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(57) ABSTRACT 
A heat exchanger for delivery of heat transfer ?uid to a 
process heat transfer surface is provided, the heat exchanger 
is in contact With a process ?uid and the heat transfer surface 
comprises at least ?ve heat transfer conduits each having a 
cross sectional area for the ?oW path of less than 2000 
square millimetres Wherein the linear velocity of the heat 
transfer ?uid through the heat transfer conduits is from 0.5 
to 20 ms‘1 and adapted so that the temperature of the heat 
transfer ?uid changes by at least 1° C. When the system is 
operating at design load, the exchanger enables more accu 
rate temperature measurement and control in physical and 
chemical reactions. Also provided is a heat transfer system 
in Which the heat transfer conduit for passage of the heat 
transfer ?uid is attached to an expansion plate Which is in 
contact With the heat transfer surface and enables indepen 
dent movement of the heat transfer conduit and the heat 
transfer surface as their temperature change due to changes 
in temperature and/or pressure. 
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REDUCED VOLUME HEAT EXCHANGERS 

[0001] The present invention relates to improvements in or 
relating to heat exchangers. 

[0002] Heat exchangers are used to add or remove heat 
from gases liquids and solids. Different designs and appli 
cations exist but the present invention is concerned With 
types Where heating or cooling ?uid ?oWs Within a conduit 
Which is Within or in close proximity to the material being 
heated or cooled. Of particular interest hoWever are those 
Where the heat transfer ?uid ?oWs through some form of 
jacket, coil or pipe. Examples of this include tanks or pipes 
With internal or external jackets, coils or plates. The present 
invention is also applicable to many types of equipment 
designed for speci?c process functions such as reactors, 
reaction calorimeters, fermenters, cell groWth vessels, 
extruders, dryers, mixers, mills, ?lters etc. 

[0003] The heat exchangers With Which the present inven 
tion is concerned are designed to have reduced inventories 
of heat transfer ?uid Within the jacket, coil or plate. They are 
referred to in this document as reduced volume heat 
exchangers. 

[0004] The gas or liquid Which is used to deliver and 
remove heat is referred to as the heat transfer ?uid. The heat 
transfer ?uid may be a proprietary product such as Syltherm 
XLT, DoWtherm J or a non proprietary ?uid such as Water, 
ethylene glycol or any other ?uid Which is suitable as a heat 
transfer ?uid. The heat transfer ?uid might also be a gas or 
vapour Which can condense or boil. 

[0005] The material Which is to be heated or cooled is 
referred to as the process material. The process material may 
be liquid, gas, poWder, solids or mixtures thereof. The 
surface Which separates the heat transfer ?uid or heat 
transfer ?uid conduit from the process material and, that part 
of the surface Which is in direct contact With the process 
material is referred to as the process heat transfer surface. 
The volume of heat transfer ?uid contained Within the 
conduit may be referred to as hold up volume. Where there 
is a containment conduit for heat transfer ?uid Which is not 
part of the heat transfer surface, this is referred to as a 
conductor pipe. 

[0006] Conventional jackets heat exchangers employ (as 
illustrated in FIG. 1), external half coils (such as those 
illustrated in FIGS. 2 & 4) and internal coils (as shoWn in 
FIG. 3). These heat exchanger systems are designed on the 
principle that heat transfer ?uid turbulence should be maxi 
mised for good distribution and transmission of heat. In 
order to achieve this, excess volumes of heat transfer ?uid 
are passed through the heat exchanger. 

[0007] The traditional design approach for heat exchang 
ers has been to expose the process material to a surface 
behind Which is a large bath or large plugs of turbulent heat 
transfer ?uid. The present invention on the other hand is 
based on using multiple thin ?lms or thin tubes of heat 
transfer ?uid. According to the invention the ?oW paths of 
the heat transfer ?uid are relatively short and the residence 
time is also short. 

[0008] The concept of the present invention described 
herein has super?nite similarities to bolt on or clamp on 
jackets, sometimes referred to as “limpet jackets”. The key 
difference of the present invention is that Whilst the limpet 
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jackets deliver compromised heat transfer capabilities, the 
design of the present invention delivers substantially 
enhanced heat transfer capabilities. 

[0009] The present invention Which embodies the reduced 
volume concept enables different design principles to be 
employed. A greater number of smaller heat transfer con 
duits are used for delivering heat transfer ?uid to the process 
heat transfer surface (or directly to the process material in 
the case of internal pipes, coils or plates). We have found 
that considerable bene?ts can be realised using these tech 
niques. 
[0010] We have found that the reduced volume design 
usually (but not alWays) contains conduits for the heat 
transfer ?uid rather than half coils orjackets. In addition the 
use of external jackets or conduits provides for the designer, 
the freedom to pick a material for containment of the heat 
transfer ?uid. This has the bene?t that a fully contained pipe 
or conduit does not have to be Welded to the surface of the 
heat exchanger to maintain good containment integrity (of 
the heat transfer ?uid) and a variety of attachment tech 
niques such as glue, solder, clamps or guides can be used. 
Thus a material like copper having higher thermal conduc 
tivity can be used to deliver heat to the heat transfer surface 
irrespective of the process material. Because the conduits 
(carrying the heat transfer ?uid) are small and made of a 
conductive material, heat can be usefully transmitted from 
the heat transfer ?uid over the full Wetted perimeter of the 
conduit. Good heat transfer at the process heat transfer 
surface can therefore be achieved by even distribution of the 
conductive heat transfer conduits. The present invention 
therefore provides exchangers Which are easier to build and 
Which offer better performance in a variety of Ways. 

[0011] The design techniques described here can be 
applied to systems Which use heat transfer ?uids Which are 
either liquid, gaseous or a mixture of liquids and gases. It is 
particularly relevant hoWever to systems using liquid or 
gaseous heat transfer ?uids. 

[0012] The present invention therefore provides a method 
for designing heat exchangers With reduced hold up volumes 
of heat transfer ?uid; the use of this smaller amount provides 
the folloWing bene?ts: 

[0013] a more reliable measure of heat balance is 
possible since the temperature change of the heat 
transfer ?uid is large and therefore easier to measure. 
This provides valuable and accurate information 
about the rate and progress of any operation Which 
liberates or absorbs heat. The effects of thermal 
change Within the heat transfer ?uid are also 
reduced; 

[0014] a small inventory of heat transfer ?uid With a 
comparatively short ?oW path can be replaced more 
quickly leading to improved temperature control; 

[0015] better transmission of heat from the heat trans 
fer ?uid to the heat transfer surface is possible With 
the reduced volume design; 

[0016] better distribution of heat transfer ?uid is 
possible due to the use of multiple small pipes. 

[0017] In a ?rst embodiment the present invention there 
fore provides a heat exchanger for delivery of heat transfer 
?uid to a process heat transfer surface Which is in contact 
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With a process ?uid wherein the heat transfer surface com 
prises at least ?ve heat transfer conduits each having a cross 
sectional area for the ?oW path of less than 2000 square 
millimetres Wherein the linear velocity of the heat transfer 
?uid through the heat transfer conduits is from 0.5 to 20 m/s 
and adapted so that the temperature of the heat transfer ?uid 
changes by at least 1° C. When the system is operating at full 
load. 

[0018] In a second embodiment the present invention 
therefore provides a process for the transfer of heat betWeen 
a process ?uid and a heat transfer ?uid across a heat transfer 
surface in Which the heat transfer surface comprises at least 
?ve heat transfer conduits each having a cross sectional area 
for the ?oW path of less than 80 square millimetres Wherein 
the linear velocity of the heat transfer ?uid through the heat 
transfer conduits is from 0.5 to 20 m/s and the temperature 
of the heat transfer ?uid changes by at least 1° C. When the 
system is operating at full load. 

[0019] It is preferred that the heat transfer ?uid have a 
relatively short residence time in the conduits. We prefer that 
this residence time in seconds is not greater than tWice the 
length of the heat transfer surface as measured in metres. 

[0020] The key to this design can be summarised in the 
folloWing statements: 

[0021] the heat transfer ?uid is delivered to the heat 
transfer surface in multiple small elements. Typically 
a single element Would not carry more than 20% 
(and in many cases much less) of the total heat 
transfer ?uid. 

[0022] there is no need to maximise turbulence in the 
heat transfer conduit in order to achieve good trans 
mission of heat betWeen the heat transfer ?uid and 
the process material. Most reduced volume heat 
exchangers of the present invention operate With the 
heat transfer ?uid ?oWing under laminar conditions 
(although it can be turbulent in some cases). 

0023 maximisin turbulence in the heat transfer g 
conduit is not a design requirement for achieving 
good distribution of heat transfer ?uid. 

[0024] the heat transfer ?uid may be carried Within a 
fully contained conduit or pipe and, this pipe or 
conduit may be of an entirely different material to the 
containment Wall for the process material particu 
larly Where the heat transfer element is an external 
heat transfer element. This can avoid the time con 
suming and costly Welding required When half coils 
are used as external heat transfer elements. 

[0025] Where external heat transfer elements are 
used, the heat transfer ?uid conduit Wall may be used 
to enhance the ef?ciency of heat transmission and 
maintain even distribution of heating or cooling. 

[0026] in the case of external heat transfer elements, 
the full hydraulic perimeter of the containment con 
duit for the heat transfer ?uid is used for transferring 
heat to and from the heat transfer ?uid. 

[0027] the shape of the containment conduit for the 
heat transfer ?uid can be modi?ed. to increase the 
heat transfer area betWeen the conduit and the heat 
transfer ?uid. 
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[0028] each heat transfer element may be siZed such 
that, at maximum heating or cooling load, the heat 
transfer ?uid undergoes a signi?cant temperature 
change (typically greater than 1° C.) Whilst ?oWing 
at a comparatively high linear velocity (typically 0.5 
to 5 m-s_1). In many cases this temperature change 
Will be >3° C. 

[0029] In a further embodiment of the present invention 
Which employs external heat transfer elements Which are of 
different material to the process containment vessel, the 
design can be developed to alloW for differential expansion 
due to changes in temperature and/or pressure of the heat 
transfer surface and the conduit carrying the heat transfer 
?uid. The invention therefore provides techniques Whereby 
stress problems created by differential expansion can be 
overcome by the use of thermally conductive expansion 
plates as described herein beloW. 

[0030] PCT/EP02/09956 and GB 2374 948 describe a 
design for variable area heat exchangers. The heat transfer 
surfaces described in those patents are broken up into 
multiple separate elements. In siZing individual heat transfer 
elements, the linear velocity and the temperature change of 
the heat transfer ?uid passing through the heat transfer 
element are important design criteria. By using a multi 
element variable area heat exchanger, these earlier patents 
are concerned With more effective use of heat transfer ?uid. 
It Was also shoWn that such heat exchangers offer (amongst 
other things) more accurate heat measuring capabilities and 
better temperature control. 

[0031] The present invention exploits the concept of 
multi-element heat exchangers to achieve reduced hold up 
volumes of heat transfer ?uid. As With the variable area 
design, speci?ed values of temperature change and velocity 
of the heat transfer ?uid are design requirements. Unlike the 
earlier variable area design hoWever, the present invention 
regulates the log mean thermal difference (betWeen the 
process material and the heat transfer ?uid) to control 
temperature. In the design of the present invention the full 
heat transfer area or large sections of heat transfer area carry 
a continuous ?oW of heat transfer ?uid. In the design of the 
present invention, the prime purpose of using multiple 
elements is to provide good heat transmission and even 
distribution of heating or cooling ?uid Whilst maintaining 
small hold up volumes of heat transfer ?uid. 

[0032] On very small heat exchangers, some of the design 
criteria of the present invention are less easy to differentiate 
from those of the traditional systems. For example a very 
small heat exchanger Will usually have laminar ?oW by 
default. HoWever even on these very small heat exchanger 
systems some of the key design criteria of the present 
invention enhance the performance of the heat exchanger. 
The most important being the division of the delivery of the 
reduced volumes of the heat transfer surface into multiple 
elements. 

[0033] On large heat exchangers, the differences betWeen 
the present invention and conventional designs are very 
clear cut. Although some reactors use multiple heat transfer 
elements they are used for different reasons. In some exist 
ing systems, separate heat transfer elements are used to 
alloW different sections of the equipment to be heated or 
cooled separately. In other cases, the heat transfer elements 
are broken up to reduce the temperature change of the heat 
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transfer ?uid. In the reduced volume design, one of the 
design objectives is the very converse of this. The heat 
transfer surface is broken up so as to give a comparatively 
large temperature change in the temperature of the heat 
transfer ?uid. 

[0034] The amount of heat Which can be transmitted by a 
heat exchanger is determined by the equation: 

q=U-A-LMTD 

[0035] Where 

[0036] 

[0037] 

[0038] 
[0039] LMTD=ternperature difference betWeen heat 

transfer ?uid and process material 

q=heat transmitted U=heat transfer coef?cient (W~m_2~K_1) 

A=the heat transfer area (m2) 

[0040] The components of this equation and their impli 
cation for heat exchanger design are discussed beloW. 

[0041] The heat transfer coef?cient (U) de?nes the ease 
With Which heat can be transmitted betWeen the heat transfer 
?uid and the process material. 

[0042] FIG. 5 shoWs a heat transfer surface betWeen tWo 
?uids. For good heat transmission, the heat transfer surface 
(Xb) in FIG. 5) should be as thin as possible and have high 
thermal conductivity. In practice hoWever Wall thickness and 
choice of material are usually governed by the need to 
maintain adequate mechanical strength and resistance to 
chemical attack. 

[0043] Boundary layers lie at the interface betWeen the 
heat transfer ?uid and the conduit and betWeen the process 
material and the heat transfer surface. In these boundary 
layers, virtually no mixing occurs and heat has to cross by 
conduction. The thickness of the boundary layers (XHIP and 
Xp of FIG. 5) reduces as the turbulence in the respective 
bulk ?uids increase. Thin boundary layers have reduced 
resistance to heat transmission. Traditionally, large heat 
exchangers promote high turbulence to reduce the thickness 
of the boundary layer. 

[0044] The amount of heat that can be transferred is 
directly proportional to the area of the heat transfer surface 
available Folded surfaces offer greater heat transfer area 
but the scope for this is limited for many applications. Ease 
of cleaning and the need to avoid stagnant pockets are key 
design considerations. In some cases hoWever limited pro 
?ling is used (such as dimples or ribs) to increase heat 
transfer area (this can also help to promote turbulence). 

[0045] The amount of heat that can be transferred is 
directly proportional to the difference in temperature 
betWeen the process material and the heat transfer ?uid. The 
average of the temperature difference betWeen the respective 
materials is referred to as the Log Mean Thermal Difference 
(LMTD). Variation of the LMTD is used as the temperature 
control parameter in ?xed area heat exchangers Whereas 
variable area heat exchangers such as those described in 
PCT/EP02/09956 and GB 2374948, the LMTD can be kept 
substantially constant. 

[0046] In conventional heat exchangers the siZe and shape 
of jacketed vessels are largely determined by functional 
requirements such as product capacity needs, the need for 
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uniform agitation Within the process material, velocity con 
trol Within the process material and ease of cleaning. For 
these reasons many heat exchangers have relatively simple 
internal geometry. The heat transfer surface is often formed 
around the outer surface of the vessel. In some cases, one or 
more internal coils or plates are ?tted. 

[0047] The designer seeks to maximise the heat transfer 
capacity by improving the heat transfer coef?cient. In con 
ventional large heat exchangers, this is achieved by maxi 
mising turbulence. A measure of hoW turbulent a system is 
can be related to the Reynolds number as folloWs: 

Re=p-v-dl/,u 

[0048] Where 

[0049] 

[0050] 

[0051] 
[0052] p=?uid viscosity[N~s~m_2] 

Re=Reynolds number [dimensionless] 

p=Fluid density [kG-m'°] 

v=?uid velocity [ms-1] 

[0053] As a general rule, the ?oW conditions of ?uids turn 
from laminar to turbulent at a Reynolds number of around 
2000. Above 2000 turbulence tends to increase With rising 
Reynolds number and With this increase the boundary layer 
gets thinner thus reducing resistance to heat transmission. 
Conventional large heat exchangers maximise turbulence by 
increasing the liquid velocity. In the case of jacketed sys 
tems, turbulence is promoted by injecting heat transfer ?uid 
in to the jacket at high velocity or With the use of baf?es. In 
the case of coils or tubes, heat transfer ?uid is pumped at 
high velocity. 
[0054] The present invention on the other hand uses 
reduced volumes of heat transfer ?uid in a manner that 
secures a reasonable temperature drop of the heat transfer 
?uid Whilst keeping the ?uid velocity at an acceptable high 
level. The heat transfer ?uid ?oW on large systems (With a 
nominal heat transfer capacity of greater than 3 kW per heat 
transfer conduit based on a temperature rise of 5° C. in the 
heat transfer ?uid) usually has reduced turbulence With a 
Reynolds number of less than 10,000. On mid siZed systems 
(With a nominal heat transfer capacity of greater than 0.1 to 
3 kW per heat transfer conduit based on a temperature rise 
of 5° C. in the heat transfer ?uid) the Reynolds number is 
usually beloW 2000. On small systems (With a nominal heat 
transfer capacity of less than 0.1 kW per heat transfer 
conduit based on a temperature rise of 5° C. in the heat 
transfer ?uid) the Reynolds number is usually less than 500. 
It must be recogniZed hoWever, that systems can deviate 
from the typical values shoWn above especially Where very 
high pressure drops through the heat transfer conduit are 
used. It is generally preferable hoWever that the pressure 
drop of the heat transfer ?uid is not excessive (>2 bar). There 
are hoWever different design considerations depending on 
Whether the heat transfer elements pass through the process 
material or are Wrapped around the external surface. The tWo 
cases are considered separately beloW. 

[0055] Reduced Volume Systems With External Heat 
Transfer Elements 

[0056] The amount of heat removed by the heat transfer 
?uid can be calculated from the folloWing equation. 
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[0057] Where 

[0058] q=heat transfer capacity of heat exchanger 
(W) 

[0059] m=mass ?oW of heat transfer ?uid (kg~s_1) 

[0060] Cp=speci?c heat of heat transfer ?uid (J ~kg_ 
1~K_1) 

[0061] tsi—tso=temperature change of heat transfer 
?uid 

[0062] Where tSi is the temperature of the heat transfer 
?uid on entry unto the heat exchanger and tSO is the tem 
perature of the ?uid on exist from the heat exchanger. 

[0063] In the reduced volume system of the present inven 
tion, the linear velocity and the temperature change of the 
heat transfer ?uid are key design parameters. The velocity 
and temperature change of the heat transfer ?uid (tsi—tso) are 
preferably as large as is reasonably practical. In addition to 
this, it is preferable to use the loWest acceptable design heat 
load. Some of the design considerations Which arise from 
these objectives are considered beloW. 

[0064] Consideration 1: The Design Heat Load (qdes) 

[0065] The design heat load Will be based on the nominal 
maximum heat load of the process Whose temperature is to 
be controlled. If the equipment is used for multiple purposes, 
this Will be based on the process operation Which has the 
highest heat load. For example biological processes tend to 
have a loWer maximum heat load than chemical processes. 
In some cases the design heat load may be based on 
emergency conditions. It should be noted that some systems 
can be designed on the basis that short term peak heat loads 
may be higher than the maximum steady state cooling 
capacity of the system. In this type of case, a design heat 
capacity Which is smaller than the peak process heat capac 
ity can be bene?cial since it Will require a smaller inventory 
of heat transfer ?uid. The design heat load is referred to as 
qdes ' 

[0066] It is good practice to choose a qdes Which is larger 
than the absolute value of the maximum heat load. This 
additional safety margin alloWs for errors in calculation or 
unforeseen operating conditions. 

[0067] Consideration 2: The Heat Transfer Fluid Tempera 
ture Rise (tsi—tso), 

[0068] The maximum acceptable value of heat transfer 
?uid temperature rise (tsi—tso), should be established bearing 
in mind the operating conditions and capabilities of the 
system. 

[0069] The heat transfer coef?cient (U) needs to be estab 
lished. The U value de?nes hoW easily heat can be trans 
mitted betWeen the process material and the heat transfer 
?uid. This can be calculated using standard heat transfer 
theory but is most easily taken from test data or historical 
data. 

[0070] The nominal area of the heat transfer surface (A) of 
the heat exchanger needs to be established. For the purposes 
of this description, this can be based on the heat transfer area 
in contact With the process material. It should be noted that 
this is not the true heat transfer area since the heat transfer 
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area in contact With the heat transfer ?uid is likely to be 
different to the heat transfer area in contact With the process 
material. 

[0071] Thus using qdes, U and A, the design value for the 
log mean thermal difference can be determined as folloWs: 

qdes= U'A'LMTDdes 

[0072] Where 

[0073] qdes=the maximum process heat load 

[0074] U=the heat transfer coef?cient (W~m_2~K_1) 

[0075] A=the nominal heat transfer area (m2) 

[0076] LMTDdeS=Design log mean thermal differ 
ence 

[0077] The LMTDdes can noW be used to establish a 
design value for the heat transfer ?uid temperature change 
(tsi—tso). The LMTD is the true average difference betWeen 
the heat transfer ?uid temperature and the process tempera 
ture and is calculated from the folloWing formula: 

[0079] Tp=process temperature and is generally ?xed 

[0080] 
[0081] tSO=exit temperature of the heat transfer ?uid 

as illustrated in FIG. 6. 

[0082] By testing different values of Tp—tsi, alternative 
values of tsi—tSO can be found Which When calculated out, 
give the design LMTD (LMTDdeS). In this evaluation the 
folloWing factors need to be considered: 

[0083] the value of tSi must not be so high that it 
causes heat damage or unWanted boiling of the 
process material. The temperature (tsi) must also fall 
Within the design capabilities of the system. 

[0084] the value of tSi must not be so loW that it 
causes cold damage or unWanted freeZing of the 
process material. The temperature (tsi) must also fall 
Within the design capabilities of the system. 

[0085] a high value of tsi—tSO reduces the maximum 
heat transfer capacity but improves the ability to 
measure heat balance accurately. 

[0086] a loW value of tsi—tSO requires more pumping 
energy to get the heat transfer ?uid through the heat 
exchanger. 

[0087] We prefer that tsi—tSO is in the range of 01° C. to 
1000° C. A more normal design range of tsi—tSO hoWever 
Would be betWeen 1° C. and 20° C., preferably betWeen 3° 
C. and 20° C. more preferably betWeen 3° C. and 15° C. 

[0088] The design value of tsi—tSO could be determined by 
other criteria. For example, the designer may need to mea 
sure the heat balance of the Working system. If he has a 
temperature measuring device Which is capable of measur 
ing to 101° C., he might select a tsi—tSO of 5° C. on the basis 
that this gives a temperature measuring accuracy of 12%. 

[0089] As a further embodiment therefore the present 
invention provides the use of a predetermined tsi—tSO of a 
heat transfer process ?uid to be employed in a heat 

tsi=inlet temperature of the heat transfer ?uid 
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exchanger for the design of the heat exchanger so as to 
reduce the hold up volume of heat transfer ?uid Within the 
heat exchanger. 

[0090] In a preferred system the hold up volume is 
reduced to the minimum acceptable volume as determined 
by the nature of the heat exchanger. 

[0091] Consideration 3: The Heat Transfer Fluid FloW 
Rate 

[0092] Having determined the design heat load (qdes) and 
the design temperature change of the heat transfer ?uid 
(tsi—tso) the required rate of ?oW of heat transfer ?uid at 
maximum load can be calculated from the folloWing equa 
tion. 

m=qdes/[cp(tsi_tso)] 

[0093] Where 

[0094] qdes=design heat load 

[0095] m=mass ?oW of heat transfer ?uid (kg~s_1) 

[0096] Cp=speci?c heat of heat transfer ?uid (J ~kg_ 
1~K_1) 

[0097] t —t =temperature change of heat transfer si so 

[0098] The mass ?oW of heat transfer ?uid may be 
used as one of the factors for siZing the heat transfer 
elements. In practice hoWever this is not a ?xed value since 
it can be varied by increasing or decreasing the velocity of 
heat transfer ?uid through the heat transfer elements. The 
ability to vary the velocity (and temperature) of the heat 
transfer ?uid is useful and gives the equipment operator the 
freedom to vary the heat exchanger performance around a 
core design value. 

[0099] As a further embodiment the present invention 
therefore provides the use of a predetermined linear velocity 
of the heat transfer ?uid to be employed in a heat exchanger 
for the design of the heat exchanger so as to reduce the hold 
up volume of heat transfer ?uid Within the heat exchanger to 
the minimum acceptance volume. 

[0100] In a preferred system the hold up volume is 
reduced to the minimum acceptable volume as determined 
by the nature of the heat exchanger. 

[0101] Consideration 4: The Number of Heat Transfer 
Elements (n) 

[0102] The underlying purpose of this invention is to 
minimise the volume of heat transfer ?uid held Within the 
heat exchanger. It is also desirable to utilise the maximum 
available heat transfer area. The thickness of the heat 
transfer ?uid layer surrounding the heat exchanger can be 
calculated as folloWs: 

[0103] At any time, the volume of heat transfer ?uid in 
service is as folloWs: 

V=m-r/p 

[0104] Where 

[0105] 

[0106] 

[0107] 

[0108] 

V=total volume of heat transfer ?uid (V) 

m=mass ?oW of heat transfer ?uid (kg~s_1) 

p=density of the heat transfer ?uid (kg~m_3) 

r=residence time of the heat transfer ?uid (s) 
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[0109] The residence time (r) is calculated from the fol 
loWing relationship: 

r=Z/v 

[0110] Where 

[0111] r=residence time of heat transfer ?uid (s) 

[0112] Z=total length of each heat transfer ?uid con 
duit 

[0113] v=Velocity of heat transfer ?uid (ms-1) 

[0114] Although there are aspects of Z and v Which may 
have to be tested by iterative methods, simple criteria may 
often be applied. For example, on a cylindrical vessel Z Will 
often be a simple multiple of the vessel perimeter (half, once 
or tWice the distance of the perimeter) to make fabrication 
simple. The velocity may also be set in say the range of 1 to 
3 m~s_1, to deliver fast temperature control response Without 
being so high as to incur excessive pressure drop. 

[0115] Thus the thickness of the heat transfer ?uid layer 
can be calculated as folloWs: 

W=V/A 

[0116] Where 

[0117] W=thickness of the heat transfer ?uid layer 
(In) 

[0118] V=total volume of heat transfer ?uid (m3) 

[0119] A=heat transfer area (m2) 

[0120] The heat transfer area referred to is that Which is in 
contact With the process material. The reduced volume 
concept seeks to reduce the heat transfer ?uid to a thinnest 
possible layer 

[0121] One consequence of designing a minimum volume 
system is that the thickness of the heat transfer ?uid layer 
surrounding the heat transfer surface is reduced. If a single 
thin sheet of ?uid is used hoWever, the ?uid Will tend to 
channel and not give uniform distribution. As this layer gets 
thinner, problems of ?uid distribution arise and the heat 
transfer ?uid starts to channel as shoWn in the transition 
from FIG. 7(a) to FIG. 7(b). 

[0122] The solution to the channelling problem is resolved 
by breaking up the heat transfer surface into separate chan 
nels as shoWn in FIG. It is preferable that the ratio of 
height to Width of these channels is limited such that one 
dimension is not more than ?ve times the other, i.e. L is no 
more than ?ve times W in the system illustrated in FIG. 8. 

[0123] In the full pipe version of the minimum ?oW 
design, the side Walls of the conduits not in contact With the 
heat transfer surface also serve as conductors thus giving a 
second reason for a loW L:W ratios. In systems Where there 
are very small channels (<1 mm2 in cross sectional area) or 
multiple small channels, the internal dimensions may use 
ratios of up to 10:1 (L to W or W to L) Where multiple 
conduits are arranged in parallel as illustrated in FIG. 9, L 
can be 10 times W or less. In this case, W is calculated as 
folloWs: 

[0124] depending on hoW many elements are used. 
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[0125] This relationship applies irrespective of the shape 
of the conduit and three different shapes of conduit are 
illustrated in FIG. 10. 

[0126] There Will be different Ways of determining the 
number of heat transfer conduits according to the geometry 
and layout of the heat transfer surface. In the case of a 
cylindrical vessel (With heat transfer conduits only on the 
cylindrical side), With conduits around the cylinder of one 
full turn, the theoretical minimum number of conduits Would 
be: 

nmin=H/(L_1/) 
[0127] Where 

[0128] H=height of vessel cylinder [0129] W=thickness of the heat transfer ?uid layer 

(In) 
[0130] Y=Wall thickness of the heat transfer ?uid 

conduit 

[0131] This design process is indicative and not absolute 
and there is no absolute rule for the ideal number of elements 
since the fabrication method chosen Will have a signi?cant 
impact on hoW the elements are assembled and hoW they 
perform. There are, hoWever, some general considerations to 
take into account: 

[0132] larger systems require a greater number of 
elements. 

[0133] the elements need to cover adequate heat 
transfer surface area in contact With the process 
material. 

[0134] as a general rule, a larger number of elements 
Will permit better distribution of heat transfer ?uid 
and better transmission of heat. 

[0135] if the number of elements is too large, their 
individual ?oW capacities Will reduce to a point 
Where blockage can be a problem. 

[0136] The number of elements used on a system can vary 
from 5 to many thousands. A typical number hoWever Will 
vary from 5 to 200 depending on the siZe of the system, 
prefered systems contain for 10 to 200, most preferably 10 
to 100, most preferably 10 to 50 elements. 

[0137] The design process may be iterative and the num 
ber of elements chosen may need to be reconsidered several 
times during the design process. 

[0138] Consideration 5: The Heat Transfer Element Cross 
Section (d) 

[0139] High linear velocities (of heat transfer ?uid) are 
desirable as they give small hold up volumes of heat transfer 
?uid. They also improve the response time for temperature 
control. 

[0140] Having speci?ed a design value for the linear 
velocity, the cross sectional area of ?oW can be calculated 
from the folloWing equation 

ae=m/[v'p'n] 

[0141] Where ae=cross sectional area of ?oW path (m2) 

[0142] m=mass ?oW of heat transfer ?uid (kg~s_1) 

[0143] v=linear velocity of heat transfer ?uid through 
the conduit (m~s_1) 
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[0144] p=density of heat transfer ?uid (kg~m_3) 

[0145] n=number of elements used 

[0146] If the heat transfer element Were circular, this 
Would give an internal pipe diameter of: 

d=[4ae/H)1/2 

[0147] Where 

[0148] d=Internal diameter of heat transfer element 
(In) 

[0149] 

[0150] In practice, the conduits carrying the heat transfer 
?uid may have a variety of different cross sectional shapes. 

ae=cross sectional area of ?oW path (m2) 

[0151] The cross sectional area is dependent on the siZe of 
the heat transfer surface and the heat load it is required to 
carry it should hoWever be less than 2000, preferably less 
than 1300, more preferably less than 500, more preferably 
less than 80 and in some instances less than 20 perhaps less 
than 1 square millimetre. 

[0152] Linear velocities of betWeen 0.01 ms‘1 and 10 
ms can be used for design purposes in liquid cooled 
systems. In practice hoWever very loW velocities are unde 
sirable as they yield large hold up volumes in the heat 
transfer conduit. The use of large volumes also increases the 
response time for temperature control Which is undesirable. 
Very high velocities can also present problems as they create 
high pressure drops through the heat transfer element Which 
can put too high a load on the pumps that deliver the ?uid. 
A typical system Will be designed for linear velocities of 
betWeen 0.5 ms“1 and 5 m~s_1. In the case of systems heated 
or cooled by gas, the maXimum range can vary from 0.1 
ms and 100 ms“1 but a typical range Will be 2 ms“1 to 20 
m~s_1. It is preferred that the pressure drop across the heat 
transfer element be no greater than 10 bar and is preferably 
in the range 0.5 to 5 bar. 

[0153] Consideration 6: The Heat Transfer Element 
Length (Z) 

[0154] Once the cross sectional areas for the heat transfer 
elements have been established, the optimum lengths can be 
determined. Each heat transfer element has an optimum heat 
carrying capacity. If the element is too short, the heating/ 
cooling capacity of the heat transfer ?uid Will be under 
utilised. If the heat transfer element is too long, the heat 
carrying capacity of the element Will be insu?icient for the 
heat transfer area covered. 

[0155] The nominal heat transfer capacity of each heat 
transfer element may be calculated as folloWs: 

qe=qaes/n 

[0156] Where 

[0157] qe=nominal heat transfer capacity of each 
element (V) 

[0158] qdes=design heat load for the system 

[0159] n=number of heat transfer elements used. 
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[0160] Each heat transfer element has to cover a speci?c 
area of heat transfer surface. This area is calculated as 
follows: 

A.=q./U-LMTD.1.. 

[0161] Where 

[0162] Ae=area covered by the heat transfer element 
(H12) 

[0163] qe=nominal heat transfer capacity of each 
element 

[0164] U=the heat transfer coefficient (W~_2~K_1) 

=desi I1 10 mean thermal difference des g g 

[0166] As an approximation, the nominal Width (W) of the 
heat transfer element can be taken as the distance betWeen 
the centre line of one heat transfer element and the centre 
line of the next heat transfer element. From this, the nominal 
length of the element can be calculated as folloWs: 

Ze=Ae/We 

[0167] Where 

[0168] Zle=length of each heat transfer element 

[0169] Ae=nominal heat transfer area of each element 
(H12) 

[0170] We=nominal Width of each heat transfer ele 
ment 

[0171] Once the length of the heat transfer element has 
been established, the pressure drop should be checked by 
conventional calculation methods. If the pressure drop is too 
high, the calculation may need to be repeated With a larger 
cross sectional ?oW areas and/or different ?oW path lengths. 
This may in turn lead to choosing a different number of heat 
transfer elements. The evaluation process may require a 
number of iterations. In many cases it Will be preferable to 
start With a nominated length of heat transfer element as one 
of the design criteria. 

[0172] For external heat transfer conduits, the maximum 
effective path length of a heat transfer conduit is preferably 
less than tWice the length of the heat transfer surface and 
more preferably is approximately equal to the heat transfer 
surface of the heat exchanger. 

[0173] In the case of a cylindrical vessel, the length of the 
heat transfer surface is: 

P=n-D 

[0174] Where 

[0175] D=diameter of the cylinder 

[0176] p=3.1416 

[0177] P=perimeter of heat exchanger 

[0178] This gives a maximum residence time of: 

r=D/v 

[0179] Where 

[0180] r=residence time (s) 

[0181] D=diameter of the cylindrical vessel 
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[0182] V=linear velocity of the heat transfer ?uid 
(m's'l) 

[0183] On the basis that the preferred minimum velocity is 
0.5 m~s_1, this limits the residence time of heat transfer ?uids 
in reduced volume systems. Thus, the maximum residence 
time for a 3 metre diameter cylindrical vessel With a single 
loop Would be approximately 19 seconds With a ?uid 
velocity of 0.5 m~s_1. With a preferred linear velocity of say 
2 m~s_1, the residence time Would be under 5 seconds. 
Typically the residence time of heat transfer ?uid in a 
reduced volume heat exchanger Will be from 0.1 to 5 
seconds according to the siZe of the system. Very small 
(under 1 litre) and very large systems (such as cylindrical 
vessels of greater than 5 metre in diameter) may have 
residence times above and beloW the typical value described 
above. The heat transfer conduits area generally arranged so 
as to lie parallel With the hydraulic plane selected. In other 
shapes of vessel, a different plane may be chosen to de?ne 
the length of the heat transfer surface. The plane Which is 
used to de?ne the length of the heat transfer surface hoWever 
must have suf?cient length to ensure ef?cient heat transfer 
Without an unmanageably large number of heat transfer 
conduits. In some cases such as narroW pipes the conduit 
may be Wrapped in such a Was as to be more than tWice the 
length of the heat transfer surface. 

[0184] The length of the heat transfer surface varies 
according to the geometry of the vessel With Which it is used. 
In the case of a cylindrical vessel the length may be the 
perimeter or the height of the cylinder, in the case of a 
conical vessel the length may be the perimeter of an upper 
portion of the cone. In the case of a square of rectangular 
vessel the length is the surface With Which the conduit is in 
contact. 

[0185] The residence time of the heat transfer ?uid 
depends upon the siZe of the system but it should be from 
0.01 to 100 seconds. In small systems Where the transfer 
surface is not greater than 10 metres in length, preferably the 
residence time of heat transfer ?uid is less than 6 seconds, 
preferably less than 5 seconds and more preferably less than 
4 seconds, most preferably less than 3 seconds and is in the 
range 0.01 to 6 seconds. 

[0186] Under these conditions different cross sectional 
areas and internal pro?les of the heat transfer element need 
to be tested to ?nd the optimum hydraulic design. Devel 
oping the design on the basis of de?ned lengths of heat 
transfer element can simplify the mechanical. If for 
example, each element covers half, one or tWo full loop of 
a cylinder; the manifolding Will be simpler and neater. 

[0187] Consideration 7: Other Calculation Considerations 

[0188] The methodology described above has been sim 
pli?ed for the purpose of setting out the key design objec 
tives. In practice more rigorous methods can be used to good 
effect. For example, in the method shoWn, the U value Was 
assumed and the area Was based on the surface area in 
contact With the process material. An alternative analysis 
Would employ an incremental approach using the folloWing 
equation: 

1/UA=1(hmfAh‘fyLc/(kCAC)+Lp(kpAp)+1/(hpAp) 
[0189] Where 

[0190] UA=nominal heat transfer capacity per Kelvin 
(WK-1) 
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[0191] hhtf=heat transfer ?uid coef?cient (W~m_2~K_ 
1) 

[0192] Ahtt=heat transfer area of the internal conduit 
Wall (m2) 

[0193] Lc=thickness of the conduit Wall 

K =thermal COHdllCtIVIty Of the COIldllIt Wall 
C 

(W-m-1-K-1) 
[0195] Ac=Contact area betWeen the conduit and the 

process Wall (m2) 

[0196] Lp=thickness of the process Wall 

[0197] Kp=thermal conductivity of the process Wall 
(W~m_1~K_1) 

[0198] Ap=Area of the process Wall (m2) 

0199 H =Process material heat coef?cient Wm“ 
P 

2'K_1) 
[0200] In the previous analysis it Was also assumed that 
the Wall thicknesses Were consistent. In practice the thick 
ness of the conduit (LC) Wall may be varied or extended to 
ensure that there is good continuity for transmission of heat 
betWeen the heat transfer ?uid and the process material. An 
illustration of this is shoWn in FIGS. 11 and 12 Where good 
continuity is provided betWeen the heat transfer ?uid and the 
process material. FIG. 20 shoWs hoW this can be done even 
When expansion plates, as described hereafter, are 
employed. 
[0201] Design of reduced volume systems can be an 
iterative process and some compromise may have to be 
made (e.g. tsi—tSO and ?uid velocity may not be ideal). The 
method described above is not therefore intended to repre 
sent a de?nitive or rigorous design approach but provides 
sufficient information to enable a design to be established. 
The designer may use a variety of techniques for reaching a 
solution; hoWever the underlying objective is to deliver a 
heat exchanger Which relies on much smaller inventories of 
heat transfer ?uid than is typical for conventional heat 
exchangers. 
[0202] It should be recognised that some systems Will not 
require heat measurement and comparatively high values of 
tsi—tSO can be tolerated. Even in these cases hoWever, a value 
Which is slightly higher value than might be used in a 
comparable conventional heat exchanger is bene?cial since 
it serves to reduce the hold up volume Within the heat 
exchanger With negligible loss of heat transfer capacity. By 
applying the reduced volume design principles, fast tem 
perature response is achieved and a simpler fabrication 
method is possible. 

[0203] For a ?xed area heat exchanger, the ideal perfor 
mance Will only hold good for one set of operating condi 
tions. Even With this compromise hoWever, the design of the 
present invention Will deliver a system Which is simple to 
build and generally closer to an optimum design than most 
conventional heat exchangers. 

[0204] Consideration 8: Conduit Design 

[0205] In most conventional heat exchangers, excess heat 
transfer ?uid is used to achieve uniform ?uid displacement 
and turbulence throughout the heat transfer conduit. 
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[0206] In the reduced volume design of the present inven 
tion, ?oW conditions are often laminar, particularly With 
small systems, and several different techniques are used to 
enhance the heat transfer coef?cient and ensure even distri 
bution of heating or cooling ?uid. 

[0207] It is desirable to use the maximum available area of 
heat transfer surface in contact With the process material. 
The heat transfer conduits need to be laid out in manner 
Which ensures that the available area of heat transfer surface 
is properly covered. For this reason, shapes and materials of 
conduits Which can be adapted to the pro?le of the process 
heat transfer Wall are preferably used. 

[0208] In the case of external jackets or coils, the conduits 
used to carry the heat transfer ?uid do not need to be 
compatible With the process material and are not subjected 
to the same thermal or mechanical conditions as the process. 
In these circumstances, a material of high thermal conduc 
tivity like copper makes an ideal conduit material and has a 
thermal conductivity Which can be more than 20 times 
greater than that of stainless steel. Because the conduits are 
comparatively small, the entire internal Wetted surface of the 
heat transfer ?uid conduit can be used to transmit heat 
betWeen the heat transfer ?uid and the process heat transfer 
Wall. Because the conduits carrying the heat transfer ?uid 
have to conduct heat across their Walls, they are referred to 
as conductor pipes. Whilst it is desirable to fabricate con 
ductor pipes in conductive material, less conductive mate 
rials can be made to Work Well by virtue of their small siZe 
and adaptable shape. FIG. 11 shoWs external conductor 
pipes. In some cases (such as for accurate calorimetry in 
variable area systems), it may be preferable to have an air 
gap or insulation betWeen the individual heat transfer ele 
ments. 

[0209] For external conductor pipes, a further increase in 
the heat transfer area (for the heat transfer ?uid) can be 
achieved by using conductor pipes With an oblong pro?le as 
shoWn in FIG. 12. 

[0210] FIGS. 11 and 12 shoW single conductor pipes With 
circular or rectangular cross sections. In practice hoWever a 
variety of shapes and groups of conductor pipes can be used 
to optimise the contact area betWeen the heat transfer ?uid 
and the conductor pipe Whilst maintaining good mechanical 
strength. Some examples are shoWn in FIG. 13. 

[0211] The internal pro?le of the conductor pipe can also 
be modi?ed in other Ways to give an enhanced heat transfer 
area as shoWn in FIG. 14. 

[0212] Additionally the heat transfer performance can also 
be improved by the addition of dimples, knurling or other 
surface enhancement to the inner conduit Wall. 

[0213] Inserts can be used to good effect in reduced 
volume systems (as shoWn in FIG. 15). Smooth inserts can 
be used to reduce the internal hydraulic volume of the 
conductor pipe. This alloWs a larger conduit to hold a 
reduced volume of heat transfer ?uid. By using different 
diameters of inserts, common pipe siZes can be used for 
multiple ?oW duties. Larger conduits With removable inserts 
can also be used to make cleaning easier. Pro?led inserts 
(such as ?oW disrupters) can also be used to promote mixing 
and improve heat transfer conditions at the boundary layer. 










