such temperature mcreases are
again mdicative of the pulsating flow of warmer fluid down the branch as opposed to

sustained turbulent flow recorded for loop velocity 1 50m/s.
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Figure 3.17 - Profiles of T4s over reduced sample period for Up=1 12 and 1.50m/s

Nexther loop velocity is capable of producing ngorous turbulent mixing at the base
of the dead-leg branch The significant temperature fluctuations recorded for branch

mlet velocity 1.50m/s suggest the mability of loop fluid to complete remove cooler
fluid at the base of the branch
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Table 3.8 displays maximum temperatures recorded at the base of the 6d reduced

diameter dead-leg across the range of mam loop bulk velocities

Velocity, U, (m/s) Maximum Ty (°C)
019 29 08
0 37 3433
0 56 36.28
094 48.97
112 62.46
150 7277

Table 3 § - Maximum temperatures recorded for 6d reduced diameter dead-leg

Data indicates a relationship between dead-leg temperature and increasing loop
velocity Maximum temperatures at branch base improve with respect to increased
Reynolds Number The highest temperature recorded in the 6d reduced diameter
dead-leg 1s 72.77°C for loop velocity 1 50m/s. The desired temperature set-point of

79 15 = 1°C was not achieved across the velocity range
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3.3.1.5 4d Reduced Diameter Dead-leg
Figure 3.18 presents profiles recorded for loop temperature T and dead-leg

temperature Tq4 at loop velocities 0.19 and 0 37m/s. Ty represents fluid temperature
recorded at the base of the 4d dead-leg
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Figure 3 18 - Profiles of Tas for U,=0.19 and 0.37m/s

With respect to loop velocity 0.19m/s, Taq displays a quasi-linear heating phase prior
to reaching steady-state temperature, From mmtial temperature Tgas mcreases by
39.03°C over the experiment Fluctuations in temperature increase during the heating
phase of the profile are noted. Decreases m Ty, are recorded at 3000s and 6600s

Such intermmtient changes n temperature suggest the presence of pulsating fluid flow

at the base of the branch at this velocity

Further evidence of non-umform pulsating flow 1s evident with respect to loop
veloeity 0 37m/s. At thus loop velocity Tas follows relatively linear temperature

increase during the mutial stages of experiment, however notable fluctuations in
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temperature are evident for 3600 < t > 6600s before a steady-state 18 mamtamned As

with the previous loop velocity, such temperature response 1s mdicative of dynamic
fluid flow at the base of the branch

90
—&— Tyq4 @ 056m/s
—i— T4 @ 0 94mi/s
80 —O— Loop Temperature T
70
o
@ 60
]
©
2 50
5
-
40
30
20 ” 1 ] T I I
0 2000 4000 6000 8000 10000
Time (s)

Figure 3.19 - Profiles of Tys for Uy =0 56 and 0.94m/s

Figure 3.19 presents profiles of Ty, for loop velocities 0 56 and 0 94my/s. Profiles
exhibit simular patterns, Tas follows the characteristic curve of mam loop
temperature, Simular temperature increase 1s also noted, Tq4 mcreases by 51 39 and

52.85°C from mitial temperatures for velocities 0 56 and 0 94m/s respectively.
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Times taken to reach steady-state temperature (6300s) recorded for Ty4 at both loop
velocities confirms the similarity of temperature response. Fluctuations mn Ty at
steady-state and the subsequent changes 1 Tas indicate the sigmificant transfer of

fluid between main loop and branch base with respect to both velocities
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Figure 3.20 - Profiles of Ty for U= 1.12 and 1,50m/s

Profiles of Ty4 for loop velocities 112 and 1 50my/s are shown in Figure 320 Ty
exhibits linear heating phases prior to achieving steady-state temperature i both
profiles. The similarity between profile patterns for Ty, and Tqy indicates the presence
of sigmficant fluid mixing between dead-leg base and loop flow Tys temperature

mereases of 54 17 and 54 06°C are recorded for loop velocities 1.12m/s and 1.50m/s
respectively.

A temperature difference remams however at steady state between loop and dead-leg
fluid reaching mimimums of 1.7°C and 1.6°C for 1.12 and 1.50m/s respectively The

overall length of the dead-leg may contribute to this temperature variance as fluid at
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the base of the 4d branch may be restricted from re-entering main loop flow In
effect this flnd becomes trapped at the base of the dead-leg by faster flowmg fluid
above, Fluid temperature increase at the base of the branch therefore would be

regulated solely by heat transfer via free convective and/or diffusive means from

main loop flud.

Profiles of Tas for loop velocities 0.19, 0 37 and 0 94m/s are shown m figure 3 21

All profiles represent dead-leg temperature recorded across a sample range of 4500
to 5500s The profile of T at loop velocity 0 19m/s reflects limited maxing at branch
base An increase i Ty of 4,9°C 1s recorded across the sample range Most notably
flwmid at the base of the dead-leg shows neghigible temperature fluctuations (= 0 32°C)

based upon moving average calculations indicating prumarily stagnant flow

conditions
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Figure 3.21 - Profiles of Ty4 over reduced sample period for Uy, =0.19, 0 37, 0 94m/s
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However at loop velocity 0 37m/s turbulent mixing 1s evident Fluctuations i Tg4 of
+ 173°C are recorded based upon a moving average Increases and subsequent
decreases 1 temperature mndicate the mixing of warmer and cooler fluid at the base
of the branch as reflected by the increase 1 flud temperature of 10.3°C over the

sample period

Further mcrease of loop velocity to 0.94m/s shows contrasting mixig dynamics at
the base of the branch As opposed to significant temperature fluctuations with
respect to mcereased loop velocity, the profile of Ta4 shows reduced fluctuations of &
(0.88°C based upon moving average calculations Temperature shows an overall

increase of 7.2°C across the sample period

The detailed analysis provided by figure 3 21 1llustrates a shift from prnimarily
diffusive heat transfer at the base of the branch to increasingly turbulent mixing with
dynamic movement between warmer and cooler fluids. Further loop velocity
increase results 1n fully turbulent mixing; forced convection sweeping fluid into the

base of the branch Sigmficant fluid transport to and fro the branch base prevails

Table 3 9 displays maximum temperatures recorded at the base of the 4d reduced
diameter dead-leg across the range of mam loop velocities The maximum
temperature recorded m the 4d reduced diameter branch 1s 77 53°C for a loop
velocity 1.50m/s. However the desired dead-leg temperature set-pomt 79 15 + 1°C

was not achieved across the velocity range

Velocity, U (m/s) Maximum Tg4 (°C)
019 62.48
037 7131
056 74 29
0.94 77 24
1.12 77.45
1.50 7753

Table 3 9 - Maximum temperatures recorded for 4d reduced diameter dead-leg

90



Sigrmuficant increase i Ty 15 evadent for Uy > 0,19my/s, However, maxumum recorded
temperatures varied little across the remaining velocity range. Previous results (see
table 3.8) illustrated mcreases 1n dead-leg temperature with respect to increasing
Reynolds Number flow Contrary to this, results shown in table 3 9 mdicate a

thermal thresheld 1s achieved with respect to Reynolds Number variance

The occurrence of a thermal threshold may be attributable to reduced magmtudes of
flid entering the branch under flow conditions Research [45 & 46] has confirmed
that loop flmd flow anticipates the entrance of a dead-leg branch under simular flow
condifions. In fact recent research [45] has described the presence of a “ripple” flow

effect as fast flowmg flmd passes over a dead-leg branch entrance.

This “ripple” effect serves to maneuver fluid flow mn the man loop mto the dead-leg
branch, primarily along the upstream wall 1n equal diameter sections [45] Increased
loop velocity however coupled with a reduction in branch diameter would reduce the
magnitude of loop fluid entering the dead-leg branch This scenario would
effectively restrict mixing at the base of the branch and thus lessen the ability of the
dead-leg to reach main loop temperatures. As such, further mncrease of loop velocity

has little positive overall effect upon dead-leg temperatures
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3 3.1.6 2d Reduced Diameter Dead-leg
Figure 3 22 presents profiles of Ti. and T4z over time for loop velocities 0 19 and

1 50m/s Profiles of Ty represent temperature response to high and low distribution

loop velocities recorded at the base of the 2d dead-leg
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Figure 3.22 - Profiles of Tg, for Uy =0 19 and 1 50m/s

Profiles of both maimn loop and dead-leg temperature follow similar patierns. The
similarity of profiles mdicates a strong T, response to changes in main loop fluid
temperature, A mmimum temperature difference of 6.56°C 15 recorded between Ty
and loop temperature for velocity 0.19m/s The difference mn temperature between
loop and dead-leg base 1s reduced with respect to increased loop velocity, reaching a
minimum of 2.21°C for 1 50m/s
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Figure 3.23 - Profiles of Ty; over reduced sample period for U, = (.19 and 1.50m/s

Tigure 3 23 1llustrates profiles recorded of Ty, for loop velocities ¢ 19 and 1 50my/s
across a sample period between 4500 and 5500s. The linear patterns of Ta are
reflected mn temperature fluctuations based upon a moving average recorded across
the sample range Temperature fluctuations of £ 047°C and + 042°C for loop
velocrites of 0 19 and 1 50m/s are recorded respectively. Both profiles of Ty» indicate
similar heating magnitudes, 8 65°C and 7 22°C for 150 and 0 19m/s velocities

respectively

Table 3.10 displays maxmmum temperature recorded at the base of the 2d reduced
diameter dead-leg for both loop velocities. An mcrease i Tg 18 recorded with
respect to mcreased Reynolds Number flow. Neither velocity however produced the

required temperature set-pomnt 79 15 £ 1°C at the base of the dead-leg
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Velocity, Uy, (m/s) Maximum T, (°C)
019 73 01
150 7722

Table 3.10 - Maximum temperatures recorded for 2d reduced diameter dead-leg

Part C: Branch Diameter Comparison
Dead-leg thermal conditions are compared between equal and reduced branch

diameter configurations based upon I/d ratio. The ratio is calculated using 1, the
length of the dead-leg measured from the centre axis of the main loop over d, branch
diameter This ratio serves to offer a comparable study between branch temperatures

for symular dead-leg configurations

Table 3 11 displays maximum temperatures recorded at the base of a dead-leg l/d =
6. AT represents the temperature difference between recorded maxima for bulk loop
velocities Across the velocity range U, < 1 12nV/s, greater temperatures are recorded
mn the reduced diameter branch compared with the equal diameter section. Greater
dead-leg temperature 1s recorded 1n the equal diameter branch for U, = 1 50m/s,

Values of AT offer no linear relationship between temperature difference and loop

velocity.
Velocity, Uy Maximum Temperature (°C) AT (°C)

(m/s) Equal Reduced

019 22.72 29.08 6.36
037 3126 3433 3.07
056 3308 36 28 3.20
0.94 41.64 48 97 733
112 57 60 62.46 4 86
150 75 14 72,77 237

Table 3.11 - Maximum recorded temperatures for 1/d = 6

Figure 3.24 presents the relationship between maximum dead-leg temperature and
loop velocity for I/d = 6. As 1llustrated, the relationship between maximum

temperature and velocity 1s stmular for both sections; increasing dead-leg temperature
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wrth respect to increased loop velocity The greatest temperature difference (7.33°C)

between dead-leg configurations 1s recorded with respect to loop velocity 0 94m/s.
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Figure 3 24 - Relationship of Tgand Uy, for 1/d =6

With respect to dead-legs of I/d = 6, reduced diameter branch length (1 = 150mm)
ensures significant fluid transfer to the dead-leg base due to the closer proximity to
main loop pipework. At lower velocity ranges (Uy, < 1 50m/s) such reduced branch
volume ensures improved main loop flow penetration, achieving greater flmd mixing
at the base of the section. At increased loop velocities (Up > 1.50m/s) the beneficial
effect of branch length may become less of a factor, The mncreased branch volume of

the equal diameter section contributes to improve mixing within the entire section

Research [45 & 46] has 1illustrated that fluid flow in the main loop anticipates the
entrance of the tee-section branch under normal flow conditions, At increased loop
velocities, fast moving fluud m the main loop may glide over the entrance of the

reduced dead-leg branch effectively limiting the quantity of fliid entering the
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branch. Reduction m flmd transfer mto the branch would serve to reduce the
magnttude of re-circulating flow within the section Research indicates a reduction mn
size of re-circulatmg zones 1n dead-leg branches with respect to decreasing branch
diameter [47]. Such recirculating zones are considered to be directly related to heat-

transfer within dead-leg branches

Additionally slower moving flmd m the branch would have less opportumty to re-
enter main flow, effectively being held by faster moving flmd passing over the
branch entrance [49] With reduced opportunity to mux with warmer loop fluids,

heat-transfer within the branch would be restricted.

Maximum dead-leg temperatwres for I/d = 4 are presented 1 table 3,12, A
considerable temperature difference exists between maxima recorded m equal and
reduced diameter branches for U, < 0.56m/s. For increased loop velocity however,

similar temperatures are recorded for both branch diameters.

Velocity, Uy Maximum Temperature (°C) AT (°C)

(m/s) Equal Reduced

0.19 40.98 62 48 21.50
037 59 55 7131 1176
0.56 7522 74.29 0.93
094 7508 77.24 216
112 7522 77.45 223
150 76 74 77.53 079

Table 3.12 - Maximum recorded temperatures for I/d =4

The relationship between maximum temperature and velocity mn equal and reduced
branches for 1/d = 4 15 shown m figure 3 25 Both equal and reduced diameter
profiles mdicate the existence of a thermal threshold with respect to loop velocity.
Minimal increase 1 Ty is reported for Uy > 0.56m/s for both branch diameiers after

mitial increases at lower velocities.
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Figure 3 25 - Relationship of Ty and Uy, for I/d =4

As with the previous dead-leg configuration (I/d = 6), at lower velocities reduced
branch volume contributes to favourable temperatures at the base of the dead-leg
For greater loop velocities, mcreased branch diameter contributes to improve

turbulent mixing ensuring similar dead-leg temperatures attamable 1n both diameter

configurations

Table 3.13 shows recorded maxima for equal and reduced diameter dead-legs for
I/d = 2. Data mdicates greater temperatures at the base of the equal diameter
compared to reduced diameter branch section. However as with the Vd = 4

configuration, the positive effect of larger branch diameter lessened with respect to

mcreased distribution loop velocity.
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Velocity, Uy, Maximum Temperature (°C) AT (°C)
{m/s) Equal Reduced
019 77.40 73 01 4.39
150 79 45 7722 223

Table 3 13 - Maximum recorded temperatures for I/d = 2

Withmn the confines of the 6d-rule a reduction m branch diameter has the effect of
reducing the overall length of the dead-leg branch The distance from dead-leg base
to main loep pipe plays a significant role m overall dead-leg temperatures Results
mdicate 1mproved temperatures are evident for both dead-leg branch diameter

configurations with respect to reduced branch lengths

The scale-up of branch diameter contributes to improved mass transfer within equal
diameter dead-legs [26]. This phenomenon was recognised as a direct result of a
decrease of viscous forces with increasing branch diameter resulting in greater flud
velocities 1 larger diameter dead-legs [28] Improved turbulence as a result of
mncreased Reynolds Number would contribute to improved mass transfer within the
branch aiding CIP cleaning operations. One could agree that diffustve heat transfer
would be of no aid to samtization procedures as the sufficient disruption of flud at

the base of the branch could not be guaranteed

Regarding the stertlization of Pseudomonas aeruginosa bacteria; accepted D-value at
70°C is 1.3mins. Temperatures presented previous (tables 3 11-3 13) represent
maxima recorded, and may not reflect the transient thermo-fhud conditions
occurring at the base of the dead-leg branch, Acceptable sterilization at this
destruction Iimrt therefore 1s evaluated in terms of maintaming temperature Ty >
70°C. As such the destruction of Pseudomonas aeruginosa over sustamed time
periods 15 considered achievable 1n 6d dead-legs at Uy, > 1 50m/s, 4d dead-legs at U
> 0 56m/s and m 2d dead-legs across the velocity range.

However considermng reduced sample analysis (see figures 3 6, 3.17); turbulent

mixing may not be of sufficient magmitudes m 6d dead-legs to support ngorous
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cleaning procedures Endotoxins shed by destroyed bacterium would not be fully

removed frem the branch under CIP flow conditions

HPWS designers should attempt to reduce the overall length of a dead-leg as means
of linmting the possibility of stagnant flow conditions occurring at their base Data
mndicates 6d dead-legs are not capable of samutization at therr base regardless of
branch diameter Temperatures close to required samitization limts were attamed
4d and 2d, equal and reduced diameter sections However loop velocity magmtude

played an integral role in the temperatures achieved.

Results detailed m this section provide a comparison between the effective use of
large and smaller diameter tee-sections in HPWS design Instrumentation
connections or pomt-of-use requirements are some reasons why tee-section branch
diameters vary in system design. However in situations where designers are not
restricted to the size of branch diameter nstalled, the above discussion would

provide guidance to ensure mstalled sections are sanitizable.

One mdustry expert argues that the imifial expenditure of mstalling larger tubing
should be offset agamnst the cost of installing and mamtaining flushing mechanisms
[28]. Alternatively the distribution Ioop may be operated at elevated temperatures to
overcompensate for the presence of dead-leg stagnation zones However
consideration must be taken into seal life and system durability at excessive
temperatures. All-in-all dead-legs should be evaluated for cleanability not only by 1/d

ratio, but also with consideration of operating distribution velocities [10]
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3.3.2 Non-intrusive Analysis
As previously discussed the design of HPWS are such that the consistency of water

quality 1s of the utmost importance. A decrease mn water purity can ultimately lead to
the suspension of manufacturing operations The exposure of purified waters to
external non-sterile sampling conditions can compromuse this quahty. The FDA state
m their ‘Guide to Inspections of HPWS’ [5];

“Regarding microbiological results, for Water for Injection, it 1s expected that they
are essentially sterile. Since sampling frequently 1s performed in non-sterile areas
and 1s not truly aseptic, occasional low levels counts due to sampling errors may

occur

Non-intrusive analysis mcludes testing methods used to examine a system without
mpairing 1ts future usefulness Non-intrusive sampling methods may provide
analysis of pharmaceutical water temperature without exposimg HPWS to non-sterile
externals. Experimentation thus far utilised shafted thermocouples mserted nto the
branch of a dead-leg to momifor temperature at vartous positions, With regard
systems operating purified waters mn industry, such methods of thermal analysis
would not be tolerated as thermocouples may be exposed to non-sterile conditions

and subsequent 1nsertion mto pipework may contaminate waters

The aim of analysis 18 to develop a method/s of calculating fluid temperature m a

dead-leg based upon non-intrusive surface temperature measurement

3.3.2.1 Infrared Thermography
Infrared (IR) thermography 1s a non-contact data acquusition technique for two-

dimensional mapping of surface temperature distributions [50]. An IR device
measures and 1images emitted radiation from an object As radiation 1s a function of
object surface temperature, the device can calculate and display the resultant

temperature distribution

Applymg thermographic principles, data was generated detailing surface temperature

distrtbution over an operational dead-leg branch., Thermal images were captured
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using a ThermoVision ™ A20M mfrared camera supplied by FLIR Systems Image
processing was performed using accompanymg ThermaCAM™ QuickView

software

Analysis focused upon surface temperatures of a 6d equal diameter dead-leg branch,
geometry as per table 3.3, This dead-leg configuration was selected as 1t remamed
withun the confines of the 6d rule; yet thermal profile analysis demonstrated fluid

temperature reduction along the branch base (see section 3 3.1 Part A)

Loop flmid temperature T, was increased from ambient to 80°C set-pomnt with
consequent changes in branch surface temperature recorded at set time ntervals
Time zero represents the instance heating was activated m the system, Loop fluid
velocity was fixed at 150m/s. All experiments were performed m laboratory
conditions with no mduced air flow, with ambient temperature between 21 = 1°C,
Object parameter values assigned to imaging hardware are detailed m table 3 14,

default values taken from accompanying software,

Emussivity (-) 0.16
(default polished stainless steel)
Distance from camera (m) 06
Temperature Reflected (°C) 22
Temperature Atmosphere (°C) 21
Relative Humdity (%) 50 (default)
External Optics OFF |

Table 3.14 - Object parameter settings

Thermal 1mages (see figures 3.26-3 29) display colored contours based upon surface
temperature disiribution. Spot recordings provide point temperature magnitudes at
branch mid-pomt (spot 1) and at its base (spot 2) Spot temperature values are
displayed 1 the top right corner along wrth a temperature scale on the right-hand

side of the image Temperature scales illustrate colors assigned to various
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temperatures on the image, high and low temperatures at the upper and lower ends of
the color spectrum respectively Spot temperatures and loop temperature are
displayed with respect to time m table 3 15 AT represents temperature difference

between spot positions for ttme t

Loop temperature, Surface Temperature (°C)
Time, t (s)

TL (°C) Spot 1 Spot 2 AT
0 210 18.9 183 0.6
2700 49 3 28 2 274 0.8
3600 58.5 326 314 12
4500 67.3 357 34.4 13
5400 75.8 38 8 37.1 17
6300 796 410 39.6 14
7200 790 40.8 38.7 21
8100 792 40.2 38.2 2
9000 797 40.5 38.4 21
9900 79.9 41.1 39.2 19
10800 79.3 41.9 39.9 2

Table 3 15 - Infrared thermography temperatures

Transient heat mcrease at spot positions with respect to increasmg loop temperature
1s evident. This indicates radial heat transfer from the dead-leg flnd through the pipe
walls Greater surface temperatures are recorded along the mud-pomt of the branch
section 1n comparison with the dead-leg base Magnitudes of AT are shown to

increase over tume, reaching a maximum of 2 1°C towards the run end
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Figure 3.27 - Thermal contour image at t = 6300s, T, = 79.6°C
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Figure 3.29 - Thermal contour image at t = 9900s, Ty = 79.9°C
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3.3.2.2 Surface Thermocouple Analysis
In conjunction with infrared thermography, surface temperature measurements at

varying dead-leg branch positions using mounted thermocouples were performed
Bead T-type thermocouples were attached to the exterior surface of the dead-leg
branch using PVC tape. Flud temperature af the corresponding positions was

recorded using T-type shafied thermocouples as before

Fluid temperature was recorded along the centre axis of the dead-leg branch
representing flnd furthest from pipe walls. Results provide comparative data of
surface and flud temperatures within a dead-leg branch at particular pomts Figure

3 30 illustrates surface and fluid temperature measurement techniques

Experimentation was performed over 10800s (3 hour) sample periods. Temperature
was recorded m 300 second mtervals, time zero representing the mstance heating
was activated in the system (see Appendix E). Ambient temperatures and loop set-

point temperature remained as before
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Figure 3 30 - Schemattc of surface and fluid thermocouple recording methods

Figure 331 represents thermal profiles recorded for surface and dead-leg
temperature with respect to time for the 6d equal diameter dead-leg Profiles
represent thermal responses at branch base and mid-point positions for loop velocity
1.50m/s. Profile patterns mdicate a relationship between fluud and surface thermal
responses. Both surface and dead-leg mid-pomt profiles exhibit similar linear
patterns durmg system ramp-up, achieving and mamtaiming steady-state temperature
at 5520s

Considering temperature response at the branch base, surface and dead-leg profiles
also display smmmular controlled increasing patterns However times recorded to
achieve steady-state temperature vary, 5520s for branch surface compared with
6000s for dead-leg flwd.
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Excess time taken for fluid to reach thermal equilibrium at the base of the dead-leg is
a result of diffusive heat transfer mechanisms as described in thermal profile analysis

results (see section 3.3.1).
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Figure 3.31 - Fluid and surface temperature profiles for Uy, = 1.50m/s

Considering figure 3.31, the presence of axial wall conduction is evident with respect
to profiles of surface temperature. Greater surface temperatures are noted at branch
mid-point compared with base measurements during loop ramp-up. Yet after time
thermal equilibrium occurs throughout the branch length with similar surface

temperatures recorded at mid-point and base for the duration of the experiment.

Further evidence of axial wall heat flow is evident as branch base surface
temperatures are shown to reach steady-state before fluid at the dead-leg base
reaches thermal equilibrium. This suggests surface temperatures may be influenced
by axial conduction of heat along the branch wall as well as radial heat flow from the
dead-leg fluid.
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With respect to pipes or tubing manufactured from stainless steels, wall conduction
can play a significant role in heat transport. Research indicates that axial wall
conduction is a primary mechanism of heat transfer in the diffusional transport zone
of capped branches [26]. Thermal profile analysis has identified the presence of
diffusional zones of heat transport at the base of 6d equal diameter dead-legs.

Figure 3.32 presents surface and dead-leg thermal profiles recorded for a 4d equal
diameter dead-leg at loop velocity 0.56m/s, geometry as per table 3.3. Based upon
thermal profile analysis results (section 3.3.1 Part A), convective heat transfer is

assumed the primary transport mechanism at this dead-leg configuration and loop

veloeity.
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Figure 3.32 - Fluid and surface temperature profiles for Uy = 0.56m/s

Considering surface temperature responses; both mid-point and base profiles exhibit
steady-state conditions for t > 5700s. Examination of surface profiles at steady-state
reveals little evidence of increasing surface temperatures over time. However the

time recorded achieving steady-state dead-leg temperature at the base of the branch

108




was 6000s The difference in tume between thermal equulibrium at surface and fluad
mstances suggests surface temperatures at the base of the branch remain affected by

axial wall conduction, and not solely upon radial heat conduction from fluid within,

3.3.2.3 Comparison of Results
The application of surface thermocouple analysis 15 limted to dead-leg

configurations where flutd temperature throughout the branch 1s governed by
convective heat transfer only and axial heat transfer 1s assumed neghgible along
branch walls. With respect to regions where diffusion 1s the primary mechanism of
heat transfer, axial thermal conduction plays a sigmificant role upon surface
temperature distributton As such surface temperatures will not truly reflect thermo-

fluid conditions within a dead-leg

Yet surface temperature responses for dead-legs experiencing primarily forced
convective heat transfer also reveal the presence of axial conduction at branch walls.
The author assumes therefore that the effect of axial heat flow along pipe walls
cannot be considered neghgible and surface temperatures will not accurately reflect
temperatures within a dead-leg As such further experimentation 1s required to
establish the magnitudes of radial and axial heat flow along dead-leg surfaces for a

branch of fimite length 1, with fixed loop temperature Ty, at constant loop velocity U

Axial heat flow overlaps radial heat flow and local surface temperature was shown to
vary across the length of the dead-leg. With respect to both infrared thermography
and surface thermocouple results; greater temperatures were recorded at branch mid-

points compared with at the base of the section

This surface temperature distribution is reflected by the thermal profiles recorded for
mid-point and base dead-leg fluid. These profiles highlighted the presence of warmer
flud in the dead-leg branches for regions close to turbulent loop flow. Lower surface
temperatures recorded at branch base are related to cooler stagnant flmd within the
dead-leg unaffected by turbulent conditions Results support the evidence [10, 26 &
44] of separate regions of turbulent and stagnant flow for positions close to main

loop flow and at the base of dead-legs respectively
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Figure 3.33 - Error sources m non-contact temperature measurement [50]

Radiation emmts from the surroundings and n turn 1s reflected by the measured
object [51]. Highly polished, mirror-like materials will therefore be prone to the
reflection of external radiation Dnfficulty arises when accurately recording
temperature distribution for high-polished stainless steel materials due to exterior

radiation ermissions

Radiation from the measured object and reflected radiation will also be affected
by absorption from atmosphere (see figure 3.33) [51]. In the absence of
controlled testing surroundings, variances in atmospheric humudity may
contribute to radiation detection errors A default relative humidity value was
applied for infrared analysis; however imtial humidity testing may be required to

develop a true representation of actual testing conditions.

The transmuission of external optics around the measured object can cause
mmaging errors. Efforts to produce controlled surroundings were attempted
however the presence of external optics (sunhght, shadows etc ) remamed an

188UC.
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The resolunion of thermography testing 1ssues was considered beyond the scope of
this research The application of thermography techniques for non-ntrusive analysis
has been explored and with consideration and resolution of aforementioned 1ssues

this technique may be applied to non-mtrusive analysis
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Chapter4  Conclusions and Recommendations

An analysis of the thermal sanitization characteristics of equal and reduced diameter
dead-legs for various branch lengths has been presented Results have 1llustrated the
thermo-fluid scenarios at the base of piping dead-legs with respect to varying

distibution loop velocities

4.1  Conclusions
Analysis of results mdicates mcreases in maximum dead-leg temperature with

respect to 1ncreasing loop velocity for dead-legs in general For dead-leg
configurations 1/d = 6, greater temperatures are recorded at the base of reduced
diameter branches at lower loop velocities (Uy, < 1.12m/s). However with increased
loop velocity (Up = 1.50m/s), a greater dead-leg temperature 1s recorded in the equal

branch diameter geometry.,

At 1/d = 4 considerably greater temperatures are recorded m reduced diameter
branches at lower loop velocities (Uy, < 0.56m/s) However at increased loop velocity
(Up = 1.50nv/s) simular dead-leg temperatures are recorded for both branch
geometries. A maximum temperature threshold is achieved in both equal and
reduced diameter dead-legs with respect to mereasing loop velocity For I/d =2,
greater temperatures are recorded at the base of the equal diameter dead-leg

branches

At lower loop velocities, reduced branch volume contributes to the thermal
penetration of loop fluid generating favourable mixing conditions resulting 1n higher
dead-leg temperatures. However with respect to increased loop velocity, scale-up of
branch diameter contributes to increased mass transfer generating significant

turbulent fluid mixing within the dead-leg

6d and 4d dead-legs regardless of branch diameter were not capable of achieving
desired loop temperatures Loop temperature set-point 79.15 + 1°C was achieved and
maintamed at the base of a 2d equal diameter dead-leg for loop velocity 1.50m/s

However maximum temperatures of sanitizable limits were attained for 4d dead-legs
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at Uy > 0 94m/s, 2d reduced diameter dead-leg at 1 50m/s and 2d equal diameter

dead-legs across the velocity range

With consideration to the application of the 6d-rule, results have indicated the law 1s
ultumately flawed Acceptable sanitization temperatures were not achievable 1n 6d
dead-legs Additionally fluud dynamics at the base of a branch 1/d = 6 suggest
contarnants would be nerther thermally destroyed nor removed under flow

conditions,

High punity water system designers should aim to limit the length of dead-leg
branches to < 4d and operate distribution loop velocity > 1.50m/s to eliminate the
presence of diffusive heat transfer at the base of operational dead-legs With
consideration of industrial cleaning procedures, the rigorous turbulent mixing of loop
fluid throughout the branch 1s required to completely remove free-floating and

attached contamnants

An mvestigation of the application of non-infrusive temperature measurement
techniques was presented Infrared thermography highlighted surface temperature
distribution across an operational piping dead-leg In conjunction with surface
thermocouple analysis, greater temperatures were recorded at mid-point branch
positions compared with at the base of the dead-leg. Surface temperature distribution
supported thermo-fluid dynamics highlighted by previous results The apphication of
non-mtrusive techmques 1s ltmited however, due to the presence of axial heat
conduction along pipe walls which mhibits the accurate detection of dead-leg flmd

temperature within.
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4.2  Recommendations
Analysis performed during expermmentation has highlighted areas for possible

continned research on this topic Author recommendations include;

Evaluation of dead-leg thermal responses over increased loop velocity ranges

- An investigation of the application of mfrared thermography to the detection of
flmd temperature deceases in HPWS distribution loops

- The direct measurement of bactenal population and activity prior to and after

dead-leg sterilization procedures i an operational system.

- Surface temperature mappmg of operational dead-leg branches for the

development of heat transfer coefficients

- Annvestigation of the thermal responses for dead-legs horizontally onentated or

at an angle to the vertical.

- An mvestigation of the effect of branch insulation upon dead-leg temperatures

- A development of standard flushing procedures and intervals per branch

configuration and loop velocity
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Appendix A

- Drawings not to scale

- All dimensions shown m mm
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Appendix B

An expression {3} 1s applied to convert flowrate,

Bulk flmd velocity calculated based upon flowrate and pipe area {4}.

107

1 (L/min) ( o

q=AUb

)=1mds

A, cross-sectional area of flud flow given by {5},

_ AD?

4

{3}

{4}

{5}

Volumetric flowrate,

Volumetric flowrate,

Loop velocity,

Q (L/min) q (m?3/s) Uy (m/s)
20 034x10° 0.19
40 067x10° 037
60 1x10” 0.56
100 1.67 x 10 0.94
120 2x10° 1.12
160 2.67 x 107 1.50

Reynolds Numbers (Re) for experimental fluid flow calculated based upon {6},

Loop fluid properties given as below;

Jli

Water Temperature (°C) 80
Dynamic viscosity, u (kg/ms) 0.355x 10™
Fluid density, p (kg/nr?) 971.78
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Appendix C

Temperature profiles for 6d equal diameter dead-leg @ Up = 0 19m/s

Time, t (s} Maximum dead-leg Maximum loop
’ temperature, Tqs (°C) | temperature, Ty (°C)

1 2174 22.52
300 21.33 23.75
600 2120 26 11
200 2107 2861
1200 20.91 3124
1500 20.89 33.85
1800 20.82 36.43
2100 20 80 39.03
2400 2078 41.62
2700 20.78 44 11
3600 20.82 51 74
3900 20.82 54.25
4200 20.82 56 67
4500 2078 50 17
4800 20.80 61 58
5100 20 84 64.46
5700 20.87 69 42
6000 20.91 71.78
6300 20.95 7404
6600 2102 76 41
6900 21.11 7% 68
7200 2122 30.15
7500 2129 80.17
7800 21.38 80.01
3100 21.49 7979
8400 21.62 79 57
8700 2171 7999
9000 2185 78.96
9300 2198 79 00
9600 22 09 80.15
9900 22.23 30.07
10200 22 43 79.97
10500 22 61 79 83
10800 2272 79 55
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Temperature profiles for 6d equal diameter dead-leg @ Uy, = 0 37m/s

Time, t (s) Maximum dead-leg Maximum loop
s temperature, Ty (°C) | temperature, Ty, (°C)

1 22 52 2573
300 22 56 28.50
600 22 52 31 11
900 2252 34 04
1200 29 52 36 82
1500 22 .54 3647
1800 22.63 42.14
2100 22 70 44.77
2400 22 87 4753
2700 23.08 4997
3000 23 37 57.69
3300 23 66 5522
3600 23.95 57 85
3900 24.28 60.41
4200 24.73 62.96
4500 2497 65.32
4300 25 37 67 77
5100 2575 70 36
5400 26.11 72 69
5700 26 51 75.04
6000 26 87 7732
6300 27.27 79 77
6600 27 67 8011
6900 2805 79.75
7200 28 43 7937
7500 28 79 78.98
7800 29.21 %0 21
8100 29 50 79.81
8400 20 86 79.45
8700 30.13 79 04
2000 30.41 80.19
9300 30 63 £0.00
9600 30.83 79.59
9900 30 98 79 71
10200 31.13 79 31
10500 31.20 80.03
10800 31.26 79.63
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Temperature profiles for 6d equal diameter dead-leg @ Uy, = 0 S6m/s

Time, t (s) Maximum dead-leg Maximum loop
i temperature, Tqs (°C) | temperature, Ty, (°C)

1 2225 23.57
300 22.16 26.20
600 22,12 28 92
900 22.07 3175
1200 2207 34.35
1500 22.09 36.78
1800 2223 39 54
2100 22 38 42 01
2400 22.58 44 64
2700 22 81 46.91
3000 23.10 49.46
3300 23.39 5181
3600 2379 54 27
3900 24 12 56 90
4200 24 50 59 30
4500 24 93 61.76
4800 2535 64 23
5100 25.84 66 44
5400 26.33 68.80
5700 26.80 7123
6000 2729 73.54
6300 2776 75 64
6600 28 30 77 89
6900 28 77 79 97
7200 2917 79 71
7500 29.57 79.43
7800 3002 79.14
8100 3041 78 90
3400 30 85 80.33
8700 3133 79.65
9000 3177 79.43
9300 32.16 79.14
9600 3245 78.84
9900 3269 79.73
10200 32 82 79.41
103500 3293 79 08
10800 33 08 78 80
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Temperature profiles for 6d equal diameter dead-leg @ Uy = 0 94m/s

Time, t (s) Maximum dead-leg Maximum leop
’ iemperature, Tgs(°C) | temperature, Ty, (°C)

1 24.39 26 00
300 24.10 29 17
600 24 17 3218
900 24 39 3516
1200 2473 38.14
1500 2511 41 00
1800 25.55 43.76
2100 26.09 46 74
2400 26 65 495
2700 2727 52 33
3000 2796 5517
3300 28 90 57.95
3600 29.75 60.69
3900 3043 63.41
4200 3118 66.17
4500 3212 68 76
4800 3291 71.49
5100 3361 74.06
5400 34.31 76 43
5700 3512 7921
6000 36.03 79 85
6300 37.00 79.49
6600 37.94 79.19
6900 3873 78.86
7200 3923 79 79
7500 39495 79 47
7800 39.75 79.19
8100 3991 78.90
8400 40.10 79 83
8700 40.36 79.47
9000 40,70 79.14
9300 41 09 79 51
95600 41 39 7975
9900 4] 64 79 43
102030 41,58 79.17
10500 41,52 79.49
10800 41.60 79.71
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Temperature profiles for 6d equal diameter dead-leg @ U, = 1.12m/s

Time, t (s) Maximum dead-leg Maximum leop
’ temperature, T4 (°C) | temperature, Ty, (°C)

1 2325 25.49
300 2375 28.57
600 24.75 3157
900 25 06 3459
1200 2629 37 41
1500 2720 40 34
1800 28 99 43.36
2100 30 43 45.97
2400 3258 48 84
2700 3447 51.64
3000 35.40 54 48
3300 36 28 5713
3600 36 58 60.04
3900 3687 62.59
4200 38 86 65 24
4500 41.00 67.90
4800 43.79 70.54
5100 45.82 73.11
5400 46.35 75.76
5700 47.06 78.25
6000 48 39 79 89
6300 48 77 79 61
6600 49 74 79 27
6900 5029 79 10
7200 51.24 78.90
7500 51.01 79 83
7800 50 86 79.59
8100 5214 79.35
8400 5328 79.12
8700 5357 79.81
9000 54 42 79.83
9300 55.03 79.61
9600 56.16 79.39
8900 56.12 7912
10200 5578 80 25
10500 5673 79 83
10800 57 60 79 57
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Temperature profiles for 6d equal diameter dead-leg @ U, =1 50m/s

Time, ¢ (s) |,V oxmum dead-leg Maximum loop
2 temperature, Ty (°C) | temperature, Ty, (°C)

1 2323 24.26
300 24 84 27.27
600 26 76 3037
900 30 04 3323
1200 3227 36.25
1500 34 87 39.21
1800 38.09 42 14
2100 41 45 44.92
2400 41.79 47.70
2700 46 57 50.50
3000 48 82 5330
3300 5145 56 10
3600 54.31 58 84
3500 56.23 61.52
4200 58 96 64 15
4500 60 59 66.83
4800 64.48 69.48
3100 67.34 72.12
5400 69 01 74 65
5700 7178 77 28
6000 74.00 79 73
6300 73.52 79.59
6600 74 21 79 31
6900 74 33 79 06
7200 74.23 78.78
7500 74.35 79.83
7800 7475 79.49
8100 7425 79 25
8400 74 45 78 98
8700 74.04 78 68
9000 75.12 79 73
9300 75 14 79.47
9600 74 95 79.21
9900 74 65 78.96
10200 13.42 7939
10500 75 08 70 65
10800 74.73 7943
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Temperature profiles for 4d equal diameter dead-leg @ Uy = 0 19m/s

Time, t (s) { Maximum dead-leg Maximum loop
’ temperature, Taq (°C) | temperature, Tr. (°C)

1 2303 24.19
300 22.54 26 11
600 22 54 28 86
900 2279 31.72
1200 23 14 3442
1500 23 52 37722
1800 24 04 40 08
2100 24 59 42 80
2400 2517 45.65
2700 25 82 48.50
3000 2649 5117
3300 2718 53 93
3600 27.81 36.67
3900 28.52 59.38
4200 29.17 62.07
4500 29 86 64.69
4800 30 80 67 44

5100 3172 70.10
5400 32 56 72 67
5700 3334 75.32
6000 3402 7779
6300 34 77 30 21
6600 3555 80.39
6900 3625 80.27
7200 36 98 80.09
7500 37 65 79.75
7800 3829 79 43
8100 38 81 7904
8400 3923 79 17
8700 39.51 80.27
9000 39.84 80.19
9300 40 08 80 00
9600 40 32 70 65
9900 40 40 79.29

10200 40 66 78 92"
10500 40.87 , 79 85
10800 | 40 98 80 33
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Temperature profiles for 4d equal diameter dead-leg @ Uy, =0 37nv/s

Time,  (s) Maximum dead-leg Maximum loop

i temperature, Tas (°C) | temperature, Ty (°C)
1 22 81 24.86
300 24.50 2729
600 2578 29 88
900 2707 32.66
1200 28 57 3544
| 1500 3010 3820
1800 3137 40 74
2100 32.80 43.64
2400 34 33 46.05
2700 36 03 48 69
3000 37.59 51.32
3300 3951 5395
3600 4173 56 54
3900 43.04 58.94
4200 44.00 61.44
4500 45.26 63.88
4800 46 18 66 33
5100 47.49 68.82
5400 48 92 7125
5700 50 61 73 60
| 6000 52.21 76 03
6300 5376 78 29
6600 54.40 80.25
6900 54.96 80.11
7200 56.16 79.81
7500 56 88 79 49
7800 5755 79 19
8100 5812 78.92
8400 5795 80 09
| 8700 5871 7979
9000 59.01 79 51
9300 5943 79.27
9600 59.47 78 94
9500 59 53 80 15
10200 5624 79 95
| 10500 59.22 79.57
| 10800 59.55 79.29
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Temperature profiles for 4d equal diameter dead-leg @ U, = 0.56m/s

Time, t (s) Maximum dead-leg Maximum loop
i temperature, Tyqq (°C) | temperature, Ty, (°C)

1 22,92 2341
300 24.91 26 49
600 27 67 29,44
900 3048 3247
1200 33.21 35 66
1500 36.19 3849
1800 38.62 4152
2100 41.41 4428
2400 43 81 47 28
2700 46 48 50.12
3000 49 42 53.01
3300 51.57 55.89
3600 5442 58 69
3900 5618 61 41
4200 59.60 64 13
4500 61.91 66.85
4800 64.62 69 54
5100 66 37 72 40
5400 69.44 74,87
5700 71.68 77.30
6000 74 39 79.97
6300 75.16 79 83
6600 75.22 79.51
6900 74 49 79 19
7200 74 31 78 84
7500 74 25 79 97
7800 74.73 79.67
8100 75.12 79.37
8400 73 46 79.04
8700 74 51 80,19
9000 74.73 7991
9300 74 21 79.59
9600 74 95 79.27
9900 74 75 78.98
10200 74.39 20,13
10500 75 18 79.77
10800 75 04 79.45
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Temperature profiles for 4d equal diameter dead-leg @ Uy = 0 94m/s

Time, t (s) | Maximum dead-leg | Maximum loop

’ temperature, Tqay (°C) | temperature, T1 (OC)
1 2439 24.97
300 26.49 28 10
600 29.39 3129
200 3227 3417
1200 3507 3741
| 1500 3798 40.38
1800 40 74 43 29
2100 4321 46 3]
2400 4578 2920
2700 48,37 3700
3000 51 01 5492
| 3300 54.27 57.95
3600 56 92 60 72
3900 59 49 63.39
4200 61.99 66 27
4500 64.60 68 99
4800 66.89 71 68
5100 69 36 74 29
5400 7137 77.02
| 5700 74 19 79 73
6000 75 08 79.75
6300 74 79 79 45
6600 74 59 79 17
6500 74 21 78 88
7200 74 89 79.73
7500 74.57 7951
7800 74.23 79 23
8100 73.84 78.92
| 8400 74 29 79.83
8700 74 14 79 49
5000 74.02 79.23
9300 73.92 73 94
9600 74 55 70.91
9900 74 57 79.65
10200 74 31 79,37
10500 74 14 79 12
10800 73 78 ! 79.71
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Temperature profiles for 4d equal diameter dead-leg @ U, = 1.12m/s

Time, t (s) Maximum dead-leg Maximum loop
i temperature, Ty4 (°C) | temperature, T, (°C)

1 2300 26.91
300 2599 29.95
600 27 99 32.84
900 30.01 35.75
1200 3333 38 53
1500 36 02 41 43
1800 38 50 4428
2100 40 50 47.06
2400 4203 49 87
2700 46 54 52.69
3000 49 03 5555
3300 52 Q3 58 23
3600 54 54 61 00
3900 5702 63 51
4200 59 05 66 15
4500 62,59 68.74
4800 64.58 71.21
5100 67.46 73.92
5400 70 33 76 39
5700 72 45 78 88
6000 7517 79.89
6300 75.04 79 55
6600 74,73 79.29
6900 74 37 78.96
7200 75.14 80.27
7500 75.22 79.73
7800 74,81 79 37
8100 74,57 79.12
8400 74 29 79.08
8700 75.02 79 85
9000 74 83 79 51
9300 74 39 79 23
9600 74.27 78 94
9900 74.95 80 00
10200 75 08 79 67
10500 74 79 79 37
10800 74.29 78 98
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Temperature profiles for 4d equal diameter dead-leg @ U, = 1 50m/s

Time, t (5) Maximum dead-leg Maximum leop
] temperature, Tas (OC) temperature, Tr, (OC

! 2575 26 22 ]
300 27 87 2921
600 3056 32 01
900 3321 34 87
1200 3599 37.72
1500 3862 40 62
1800 41.30 4329
2100 43 96 46.12
2400 46 44 48.99

2700 49 14 51 68 7]

3000 51 68 54 48 B
3300 54 31 57.11
3600 56.75 50 78
3900 58.36 62.34
4200 6170 65 02
4500 64 46 67.59
4800 66 81 70.12
5100 69 25 72.61
5400 7178 75 08
5700 74 27 77 63
6000 76.45 80 09
6300 76.55 79 77
6600 16 27 79 49
6900 76.13 79 23
7200 75.99 78.94
7500 76 72 80.05
7800 76 59 79 67
8100 76 35 79 37

8400 76.15 79 14 ]

8700 75 89 78.88 |
9000 76.68 79 87
9300 76 63 79.71
9600 76 35 79 41
9900 76.15 79 10
10200 75 80 79 25
10500 76 74 79 85
10800 76.45 79 61
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Temperature profiles for 2d equal diameter dead-leg @ U, =0 19m/s

Time, £ (s) Maximum dead-leg Maximum loop
’ temperature, Ty (°C) | temperature, Ty (°C)

1 2520 25.60

300 2676 28 01 |
600 29 66 3096
900 3253 34.07
1200 3544 3713
1500 3838 40 17
1800 41.17 4321
2100 43 98 46 20
2400 46 89 49 01
2700 49 89 5200
3000 52 54 54.96
3300 5541 57.83
3600 58.06 60 69
3900 60 74 63.53
4200 63 31 66 35
4500 65 67 69 07
4800 68 35 71.84
5100 70 91 74 61
5400 7352 77.34
5700 76 13 80.03
6000 77 40 80.47
6300 77.26 80 33
6600 77.00 30 00
6900 76 61 79 57
7200 76 35 79 25
7500 75.97 7802
7800 76 65 80 25
8100 77.12 80.39
8400 7712 80 17
8700 76 65 79 81
9000 76.31 79 45
9300 76 01 79.10
9600 75 85 79.41
9900 76.90 20 33
10200 77 08 R0.25
10500 76.78 79 87
' 10800 76 43 79 51
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Temperature profiles for 2d equal diameter dead-leg @ Uy = 1.50m/s

Time, t (s) Maximum dead-leg Maximum loop
i temperature, sz (OC) temperature, Ty, (OC

! 26 02 26 09

300 28.90 29.06 B
600 3172 3190
900 34 52 3477
1200 37 37 37 61
1300 4019 40.47
1800 42 89 FEpX
2100 45.52 4593
2400 48,28 438 69
2700 5107 5157
3000 53 81 54 12
3300 56 44 56 82
3600 59 09 59 51
3900 61.66 6216
4200 64.21 1 69
4500 66.79 EY
4800 69 23 6075
5100 71.80 77 34
5400 74 23 74 85
5700 76.68 7733
6000 79 06 79.73
6300 79.02 79 65
6600 78.84 79 39
6900 78.58 7917
7200 78 31 7392
7500 79.33 2003
7800 79 04 79 65
8100 78.82 7045
8400 78.54 79.23
8700 78.27 78 97
9000 79.45 80 11
9300 79 08 7977
9600 78 86 7955
9900 78 60 7957
10200 78 34 79.00
10500 78 66 T 70.41
10800 79 14 [ 79.79
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Appendix D

Temperature profiles for 6d reduced diameter dead-leg @ Uy = 0 19m/s

Time, t (s) Maximum dead-leg Maximum loop

0 temperature, Ty (°C) | temperature, T, (°C)
1 2227 24 44
300 20 84 27.32
600 2044 30.50
900 2017 3369
1200 2004 3715
| 1500 20 04 40 49
1800 20 06 44 06
2100 20.15 47.28
2400 20 40 50 54
2700 20 66 53.81
3000 20 98 56 94
3300 21.31 60 14
3600 2171 63 27
3500 2220 66 33
4200 22.70 69 44
4500 23.12 72 53
4800 23.54 75 50
5100 23.99 78 60
5400 24 35 80 59
5700 2479 80 61
| 6000 25 24 80 23
6300 2575 79.89
6600 26 18 79 49
6900 26.60 79 14
7200 27 00 78.72
7500 27.29 79.93
7800 27.56 80.17
8100 2781 79 89
8400 28 03 79 51
8700 28.23 79 14
9000 28.41 78.82
9300 28 54 79 69
95600 28 70 80 23
9900 28 79 79 97
10200 28 60 79 63
10500 28.97 79 33
. 10800 29.08 | 78 94
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Temperature profiles for 6d reduced diameter dead-leg @ U, = 0 37m/s

Time, t (5) Maximum dead-leg Maximum loop
i temperature, T4 (°C) | temperature, Ty (°C)

1 24.44 2227
300 2390 27.92
600 2379 30.78
900 2379 3341
1200 23.95 36 17
1500 2428 38 90
1800 24.66 41.71
2100 25.00 44 26
2400 25.33 46 78
2700 25.75 49 48
3000 26 16 5212
3300 26 60 54.52
3600 27.09 5705
3900 27.54 59 57
4200 27.96 61.83
4500 28.39 64 34
4800 2879 66 64
5100 2919 68 95
5400 29 64 7101
5700 3015 73.38
6000 30.59 7536
6300 3105 77 53
6600 3146 79.53
6900 31.9 79 61
7200 3234 78 98
7500 32 64 79 55
7800 3295 79.39
8100 3317 78 78
8400 3334 79.77
8700 33.52 79 23
9000 33 69 78.60
9300 33.82 79.77
9600 3396 7912
9900 34 Q7 78 88
10200 3422 79.67
10500 34.31 79.00
10800 34.33 79 33
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Temperature profiles for 6d reduced diameter dead-leg @ Uy, =0 56m/s

Time, t (s) Maximum dead-leg Maximum loop h
i temperature, Ty (°C) | temperature, Tr, (°C
1 24,75 2515
300 23.32 27.81
600 23.03 3070
900 23.05 33.61
1200 2323 3647
1500 23 63 3916 _
1800 2417 42.16 B
2100 24.77 44 98 4
2400 2542 47 66
2700 2613 5033
3000 26 78 5313
3300 27 47 55.66
3600 28 08 58.44 1
3900 28 63 61 09
4200 2928 63 55 j
4500 29.93 66 19
4300 30.37 68 78 i
5100 30 80 71 39
5400 3153 73.82
5700 3212 76.39
6000 32 80 78.90
6300 33.47 79 63 ]
6600 3411 79 37 |
6900 34.63 7912 |
7200 3512 78 82
7500 35.38 78 56
7800 35.62 79 69
8100 35.79 79 51
8400 36 06 79 25
8700 36.12 _78.94
9000 3617 78 68
9300 3621 78 46
9600 | 36 17 79 57 ]
9900 3617 79 33
| 10200 36 17 79.04
10500 3628 78 78
10800 36 28 78 52
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Temperature profiles for 6d reduced diameter dead-leg @ Uy, = 0 94m/s

Time, t (s) Maximum dead-leg Maximum leop
i temperature, Tge (°C) | temperature, Ty, (°C)
1 23 59 23 86
300 23 54 2685 |
600 23.99 30.00
900 24 86 32 80
1200 25 62 35 62
1500 26 62 3851
1800 27 58 4143
2100 2843 44 13
2400 2939 46 87
2700 3035 49.61
3000 3122 5235 |
3300 32.40 5505
3600 3385 57 78
3900 3503 60 45
4200 36 54 63.12
4500 37.50 65.72
4800 38.88 68.23
5100 40.14 70.74
5400 41.02 73.29
5700 42 07 75 74
6000 4312 78 19
6300 44 316 79 59
6600 4522 79 33
6900 46.27 79.04
7200 47 47 78.78
7500 47 68 78.52
7800 48 62 79.53
8100 48 77 79.25
8400 48.80 78 98
8700 48.60 78 72
9000 48.97 79 55
9300 48 73 79.41
9600 48 60 79 10
9900 48 32 78 92
10200 48 11 78 60
10500 48 02 79.43 ]
10800 47 96 7919 ]
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Temperature profiles for 6d reduced diameter dead-leg @ Uy =1 12m/s

Time, t (s) | Niaximum dead-leg Maximum loop

[} temperature, TdG (OC) temperature, TL (DC)
1 22.92 24 28
300 22.47 27 45
600 23.08 30 56
900 24.12 3358
1200 25.26 36 45
1500 26.47 39 47
1800 27 87 42.37
2100 20 21 4533
2400 30 74 48.24
2700 3225 5103
3000 33.54 53 80
3300 34 63 5677
3600 3597 59 64
3900 3733 62 44
4200 39 36 65 16
4500 4] 62 67 81
4800 44 79 70 40
5100 47.00 73 11
5400 49 31 75 78
5700 50 31 78 34
6000 53 20 79 63
6300 5562 79 35
6600 50 03 79 04
6900 59 05 7274
7200 58 20 79 67
7500 57.20 7953
7800 6191 79.23
8100 59.87 78 96
8400 58 GO 78 68
8700 57 38 75 0]
9000 61 68 79 39
9300 58.71 79 06
9600 59 36 78.78
9900 58 88 78.56
10200 58 BR 79.53
10500 62 20 59 27
10800 62 46 79 00
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Temperature profiles for 6d reduced diameter dead-leg @ U, = 1 50m/s

Time, t (s) Maximum dead-leg Maximum loop

i i temperature, Ty (°C) | temperature, Ty, (°C)
1 23.52 24 68
300 24 41 27.92
600 26 83 30.98
900 2745 3402
1200 2959 3700
1500 31.31 40 04
1800 3345 42.97
2100 38 24 46.03
2400 4017 48 95
2700 43 89 51 78
3000 4528 54 65
3300 5027 5757
3600 53.53 60.41
3900 5673 63 IR
4200 59.68 65.96
4500 6176 68 72
| 4800 64 25 71.47
| 5100 66 17 74 12
5400 68 86 76 R4
| 5700 69 81 79 43
6000 7115 79.53
6300 71.49 79.25
6600 72 06 =2 04
6900 7157 78 84
7200 7277 20.11
7500 7129 79 73
7800 7137 7927
8100 72 02 78 90
8400 71.29 78 64
8700 72 06 =9 69
9000 72 36 79 39
9300 72 48 79 14
9600 7155 78 88
9900 7145 78.62
16200 71.90 79 61
10500 71.21 79 33
10800 71.76 79.06
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Temperature profiles for 4d reduced diameter dead-leg @ U, = 0 19m/s

Time,  (s) Maximum dead-leg Maximum loop
’ temperature, Tys (°C) | temperature, Ty, (°C) |
i 23.21 23 88 R
300 23.83 25.64
600 24 57 28 26
9200 2611 3079
1200 27 90 3339
1500 29 84 3612
1800 3185 38 81 |
2100 3339 4119 B
2400 3555 43 88
2700 3704 46 40
3000 37 68 48 67
3300 38 40 5114
3600 39 60 53.43
3900 4113 55.93
4200 42,24 58.46 |
4500 43 89 60 84 i
4800 45 48 63.23 ]
5100 46 95 65 67
5400 48 32 68.04
5700 49 57 70 40
6000 5126 7279
6300 52.26 75.04
6600 53.30 77.33
6900 55 51 79.57 |
7200 57.30 80.17 |
7500 59.25 80 09 |
7800 61 09 79 95 ]
8100 61 06 79 80
8400 6113 79 49
8700 62.11 79.23
9000 61 62 78 94
9300 6125 78.70 ]
9600 61 56 80 00 |
9900 62.48 80 01
10200 62 38 79 86
10500 61 97 79.49
10800 62 24 79.23 |
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Temperature profiles for 4d reduced diameter dead-leg @ Uy, = 0 37m/s

Time,  (s) Maximum dead-leg [ Maximum loop
> temperature, Ty (°C) | temperature, Ty, (°C)

1 24 57 24.77
300 26 04 2738
600 2837 30.28
900 3039 3295
1200 3273 35 82
1500 34,77 3331
1800 36 82 4124
2100 3925 43 64
2400 40 96 46 38
2700 43 44 48.84
3000 4537 51 41
3300 47 19 53.81
3600 47.79 56 42
3900 49 52 58.82
4200 52 54 61 25
4500 5347 63.60
4800 56 02 66 00
5100 59 66 68.25
5400 62 34 70 68
5700 64 67 72 95
6000 65 10 75 46
6300 68.31 77 85

6600 70 58 80.00 ]
6900 70 91 7973
7200 70.62 7939
7500 70 52 7910
7800 70.02 78.80
8100 69 95 7929
8400 7131 7979
8700 70.95 70 43
9000 70.97 79.14
9300 70.66 78.82
9600 70 78 79 04
9900 70 85 7973
10200 71.07 79 41
10500 70 60 79.12
10800 70 20 78.78
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Temperature profiles for 4d reduced diameter dead-leg @ U, = 0 56m/s

Time, t (s) Maximum dead-leg Maximum loop
? temperature, Tq4 (°C) | temperature, Ty, (°C)

1 2290 23.32

| 300 25.02 26.33 ]
600 2772 29.28
900 3035 3229
1200 328 3522
1500 3549 37.96
1800 3794 40 85
2100 40 64 43 72
2400 4331 46 53

| 2700 45 88 49 37 |

3000 48 30 52.14 ]
3300 5098 54 83
3600 53.60 57.64
3900 55.83 60 43
4200 5833 63 10
4500 60.82 65.80
4800 63 06 68 49
| 5100 65 14 7121
| 5400 67 57 73 82

5700 70 08 76 33 |
6000 72 59 78.96
6300 73.74 79 51
6600 73 54 79.21
6900 73 38 78 94
7200 7303 78 66
| 7500 7303 78 88
7800 74 29 79 59
8100 73.84 79 31
8400 74 00 79.00
8700 73.44 78 74
9000 73.17 78 48

9300 73 98 79 57 |

9600 74.06 79.27 N
9900 73 98 78.98
10200 73 56 78.72
10500 73.42 78 46
10800 74 29 79.65
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Temperature profiles for 4d reduced diameter dead-leg @ U = 0 94m/s

Time, t (s) Maximum dead-leg Maximum loop o
’ temperature, Tq4 (°C) | temperature, Ty, (°C)
1 23.83 23 83
300 26.27 26.76
600 2912 2973
900 31.58 3249
1200 34,24 3536
1500 36.93 382
1800 3943 40.77
2100 42 20 43.66
2400 44 77 46.40
2700 47.17 49 06
3000 49.88 5183
3300 52.48 54 50
3600 55 13 57.25 ]
3900 57 64 59 87 ]
4200 60 45 62.55 ]
4500 62 90 65 08
4800 6531 67 77
5100 67.73 70.38
5400 70 24 72 87
5700 72 65 75.36 ]
6000 74 91 77.78
6300 7710 79 81 H
6600 76 86 79.37
6900 76 59 7917
7200 7643 78 92
7500 7621 78 66
7800 77.24 79 87
8100 76.96 79.37
8400 76.63 79.08
8700 76 59 789
9000 76.35 78 64 ~
9300 7710 7951
9600 76.88 7931
9900 76.72 79.10
10200 76 53 78.82 i
10500 76.27 78 94
10800 77 04 79 48
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Temperature profiles for 4d reduced diameter dead-leg @ Uy = 1 12m/s

Maximum dead-leg

Maximum loop

Time, t(s) temperature, Ty (°C) | temperature, Ty (°C)
1 2328 23.48
| 300 26 08 26 79

600 28 75 29.59

900 31 64 32.58
1200 34 45 35 51
1500 3711 38 42

| 1800 40 02 41 39
2100 42 69 44 21

| 2400 45 54 47.08
2700 4822 49.89
3000 50 98 52 67
3300 5351 5536
3600 56 25 58 32
3900 5901 6106
4200 6174 63.84
| 4500 64 34 66 44
| 4800 66 79 69.11
5100 69 48 71 82
5400 71 82 74.45
5700 74 33 76.94
6000 76.86 79.59
6300 7718 7959
6600 77 03 79 33
6900 76 92 79.08
7200 76 65 78.86
7500 76 47 78.62
7800 77.38 79 61
8100 77 20 79.39
8400 76 98 7915
8700 76 28 78 88
5000 76 53 78.66
9300 77.42 79.77
9600 77 27 79 41
9900 76 94 79.10
10200 76.78 78 88
10500 76 57 78.70
10800 77.45 7979
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Temperature profiles for 4d reduced diameter dead-leg @ U, = 1 50m/s

Time,  (s) Maximum dead-leg Maximum loop
i temperature, Tyq (°C) | temperature, Ty, (°C)

1 2316 2323
300 2553 2580
600 28 08 28 63
900 30 67 3133
1200 3335 34.04
1500 3599 36.79
1800 38.59 39.51
2100 4116 42 24
2400 4374 44 92
2700 46 44 47 51
3000 48 97 50.34
3300 5157 52.98
3600 54.06 5557
3900 56 65 58.23
4200 59 28 60 90
4500 61 84 63.55
43800 64 30 66.04
5100 6681 68.62
5400 69 26 7119
5700 71.59 73.72
6000 74 02 7621
6300 76.45 78.61
6600 77 48 79 51
6900 77 30 79.31
7200 77 10 79 04
7500 76 96 78 84
7800 76 78 78 66
8100 76 65 78.45
8400 77.51 7945
8700 77 36 7925
9000 7718 79 02
9300 76 96 78 82
9600 76 76 78 66
9900 76.61 78 43
10200 77353 79.45

10500 77 36 79.23 |
10800 7722 78.98
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Temperature profiles for 2d reduced diameter dead-leg @ Uy = 0 19m/s

Time, t (s) Maximum dead-leg Maximum loop
’ temperature, Tg; (°C) | temperature, Ty, (°C

1 2506 25 24

300 25 64 26 60 ]
600 2727 29.06
200 2941 31.88
| 1200 31.66 34,55
1500 3391 37 15
1800 36 30 39.89
2100 38.64 42 56
2400 41 04 45 28
2700 43.34 47 94
3000 45 61 50.58

3300 47 90 5313
| 3600 50,14 55 64
3900 5231 58 23
4200 54 46 60 74
4500 56.52 6318
4800 58.67 65.65
3100 60.98 68.27
3400 63.02 70.70

5700 6516 73 11 H
6000 67 13 75 50
6300 69 36 77 87
6600 70 93 78 76
6900 71.27 78.72
7200 71.39 79.19
7500 72.24 20.00
7800 72.83 7991
8100 72.79 79 77
8400 72 69 7957
8700 7271 79 35
9000 7234 7910
9300 71.98 78.76
9600 72.28 79 31
9900 73 01 80 19
10200 72.99 30.01
| 10500 73 01 79.85
10800 72.79 79.63
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Temperature profiles for 2d reduced diameter dead-leg @ Uy = 1.50m/s

Time, t (s) Maximum dead-leg Maximum loop
> temperature, Tq; (°C) | temperature, Ty, (°C)

1 2479 24.62
300 27 14 27.54
600 2975 30.39
900 3238 33.34
1200 3512 36.17
1500 3792 39.08
1300 40 74 4199
2100 43.36 44.77
2400 46.14 47.77
2700 48 86 50 46
3000 5153 53 26
3300 5416 56 08
3600 56 86 58 82
3900 59.41 61 50
4200 62.05 64.19
4500 64.54 66.87
4800 67 11 69.50
5100 69 81 72.12
5400 7228 7473
5700 7479 77 28
6000 77 18 79.77
6300 77 16 79 53
6600 76 94 79 31
6900 76.80 79 10
7200 76.63 789
7500 76.49 78.74
7800 76.84 70.23
8100 7722 79 59
8400 7706 7937
8700 76.90 7919
9000 76.72 79.00
9300 76.57 78.82
9600 76.35 78.62
9900 77.22 7967
13200 77 08 79 47
10500 76 94 7929
10800 76 78 7610
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Appendix E

6d equal diameter dead-leg for base positions @ U, = 1 50m/s

Maximum Maximum
Time, t (s) dead-leg base surface base
temperature (°C) | temperature (°C)
1 2323 23.21.
300 . 24.84 2535~
600 2676 27 92
900 30 04 3072
21200 | =32 27 3354- - -
1500 34 87 36 47
1800 38 0% 3929
2100 4145 41.49
2400 41 79 44 02
-2700- 46 57. 47 19
3000 48 82 49.80
" 3300 5145 52.31
3600 54 31 5501
3900 56 23 57 51
4200 58 96. 5964
TTS00TTTTTTTTTR0S9 T 62 20°
4800 64 48, 64 50
5100 67.34 6648 ¢
5400 . - 69 01 68 37
5700 7178 69.17
6000 74 00 68 64
6300 73.52 67.94
6600 7421 68 46
6900 7433 68 44
7200 _, 74 23 69.10
_ 7500" 74 35 68 59
7800 _ 7475 68.48
8100 7425 67:60 ’
8400 . 74457 _ 6911
<8700:- | T 7404 - 6969
__9000 . 7512 6913 _
9300, | 7 7514 L eRed T
9600 " | . 7495 6854
9900 " 7465 68.68
10200 73.42 68.85 _
10500 — 7508~ 68717 p
7473 69 08 _

10800

154

I



E
[}

6d equal diameter dead-leg for mud-point positions @ Uy, = 1.50m/s

Maximum Maximum
Time, t (s) | dead-leg mid-point | surface mid-point
temperature (°C) temperature (°C)
| 24 41 2377
300 2770 26 62
600 3105 29.75
900 3437 32 66
1200 3763 35.66
1500 40 83 3851
1800 4411 . 4126, ..
2100 4728 44 04
2400 50 65 4661
2700 5368 48 88
3000 5705 5153
3300 60 20 5385
3600 63 37 56 29
3900 66.39 58.86
4200 69.21 61.02
4500 7242 63 82
4800 75 38 65.84 }
- ~5100 - |78 31" 6773 K
5400 8129 . 6977 .
5700 81.05_ 69.44 .
6000 8083 .0 .| 6905 . _
6300 8049 68 64
6600 8029 68 41
.6500 81'19 68 76
7200 8103 68 76
7500 _ 80 77 68.43
7800 30:49 " 68.06:
3100_ 80.25 68.00
3400 _ 81.29 _ 6962
8700 _ |.. 8097 _ - 6918
9000 ! 8069 6879
9300 _ _ 8043 63 96
9600 8017 6879,
9900_ 8113 69.08_
10200 _ 80:83 68.90_
10500 _ 80.61 68'86.
10800 8031 68 11, .
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4d equal diameter dead-leg for base positions @ Up = 0 56m/s

Maximum Maximum
Time, t (s) dead-leg base surface base
temperature (°C) | temperature (°C)
1 22 87 2303
300 24.91 24 55
600 27.67 27 16
900 3048 2997
1200 33.21 33.01
1500 36.19 36.03
1800 3862 38.57
2100 4141 41 58
2400 43 81 44 .38
2700 46.48 4713
3000 49 42 49 74
3300 51.57 52.12
3600 54.42 54.71
3900 56.18 57 55
4200 59.60 5995
4500 61.91 62 34
4800 64 62 64 69
5100 66 37 67 55
5400 69 44 69 93
5700 71 68 7192
6000 74.39 71 65
6300 7516 7127
6600 7522 70 87
6900 74 49 71 84
7200 74 31 71.65
7500 7425 71 90
7800 74.73 7113 ]
8100 7512 70.91
8400 73.46 71.78
8700 74 51 71.31
9000 74 73 7143
9300 7421 70 93
9600 74 95 71.47
9900 7475 71.33
10200 74 39 70.93
10500 7518 70 62
10800 7504 71 43
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4d equal diameter dead-leg for nud-point positrons @ U, = 0 56m/s

Maximum Maximum
Time, t(s) | dead-leg mid-point surface mid-point
temperature (°C) temperature (°C)
1 2401 23 63
300 2611 25 08
600 29 48 27.96
900 3277 3113
1200 36.19 34 20
1500 3949 37 06
1800 42.63 39 86
2100 45 88 42,93
2400 49 07 45.84
2700 5227 48 65
3000 5545 51.45
3300 58 54 5421
3600 61.52 56 98
3900 64.58 ..59.91
4200 67 59 © 6228
4500 70 52 65,10
4800 7342 “6765
5100 76 51 . 7048 ©
5400 7943 _ 7295
5700 81.21 74 57
6000 80.87 . 7429,
6300 80.53 - 7402
6600 8019 73.19
6900 81.15 74 39
7200 8089 - - .74 35
7500 80 57 - 74,29
7800 80.21 73 96
. 8100. 80'71 74.27
8400 8089 . 7459
8700 80 59 7441
. 9000 8023 73.90°
9300 j 80145 7390 __.
9600 . 8089 7463
9900 _80:57 7435
10200 _80'21 L7396 .
10500 80 39 7374 . |
10800 8105 7463
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