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Close baffle-to-shell clearance, approximately 20% baffle cut, properly sized and positioned baffle spacers and dummy tubes will result in heat exchangers with almost ideal performance and negligible fouling.

Charles H. Gilmour
Union Carbide Corp., South Charleston, W. Va.

A heat exchanger is a rather simple piece of apparatus.  It has no moving parts, has only two sides, and provides a means for conduction of heat from one fluid to another across a barrier.  For over thirty years adequate design methods have been available and yet far too much emphasis is place on the fouling factor rather than on the proper application of design criteria.  Rating engineers explain either good or poor performance of a heat exchanger by saying that either an adequate or an inadequate fouling factor was used; and rarely that design formulas were properly or improperly applied.  One does not pretend to imply that there is no such thing as fouling, but that fouling is often the result of unintelligent application of the laws of fluid dynamics, and that the mere use of a high fouling factor will generally engender a high degree of fouling.

Provision for downtime
In the chemical industry of today (1965) there is usually no provision for downtime such as an annual turnaround for cleaning and repairing heat exchangers.  This is another reason why process engineers insist on the use of large fouling factors, erroneously thinking this will permit continuous operation of heat transfer equipment until something else forces a shutdown.  As a result of inspection of many fouled heat exchangers, it is possible to categorize different types of fouling and interpret the probable causes thereof and eventually eliminate them by altering some of the geometric characteristics of the exchanger.

It is, thus, our practice now to design heat exchangers using only a token fouling factor which in reality does not represent fouling at all but rather becomes the excuse for using a heat exchanger of standard shell diameter, standard tube count, and standard tube length.

Twenty years’ experience
Most exchangers designed by Union Carbide during the past 20 years have never been down for cleaning nor have they indicated any noticeable reduction in heat transfer.  Occasional malfunction of associated equipment will result in severe fouling; such as punctures of a filter, loss of a pump, runaway reactions, and unexpected corrosion.  But a large fouling factor would be of no avail under these circumstances.

It is a fairly obvious but often overlooked fact that if there is a deficiency of heat transfer on one side of a tube, this deficiency is compounded as a deficiency on the other side of the tube.  Some independent instances in which evidences of fouling were apparent on either the tube side or the shell side of exchangers will be related here.  Before his article is concluded, it should be apparent that by far the greatest number of causes of poor heat transfers occur because of deficiencies on the shell side of the heat exchanger.  This is contrary to the commonly accepted belief that the shell-side resistance rarely controls and, therefore, that little attention need be paid to details of shell-side hardware.

Tube side
Most of the empirical expressions for heat transfer for flow inside tubes were obtained from single-tube experiments.  In using these expressions for multi-tubular exchangers, it is tacitly assumed that each tube in the parallel path accepts an equal quantity of.  If this is not so, then a deficiency result in heat transfer flow will occur and this may - or may not - be accompanied by a fouling deposit.

An example of a tube-side geometric arrangement which causes deviation from single-tube performance is indicated in Figure 1.  It is often convenient to place the inlet and outlet at the side of the tube-side channel.  If this is done, the fluid will flow only through the tubes immediately adjacent to the nozzles.  If the fluid is a liquid containing solids or silt, when the channel is removed, the tubes below the inlet will be virtually plugged with dirt and there will be a tell-tale line of demarcation on the tube sheet above the inlet, indicating the presence of a stagnant layer of fluid which may have been liquid or disengaged gas.  This manifestation of fouling will be noticed with interest, the tubes will be cleaned, but a few hours after the unit is again placed in service the performance will be just about the same as it was before cleaning.

It has been found that even with clean fluids, the same condition prevails, namely the exchanger acts as though only the tubes in the center of the bundles are transferring heat.  The net performance may not be nearly as bad as one would suspect because even though the effective area may be cut in half, the tube-side film coefficient for the active area will be greater because of the higher velocity.

Thermosyphon reboilers
Channels with conical axial inlet and outlet nozzles in horizontal units also result in no-uniform distribution and silt-plugged tubes.  Excessive fouling in thermosyphon reboilers is noticed in the outer tubes of units with cylindrical heads but rarely occurs in any tubes of units with reduced elbows.  When boiling takes place inside horizontal tubes, there may be a complete separation of vapor and liquid phases.  Only the area wetted by the liquid is effective.  In horizontal tubes, somewhat the same condition exists when dissolved gas is driven out of solution due to a rise in temperature.  Finally, when vapors are condensed in horizontal tubes the condensate effectively reduces useful areas for condensation.  These deficiencies may be as bad as fouling but they aren’t fouling.
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Heavily-loaded, vertical updraft condensers do not perform nearly as well as identically-loaded vertical, down-draft condensers.  And horizontal, up-draft vapor-in-tube condensers perform so poorly that it is shameful that anyone insists in their use.  There are other avoidable conditions which contribute to deficient tube-side performance and which are usually taken care of by the introduction of a fouling factor rather than by more astute design.  This practice produces the desired result, but it leaves the impression that fouling really exists.

Baffles are used on the shell side of heat exchangers to support tubes and to prevent short-circuiting of the fluid between the inlet and outlet.  Ostensibly, a segmental baffle is supposed to make the fluid flow normal to the axis of the tubes.  Ideally, if all tubes of the shell-side bundle are to transfer the same amount of heat, they should all be subjected to an identical flow rate.  This may be accomplished by leaving tubes out of the smaller segmental areas and cutting the baffles just beyond the rows farthest from the centerline.  This is rarely done, however, because vendors and users alike feel that it is more economical to fill the shell with as many tubes as possible.  If a shell is thus filled with tubes, it is still possible to achieve almost equal heat transfer per tube by cutting the baffle along a unique line which will cause the cross-flow coefficient to be equal to the parallel-flow coefficient.  In most cases this unique baffle cut will be such that the ratio of the height of the segment to the shell diameter will be 0.20; this is usually referred to as a 20% cut.

Use a baffle cut of 20%
This is quite contrary to general practice in the heat exchanger fabrication industry where a baffle cut of 45% is more common.  The apparent or actual fouling on the shell side of heat exchanges is attributed, in a large measure, to the use of baffle cuts exceeding 25%.  However, there are several additional features of shell-side design which collectively are as important as proper baffle cut to the minimization of apparent or actual fouling.

Conventional 4-pass layout:  In Figure 2A is shown a conventional quadrant 4-pass tube layout in which it should be quite apparent that, if no baffles are used, flow on the shell side will be essentially parallel with the tubes (normal to plane of view).  And, because of the open spaces and the frictional resistance of the tubes, the actual velocity in the vicinity of the tubes will be considerably less than the velocity through the open spaces.  Any calculations of film coefficient based on the mean velocity through the shell side will be in error and any designs based on a coefficient thus calculated will fall short of performing the required duty unless a suitable fouling factor is used.

Segmented baffles:  Mere addition of segmental baffles, as indicated in Figure 2B, does not ensure compatibility between theoretical design and actual performance.  The flow is altered from parallel flow to part parallel and part normal – but by-pass lanes still exist.  One still needs to know the actual flow across - and parallel - with the tubes to obtain the proper value of coefficient and to make the correct heat balance with the tube-side fluid.  Although it is possible to calculate the actual flow associated with the tubes, it is more advantageous and economical to reduce the by-pass streams to a minimum.  However, one of the first steps toward excellence in shell-side design is to insist on TEMA clearances between the inside diameter of the shell and the baffle diameter and to use a baffle cut of approximately 20%.  (The baffle cut in Figure 2B is 21.8 %.)
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Tie rods and concentric spacers:  Tie rods and concentric spacers are customarily used to hold baffles in place against fluid forces during operation or mechanical forces during bundle assembly or removal.  The diameter and position of the spacers may be so chosen that they will serve an additional purpose: namely that of blocking the by-pass area between the outermost tubes and the inside of the shell.  This is illustrated in Figure 2C.  It should be noted that the spacers have a common tangency with the baffle and also a clearance between adjacent tubes not more than normal tube-to-tube clearance.

Inserting rods or dummy tubes:  The final by-pass area may be effectively blocked by inserting rods or dummy tubes (plugged at one end) in the pass lane as shown in Figure 2D.  The number and size of the dummy tubes vary with the size of tube bundle and width of pass lane, but it is considered good practice to use a dummy tube at every fifth row.  It has been said that the use of dummy tubes is expensive; this is emphatically denied because it has been found that the mere addition of a few dummy tubes increases the performance of the heat exchanger by 100%.  Thus, without the three dummy tubes as indicated in Figure 2D, the 164 tubes between the baffle cuts would perform only half-duty  - or three dummy tubes are equal to 82 process tubes but cost considerably less.

Optimum design of heat exchanger:  The final shell-side design indicated in Figure 2D consisting of close baffle to shell clearance, approximately 20% baffle cut, properly sized and positioned baffle spacers and dummy tubes will result in almost ideal performance and negligible fouling.  The fluid is directed over the tubes at reasonably high velocities so that any tendency for settling-out of suspended solids is minimized.  Although one has been using heat exchangers with these shell-side design features for over 20 years, it is realized that there will be more skeptics than believers in the audience.  Vendors, many of whom are in the hearing or reading audience, will confirm Union Carbide’s insistence on these design features.  Engineers from plants in all parts of the world will substantiate the superlative performance of these heat exchangers.  One can use raw cooling water on the shell side of the exchangers whereas engineers in neighboring plants, using identical water, claim that it impractical to place water on the shell side because of excessive fouling and subsequent difficulties in cleaning.  But let us repeat:  even though the fluid is clean (like acetone), a generous fouling factor will need to be used if conventional expressions for shell-side coefficients are used and by-pass lanes are not effectively blocked.

Vertical baffle cut:  A vertical baffle cut, Figure 2E, should never be used for sensible heat transfer because severe stratification of the shell-side fluid usually occurs.  Suspended solids will settle out.  If the shell-side inlet and outlet are both at the top, the fluid will not penetrate the bundle and a substantial deficiency in performance will be noted.  For condensers and reboilers, vertical-cut baffles are necessary for condensate draining and vapor disengaging; but, for these cases, gravitational forces work in harmony with diffusional forces and satisfactory penetration of the bundle occurs.  However, even for condensers and reboilers, vertical baffle cuts of 20 to 25% are in order.

Poor performance of exchangers with 40 to 45% baffle cuts:  Although one has stressed the point that a 20% baffle cut is somewhat optimum, it is maintained that a baffle cut one or two rows beyond the centerline (40 to 45%) should never be used (Figure 2F).  Many Units, so designed, have been altered and always improved performance has been obtained.  In all the tests of heat exchangers, one has never found an exchanger with a 40% to 45% baffle cut whose performance (always unsatisfactory) could be accounted for on the basis of conventional heat transfer theory – even in clean service.

Notches in baffles:  It is a fairly common practice to call for notches in baffles for horizontal exchanges, at the top and bottom for venting and draining (Figure 2G).  Since this notch is a source for by-passing and is really unnecessary, one should insist that baffles never be notched.

Pass lanes normal to shell-side flow:  The final illustration, Figure 2H, is of an alternate two-pass layout in which dummy tubes are not necessary because the pass lanes are normal to the shell-side flow.  Although this would appear to be the preferred layout, it is sometimes difficult to obtain equal or nearly equal tubes per pass and it becomes somewhat awkward to fabricate pass ribs as the number of passes increases above six.  One has seen – and still continues to see – layouts similar to Figure 2H used in combination with a 41% baffle cut as indicated in Figure 2F.  The tubes in passes 1 and 4 transfer little heat because the fluid will not penetrate the shell volume beyond the open pass lanes and so the efficiency of the unit is greatly reduced.

Counteractants to fouling
The theme up to this point is that fouling should be compensated for, not by use of a large fouling factor but rather by assurance of compatibility between arrangements of mechanical components and stipulations of theoretical design expressions.  There are also other ways of combating fouling – or even living with it.
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Figure 3 is a photograph of fouled tubes on the shell side of a heat exchanger.  The only reason why these tubes became fouled was that someone authorized the use of carbon steel rather than stainless steel tubes.  The obvious reason for the authorization was the saving of several thousand dollars; overlooked was the well- known fact of incompatibility of carbon steel with the water.  This fouling took place in only 10 weeks.  Because downtime could not be tolerated, the bundle was not retubed - but rather, a new stainless steel bundle was ordered for replacement.  It has been in service for 234 weeks with no signs of fouling.  It is guaranteed that one will never be able to show a similar photograph of the stainless steel bundle because fouling of stainless steel tubes in this service is not experienced.  Note the uniformity of the fouling: an indication of uniformity of flow.  Note also that the hoped-for first-cost savings of several thousand dollars was not realized.  Too often, too many decisions of this sort are made by uninformed people.

Chromium-plated tube bundle
In the same plant, and just a few yards away from the location of the foregoing exchanger, there was a need for a heat exchanger to be used on water from the same source.  There was a surplus new exchanger available, but unfortunately the tubes were carbon steel.  To alter the surface of the tubes, an attempt was made to chromium plate the tube bundle within its shell.  Figure 4 shows the bundle just after removal from the shell for inspection before cleaning or plating.  Although the bundle may look as though it is fouled, it is only the normal rust that forms on steel tubes as a result of the attack of water and air when a heat exchanger remains in an idled condition.  The white specks are snowflakes.  The bundle was cleaned with a water hose, replaced in its shell, and subjected to a carefully planned cleaning schedule and plating process.  The result is shown in Figure 5.  But the important result is that the unit has now been in service for over 2 years with no signs of fouling.  The cost of the plating was considerably less than the cost of retubing with stainless steel tubes.
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Retubing with finned tubes
In some reboilers, fouling is inevitable.  The normal tendency is to cram as much surface as possible into the available space - on the basis that the more the surface given, the longer the time between shutdowns for cleaning.  One is indebted to J. A. Moore of Union Carbide’s Texas City (Texas) Plant for exposing the error in this philosophy.  In a certain reboiler, crammed with tubes, he removed approximately half of the tubes.  To recover some of the area, he retubed with finned tubes.  The results were somewhat amazing – a blessing in disguise.  There was marked reduction in both fouling rate and in cleaning time.  In the bare tube bundles, the tubes became coated with a uniform deposit of rubber-like material, eventually causing an intolerable reduction in heat transfer.  In the finned tube bundle, polymer formation was still present, but evidently the turbulence of the boiling process and the knife-like edges of the fins combined to prevent the polymer from forming a complete wrapper around the tubes.  The partially-coated tubes still transferred a respectable amount of heat.  Because of the wide pitch there is an impossibility of bridging of the polymer between tubes.

Cleaning tube bundles
A sequence of photographs is presented, Figures 6A, B, C, and D, showing the fouled bundle, the cleaning process and the cleaned bundles.  The cleaning time for finned tube bundle is from 10 to 20 man-hours whereas, formerly, the cleaning time for the bare tube bundle was from 300 to 400 man-hours.  It is impossible to give a comparison between fouling times for the bare and finned tube bundles because, although one cannot deny that the finned tube bundle fouls, the heat transfer is not reduced below the operating limits of the system.  The vaporizer is no longer the bottleneck and cleaning is always done when the processing unit is shut down for other reasons regardless of the extent of fouling or reduction in heat transfer.

[bookmark: Figure_6A][image: ]
[bookmark: Figure_6B][image: ]

[bookmark: Figure_6C][image: ]
[bookmark: Figure_6D][image: ]
Figures 6A to 6D:  Sequence of photographs showing the fouled bundle, the cleaning process, and the cleaned bundle.

High viscosity materials
It is surprising to confront the amount of advice, sometimes in the form of a directive, one can obtain on fouling from an engineer who has never seen either the fluid or the heat exchanger in question and who definitely has never done or witnessed the cleaning of a heat exchanger.  Evidently some engineers have the mistaken idea that high viscosity and high fouling rate go hand-in-hand.  They insist that the high viscosity material be placed on the tube side for ease-of-cleaning.  The chances are that the fluid will not foul.  Even if it does, it is much simpler to clean the shell side which may be only 24 inches across (wide tube pitch assumed) rather than the tube side which may consist of 280 tubes, 0.62 inches I.D., and 16 feet long.  The same may be said of a spiral heat exchanger.  There is always an immediate objection on the part of the process engineer when the use of a spiral-plate heat exchanger is suggested.  He is sure it will foul more readily and will be more difficult to clean.  Both of these suppositions are wrong.  Spiral-plate heat exchangers have been used in both fouling and non-fouling service, for slurries, and even for fluids containing fibrous materials.  In the few cases where fouling does occur, but at one-tenth the rate found in shell-and-tube exchangers, it is so easy to open the davit-supported cover of the spiral-plate exchanger and squirt the effluent from a high-pressure hose into a few spiraled turns approximately 4 feet deep.

One could go on and on, citing paradoxical instances in relation to fouling and heat transfer, but it is hoped that by now we have made the point clear that the fouling factor should not be relied upon as the means of combating the fouling problem.


Selling ideas to engineers
It has been, of course, impossible for us to condense thirty years of know-how on fouling prevention in this short discourse.  It will also be impossible for one to sell these ideas to engineers who have never been in a an operating plant, have never evaluated test data, have never issued specification for rebuilding an existing – but inadequately operating – exchanger, and who are concerned only with the inconsistent requisites of lower first cost and highest surface area.  It is equally impossible to expect the fabricators to accept these ideas, because their object is to sell lots of surface area, their burden is to guarantee performance on nameless fluids, and their ululation is that they never receive adequate feed-back on the performance and maintenance of the heat exchangers they sell.  Therefore, they need to use a generous fouling factor to protect their interests.

Foster dedicated employees
It follows, therefore, that if a used company desires to reap economic benefits, it behooves that company to foster one or more of their own dedicated employees to become proficient in the design, procurement, testing, and maintenance of heat exchangers for their own requirements.  This job entails design, specification, review of vendors’ detailed drawings, observance of fabrication and installation, performance testing, and observance of units removed for maintenance.
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Figure 5. Tube bundle after chromium plating. It has
been in service over 2 years with no signs of fouling
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Figure 1. Typical two-pass layout with side inle
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Figure 2. Characteristics of shell-side design for minimization of fouling.
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authorized the use of carbon steel rather than stainless steel tubes.
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Figure 4. Tube bundle after removal from the shell
for inspection before cleaning and chromium plating.




