THE COMPLEAT DISTILLER
[image: image1.jpg]



Nixon & McCaw

Published in New Zealand in October 2001 by:

The Amphora Society PO Box 51-231 Pakuranga Auckland 1706 New Zealand

Copyright October, 2001 by Michael Nixon & Michael McCaw

All rights reserved. No part of this publication, printed, or electronic, may be reproduced or transmitted to a third party in any form or by any means without the prior written permission of the authors.

Subject to the above, extracts may be taken by screen save for personal use by registered purchasers of the electronic publication (pdf file), and extracts may be photocopied for personal use by registered purchasers of the printed publication.

ISBN 0-473-08135-0

Contacts:

Authors: E-mail admin@amphora-society.com

Tel: +64-9-576-7467 Fax: +64-9-577-4103 Mail: PO Box 51-231 Pakuranga Auckland 1706 New Zealand

Acknowledgements:

The authors gratefully acknowledge the long-suffering patience of their wives,

Karen and Janet Without their unwavering support this book would not have been possible.

FOREWORD

Worldwide, there is a growing interest in distillation by those who enjoy making alcoholic beverages, essential oils, botanical extracts and perfumes. We have read books that purport to describe how distillation works, but got it wrong in whole or in part, and some that detail how to build a particular type of still and operate it, but which are based more on myth than sound scientific and engineering knowledge. We came to the conclusion that there was a crying need for a book that gives a detailed account of the entire subject, avoiding old wives' tales and dealing entirely in verifiable facts.

Our book describes the science and the principles behind distillation, the practice of small scale distillation, and several designs for different kinds of stills, all thoroughly tested. We fervently hope that our readers develop a thorough understanding of the process, which can only broaden and deepen their enjoyment of this activity. Following this philosophy, every subject introduced begins with "how does this work?" and progresses to "how can I do this?".

We must stress that this book is NOT an incitement to those who live in countries where distillation of alcohol is illegal to rush out and break the law. Home distillation of alcohol is an ancient and honored tradition in many parts of the world, and is completely illegal in others. The wisdom (or lack of wisdom) of the laws prohibiting small scale distillation are not a subject for this book. If you live where this enjoyable activity is prohibited, you are free to read about it, but not to actually do it. If you feel that these laws are misguided, contact your representatives and make the case for changing the laws, do not break them.

Even where distilling alcohol is prohibited, it is legal to distill with water. However, some countries regulate the size of water stills! You must check carefully on your local regulations before engaging in this activity. Using water to steam distill the essential oils and fragrances from herbs, spices and other botanical materials is a fast growing hobby in its own right, and we devote a whole chapter to this subject. These techniques are as interesting and useful to cooks and perfumiers as they are to people who want to make liqueurs.

We have also included a chapter on workshop techniques, tips, and tricks that can be useful in building stills and many other kinds of equipment. This is not like a book that teaches you how to fly - it's like a book that also tells you how to make your own airplane - and not just the airplane design of our choosing, but one that you yourself can learn to design, and which may well fly better!

In this vein, we also describe distillation techniques and designs that we have only recently developed and which have never before been published, and encourage readers to carry the torch further by using their own ingenuity.

One of the authors used an old industrial vacuum cleaner as his first boiler, and later investigated the possibilities of using jam jars to make a glass column. This provoked much mirth and not a little scorn from those who considered themselves 'experts', who considered anything new to be heresy. However, a great deal was learned about the properties of materials and techniques to handle them, knowledge that later proved invaluable. When you read this book, you will see what can be accomplished if you dare to step outside the frame and question preconceived notions of what can be done, and how. All you need is a good understanding of basic principles and a willingness to challenge old, ossified ideas. Home distillation is a fascinating hobby, and one which is fertile ground for those who enjoy exercising their ingenuity. It's challenging, and it's fun!

In Chapter 8, we draw back the curtain on the science behind distillation, a fascinating subject in itself. No myths. No half-baked notions of what we "think" may be going on. Just facts. Facts proven by centuries of hard work and discovery by skilled artisans, scientists and engineers.

Paraphrasing the words of Isaak Walton, the author of "The Compleat Angler", and from whom we have respectfully borrowed for the title of this book:

"Doubt not, therefore, sir, but that distilling is an art, and an art worth your learning."

__________

FERMENTATION

How alcohol is created

This book is primarily about distillation, the purification and concentration of impure or weak substances. We recognize that the majority of our readers are interested in the purification of ethyl alcohol solutions, and have included this chapter to describe the necessary first steps - the generation of the impure, weak solution to purify! We will not go deeply into the chemistry or biochemistry of the processes, nor will we try to give expert-level advice or directions on any of the traditional processes -very good books already exist on each of these subjects. A list of suggested further reading may be found in Appendix 8.

Synthetic alcohol

One route to an ethanol solution is the production of synthetic ethanol. This is often done industrially, and may or may not be economical in various parts of the world.

Synthetic ethyl alcohol is produced by treating Ethyl Acetate with a strong alkali, or "base" (e.g. lye, Sodium Hydroxide). Ethyl acetate, a common industrial solvent, is an ester, a chemical combination of ethyl alcohol (ethanol) and acetic acid (vinegar). Treating it with a strong base breaks the ester bond, liberating ethyl alcohol and acetic acid. The acid immediately reacts with the base to form the salt sodium acetate. After the pH of the solution is adjusted to near 7 (neutral), the pure alcohol may be distilled from this mixture.

This procedure is NOT recommended unless you have experience handling strong chemicals, and they can be obtained cheaply in your locale. It is really included for completeness - if it wasn't, someone would write us and ask "Why didn't you mention the ethyl acetate method?"

If the term "pH" is unfamiliar, don't worry! The pH of a solution is a measure of how acidic or how alkaline it is, with 0 being the most acidic, 7 being neutral (neither acidic nor alkaline) and 14 the most alkaline. The scale is logarithmic, which means that each number on the scale is TEN TIMES the previous one. Thus, pH 5 is ten times as acidic as pH 6, and pH 11 is ten times as alkaline as pH 10. For a few real-world examples, Lemon juice is about pH 2.5 (very acidic), Human skin is about pH 5.5 (very mildly acidic), and liquid soap (the clear kind found in public bathrooms) is about pH 10. For a more complete explanation, please see Appendix 1.

Fermentation Basic biochemistry

All living things require energy to continue living, and many different ways of obtaining that energy are found in nature. Plants convert the energy in sunlight into chemical energy their cells can use and store. Sugars, starches and fats are the most common energy storage products. Animals, fungi, and most bacteria break down the chemicals that are stored by plants to extract the energy they contain.

There are two fundamental methods of extracting this energy - with and without the assistance of oxygen. Energy production assisted by oxygen is six times more efficient than without it, so cells preferentially use oxidative metabolism whenever possible.

Fermentation is a method microorganisms use for extracting energy from food when oxygen is not available. In fermentation, complex molecules (like sugars) are partially broken down into simpler molecules, and the energy stored in the chemical bonds is released and captured by the cell.

There are many, many different kinds of fermentation, and most of them result in the production of organic acids (acetic acid, lactic acid, butyric acid, etc.). These fermentations are used to produce familiar food products such as sauerkraut, yogurt, many cheeses and black tea.

Some organisms, including many species of yeast, are capable of fermenting to produce an alcohol and carbon dioxide gas. Exploitation of these organisms is one of the oldest of human industries.

No natural organism does just one thing; as yeast grow and produce alcohol, they also produce acids via other types of fermentation. The enzymes that manage the reactions within the cell are also not perfect, and a percentage of the reactions in the cell produce a different result than expected. These mistakes become much more common when temperatures or chemical concentrations are high.

Enzymes are very large molecules with specially-shaped cavities in them. These cavities are just the right size and shape for a particular molecule (or group of molecules) to fit into, and when the molecules sit in the cavity just right, a chemical reaction happens. This process is driven by the energy present in all material - the constant collisions of molecules against one another, millions of times a second. The more concentrated a substance is, the more chances for it to collide with another molecule, whether in the correct position or not. The higher the temperature, the more forceful the collisions, which makes it more likely that an incorrect position (or an incorrect molecule) might lodge in the cavity, leading to an undesired reaction.

Another key point about biological (enzymatic) reactions is that they can run in both directions! An enzyme that makes a compound can also unmake it, and the end product of the reaction fits in the pocket in the side of the enzyme just as nicely as the starting compound. The reverse reaction is usually slower than the forward one though, which is why we can obtain an end product!

This means that these reactions slow down as their end products build up and the starting products are consumed - it becomes more likely that the enzyme that turns acetaldehyde into alcohol will encounter an alcohol molecule than one of acetaldehyde. In the same way, the acids produced by the yeast also build up, lowering the pH of the solution, which makes metabolism and growth more difficult. (This is the reason many preserved foods, like pickles and sauerkraut are acidic - bacteria have a very hard time at low pH).

Congeners (fusel alcohols)

("Fusel": German for "rotgut" or "hooch")

The molecules made by mistake tend to be longer chain alcohols, acids and esters, all of which add flavors (usually unpleasant) to the product, and many of which are toxic. These are called "congeners," which means "with from the birth" - they were produced at the same time and by the same processes as the alcohol we desire. The composition of these congeners, collectively known as "fusel oils", or more correctly fusel alcohols, varies with the carbohydrate source and yeast variety, but is mostly isopentanol and 2-methyl-1-butanol, with about 20% isobutanol, 3-5% n-propanol, and small amounts of other alcohols, esters and aldehydes. Carefully selected strains of yeast and carefully managed temperatures and concentrations result in cleaner, more pleasant fermentations. Since the rate of chemical reactions generally doubles for every 10º C (18º F) temperature rise, high quality fermentations conducted at low temperature take more time. This compromise of time vs. quality is present everywhere in the production of alcohol-containing beverages. Managing the conditions of fermentation is the primary method of producing specific flavor profiles in fermented beverages.

Many different sources of sugar may be fermented into alcohol, and many others either will not ferment, or cannot be fermented by particular yeasts. Differences in the type of the sugars available, the species of yeast available and the quality of the local water have led to a huge variety of different types of alcohol-containing beverages around the world. The next section of this chapter discusses a few of the more common types, and how to prepare them for distillation.

Since honey is essentially pure sugar, it is also very low in the vitamins and minerals so abundant in malt extract. It also has no buffering capacity, so the acids produced by the yeast during fermentation will rapidly reduce the pH and slow down the fermentation. Consequently, mead has a reputation of being very difficult and time consuming to make, and is not attempted by many people.

Home mead-makers generally ferment in glass containers, ranging in size from 4 liter (one US gallon) jugs through 20 liter carboys. Glass is especially recommended because it's impervious to oxygen. A plastic container would allow significant amounts of oxygen to diffuse through the walls during the very long, quiet fermentation traditional to mead.

Recently, techniques have been developed to properly feed and manage the pH of yeast growing in diluted honey or sugar that make mead making almost as rapid and reliable as beer brewing. These will be discussed in the section on fermenting techniques.

Wines and Brandies

Wines are the fermented juices of fruit, and when wines are distilled the final product is called brandy. Some fruit wines are commonly called by alternate names - for example, cider for fermented apple juice and perry for fermented pears. Most fruit juices will ferment by themselves if left out in the open air (witness an over-ripe plum), but the results are often not pleasant because many different kinds of organisms are present. Many fruits contain considerable quantities of acid (malic acid in apples, citric acid in citrus fruits, etc.) which not only give them their "tang", but also inhibit bacterial and yeast growth.

By far the most common wine is made from grapes. Grape juice is quite acidic, and falls between malt extract and honey in nutrient levels. Mature grapes usually have a coating of wild yeast on the outside of the skin, living on the sugar that "leaks" out of the grape. This means that simply crushing the grapes to release the juice will result in the production of a wine - but a wine that will often be sour and unpleasant to drink. These high levels of acidity allow one to make wine with lower sanitation levels than are required for beer and mead, but as a general rule better sanitation will always result in a better wine. Be sure to wash your feet very carefully before using traditional methods!

The standard method of producing wine today is to treat the juice with a product that kills the wild yeast, then to heavily inoculate the juice with a carefully selected yeast strain. Wine fermentation takes significantly longer than beer, but less time than mead. Most home wine makers perform the initial phase of fermentation in a plastic food-grade garbage container, then transfer the partially fermented juice (called "must") to glass carboys or wooden barrels for the remainder of fermentation.

Root vegetables and Vodka

Any starchy or sugary root, tuber or stem can be converted into fermentable sugars, and all of them are used for this purpose somewhere on the globe. Reading through old manuals on alcohol production will give you details of many processes based on potatoes, beets, turnips, and just about any other starchy plant you can imagine. The basic process is to convert the starch to sugar using enzymes (from malted grain, fungi, or industrial sources), fermenting the sugars to ethanol, then purifying the alcohol through distillation and filtering. Alcohol produced in this fashion is usually used for industrial purposes or is purified again and sold as Vodka (defined in some countries as unflavored neutral ethyl alcohol), because the starting material does not contain useful or desirable flavors that are wanted in the end product.

Sugar-based washes and Rum

Sugarcane is clearly a good source of fermentable sugar. When cane is crushed, the sugar-rich juices are directly fermentable. However, sugarcane juice is not nearly as acidic as fruit juices, so the fermentation is easily contaminated by wild yeast and bacteria, which can have a significant impact on the flavor of the fermented beverage. Distilling fermented sugarcane juice yields aguaardente (strong water), known best as Cachaça.
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Fig. 1-1

The single most common fermentation vessel in use is a glass carboy sized to contain 12 to 25 liters (3 to 6 US gallons) of fluid. In the USA, the five gallon carboy is the overwhelming favorite, because it's cheap, conveniently sized, and readily available. The advantages of the glass carboy are: it's clear (which means progress can be followed without opening it), is easy to sanitize, and has a small opening in which it's easy to fit an airlock for oxygen control. The most obvious disadvantage is that it is breakable - both by physical impact and by exposure to extremes of temperature (don't sterilize with boiling water!) The carboy also allows a single-stage fermentation to be performed when there are no solids that need to be removed part way through the process (grains, grape skins, etc).
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Fig. 1-2

The second most common fermentation vessel is a plastic bucket or trash container made out of food grade polyethylene or polypropylene. These range in size from 20 to 80 liters (5 to 20 US gallons), and are more commonly used in wine making than in beer or mead. The advantages of the plastic containers include the facts that they are open - materials can be easily added to or taken out of them -and that they are unbreakable. The disadvantages are: they are harder to sanitize than glass, especially if the plastic is scratched, oxygen diffusion through the plastic may limit their safe use to short fermentations, and they can also absorb bad odors or flavors and later impart these to the fermenting ambrosia.

Both plastic buckets and trash containers have reasonable geometry for unstirred fermentation - one and a half to two times taller than they are wide. This allows the fermenting fluid to circulate due to the action of the CO2 produced. Shallow, wide fermenters can be successfully used, but generally need some sort of mechanical stirring.

A fermentation started in an open container (even if fitted with a loose lid) should be finished in a second, closed container - a carboy, barrel, or stainless steel tank, to allow control of oxygen levels.

Accessory equipment needed to do a good job of managing fermentation includes accurate thermometers, hydrometers, pH test paper, airlocks, hoses for siphoning liquid from vessel to vessel, funnels, stoppers and cleaning supplies. These are the basic items and can be purchased very cheaply. For the enthusiast, more sophisticated equipment is available from hobbyist shops and specialized manufacturers. Countless resources are available, including many good books, catalogs, websites and magazines that detail how to use all of this gear to maximum advantage.

Many of the precise procedures used will depend upon the material being fermented, and the flavors desired in the final product. In this book, we're mainly concerned with the basics of fermentation and don't pretend to offer advice on how to produce fine beer, wine or mead. If your interest is sparked by that absorbing pastime, then you'll find dozens of excellent books covering these subjects in depth.

Single stage fermentations

Single stage fermentation entirely in glass is possible for beers made from malt extract or separated wort, wines made from purified or filtered fruit juices, honey-mead, molasses, and other sugar-based washes. The general technique is to sanitize the container and airlock, rinse thoroughly with clean water, introduce the fluid to be fermented together with the yeast, aerate, attach an airlock device and wait for initial signs of fermentation to begin - usually 12 to 24 hours. The complete fermentation can take from as little as 4 or 5 days for beers, and up to 6 months or longer for mead.
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Fig. 1-3

Fluids which contain a lot of protein (especially grain-based wort) tend to foam a lot in the early stages of fermentation, so a special kind of airlock, called a blow-off tube is used until the fermentation settles down. These fermentations should be performed in a container larger than the final volume being fermented, or a significant quantity of product can be lost during the initial, vigorous fermentation. Alternatively, two-stage fermentation can be used for these types of fluids.

Two stage fermentations

Where solids (peels, grains, twigs and stems, other ingredients, etc.) or proteins are present in large quantities, a two-stage fermentation can be very useful, and is traditional for wine production.

An initial "primary" fermentation is carried out, usually in an open fermenter. An open fermenter is usually fitted with a lid to keep the precious fluid clean, but since this is not an effective airlock it can be regarded as being open to the atmosphere. After the initial foaming has died down, or the color and flavor are extracted from the peels or other ingredients, the still-fermenting liquid is carefully siphoned off into a "secondary" fermentation vessel, often a glass carboy. This procedure is called "racking." The remainder of the fermentation takes place away from the air in the protected environment of a carboy, barrel or fermentation tank carefully sealed with an airlock (which may be a firmly secured cork for the last stages of fermentation of sparkling wines).

Special fermentation techniques

Many industrial techniques have been developed to allow faster fermentation and stronger products, producing greater quantities of alcohol in less time from cheaper and lower quality substrates. Some of these techniques can be very useful to the production of beverage alcohol, either for direct consumption or for distillation.

Strain selection

The biggest contributors to the final flavor of the fermented or distilled product are the strain of yeast selected and how that strain is treated during the fermentation.

Different strains of yeast make different congeners in widely different quantities. They also have very different responses to temperature, presence of specific nutrients, oxygen levels, etc. There is a considerable amount of information available about yeast strains and varieties, in books and magazines as well as from the yeast suppliers. It's a very good idea to get as much of this information as possible and to use it carefully when planning a production run for a particular product. Some sources of this information are listed in Appendix 8.

Home-brewing clubs frequently experiment with this phenomenon. In these experiments, a large batch of wort is made and prepared for fermentation, and separated into several carboys, each of which is inoculated with a different yeast strain. After completion, a tasting is held to compare the results. The differences can be staggering. Similarly, a single strain of yeast might be utilized at a variety of temperatures, with results ranging from a very crisp, "lager-like" beer produced at low temperatures to an extremely fruity, "estery" brew at higher ones.

Different strains of yeast also have very different temperature and alcohol tolerance levels. All yeast will die at some level of alcohol concentration, and this tolerance level drops as the temperature rises. Baking yeast, for example, dies off quite quickly when alcohol levels reach about 6-7 %, rendering it useless for making beverage alcohol. Most strains of Beer Yeast can tolerate 8-10% alcohol, though some can take more. Wine Yeast strains generally can ferment up to 14-15%, and a few can go as high as 20%. Adding large quantities of the wrong yeast will only make it reach its tolerance point faster, it will not result in a higher final alcohol concentration. There are hundreds of different strains of wine, beer and specialty yeast available from a large number of suppliers. Matching the strain to the desired product will greatly improve the success of your fermentations.

Nutrient, oxygen and yeast management

Dr. Clayton Cone, of Lallemand (a major supplier of yeast for all varieties of fermentation) has spent years studying "difficult" fermentations (honey, corn syrup, rice syrup, cane sugar, ultra-filtered fruit juices, etc), and determined these all shared a number of common problems:

1. Very little available nutrients, B vitamins and particulate matter for the yeast.

Although yeast are largely self-sufficient, they need some vitamins (especially B vitamins), mineral nutrients (especially nitrogen, phosphorus and zinc) and particles for them to stick to, (which helps to keep them suspended in the fermenting fluid.)

Commercial yeast nutrient powders supply the nutrients and particles that yeast need to thrive. Examples are Lallemand's Fermaid K® and Wyeast Lab's yeast nutrient. These contain vitamins, minerals, amino acids, free amino nitrogen compounds, zinc, phosphates, dead yeast shells and other trace elements. Optimum yeast nutrition will also require the addition of diammonium phosphate (DAP) during the fermentation.

Techniques for employing either the Cone Protocol or turbo yeast

The turbo yeast packets are generally sized for a fermentation volume of 25 liters (6.6 US gallons), too large to fit in a standard carboy. The Cone methods may be employed on any volume from one gallon to 10,000 gallons or more, provided the equipment is capable of handling the tasks of oxygen, pH and temperature management.

For the home producer, 25 - 50 liters (6 - 13 US gallons) is a very reasonable volume to work with.

The easiest technique is to utilize one of the large plastic fermenters normally used for primary fermentation of wine (a plastic trash can with a lid). As noted earlier, the biggest single drawback to these fermenters is that if they become scratched (from over-vigorous agitation or stirring, for example), they can become very difficult or impossible to sanitize adequately. Fortunately, they are cheap.

A simple way to manage the temperature of a fermentation in one of these containers is to place the fermenter in a laundry tub connected to hot and cold water and a drain. Add the sugar to the fermenter, dissolve it in a small amount of hot water, and bring it to the desired volume and temperature with cool water. Then fill the tub around the fermenter with water at the desired temperature. The extra thermal mass of the water around the fermenter will greatly slow down any temperature swings or spikes created by active fermentation. A liquid crystal thermometer placed on the fermenter (above the level of the water around the fermenter, but below the level of the fluid inside the fermenter) will allow you to monitor the temperature. If it starts to climb, drain out some of the water in the tub and replace it with cold water. One or two adjustments should be all that is required during a fermentation.

Another method of controlling temperature is to freeze water inside of sanitized plastic bottles or jugs, and then place one or more of these jugs directly in the fermenting wash. Experience will teach what size of bottle works best and how many it takes to drop the temperature a specific amount. You could also construct a cooling coil out of copper or stainless steel tubing and run cold water through it. Copper will be etched by the acidity of the fermenting fluid, so a copper coil should NOT be left in the fermenter for a long time. Just put it in when the temperature needs to be reduced, and remove it and rinse thoroughly as soon as the temperature is reduced to the desired level.
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Fig. 1-4

For more active control, a system with aeration, circulation and temperature control can be devised. One old idea in this direction is to use a laundry tub as a fermenter, and place an aquarium pump and heater in it. This idea will work, but a plastic laundry tub has all the same problems of sanitation as the trash can, and costs considerably more to replace.
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Fig. 1-5

We suggest that if you want to experiment with active systems and controls, you purchase a 75-110 liter (20-30 US gallon) aquarium starter kit. These can be obtained inexpensively at almost any tropical fish or pet store. A starter kit usually comes with the aquarium, a circulating pump, an air pump, a heater, a thermometer, and a sliding or folding glass lid for the aquarium. The only thing you will have to add is some means of temperature reduction - such as frozen plastic bottles or a cooling coil.

You can buy everything you need in one place at a low price. Glass is easy to clean, and it's easy to watch the process through the sides of the aquarium. For example, you can see if yeast is settling, which might indicate that you should change the circulation pattern to avoid dead spots, or stir the tank a bit. After the fermentation is complete, switch off the pump and heater, wait for the yeast to settle out, and siphon the fermented fluid away from the settled yeast.

HOW DISTILLATION WORKS

Vapor pressure

Every substance is a collection of atoms and/or molecules held together by mutual attraction. The temperature of that substance is a measure of the kinetic energy these molecules have - the faster they move and vibrate, the higher the temperature. Depending on the temperature and the pressure, the molecules may pack together tightly as a solid, may pack loosely as a liquid, or may freely move around as a vapor. These different states of matter are called phases, and the transition from one phase to another involves the absorption or release of large amounts of energy in the form of heat.

Molecules can escape from a solid or liquid substance to form a

gas. When they escape from a solid, this is

called sublimation; escape from a liquid is called evaporation.

Molecules manage to escape by having enough energy to get through a barrier at the surface of the substance. This barrier is created by the fact that the attractive force between molecules is directed inwards at the surface of a substance. Inside the body of the substance, the attractive forces are arrayed in all directions, and cancel themselves out.

This is a very strong force in liquids and is called surface tension, meaning that liquids act as if they have a "skin" on their surface holding them in. Surface tension causes liquids to form a meniscus against the side of a glass (the curved bit 'sticking' to the sides), and makes globules of mercury scoot around like ball bearings. Surface tension is strong enough to allow many insects to walk on water!

It takes a lot of energy to vaporize a liquid, far more than to just heat it up, and the extra energy is needed to overcome the attraction between the molecules in the liquid. The stronger the attractive force between the molecules of a liquid, the harder it is to vaporize. Once molecules leave the liquid or solid, their rapid motion adds to the pressure of the environment. Each substance produces a well-defined amount of pressure at a given temperature, known as its vapor pressure. The total pressure of the surrounding environment is made up of the pressure contributed by all the substances present.

Do not confuse vapor pressure with smell! It is true that scents and smells come to us by way of airborne molecules, but a strong smell does not imply a high vapor pressure. The strongest smelling substances of all are a group of chemicals called mercaptans, which include the famous "eau de skunk". As powerful as the stink is, though, it takes very, very few of these molecules to empty a room. The tiny number of molecules required to overpower your nose exert a negligible vapor pressure. More to the point of distilling, the almost odorless ethanol has a higher vapor pressure than the heavier fusel alcohols that appear late in a run, and which smell awful.
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Fig. 2-1

An illustration of vapor pressure
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The vapor pressure of a substance is the amount of pressure escaped molecules can exert on the surrounding environment. A simple experiment often performed in schools illustrates this. Warning! Mercury is toxic; please do not attempt this experiment yourself at home.

Take a long glass tube that is closed at one end, and fill it with mercury. Upend it with the open end submerged in a beaker of mercury. If the tube is long enough, an empty space will appear above the mercury in the tube, and the mercury column will only be about 760 mm (30 inches) high in the tube (tube A). This empty space is a vacuum, and it's there because the weight of a mercury column this high just balances the pressure of the atmosphere. If we filled the tube with water, the liquid would be about 9 meters (30 feet) high!

Fig. 2-2

Now introduce a few drops of water into the bottom of the tube. They will float to the top of the mercury and boil rapidly because they are now in a vacuum. At first, each droplet will boil off completely and the level of the mercury will fall, because the water vapor created by the boiling droplets exerts pressure on top of the mercury (tubes B and C).

Eventually, you will be left with a few drops of water floating quietly on top of the mercury. By this time the mercury column will have lowered by about an inch or two. Adding more water will only result in a layer of water on top of the mercury, but the open area above the liquid will not increase in size (tubes D and E).

The lowering of the mercury column directly reflects the vapor pressure exerted by the water vapor. Every substance can only exert a certain amount of vapor pressure at a given temperature. In a confined space, there is a maximum concentration of molecules of a substance that may be present as vapor. When this point is reached, the vapor is called saturated. In a saturated vapor, molecules are condensing from vapor to liquid as rapidly as they are vaporizing. The pressure at which this occurs is called the Saturated Vapor Pressure, and there is a characteristic saturated vapor pressure for every compound.

If you increase the temperature of the apparatus, the water droplets will begin to boil again and the mercury level will lower even more. At 100 ºC (212 ºF) the tube will contain only saturated water vapor, because the vapor pressure of water at this temperature equals the pressure of the surrounding atmosphere. This is the definition of the boiling point of a substance.

If you lower the surrounding pressure, you lower the boiling point. Increase the surrounding pressure, as in a pressure cooker, and you raise the boiling point. This is very important to the process of distillation. If you are interested in exploring this further, there is a comprehensive explanation in Chapter 8, where we be show in detail how you can use this knowledge to calculate precisely the concentration of ethanol you will get at each stage of distillation.

Boiling

Water droplets above the mercury column boiled at temperatures well below 100ºC, because the pressure was much lower than normal. Evaporation from the surface of a liquid is a slow, stable process that occurs at all temperatures. Boiling is a phenomenon that occurs when the vapor pressure of the liquid exceeds the pressure inside the liquid and bubbles form. In boiling, evaporation happens within the liquid and not just from its surface. The bubbles create new surfaces throughout the body of the liquid.

Since the pressure within the liquid is slightly higher than that at the surface, because of the weight of the liquid itself, the bubbles expand as they rise, which makes boiling more dramatic than evaporation,

though it is really same process. In both evaporation and boiling the same amount of energy is required to overcome surface tension, wherever that surface may be - on top of the liquid or surrounding a bubble. Boiling speeds up evaporation by producing a more surfaces, but the same amount of energy is needed for each molecule to escape from the liquid and enter the vapor phase.

The scientific measure of heat energy is the calorie, which is the amount of heat required to raise the temperature of one gram of pure water by 1ºC. A thousand calories is called a Calorie (with a capital C) and this is what we use to measure the energy contained in food or expended in exercise. It takes 80 calories to heat one gram of water from 20ºC (68ºF) to the boiling point of 100ºC (212ºF), but it takes 540 calories to turn that same gram of water into vapor without raising the temperature! The surface tension of water may not seem like much to us, but for molecules, its a huge hurdle to jump!

Physical constants like the boiling point of a liquid are measured or defined under standard conditions. When a liquid is heated, it is possible to superheat it, or raise its temperature above the boiling point, without boiling occurring. This is because it takes more energy to create a bubble than to simply evaporate into one. Once the liquid is boiling, the bubbles that are already formed trigger the formation of others.

Superheated liquids can bump or suddenly erupt into frothy boiling, also known as surge boiling. Placing materials with sharp corners and edges into the liquid before heating it can prevent this by promoting the formation of bubbles, which allows boiling to begin in a gentle and controlled fashion. Boiling chips are used in laboratories for this purpose, but we have found that ordinary plain metal pot scrubbers do an excellent job as well. Surge boiling is discussed in more detail in Chapter 4, as a factor in boiler control.

Mixtures and solutions

All substances are made up of atoms and molecules that contain electrical charges. Depending on the type of charge and the way it is distributed, substances can attract or repel one another very much, very little, or not at all.

When substances are mixed together, different things can happen depending upon the nature of their interaction. If the molecules actively repel one another, like oil and water, they will separate from one another as completely as possible and are said to be immiscible. These substances may be easily separated by mechanical means - filtering in the case of a solid and a liquid (sand and water, for example), or siphoning off in the case of two liquids (the previously mentioned oil and water). There is an exception to this rule: when the immiscible components are made into extremely small particles, the motion caused by thermal energy keeps re-mixing them so they can't separate themselves. This special case is a process called homogenization, but it does not affect the process of distillation.

If the molecules are strongly attracted to one another, they can chemically react to form a wholly new and different compound, consuming the original substances in the process. The metabolism of living things is a series of controlled chemical reactions, and a good example of this process is the conversion of sugar to carbon dioxide and ethanol. There is no way to get the original sugar back, because it no longer exists.

If the attraction between molecules is moderate, the substances can go into solution. In a solution, the molecules of the two substances are intimately mixed together, and there is no way to separate them by mechanical means like filtering or centrifuging. However completely mixed they are, they still exist and maintain their unique properties, like vapor pressure.

Water is a good solvent for many different things, and the complex composition of seawater or blood is a testament to this. Salts and most (but not all!) solids have a vapor pressure so low that we can consider it to be zero. If you dissolve a teaspoon of salt in a cup of water, and then allow the water to evaporate, you will end up with a cup containing a teaspoon of salt. The water evaporates, but the salt doesn't. Boiling the water speeds things up, but the end result is the same.

The same is true of oil dissolved in gasoline. Oil and gasoline are chemically similar molecules, but the oil molecules are larger and have a much lower vapor pressure than gasoline. If you want to put a

very thin film of oil evenly over a component, dissolve the oil in gasoline and dip the component in it. When the gasoline evaporates, you're left with a very thin, even coating of oil all over the component (this is an old watchmaker's trick!)

It is relatively easy to separate the components of a solution when their vapor pressures are quite different. What happens when you try to separate components with similar vapor pressures?

Pure water is a liquid that boils at 100ºC (212ºF) at normal atmospheric pressure (760 mm mercury) and has a surface tension of 54.9 dynes/cm2 (a dyne is a unit for force, defined in Appendix 1). Pure ethanol is a liquid that boils at 78.5ºC (173.3ºF) and has a surface tension of 21.38 dynes/cm2. You've probably guessed that the ethanol has a higher vapor pressure than the water, because it has a lower surface tension. This is true, but they are much closer than salt and water or oil and gasoline.

Now mix water and ethanol together, like you did with the water and salt, and try to separate them by evaporation. What do you get? An empty cup! If you leave the mixture for a limited time, the more volatile ethanol does evaporate faster than water. You would get a cup containing a little water, but if you collected the vapor coming from it, you would not have pure ethanol. You would have a mixture of water and ethanol. Ethanol and water are much more difficult to separate than water and salt or oil and gasoline.

You can try to hurry things along by heating the mixture to a temperature above the boiling point of pure ethanol but below that of water, on the assumption that the ethanol will boil off but the water won't. Right?

Wrong! Many people have tried this, they've all been beaten by the laws of physics. As you heat the mixture up, ethanol molecules will escape faster than water molecules, but both will still escape. You may end up with a little pure water in the bottom of the cup, but the vapor will be a mixture of ethanol and water. However, this idea is getting closer to the solution.

What happens if you boil the mixture as rapidly as possible? Exactly the same as before, but faster! After all, boiling is really just fast evaporation.

To make sense of this, we need to examine the behavior of mixtures. In general, the boiling point of a solution is found somewhere between the boiling points of its components. What allows the distillation process to work is the fact that a mixture boils at a temperature that depends upon the relative concentrations of the components of the mixture, and produces a vapor that is a mixture of the two substances. The vapor produced is not just any mixture, but a predictable one. At any given temperature, the substance with the higher vapor pressure produce more vapor than the less volatile substance.

For ethanol and water, this means that you end up with a vapor containing a higher proportion of ethanol molecules than the starting mixture. Excellent! You can now condense this vapor and enjoy a good drink, which is exactly what they did in the Good Old Days. It shouldn't take long to figure out that repeating the process again provides something even richer in ethanol, and so on..

What we've just described with water and ethanol applies to many other substances, including the congeners mentioned in chapter 1. Some of them have higher vapor pressure than ethanol, and some lower. Some of them provide flavor to the spirits, and some create headaches. Repeated distillation increases the concentration of ethanol, but also alters the concentration of other substances in the mixture. The end result is more ethanol with less flavor and fewer hangovers.

Two basic approaches evolved to deal with this limitation. Spirits produced in bulk were distilled two, three, or even four times, and then either treated or matured (more on this later) before being consumed. This was fine for an ongoing commercial operation, because production from previous years was available while the fresh spirits aged.

On a smaller scale, and often for the production of medicines and tonics, the ethanol was repeatedly distilled to make it as pure as possible. At the same time, botanicals were steeped or distilled for their flavors and added to the purified spirits. These extracts were then blended with other substances to produce the exact flavor, color and palate desired. In general, these products required less maturation than their bulk cousins, but they often benefited from it, because some subtle flavors can't be produced in any other way.

These herbal tonics and medicines were often produced as a holy calling by monastic orders. The brothers had the combination of herbal, medicinal and process knowledge, the space to cultivate and protect the rare herbs, and the time to perform the difficult processes of extraction and purification.

To complete the discussion of concentrating ethanol by repeated distillation, we must consider azeotropism. By repeatedly boiling and condensing a mixture of water and ethanol, we get distillates that contain higher and higher proportions of ethanol. This works until the solution contains about 96% ethanol and 4% water. At this point, the proportions of ethanol and water molecules entering the vapor phase remain the same as the proportions in the solution, 96% and 4%. This is caused by the extra attraction of the molecules in solution, and defines the upper limit of concentration by distillation. Another result of azeotropism is that the boiling temperature of the 96% ethanol solution is lower than that of pure ethanol!

To obtain 100% pure ethanol (something only chemists and alternative fuel enthusiasts need), you have to "break the azeotrope", which requires adding a third substance to disrupt the molecular attraction between water and alcohol. Due to the principles of distillation, this substance will also appear in the mixture of vapors. The most effective breaker of the ethanol/water azeotrope is benzene, which is highly toxic

Fortunately, you don't need to bother. 96% is an excellent solvent for making extracts and essences, and if you're going to produce a 40% vodka, why take all the effort to remove the water only to put it back?

A graphical description for mixtures

A picture is truly worth a thousand words, and a few graphs can help create a clear understanding of what happens when mixtures are heated and condensed. These phenomena are the reason that distillation works, and understanding them is essential to designing any type of effective distillation

apparatus.

Let's start with a methanol/water mixture with X% methanol by volume. We've chosen methanol because its characteristics are similar to ethanol, but they're not complicated by azeotropism. (Methanol is not what you find in bottles marked 'methylated spirits'. That is ethanol, which has been made poisonous by adding small amounts of methanol and other noxious substances that cannot be removed by distillation).

This chart plots the boiling points of solutions of methanol and water as a function of the methanol content.

The top left dot shows that the boiling point of a solution containing X% methanol is TxºC. The vapor produced contains a higher percentage of methanol, because it has a higher vapor pressure than water (shown by the top right dot at TxºC) and this vapor will condense at TyºC.
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Fig. 2-3
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Subsequent vaporizations and condensations are plotted in this chart. As the concentration of the condensed liquid approaches 100% methanol, the boiling point 64.7ºC.

Fig. 2-4
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Joining up the dots produces two separate curves. The upper one is called the vapor line. Any point above it is vapor, and anything below the lower line, the dew line, is liquid.

Points lying in between the lines represent a dynamic mixture of liquid and vapor. As a droplet of liquid starts at the dew line and slides towards the vapor line to its right at a constant temperature, it gradually grows smaller as it transforms into a vapor. The liquid and vapor in such a situation are said to be in equilibrium, and charts like this one are called Equilibrium Charts.

Fig. 2-5

Plates

An area where vapor condenses, hangs around and then vaporizes again is called a plate. This name comes from the fact that commercial fractionating towers for oils and fuels contain trays or plates to hold liquids while the surrounding vapor is brought into intimate contact with them. Each of the horizontal lines in Fig. 2-5 can be considered a "plate". Of course, these "plates" are imaginary, and will move around depending on where you started on the curve.

The effect of Azeotropism
[image: image12.jpg]DegC  ETHANOL -WATER  begC
AZEOTROPE





The equilibrium chart for methanol/water solutions is quite simple. The case of ethanol/water solutions is more complicated, with a kink at the bottom of the curves. This kink is caused by the azeotrope formed by ethanol and water at about 96% ethanol. Vaporization of liquid at this concentration yields vapor with a the same composition as the liquid. If you vaporized a mixture stronger than 96% ethanol, the concentration of ethanol in the vapor would be less than that in the liquid and, once again, the system would settle at its azeotropic point.

Fig. 2-6

Distillation alone at atmospheric pressures cannot give a concentration of ethanol higher than 96%. Distillation under a vacuum will, but this requires special apparatus. Fortunately, 95% ethanol is more than sufficient for our needs.

Chemists have derived equations to calculate of the number of theoretical plates needed to achieve any desired degree of purity in a distillation. When these calculations are performed for ethanol and water, it turns out that 95% ethanol requires at least 12 plates under full reflux conditions (see the next chapter for a discussion of reflux). We won't trouble you with the calculations here, but we'll discuss them in detail in Chapter 8.

We've described what happens with a mixture of two substances in order to keep the graphs simple, but the same principles apply to mixtures of three or more substances. The key point is that the higher the vapor pressure of a substance, the easier it is for its molecules to move from the liquid to the vapor phase, and the greater its proportion in the vapor.

Cleaning and Polishing

We mentioned earlier that the 'tasty stuff' in flavored spirits such as rum or whiskey is derived from congeners present in the fermented mixture. Unfortunately, the congeners are not very pleasant when fresh - in fact, they can be downright horrible or even poisonous! These congeners include fusel alcohols (from the German "Fusel", or "bad alcohol"), oils and volatile esters. Some of these substances contribute nicely to flavor and bouquet, but most do not. Some of them are the major source of hangovers!

Carbon treatment of raw spirit can remove many congeners, both the pleasant and the unpleasant ones. Many brands of commercial spirits are filtered through charcoal, or stored in charred wooden barrels, often with the claim that this produces a better-tasting product.

Chemists have discovered quite a bit about the manufacture and use of activated carbon for adsorbing chemical contaminants, and we can use this to profitably. (Note the word adsorption, not absorption. Absorption is what sponges do when water is carried bodily in the holes inside the sponge. Adsorption is where individual molecules of a contaminant are held onto the inside surface of the porous carbon by electrostatic attraction or by loose chemical bonding).

Activated carbon products are carefully designed for their end use, and manufactured in a process which involves careful selection of ingredients, very high temperatures and gas or steam treatment. They work by physical adsorption of contaminants onto the enormous internal surface area of the carbon, typically 1,000 square meters (a quarter of an acre) per gram (hard to believe, but true!). Remember, it's a physical and not a chemical effect that makes them work.

It pays to be very careful in choosing the source and type of activated carbon you use to clean spirits. Aquarium carbon will not do! This is a cheap mixture of many sorts of charcoal that may remove some of the congeners from the spirit, but can also introduce nasty trace elements and flavors of its own. Fish don't mind, but you will! Properly made activated carbon is on the market now, specifically designed for the purpose of cleaning spirits - a process called polishing. More information about activated carbon is in Appendix 4.

Removing the contaminants is a rapid and effective method of dealing with congeners, but one that produces flavorless spirits. These spirits are usually then mixed with flavorings to produce a wide variety of beverages

Maturation

Just as wines generally benefit from storage and aging in wooden barrels, so do spirits, especially when we desire the flavor of the original fermented product, as in rum, whiskey and brandy. Wooden barrels allow small and controlled amounts of oxygen to reach the contents. This oxygen, along with substances extracted from the wood, allow many complex chemical reactions to occur. Acids, alcohols, tannins and other substances react together over time to produce a wide variety of new compounds. The long-chain alcohols present in the fusel alcohols are transformed to complex esters and other compounds that add flavor and are not as hard on the body.

These processes take time. The actual amount of time is partly a function of the size of the barrels used - larger barrels take longer, because there is less surface area per volume contained. This means it takes longer to extract enough compounds from the wood and for enough oxygen to get through the walls of the barrel.

This maturing process has nothing to do with some strange ability of congeners to 'seep' through the wood and disappear from their confinement. Some people in the past have seriously claimed that fusels can do this because they are 'slippery oils'! This misunderstanding highlights the need for caution when reading old manuals for the production of beverages - often the authors did not understand the nature of the processes they used.

CHAPTER 3

PUTTING THEORY INTO PRACTICE

In Chapter 2, we showed you how distillation works, and now we'll start to apply this knowledge. First, let's define some terms to make sure we are all speaking the same language.

Batch and Continuous Distillation

These terms don't require any special definition, because they mean exactly what their names imply. Continuous distillation is characteristic of large, commercial operations, whether oil refineries or gin distilleries. The process just go on and on as crude oil or fermented brew is fed into the input and a distilled product is continuously withdrawn from the output.

Batch distillation is characteristic of smaller scale production. Small quantities are dealt with one at a time, and this is the process that we will be discussing. Commercial whiskey production is an interesting mixture of the two methods: large quantities are processed, but in a manner reminiscent of small batch stills. There's a reason for this, and we'll come back to it later.

Reflux

Reflux is a term that is often used in a confused or incorrect manner. Reflux is nothing more than vapor that condenses inside the still and drips back toward the boiler. Refluxing is an important component of most distilling processes.
[image: image13.jpg]



Fig. 3-1 shows reflux occurring in a laboratory retort, about the simplest still imaginable.

Reflux and Product Ratios

The Reflux Ratio is the ratio of the vapor returned to the still as reflux to the total amount of vapor produced. The reflux ratio is often expressed as a percentage: if the boiler produces 100 parts of vapor and 90 parts of this are condensed and returned, then the reflux ratio is 90%. Operating under 100% reflux, or at a reflux ratio of 100%, means that all the vapor is condensed and returned to the still.

The ratio of the amount withdrawn as product to the total amount of vapor is the product ratio, or "draw down" of the system. It is sometimes confused with reflux ratio. A simple guide to keeping these terms straight is "Product goes out, Reflux goes back".

Distilling water

The simplest distillation you can perform is to heat up water and then condense the vapor. This results in a distillate that contains only water, and nothing else. It will contain no salts or any other nonvolatile dissolved substances. Many people distil water at home, using a variety of small commercially produced water distillers. Industrially, enormous plants produce millions of gallons of distillate from seawater for irrigation and drinking water

Textbooks often present the classical survival still as a way to survive in the desert by distilling contaminated water. Let's discuss this simple but very inefficient design, and see how it can be improved.

Fig. 3-2 is a diagram of the simple survival still. It is merely two sheets of transparent plastic, one held down at its edges by stones and stretched over a pit lined with the other. Stones are put in the middle of the sheet to create a low point, and a pot or other collecting vessel is placed under it. Contaminated water or moist material, like plants, is placed in the pit around the collecting vessel.
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The simple Survival Still

Fig. 3-2

Sunshine passes through the transparent sheet and warms up the stones and liquid in the bottom of the pit, causing the contaminated water to evaporate. This vapor condenses on the sheet and drips from the low point into the collecting vessel. A good yield might be a couple of mouthfuls of distilled water each day, which is not enough to keep you alive in a hot desert.

This is a very small yield, especially with the considerable energy pouring down from the sun in desert areas. What's wrong with the design?

Actually, the flaw in the design is quite simple. The large quantities of water evaporate, but the condenser is a sheet of plastic sitting in the hot sun! The only cooling available comes from the wind, which may or may not blow. No wonder very little finds its way into the collection vessel, and most of the hot vapor escapes.

One simple improvement, shown in Fig. Fig.3-3, is to separate the heating action from the cooling. One way of doing this is to place the stones at one side, rather than in the middle. Then shade the side with the stones. The condenser will still be warm, but a lot cooler than if it were in the direct sunlight, which is now confined to the heater side. The larger or darker the shaded part, the cooler it will be.
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The modified Survival Still

Fig.3-3

If you have some contaminated water to spare (use your imagination on where that might come from!), you can make it even more efficient by moistening a thin layer of soil sprinkled on top of the "condenser" area of the sheet. Evaporation of this water will help cool the condenser sheet and produce even more drinking water inside.

That's just one way of improving the survival still. There are many other ingenious ones, and you should spend some time thinking about how you could make it more efficient (try a metal plate lying between the plastic and the weighting stones above the cup). This time will be well spent, because it will firmly fix the principles of distillation in your mind. Even very simple systems may be improved if you understand the process that's taking place, and you're not afraid to experiment.
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Boilers
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Fig. 3-4

Every practical still needs a boiler, and all boilers have the same basic characteristics: a well-sealed container with a way of heating the contents and an outlet for the vapor. Successful boilers can be made from household pots and pans, domestic water heaters, and a wide variety of other devices.

The earliest stills were ordinary pots or cauldrons fitted with a snugly fitting lid called an Alembic. The alembic featured a spout that directed the vapor to one side so that it could be condensed and the product collected. This proved to be such an efficient design that it's still used today in many laboratories. A diagram of a modern laboratory retort was used earlier to illustrate reflux. The similarities between the old alembic shown here and the modern retort are obvious.

The size of the boiler doesn't matter much, except for the time needed to bring its contents to a boil, but control of the heat put into it does. We will discuss this in detail later. A well-insulated boiler is more efficient and easier to control.

Boilers generally fall into one of two groups: directly and indirectly heated. Direct heating

Direct heating features a hotplate or heating element in close proximity to or even inside the boiler. Three common modes of direct heating are the hotplate, the concealed element and the immersion element.

The Hotplate

A hotplate is an external device used for heating a pot or kettle. (We would include the burner on a kitchen stove in our definition of a hotplate). Hotplates may be fired by gas or electrically heated. There are a wide variety of hotplates available, and in general you get what you pay for.
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Fig. 3-5
The "Concealed" Element
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The concealed element is mounted within the bottom of the boiler, and is therefore "concealed" from view. The bottom of the boiler is often thick, functioning as a built-in heat diffuser. These elements are common in consumer electric devices, like coffeepots, teakettles and deep fryers, where they work very well. Since the element is not immersed in the liquid, it's relatively easy to incorporate circuitry to protect the element should the boiler run dry.

Fig. 3-6
The Immersion Element
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Fig. 3-7

An immersion element is mounted through the side of a boiler and is in direct contact with the liquid. Electric water heaters use immersion elements. If the element is larger than needed, it will require direct and sophisticated power control to avoid surge boiling. A thermostat in the boiler will NOT prove satisfactory. (Thermostats work in water heaters because they operate well below the boiling point).

Indirect Heating

An indirectly heated boiler is supplied with heat that is generated elsewhere, and then transferred to the boiler in a well-controlled manner. Frequently, the laws of physics control the temperature and the rate of heat transfer (for example, you cannot provide more than 100ºC with hot water. This prevents burning in cooking, and is particularly suitable for processing botanicals or thick mashes, which might be ruined by higher temperatures). The two main methods of indirect heating are jackets and coils.

The Bath or Jacket
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The boiler is held inside another container that holds heated liquid or steam. The arrangement can be two separate pots (like a double boiler), or a shroud or channel permanently mounted to the outside of the boiler. The jacket can be directly heated itself (again, like the common double boiler), or fed with hot liquid or steam from a separate boiler. Jacketed heating vessels are very common in industry.

Fig. 3-8 Indirect heating

[image: image21.jpg]Heat exchanger




A coil of tubing is mounted inside the boiler, in direct contact with the liquid. Hot liquid or steam flows through the coil, heating the boiler's contents. This arrangement requires a separate heat source, and is also common in industry. This is equivalent to an immersion element, but the rate of heat transfer and the highest temperature the boiler's contents are exposed to tend to be lower.

Fig. 3-9

Relationship between the Boiler and the Condenser

The boiler must not produce more vapor than the condenser can handle. In a still, all the heat that's produced must also be removed. Some will be lost if the system isn't insulated well, but let's assume that we have perfect insulation, and all the heat coming from the boiler has to be removed by the condenser. This means that we must know how to match the condenser's capacity to the power of the heater element.

Let's start by assuming that we have a 1 kW heater element (1000 watts).

If you look in Appendix 1, or in an engineering handbook, you will find that 1 Watt of Power will

deliver 0.2388 calories per second, 14.3 calories per minute, or 860 calories per hour.

Since 1 calorie raises the temperature of 1 gram of water 1ºC, 1 kW of heat will raise one liter of water 14.3ºC (25.7ºF) per minute. You now we have a good rule of thumb for connecting the power of the heater to the operating parameters of a "perfect" condenser:

1 kW of boiler power will raise the temperature of cooling water flowing at 1 liter per minute by

14ºC (26ºF)

As long as the cooling water is below the boiling point, the temperature doesn't matter. Cooling water entering at 20ºC will come out at 34ºC. If it enters at 100ºF, it will come out at 126ºF.

If you double the power of the heating element, you can double the flow of cooling water to keep the 14ºC temperature difference, or accept a temperature rise of 28ºC (50ºF). The choice is yours, and just a question of how you want to operate.

In practice, you should make a condenser a bit larger than needed for your heating element. If you build a small condenser, you should use a small heater element, but with a large, efficient condenser, you can consider a larger heater element.

This rule of thumb applies to a basic pot still, but more advanced still designs limit the types of condensers and the amount of heat you can use. The next section discusses these different types of and some of the choices you have to make in designing one.

The choice of boiler power also controls how fast you will be able to produce distillate. Let's examine these relationships.

It takes 540 calories of heat to convert 1 gram of water to vapor. This is the Latent Heat of Vaporization (LHV) of water. Each Watt of heat delivers 14.3 calories per minute, so a 1 kW heater will deliver 14,300 calories per minute or 860,000 calories per hour. Dividing these numbers by 540 calories per gram means that a 1 kW heater will produce about 1,600 grams of distilled water every hour, or about 30ml every minute, because pure water's density is 1.0 gram/ml.

The latent heat of vaporization of pure ethanol is 204 calories/gram, so the same 1kW heater will produce 860,000 / 204 = 4,216 grams of ethanol vapor per hour, or about 70 grams per minute. The density of ethanol is 0.791 gm/ml, which means it will produce 5.3 liters of ethanol per hour, or 89 ml every minute.

When distilling a solution of water and ethanol, you can expect to produce between 30 and 89 ml of distillate every minute with a 1 kW heater, depending on the mix you have in the boiler and how well your still concentrates the ethanol.

In the distillation of ethanol, we're not dealing with corrosive materials, we don't need intricate designs, and we don't need to see what is happening, so we can use materials like copper and brass.

The thermal resistance of the material used for a condenser is very important, but it doesn't tell the whole story. When a vapor condenses on a cool surface, it coats that surface with a thin film of liquid. Compare the thermal resistance of liquid ethanol and cork. As soon as ethanol condenses on a surface, it forms a layer of heat insulation that drastically reduces the efficiency of the condenser! It pays to ensure that the distillate runs off the cooling surface rapidly and is not held up in any way. Smooth surfaces are best because they don't hold up the condensate. In the same way, if you use fins or spines, they should be oriented in the direction that condensate will flow.

Turbulence

A vapor molecule will only give up its heat when it actually contacts a cool surface. A vapor molecule 3mm (Vg inch) away from the cooling surface sees no cooling effect. The normal motion of the vapor molecules will ensure that contact is made eventually, but increasing the vapor's motion will increase efficiency (just like blowing on a spoon of hot soup). Anything that increases turbulence in the vapor increases efficiency, and even a slight disturbance of the vapor flow is enough. Cooling vanes often have small twists and bumps for this purpose.

This principle applies to liquids as well as gases. The more turbulent the flow of coolant, the better the heat transfer. Static (unmoving) water is a reasonably good heat insulator, which is why a wetsuit can keep you comfortably warm while swimming in cold waters.

Flow Direction

Heat exchangers are usually far more efficient if the cooling liquid and the substance being cooled flow in opposite directions. The simple explanation for this is that it keeps a larger temperature difference over more of the heat transfer surface. Many models exist to describe this behavior, and the deeper you look, the more complex they get. Fluid thermodynamics is beyond the scope of this book, but you can do the simple experiment to see how it works in your condenser.

Types of Condenser

Flat Sheet

The survival still is a classic example of a flat sheet condenser. The plastic sheet has plenty of area, but makes a poor condenser because it is not well cooled and also has high thermal resistance. Placing one end in the shade improves the performance, and providing more cooling through evaporation makes it work even better. Placing a sheet of metal on top of the plastic above the collection cup boosts the efficiency tremendously, because metal has much lower thermal resistance than plastic and "wicks" the heat. These small modifications can make the difference between too little water and enough to keep you alive!

Liebig Condenser

The simple Liebig condenser is commonly used in laboratories and schools. It is just a straight tube that carries vapor through a cooling jacket of water. A length of plastic tubing surrounded by air is a Liebig condenser in principle, and you can't get simpler than that! Clearly, the longer the tube, the more cooling area, and the colder the water you pass through the jacket the better it is at condensing vapor. In principle, this condenser may be used "in reverse" by passing the coolant through the central tube and the vapor through the jacket, but its efficiency will be poor.

In use, the orientation of a condenser can have a large effect on its efficiency. As we all know, hot air rises and cool air sinks. Feeding hot vapor into the top of a condenser will be pushing it against its natural direction of movement, slowing it down and giving it more time to condense. If you feed hot vapor into the bottom of a condenser, it will tend to move rapidly to the top and require more cooling power. This is why diagrams of laboratory set-ups show the condenser sloping down at an angle, with the vapor entering at the top.
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Fig. 3-10

Graham Condenser

If you lengthen the central tube in a Liebig condenser and wind it into a spiral, you have created a Graham condenser. The moonshiner's "worm" in a barrel of water is a Graham condenser if you consider the barrel of water as a large water jacket. The Graham condenser must be used vertically. If it is set at an angle, liquid will settle in the bottom of each turn of the coil, and block the flow of vapor.
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Fig. 3-11

Vigreux Condenser

Hedgehog Condenser

The Vigreux condenser looks complicated but is just a Liebig condenser with its surface area increased by pushing indentations into the sides of the tube. Many variations on this theme exist. It's easily made in glass, but would be a nightmare to duplicate in metal.

The metal equivalent of a Vigreux condenser is the hedgehog, where surface area of a metal tube is increased by fitting it with fins or spines on the inside, the outside or both. This significantly increases the efficiency of a condenser.
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Fig. 3-12
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Fig. 3-13
Firebox or Shotgun condenser
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Fig. 3-14

Line a bunch of vapor tubes up side by side, and enclose them in one cooling jacket. This is called a Firebox or Shotgun condenser. The "Firebox" name comes from the fact that this same design was used in steam locomotives to generate steam. It is sometimes called a "Shotgun" because it features several parallel tubes, or "barrels".

The Cold Finger
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All the designs we've considered so far carry the vapor on one side of a sheet with coolant on the other side, or inside a tube surrounded by coolant. The Cold Finger condenser reverses that, and is a tube carrying coolant that is inserted into the vapor to be condensed. This is a simple and very useful condenser that can easily be dropped into the top of a column of vapor, and is also easily removed and cleaned.

Fig. 3-15
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You can increase the surface area of a Cold Finger by winding it into a coil, just like in the Graham condenser. This is the principle of a reflux coil. Like the Cold Finger, the reflux coil is usually inserted in the top of a column.

Fig. 3-16
The Gloved Cold Finger
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The Gloved Cold Finger combines both types of condensers into one, by placing a jacket or coil around the column of vapor and inserting a Cold Finger or Reflux Coil inside it. This is an extremely efficient design, because cooling is applied to the vapor from two directions.

Fig. 3-17

Types of Still

The Pot Still
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The Pot Still is the simplest possible still, consisting of a boiler (or evaporator) directly connected to a condenser.

The Survival Still and the laboratory retort both qualify as pot stills.

A more sophisticated pot still will have a boiler (usually electrically heated) with a tight-fitting lid and short tube to carry the vapor to a condenser. The alembic, with its very long spout, used air for cooling, but modern stills usually use water cooling. This simple, straightforward design makes the pot still attractive.

The disadvantages of a pot still are that the strength of the product can be fairly low, and it does not do a good job of separating out the congeners.

Fig, 03-18

Typically, a pot still will produce 35% ethanol from a 10% wash. Early in the run, the concentration is higher, starting at about 60%. The concentration drops steadily throughout the run as the ethanol is removed from the boiler. We discuss this effect thoroughly in Chapter 4.

You can discard the first part of a run, containing the most volatile congeners, (called heads), and stop the run when the less volatile ones (called tails), start to appear, but the middle portion of the distillate will still contain a fairly high proportion of them. These materials help produce the true flavor of whiskey, rum or brandy, but a more sophisticated still offers greater control over these trace components.

The traditional Whiskey Still
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You can increase the final concentration of ethanol by re-distilling, and this is exactly what is done in practice. Two or even three distillations are done before the product is ready for storage and maturation. This traditional process works well, but is time and labor intensive. Re-designing the still can save a considerable amount of both, by creating reflux.

Whiskey stills are large copper pots topped by lovingly crafted copper alembics. Each distillery has its own unique alembic design, perfected through years of trial and error. These designs are carefully maintained and duplicated, even down to all the dents and blemishes. In the complex environment of a still, very small changes can have very large effects.

Fig. 3-19

Tradition and beauty are not the only reasons for using copper. Several distilleries have tried substituting stainless steel for copper, with bad-tasting results. Changing some of the parts back to copper restored the proper taste. Both physics and chemistry are involved in the process.

The alembic domes are not insulated, and are deliberately left open to the air for cooling. Vapor condenses on the inside surface to form liquid reflux, and this in turn re-evaporates, with the result that vapor becomes stronger and the reflux weaker. This process, called "fractionating", can repeat itself many times in a good whiskey still.

After making its way to the top of the alembic, the vapor flows through a special tube called a Lyne arm or Swan's Neck to the condenser. The size and shape of the Swan's Neck help establish the rate of production and the amount of turbulence in the alembic dome, controlling the amount of reflux processing that occurs. The shape of the alembic, the height of the still, and the angle of the Swan's Neck all have a marked effect on the quality of the product.

Whiskey is usually distilled twice, sometimes three times. The first distillation is performed in a large Wash Still, heated directly by fire or steam. The entire fermented mash (including the grains) is boiled, producing a crude and fiery distillate known as low wines. Boiling the mash produces many of the compounds that define the flavor and character of a whiskey. The spent mash contains a lot of protein, and is usually fed to animals.

The low wines are processed in a smaller Spirit Still, which is the traditional whiskey still discussed above. Three distinct fractions are collected from the Spirit Still. The foreshots, containing the most volatile congeners, are the first material to appear. The main part of the distilling run produces primarily ethanol and water, while the feints appear last and contain the fusel alcohols and other low-volatility congeners. Small portions of the foreshots and feints are sometimes added to succeeding batches of low wines to balance the flavor. The spent lees remaining in the still are sent to the sewer.

The Fractionating Still

The Fractionating Still is a compact device for increasing the amount of condensation and evaporation of reflux. A fractionating still has a vertical tube called a "fractionating column", filled with packing material, between the boiler and the final product condenser.

It's important to note that the "fractionating column" is just a part of the whole still, just as the boiler is a part. If this "column" were empty and had no packing material, then it wouldn't be a "fractionating" column, but would simply be a tube carrying vapor from one place to another, like the Swan's Neck in a whiskey still. The addition of packing promotes the process of "fractionating" we saw happening on the copper dome of a whiskey still. A "fractionating column" is used in both the "fractionating still" which we're about to describe, and the "compound still" we describe later.

The packing material in the fractionating column needs to have as much surface area as possible, and at the same time have as much open area as possible so vapor and liquid can flow freely through it. Many different kinds have been developed over the years. We discuss packing at length in Chapter 8.

The vapor rising through the column condenses on the packing, heating it up. As more vapor enters the column and condenses, the heat released re-evaporates the more volatile components of the reflux, increasing the strength of the vapor in the column and

Fig. 3-20 weakening the condensed reflux. The new, stronger vapor has a

lower boiling point because of its higher volatile content, and will condense further up the column, starting the process over again. The depleted liquid has a higher boiling point, and will drip down the column until it finds a hotter region and evaporates again.

As this process repeats again and again, the most volatile components find their way to the top of the column, and the least volatile drip back into the boiler, and the temperature in the column is lowest at the top and highest at the bottom. The longer the column is, the more cycles of condensation and evaporation, and the better the separation of components.

[image: image32.jpg]



In a 1 meter (just over a yard) fractionating column filled with high-efficiency packing, hundreds or even thousands of condensation and re-evaporation cycles take place. This is equivalent to re-distilling dozens of times with a pot still. The net result is a product with a very high percentage of volatiles indeed, even up to 90%. The key limitation of a fractionating column is that the vapor flow must be slow enough for the fractionating process to work efficiently. In a fractionating still, the relationship between fractionating column capacity and boiler energy input is critical. These factors are discussed in detail in Chapter 8.

The Compound Still
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The Fractionating Still provides a rich product, but one that is a mixture of volatile components. It does a better job than the pot still, if it is not driven too hard. The best product is obtained at the slowest operation.

The Compound Still offers a way to obtain almost perfect separation of each volatile component, in order of increasing boiling points. A compound still has a "reflux" condenser on top of a fractionating column, which returns most or all of the condensate to the column.

This is a natural extension of the simple fractionating still, and the addition of an additional component to the top of a fractionating column is why we call it a "compound still". The process of condensation and re-evaporation from the packing is exactly the same - except at the top of the column. In the compound still, the rich vapor at the top is condensed and returned, rather than being removed. When this cooled reflux is re-evaporated in the topmost zone of the column, the vapor is enriched again. This vapor is then condensed, and returned for another cycle of purification. With each cycle the product gets closer and closer to the best separation possible.

Fig. 3-21

Over time, the most volatile component will find its way to the top of the column, and the less volatile components will work their way downward, establishing a state of equilibrium. The top zone of the column will have a constant temperature, equal to the boiling point of the most volatile component concentrated there, and it becomes a constant composition "reservoir zone". Below this zone, temperature increases as you move toward the boiler as the normal interchange between vapor and reflux condensing in the packing re-asserts itself. The net effect is to shorten the fractionating column as space is needed at the top for this "reservoir".

When you begin to remove some of the top condensate, rather than return it to the column, the equilibrium is disturbed. If you draw it off very slowly, the column can adjust and form a new equilibrium as the fractions lower down slowly move up the column. If you take it too quickly, equilibrium is lost and the whole device reverts to behaving like a simple fractionating still.

One way to think of this is as if the column is a high wire artist carrying a sack of potatoes. If you suddenly took a sack of potatoes from him, he would lose his balance. Take one potato at a time and you won't affect his equilibrium very much. Take potatoes at a steady rate and he will adjust to this steady routine, establishing a new equilibrium. A compound still works in precisely the same way. If a small proportion (say 10%) is removed, vapor further down the column moves up slowly, maintaining its equilibrium as it goes. If you get greedy, and take too much too quickly, the upward rush disturbs the equilibrium and contaminates the product.

The compound still introduces a major new factor to the distillation process: CONTROL.

The compound still enables you to take a mix of volatile liquids and to separate and collect the constituents one at a time in order of their volatility. The lightest fractions, such as ethyl acetate, are the first to be isolated, which means that you can remove them entirely. After the lightest fractions, you are then able to collect the purest ethanol achievable by distillation: the azeotropic mixture of 96% ethanol and 4% water.

The Coffey Still
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THE COFFEY "PATENT" STILL

Fig. 3-22

In 1831, Josef Coffey patented a still design that revolutionized the whiskey and spirits industries. The Coffey still, also known as the patent still, was the first continuous still to achieve commercial success.

The patent still combines two batch operations into one single process. The analyzer performs the function of the wash still. Steam is fed into the base of the analyzer and pre-heated wash into the top. They meet on a series of perforated plates, condensing the steam and boiling the wash. Alcohol and water vapors rise to the top of the column. The spent wash runs down and is removed at the base.

The rectifier takes the place of the spirit still. Vapor enters the base of the rectifier and rise through chambers containing a long coil that carries conveys wash to the analyzer. Vapor condenses on the coil, warming the wash, and a large amount of reflux is generated to interact with rising vapors. Many more cycles of reflux and evaporation take place than in the traditional still. Once started, it runs continuously.

Because the action of the rectifier extracts a lot of congeners, the distillate has less flavor and aroma than traditional whiskey, and requires less time to mature. Increasing the amount of rectification removes even more congeners, giving a flavorless product used to prepare vodka or gin.

Continuous Fractionating Still
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Fig. 3-23

The "recycling" principle at the top of a Compound Still applies all the way down inside a Continuous Fractionating Still. The Coffey still mentioned previously was an early move in this direction. Changing the rectifier section to a packed column with a reflux condenser on top creates the modern Continuous Fractionating Still used in many industries like oil refining and industrial alcohol production, better known as a "Fractionating Column".

In a long column at equilibrium, each fraction (component of a mix)will concentrate at a level corresponding to its boiling point. The temperature above this point is lower than this fraction can exist as a vapor, but the higher temperature below makes it difficult for that fraction to remain liquid. Picture it as a hot "fountain" of material that rises as far as it can as a mixture of liquid and vapor. The top of this "fountain" is behaving in the same way as the "reservoir" we made at the top of a compound still by putting a reflux condenser on top, and the constantly re-circulating material at the top of the "fountain" becomes very rich in the component that has reached the limit of how far up it can go. The column of a continuous still has many such "fountains" inside it, each representing a particular fraction. Of course, as these are not individual "fountains", but are mixed up together, none of these fractions are completely pure, because more volatile compounds are passing through on their way to the top. However, by extracting fractions at the top of their individual "fountains", we can ensure that we have the richest concentration possible.

Feeding the raw material into the middle of the column improves the quality of the separation. The upper half of the column deals only with the lightest and most volatile materials, while the lower half deals only with the heaviest and least volatile. The lighter materials do not have to pass through zones of all the heavier ones, and purer fractions are collected.

These regions are usually named for the principle component extracted there, eg. propanol, naphtha, etc. Industrial production is usually more interested in quantity than absolute purity, so the slight contamination of the fractions is not a problem. When completely pure compounds are needed, smaller quantities may be purified in other equipment.

If you are thinking that this might be a good way of running a small still, please remember the word we underlined at the beginning: "LONG". There just isn't the room inside a small, 1 meter long column to set up the dynamic equilibrium described above. A commercial column can be as high as a 20 floor building! The best we can do is use a small compound still and draw off the fractions one at a time from the top. Mind you, this is not really a disadvantage, for it's the fraction that reaches the top that is really pure!

CHAPTER 4

EQUIPMENT DESIGN

In this chapter we discuss the design and manufacture of stills.

Please remember the warning we gave at the beginning of the book:

Distillation of alcohol is illegal in some countries, and stills intended for use in processing of alcohol should neither be imported nor made in those countries. Furthermore, in some countries, even a still intended for purifying water or some other chemical compound must be registered if it exceeds a certain size. It is extremely important that you make yourself familiar with the laws of your area, and follow them! The consequences can be dire.

Materials

One of the easiest materials to obtain and use is copper. Copper plumbing tubing is readily available in most places in a variety of diameters and gauges, in almost any length you need. It's an easy metal to work, and parts may be easily joined with solder at low temperatures. Hardware stores stock many different types of connectors, allowing almost any kind of junction to be made. Copper is a very good heat conductor and since small gauge tubing is fairly easily formed into coils, it is the material of choice for making condensers.

More experienced metalworkers may want to use brass, at least for columns, flanges and other small components. Brass, like copper is easily worked and soldered. The advantages of brass include the facts that it's more resistant to knocks and dents and it is excellent for silver soldering, which is much stronger than the more common plumbing solder. Brass has five times the thermal resistivity of copper, making it a good choice for a column that needs to be insulated against heat loss. Also, it's beautiful when polished and doesn't tarnish as readily as copper.

Stainless steel is perfect for boilers and columns because it is very resistant to corrosion and has high thermal resistivity. On the other hand, it is notoriously difficult to machine, difficult to solder, and requires specialized welding techniques. It can be brazed and silver soldered, and off-the-shelf clamps that require no soldering or welding may be used (once the clamps are attached to the tubing and equipment, of course!)

If you want to make specialized parts, you will need appropriate workshop facilities and experience. This makes copper, with its ease of working and wide variety of ready-made parts, the starting material for most hobbyists.

Many people consider glass, because it is often used in laboratories, and for its aesthetic appeal. Borosilicate glass (Pyrex®) has excellent tolerance to corrosive materials, which is why it is used in laboratories. It has extremely low thermal conductivity and this makes it ideal for columns, but not at all good for condensers. If you do decide to use glass then you will need to find a good glassblower since it takes great skill to make anything in this material, or confine yourself to ready-made parts you can buy off the shelf.. You should also bear in mind that connecting a glass column to the boiler or to a head unit requires special clamps and relatively complicated seals ... and a great deal of care! Glass is very fragile and easily broken. To be practical, glass should only be considered if you're dealing with small items, like a botanicals still, or if you can't achieve the results you want by using metal parts. In the end, it all comes down to a matter of personal preference.

Plastics should usually be avoided because many of them contain materials that can be leached out by hot vapors, and particularly by ethanol vapor. Some food grade plastics retain their strength at high temperatures and don't introduce unpleasant flavors and smells, but test them carefully to make sure that they will withstand the conditions of distillation.

If you can't find of any of these materials, there's nothing wrong with using the old plumber's trick of winding a bit of frayed string around threads to ensure a good seal, or of making simple gaskets for flat-faced flanges out of a few sheets of ordinary paper. It is a nuisance to have to replace these simple gaskets whenever you take the joints apart, but they are effective. The only time you will encounter difficulties using these simple methods is if you try to make large gaskets to seal, for example, a lid on a big pot. Here, the old moonshiners's technique was to use a flour-water paste to make seals, and this worked very well, though they could be difficult to clean up after baking in place.

Types of seal
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Fig. 4-1

The illustration here shows the three main types of seal you might use.

Flanges
[image: image37.jpg]



Fig. 4-2

Flanges are very useful devices for connecting two items together and are easily made if they're not readily available at your local store. A flange connection is simply a pair of flat plates attached to the two items to be joined together. The plates can be screwed or clamped to each other, with a seal of some sort between them. Flanges are sometimes a better choice than screw-in fittings because they offer great mechanical strength and can be sealed very easily. Flanges may be round or square. Round flanges are the most common type, and may be connected by either bolts or clamps. Square flanges are easily made, and are an ideal means of connecting small tubes together because the screw-in fastenings sit nicely in each corner of the square well away from the round tube. You may use flat gaskets for seals (like in a car engine) or can use O-rings, preferably sitting in matching grooves cut into each flange (you'll need a lathe to do this effectively).

We show you how to make flanges in Chapter 7.

Boilers

It's easy to worry too much about building or acquiring a boiler. There is an incredible variety of materials, designs and heating methods to choose from, but in the end, all we really want to do is gently boil some liquid and contain its vapors. Amateur distillers frequently use boilers in the range of 4 to 50 liters (1 to 12 US gallons). You should choose your size by carefully considering how much you intend to ferment, and how often you plan to run your still. It is easy and common to build something much larger than you really need or want.

You can build a boiler from a wide variety of containers, so long as they are sturdy, can be tightly sealed, and either set on a hotplate or fitted with an immersion element, jacket or coil. People have used pots and pans, stainless steel milk cans, commercial beer kegs, and even a vacuum cleaner! In general, stainless steel is an ideal material for a boiler, but any material can be used that will stand up to the temperatures and conditions of distilling without leaching any flavors or odors into the liquid or vapor. Use your imagination, but always remember that the boiler must be capable of safely holding boiling liquid for long periods of time.

Most of the vessels you adapt for a boiler will require some modification so you can attach a condenser or a column. The most common practice is to weld or solder a connecting device to the lid. Common connectors include threaded joints, plumbing unions, flanges, and slip fittings. Many people fasten the column or condenser directly to the lid, but this reduces future flexibility in how the still will be used.

Pot on a hotplate

We mentioned several types of boiler in chapter 3, but a simple pot on a hotplate is by far the most common in amateur distilling. The pot on a hotplate approach can range from a standard kitchen pot or pressure cooker on a kitchen stove up to large pots (eg a 55 gallon drum) set on an industrial cooker. This design can also be used to provide semi-indirect heat by placing the actual boiler inside a larger pot, filling the space between the pots with a heat-transfer liquid (Water, salt water, glycerin and propylene glycol are all popular choices), and heating the outer pot with the hotplate.

Cheap hotplates are usually controlled by thermostats, which can result in uneven, or surge, boiling. You can overcome this by using a heat diffuser. A thick cast-iron skillet, or a sheet of steel about 1cm (1/2 inch) thick should be fine. The metal plate acts as a heat reservoir to smooth out temperature swings. Should hot spots persist, adding a wire screen between the metal plate and the pot introduces a thin layer of air that will further smooth out the distribution of heat. Wire mesh is often used in laboratories to spread the heat from a flame, and the combination of metal plate and trapped air is used in good kitchen pots whose thick bottoms have concentric grooves machined in them.

Sand beds are another simple and effective way of controlling heat flow, and are often used in laboratories. They are used to provide physical support and close contact with objects that are not flat, like round-bottomed flasks. Just fill a flat-bottomed, shallow metal container with 2 to 4 cm (1 to 2 inches) of fine, dry sand, and sit the boiler into it. CAUTION! The sand will get extremely hot, and can cause nasty burns in an instant.

A hotplate with a heat spreader is the simplest and least expensive way of heating a boiler in a controlled manner.

Standard cooking pots will work well, but often require some extra work to make a vapor-tight seal, as described earlier in this chapter. Pressure cookers are often used, especially for simple pot stills, because they come with both a tightly sealing lid and a vapor outlet (the nozzle that the pressure control dingus sits on).

Used stainless steel milk cans and beer kegs are often available, and can be an attractive choice because they are very rugged and well sealed. Milk cans have a tightly fitting, removable lid about 18cm (7 inches) in diameter. Beer kegs have a much smaller opening, and this makes filling, emptying and cleaning more difficult.

Slightly Modified Consumer Goods

Another simple approach is to find and modify a piece of equipment that already exists. A wide variety of electric soup kettles, deep fryers and coffee urns are available, and most of them have heat capacities in the correct range. Probably the easiest item to modify for a boiler is the 14-20 liter (60-80cup) coffee urn. This usually has two concealed heating elements, one for quick heat up and the other for keeping the coffee hot. All you need to do is remove the percolator basket, improve the sealing of the lid, and replace the thermostat with a switch. The lid usually has an opening in the center that you can easily modify to attach the condenser or column.

Immersion element boilers

An immersion-type element is usually mounted through the side of a boiler and is in direct contact with the liquid. Immersion elements are available in a wide variety of shapes, sizes and power capabilities. Usually, these elements are designed to bolt to a flange or screw into a special fitting. You can purchase the appropriate fitting and have it welded or brazed onto almost any style of pot. Another type of fitting (the bulkhead fitting) is designed for mounting devices through sheets of metal, and if you have (or can create) a flat surface on your vessel, you can easily mount one of these.

Another route to an immersion boiler is to modify a small electric water heater. These "point of use" water heaters are readily available in sizes ranging from 20 to 60 liters (5 to 15 US gallons), with heating elements usually in the 1000 - 2000 watt range. They are well insulated, and have convenient and well-labeled inlet and outlet connections. The outlet will be on the top, and will become the exit path for vapor. The "inlet" may be on the top or the side of the cylinder. It is very important to differentiate between the "inlet" and "outlet" fittings, because the inlet is often connected to a tube inside the unit that delivers cold water to the bottom of the tank. It is therefore always immersed in liquid, and cannot deliver any vapor! The inlet needs to have a valve or cap attached that remains closed except when filling or draining the unit.

Water heaters have built-in thermostats that prevent them from boiling. Since you want the contents to boil, you must remove this thermostat from the circuit. Some water heaters have a sacrificial anode of magnesium or magnesium alloy, which should be removed if possible. If you are not completely sure of your skills as a plumber or an electrician, get someone to do the work for you! Many home brewers have found that a few bottles of their product can be traded for a lot of work on equipment.

Indirectly heated boilers

There are many advantages to an indirectly heated boiler, but other than the "pot in a pot" technique, they are difficult and expensive to build. You might be able to find a jacketed cooking vessel at a used restaurant supply store, and that would be the best way to create a true indirect heating system. Vessels with heating coils are generally too large to consider for a small-scale boiler.

This method is used extensively in industry, because a single boiler can heat many pieces of equipment. Industrial applications usually use steam as the heat transfer medium, because it is very efficient. Steam can be heated to very high temperatures and its own pressure will move it around the system, while hot water systems require a separate pump.

Whatever the advantages, steam heating should NEVER be attempted by the amateur! STEAM IS DANGEROUS. Because of the dangers of steam, pressurized boilers require licensing and regular inspections, and still manage to explode and kill people on a regular basis.

If you want to try this technique - and it can offer significant safety advantages if you are heating with a flame - then use hot water for the heat transfer medium. NEVER operate a pressurized system.

Boilers - Summary

All of these methods of heating are suitable, and each has advantages and disadvantages, so none of them can be declared the winner. Choose your design based upon your own unique situation.

You can make a boiler yourself (paying due attention to grounding and electrical safety, or to fire and ventilation if using open flame heating) or you may choose to buy a boiler ready-made. Small electrical water heaters are a good option because they're compact, sturdily made, and are usually well heat insulated (which saves on your electricity bill). Using a water heater for a boiler is described in more detail later, in the section on Pot Stills.

Boiler control

Directly heated boilers can suffer from the phenomenon of surge boiling. The more advanced fractionating and compound stills require a well-regulated and moderate heat input to operate correctly. Whatever type of boiler you have, and whatever kind of still you use it in, you do need to think about controlling the boiler.

1 kW of power will vaporize 1.6 kg of water each hour at its boiling point. That same kilowatt will vaporize 4.2 kg an hour of pure ethanol, and a mixture of water and ethanol will vaporize at a rate in between the pure products. Since fermented mixtures contain at most 20% ethanol, the quantity of liquid converted to vapor will be close to that of water, even though it boils at a temperature below 100º C. If you are re-distilling a product high in ethanol content, the rate of vaporization will be much higher.

Despite this considerable difference in weight, the volume of vapor produced each hour will be the same no matter what the proportions of the mix may be (chapter 2). For mixtures that are primarily water and ethanol, 45 liters of vapor are produced every minute per kilowatt of heat applied. A 25-50mm (1-2inch) diameter tube can easily handle several times this amount of vapor.

When you place packing in a column, as required by both fractionating and compound stills, the vapor path is restricted, and you have to start thinking about boiler control. Experience shows that a loosely packed 50 mm diameter column performs well with a 1 kW boiler, but is operating close to the limits of its reflux capability. 36mm (1.5 inch) is also a common column size, which reduces the power requirement to 750 Watts.

The most common control problem is how to heat a boiler full of liquid up to its boiling point rapidly, then scale back to the proper controlled simmer. A 750 Watt element would take several hours to heat up 20 liters of liquid.

The simplest method is to fit two heater elements in the boiler, one rated at 750 or 1000 watts for the voltage you'll be using and the other of any size you need to help heat up quickly. Control then simply becomes a matter of switching the larger element off when the pot begins to boil. Be careful not to exceed the capacity of the supply circuit, though, or you'll blow a fuse. You might have to use two separate circuits for the two elements.

It is possible to provide further control by changing the way in which the heater elements are wired together, and this can give you up to 4 discreet power levels. Full details of how to do this are in Chapter 7.

It is also possible to alter the output of an element by lowering the voltage. Specifically, running a 240v element on 120v will reduce its power to a quarter of its rated value. A 4000W 240v element will provide 1000W of heat running at 120v. We do not recommend this method, because it could create confusion about what devices may safely be plugged in to which receptacles.

120v power, common only in North America, is not designed for heavy power draws. The standard 120v household receptacle is rated for 15 amperes, and the largest heating element that can be legally connected to a 120v circuit is 1500W.

Variable Control

The methods we have just discussed allow power to be changed between a few pre-selected values. For most small stills, this will be more than satisfactory, and is inexpensive. If you intend to process a wide variety of different materials, or have batch sizes that vary a great deal, you might need fully variable control, which allows you to continuously adjust the amount of heat produced.

Most hotplates and electric stoves, have a good power control built in. This makes boiler control easy, especially if you are using a heat diffuser.

The Graham Condenser
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Twist a small central tube into a coil, and you have made a Graham condenser, which is more efficient than the Liebig, but also more difficult to make. The Graham condenser must be held vertically with the vapor flowing downwards, so the condensed liquid will not collect in the coils and impede vapor flow. We believe that a finned Liebig is at least as efficient as a Graham condenser.

You can make a Graham condenser by the same simple method used for the Liebig if you leave the ends of the coil straight and pass them through corks at each end of the cooling tube.

Fig. 4-4
The "Firebox" Condenser
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This design is useful when you have limited space, especially when the vapor is going up the tubes and the distillate coming down - the situation with a condenser on top of a column. A limitation of this design is that the tubes have to be at least 7mm (¼ inch) internal diameter or you may experience choking, where the surface tension of the distillate causes the liquid to block the tubes. This is the same effect that causes liquid to remain in the bottom portion of a drinking straw.

Although construction of either variation is quite straightforward, you need to be very accurate when drilling all the holes in the end plates that hold the tubes in place. This is not recommended for your first project!

Figure 4-5

The Cold Finger
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Fig. 4-6

This design is very easy to make, and useful when you want to insert a condenser in the top of an open tube. Its efficiency is poor due to the limited surface area, but may be improved by confining the vapor with a shroud keeping it close to the cold surface. It is most useful for small amounts of vapor, as in the processing of botanicals.

This design is simply made by sealing off the bottom of the outer tube (which is the "Cold Finger") and then inserting a long, open tube through the middle of a cork. A second short tube through the cork completes the water path. If you use a Cold Finger for a reflux condenser on top of a column, You can increase the efficiency by winding a copper tube around the shroud and soldering it in place. This is the "Gloved Cold Finger" mentioned in Chapter 3. This additional tube can be connected in series with the Cold Finger so the same water connection feeds both. If you do this, let the water flow through the Cold Finger first and then through the outside coil. This creates the greatest temperature difference at the part with the smallest surface area - the central Cold finger.

The Reflux Coil
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Many people prefer to make this type of coil condenser to condense vapor at the top of a column because it is simple to make, despite its complicated appearance. Since it is most often used to condense reflux, it is simply called a Reflux Coil.

Soft copper tubing 5mm (3/16 inch) to 6.5mm (¼ inch) in diameter is the best material to use. This size tubing is widely sold in coils for use in hydraulic lines, refrigeration and some plumbing applications. The smaller diameter tubing is better, because it is easier to bend and less likely to flatten, but the larger size can be used if you're careful.

Fig. 4-7

You need a hollow former to make a reflux condenser. This could be a short length of pipe with an outside diameter matching the inside diameter of the coil you want to wind. Even with 5mm (3/16 inch) tubing, don't attempt to wind a coil smaller than 36mm (1½ inches) inside diameter, because the tubing will start to flatten out. You can calculate how much copper tubing you need, but as an example, 4¼ meters (14 feet) of 5mm (3/16 inch) tubing on a 36 mm (1 ½ inch) former will make 27 turns, leaving 150 mm (6 inches) free at each end for the connections at the top. The length of the coiled part is just over 250 mm (10 inches), and it will fit neatly into a 50 mm (2 inch) diameter column.

Start by threading the tubing through the middle of the former, leaving about 150 mm (6 inches) sticking out. This will be where the water hose is attached. Then, carefully form a looping bend and start winding the rest of the tubing around the former, back toward the end left sticking out. If you manage to keep all the coils close together, you should end up with about the same amount left over.

After removing the former, carefully stretch the coil out a little bit. You'll find that the coils will then be spaced apart by up to the diameter of the coil tubing. Finally, bend the two feed pipes at right angles to the coil (being careful not to kink the tubing) and you'll have a convenient "hanger" to hold the coil in place when you insert it into the top of the column. With a close fitting shroud, this condenser can easily handle up to 2 kW. The closeness of the shroud encourages vapor to flow between the coils rather than past them. Loosely packing metal scrubber material around the top of the reflux coil will encourage intimate contact between the vapor and the condenser coils (this trick also works with a Cold finger).

Condensers - Summary

We have discussed the designs that we've found most useful for small scale distilling. You may think of others, and we encourage you to do so, because innovation and experimentation are the most enjoyable parts of this hobby. Throughout history, thousands of people have worked to design a better mousetrap. You can join this happy band of inventors and design a better condenser!

As you design your equipment, you may even start with the old moonshiner's coiled tube (or "worm") in a barrel of water - essentially, a Graham condenser with a very large shroud. It is efficient, and is used to this day in many commercial whiskey distilleries.

Designing and building stills

The Simplest Still Wok
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Perhaps the simplest still you can build is the "Wok-in-Pot" device. This incredibly simple still is actually quite efficient, and may be assembled or dismantled in seconds. To assemble one, place a trivet in the bottom of a large pot, and then partially fill the pot with the liquid to be distilled. Put a smaller container on the trivet in the center of the pot, then place a wok on top of the pot and fill it with ice. When the liquid in the large pot vaporizes, it condenses on the cold wok, runs down to the bottom and drips into the smaller container. The disadvantage of this design is that you have to open it to collect the distillate, and you cannot see how it is working. It can process quite a bit of material in a series of short, small batches.

Fig. 4-8
The Pot Still
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The pot still is also a very simple device, consisting of a boiler, a condenser, and a connecting tube. Many successful pot stills have been made from everyday kitchen pots and pans. Pressure cookers are a common choice because they are sturdy, and can also provide steam for processing botanicals by steam distillation.

A common pressure cooker is more than ample for producing steam for botanicals, but rather small for producing spirits from a batch of fermented brew. Amateur distillers frequently use boilers in the range of 4 to 50 liters (1 to 12 US gallons). You should choose your size by carefully considering how much you intend to ferment, and how often you plan to run your still. It is easy and common to build something much larger than you really need or want.

Fig. 4-9

Once the boiler is built, you need to connect a short tube to the top to carry the vapor to the condenser. This is usually easy with a pressure cooker, because most of them have a nozzle on top for the pressure regulator. A short length of polyethylene tubing can connect this nozzle to a similar diameter metal tube (keeping plastic parts to a minimum). This metal tube is then connected in a similar way to a simple condenser like a Liebig. If you have a modified water heater, then the tube can be screwed directly into the outlet fitting. If you have custom-built a boiler, you will have to choose how to fit the tube to the pot, and many methods are detailed throughout this book.

The pot still is an attractive option for beginners because of its simplicity, and the speed of obtaining results. Much of the equipment you make or acquire to build a pot still will be useful later on, when making more advanced fractionating or compound stills. The boilers are exactly the same, but you need to add external heater control to use the more sophisticated designs.

Warning! An unmodified pressure cooker is really NOT suitable for fractionating or compound stills, because of the tiny nozzle. If you want to use one, you should replace the nozzle with a larger fitting, which usually ruins it as a pressure cooker!

The Fractionating Still
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Making a boiler for a fractionating still is exactly the same as for a pot still. However, the size and control of the heating element becomes very important. A fractionating column works because vapor repeatedly condenses and re-evaporates on the packing, constantly increasing the percentage of volatile compounds. The faster hot vapor flows into the bottom of a reflux column, the more difficult it is for reflux to condense, and the column loses efficiency. In the extreme case, you end up with a column full of hot, fast moving vapor and no reflux - a pot still.

There is considerable leeway in the operation of a fractionating column, but remember that the more slowly the vapor rises up the column, the more efficient the fractionating process will be. We have found that it works best to limit the heater element to no more than 1 kW for a 50mm (2 inch) column.

Fig. 4-10

A fractionating still is only a little more difficult to make than a pot still. In fact, the only difference is the use of a packed column instead of an open tube between the boiler and the condenser. In countries where amateur distilling is legal, many manufacturers offer "reflux" stills. Should you choose to buy one, first make absolutely sure that it really is a fractionating still. Many of them do not have adequate surface area in the column to enable efficient fractionation, either because the column is too short, or because the packing is inadequate, or both. They are really just pot stills, and the advertising is a case of mutton dressed as lamb.

Making the fractionating column

In Chapter 3, we showed that reflux is the key to effective separation of the components of a mixture by distillation. The composition of the vapor gradually changes as it rises up a reflux column, becoming richer and richer in the most volatile components until, at the top, the vapor is very rich in the most volatile components. You can increase this separation by lengthening the column, but you will quickly reach the point of diminishing returns, because the increase in concentration grows smaller with each cycle of condensation and evaporation. The vapor and dew lines get closer and closer together toward the bottom of the curves.

A very good amateur column can be made from 1 meter (39 inches) of 50mm (2 inch) tubing. Increasing the length of the column will increase its fractionating efficiency, but increasing the diameter runs the risk of the liquid channeling as it works its way downward. Experiments have shown that the greater the diameter of the column, the more likely it will be that the reflux will establish "preferred paths" and run down quickly instead of slowly dripping from level to level. If that happens, the purpose of the column is defeated and the still is once again just a pot still.

Large industrial columns use physical spreader trays to hold and distribute the liquid in the column, and it seems reasonable that a similar technique would work on a smaller scale. However, we've never found any reason to explore that because a 5 cm (2 inch) column is simple to pack and provides more than enough output. Please feel free to do a bit of research!

The column should be loosely packed with packing material, leaving a gap of around 6 inches at the top and 2 inches at the bottom. These gaps allow you to insert a thermometer and other items you might want later. As we have said before, packing with marbles is a waste of time and effort. Chapter 8 tells why in detail. Commercial packing material, like Raschig rings will do very well, but with a packing made of small pieces you need a way to retain them in the column. Wire screening pushed into the end of the tube is a simple answer. Just make sure that the wire is not so fine that it impedes vapor flow. We prefer to use metal scrubber material for all the packing. It provides the best surface/volume ratio and holds itself in place in the tubing. It also gives you the choice of using copper as both packing material and chemical catalyst (again, see Chapter 8 for details).

You can use whatever means of connection best suits you at either end of the column. If you use a commercial water heater as a boiler then a simple threaded adapter will probably be best to connect the bottom of the column to the boiler. Don't worry about the small diameter of the coupling. For the rate at which you'll be operating, a 13 mm (1/2 inch) opening is quite capable of delivering all the vapor produced.

A tube leads from the top of the column to the condenser. The condenser can be as simple or as complicated as you like, but an ordinary straight Liebig condenser will do just fine. We suggest building one about 60 cm (2 feet) long, because the extra surface area will allow good cooling with low water flow. A tee junction should be on top of the column, so that a thermometer can be inserted. A simple cork will do a fine job of holding the thermometer in place, or you may wish to use a metal compression fitting as described in Chapter 7.

Finally, resist the temptation to put "cooling tubes" through the middle of the column. Those that advocate them believe that this increases the amount of reflux and so increases the efficiency of the "reflux" column. In Chapter 8 we will show that all these cooling tubes do is interrupt the thermal gradient in the column and consequently reduce the overall efficiency. The only place that induced reflux may be used profitably is at the top of the column, and this is the key feature of a compound still.

The Compound Still
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Fig. 4-11

The compound still allows you to increase the number of cycles as much as you want without lengthening the column. Placing a condenser on the top of the fractionating column and refluxing all the condensate creates a closed loop, with the reflux condensing and re-evaporating continuously in the upper section of the column. The last little bit of separation, which is the hardest to achieve, takes place in this re-circulation zone. The distillation process can now produce the most volatile component of a mixture, pure and without contamination!

Construction and operation of a compound still require a clear understanding of the processes occurring in the fractionating column. At a reflux ratio of 100%, the flow of vaporized material going upwards is matched by an equal flow of reflux flowing downwards. As the most volatile component builds up at the top of the column, the less volatile ones migrate downward to areas of higher temperature, and the least volatile ones constantly drip back into the boiler. Molecules of the most volatile component are constantly moving into and out of the reservoir zone at the top, but less volatile components cannot make it to the top. This is the state of equilibrium, or dynamic balance.

When you begin to withdraw product from the top of the column, it is replaced by material from lower in the column. If the product is removed slowly enough, the equilibrium can maintain itself, and the size of the reservoir zone remains the same as long as more of the product is entering the column from the boiler. If you remove product too rapidly, the impure material will move up the column faster than the column can purify it, and the reservoir zone will shrink and become contaminated.
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The simplest way of sampling the liquid is to offset the condenser, with an elbow. The vapor flows upward through the elbow, and the reflux runs back down it past a sampling point. There are two ways to construct the sampling point, and both are shown in the diagram. In one, a tube is set into the bottom of the delivery/return elbow, and all the reflux from the condenser flows over the opening of the sampling tube. The other provides a separate return path for the reflux and samples from that. Both methods work well and the choice is entirely up to you. With either method, the reflux returned to the column has to drip onto the packing, rather than trickle quickly down the walls, so the re-entry point for reflux must be designed with care.

"Sideswipe" connection
"Bypass" connection
Fig. 4-12 Offset liquid management techniques)
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Fig. 4-13

A more sophisticated method is to dispense with bypass tubes, as shown in this diagram. Vapor flows through the holes in the central tube and is condensed. Reflux is prevented from passing back down the central tube by the top cap and collects in a small reservoir. The lowest holes in the central tube control the maximum depth of liquid in the reservoir. Product is removed from this reservoir by a sampling tube equipped with a valve to control the rate of flow.

There are many ways to sample the liquid reflux from the condenser and control the extraction rate, but these two are the most widely used. You may be able to think up other, smarter ways of doing it, and we would encourage you to do so. The biggest problems you will have to solve are the accurate control of very low flow rates of liquid reflux, and the return of reflux to the center of the column.

Unfortunately, all these liquid management methods share the disadvantage that if the vapor delivery rate changes, the reflux ratio changes, because the valve controls only the amount of material removed. This is not usually a major problem with a well-controlled boiler, but can cause difficulty should the composition of the vapor change, as it does towards the end of a run. The temperature of the product can also be quite high, and since hot, concentrated ethanol has many similarities to hot gasoline, you should treat it with caution! All of these difficulties: the delivery rate, the composition, and with the temperature of the product, are neatly overcome by the other two types of still head.

Cooling management
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If you reduce the amount of cooling water fed to a reflux condenser, at some point it can't condense all the vapor, and some will begin to flow past the condenser. If you do this by design, then the vapor getting past the reflux condenser can be condensed by a second condenser and collected as product.

Consider the operation of the unit in diagram 4-14. Initially, tap A is wide open and tap B fully closed. All the cooling water flows through the reflux condenser, and 100% reflux occurs. After the column has achieved equilibrium, tap B is gradually opened. As more water flows through tap B, less water flows through the reflux condenser, and vapor begins to pass by without being condensed and returned to the column as reflux. This vapor reaches the product condenser, where it is condensed as product (at whatever temperature you choose!)

Fig. 4-14

We've found that turning just tap B offers more than enough control to reduce the reflux ratio to around 90%, but different stills may have different characteristics. The advantage of having two taps is that control of the water flowing through condenser 1 can be reduced still further after tap B is wide open. Closing tap A fully when tap B is wide open results in zero reflux, converting the system to a fractionating still or, if the heat input is increased, to a pot still.

This option requires constant pressure cooling water if the reflux ratio is to be kept constant for any tap setting. You can get this by using a small water pressure regulator or by making a small header tank. Also, the piping for the cooling water has to be laid out carefully to prevent airlocks from forming.

Conclusion

By examining: how fermentation works, then

how distillation works, and finally

how each component of a practical still works,

we've arrived at conceptual designs for a variety of systems, with confidence that they will operate efficiently and reliably.

Every part is there for a purpose, and we can say exactly why it's there. When you read Chapter 8, you will have an in-depth knowledge of how it all works and will be able to use that knowledge to develop your own designs and improvements.

We believe that HOW is the most important aspect of any hobby or pastime, and that there isn't anything that can't be improved through understanding and a little ingenuity. Above all, trying out your own ideas is FUN!

CHAPTER 5

OPERATING PROCEDURES

General principles

Before starting any job, it pays to think about what you want to do, and whether you can do it with the tools and materials you have. It would be nice to be able to duplicate any commercially produced beverage at will, but is it realistic? Unfortunately, the answer is no, because many factors are involved in creating the specific flavors in a product. However, you can duplicate many, and come close to many more. In this chapter we discuss how to operate the three types of still to produce different types of beverages.

A fermented product is a very complex mixture, containing dozens, if not hundreds of different compounds, and the distiller's task is to extract only a few. The fact that different compounds have different boiling points makes this possible, but it is very difficult to produce a specific mixture of a few components from such a complex starting point.

The boiling point of a mixture changes with the proportions of the mixture. This fact of nature determines the results obtained with each type of still. A simple pot still produces vapor that is rich in all the more volatile components, but does little to separate them from one another. The slight separation you do get can be increased by careful still design. An important element of a pot still is how vapor is transported from the boiler to the condenser. A traditional whiskey still has a gently curving dome with a long, narrowing, Swan's neck (also called a Lyne arm) to the condenser. Vapor condenses on the inner surfaces of the dome and the upright part of the swan's neck, creating some reflux and increasing the proportion of volatiles in the product. A simple pot still with a long, uninsulated upright tube to carry the vapor from the boiler to the condenser will give a slightly stronger product than one with a short tube. Adding a fractionating column will enhance the separation enormously by increasing the amount of exchange between vapor and condensed liquid. Adding a special condenser to increase and control the amount of reflux provides the best possible separation, allowing each component to be collected separately.

From our point of view, as small-scale distillers, the major difference between the different types of still is their relative ability to separate substances from one another. The fractionating column is much better than a pot still at doing this, and the compound column is as good as it gets.

The first substances to come out of any still are the most volatile compounds. Many of these are toxic substances, and they should be discarded or saved for another use, like fondue fuel. This first "family" of compounds is usually quite small, giving way quickly to a larger group of volatiles that arrive with the first part of the ethanol. This family, called the heads, contains some compounds that add flavor to spirits like whiskey, brandy or rum, but are undesirable in a pure ethanol product. The tails, which follow the main bulk of ethanol, contribute flavor, but also contain the toxins responsible for most hangovers.

If you want to try and make true flavored spirits like whiskey, brandy or rum, you need to keep both the heads and the tails and add a proportion of them back to the ethanol before aging. The small amounts of heads and tails will be altered by the slow chemical changes that occur during maturation in wooden casks. These compounds, along with flavors extracted from the wood, provide the flavor and body of the final product. Aging is the key process in the production of traditional spirits, and you may want to try it. Be warned, though - it takes years, skill and the correct environment to mature a fine spirit. Raw spirit tastes and smells nothing like the matured product, and the unaltered congeners in it are toxic headache producers.

Because making a good quality whiskey or brandy is so difficult, we will concentrate on the procedures required to isolate and collect the purest ethanol possible. If you want to flavor this, many rapid and simple options are available. There are many excellent essences on the market, and in the next chapter we'll show you how to make your own. After you have gained experience, you might want to try making a traditional product. Several good books on that advanced subject are listed in Appendix 8.

We will discuss the pot still, the fractionating still and the compound still in order, all using the same 30 liter (8 US gallon) boiler, containing a 20 liter (5.3 US gallon) batch. All the quantities and times mentioned in our examples are based on this 20 liter batch. 30 liters is a common size for a hobby still, but larger and smaller ones will work well. If you have a different size boiler, your quantities and times will change in proportion to the batch size. Boiler size has no effect on the dimensions of the rest of the still, which are determined by the laws of physics. A fractionating column needs to be 100 -120 cm (3 - 4 feet) long, and its performance depends on heat input, not liquid capacity.

Doing two separate distillation runs can significantly improve the product. Commercial distilleries often do three! The first is a simple pot distillation to remove the solids color and much of the water that are in the fermented brew. The product collected in this run will be strong at first (around 60%), and will drop to zero as the run proceeds. The final average strength for the first run's product is usually 40%.

With very large batches (e.g. commercial whiskey stills) it's worthwhile removing some heads and tails at this first stage, but it's really not worth the trouble with batches smaller than 50 liters. If you have a boiler this big, you may find it useful to try.

If you are starting with a special ferment that containing 20% ethanol (see Chapter 1), then the first run can be omitted, but the benefits of higher concentrations are clear from the equilibrium charts in Chapter 2.

In the following examples, we will assume that several first runs have been saved up, allowing us to fill the boiler with 20 liters (5.3 US gallons) of impure 40% ethanol. This solution contains 8 liters of pure ethanol mixed with 12 liters of water and other compounds.

Pot Distillation

A pot still is the simplest type of still to make and run, but the purity and strength of the product are lower than achieved with other designs. Almost any size of tubing can be used to carry the vapor to the condenser, because the dimensions are not critical. 50 mm (2 inches) in diameter by 50 cm (20 inches) is a reasonable size. In this size still, the length or insulation of the tubing have a tiny effect on the quality of the product. You can easily experiment with tube length and insulation to see if you can tell any difference.

Stage 1

The 20 liters of 40% ethanol is brought to a boil as rapidly as the boiler can be heated. You can distill as rapidly as possible (like in the first runs) to save time, but it pays to reduce the heat to produce a gentle boil.

The ethanol concentration in the distillate will start out as high as 80%, and fall steadily through the run. The final products will be about 11 liters (2.9 US gallons) of 60% ethanol, 2 liters (½ US gallon) of contaminated ethanol (the heads and tails), and 7 liters (1.8 US gallons) of dirty water left in the boiler. (If your boiler uses an immersion element, be sure its mounted low enough that it's still covered!)

The first 50 ml or so of product should be discarded or saved for fuel, because it contains toxic (and bad-smelling) compounds. This material is traditionally known as the foreshots, because it appears first, and at a significantly lower temperature than the ethanol.

The next 500ml or so will consist of the heads, which is mostly ethanol contaminated by enough foreshots to smell and taste. How much you discard is up to you, but the less you discard the less palatable the product will be. The best procedure is to save it all and add it to the next batch, because it is mostly ethanol that can be recovered by distillation.

Stage 2

The next 11 liters will be reasonably pure ethanol, mixed with water and some congeners. As the ethanol begins to decrease, the congeners get stronger, producing the tails. Again, your choice where to stop collecting the main product. You are facing a tradeoff between quality and quantity - you can have one or the other, but not both. Like the heads, the tails can be added to the next batch for redistillation.

How long will all this take? For those who keep the heat full on and accept the consequent low quality, very little time indeed, as little as a couple of hours. Those who turn the heat down to 750 watt will take just over five hours to collect a higher quality product.

Stage 3

Some people like the taste and smell of the product as it is. It's similar to Irish Poteen or backwoods Moonshine, each of which has a dedicated following. Unless you are attempting a traditional product, you will want to get rid of the congeners that remain in the product. You can do this by distilling it again or treating it with activated carbon. (Instructions for using activated carbon are in Appendix 4.)

The final step is to reduce the product's strength to 40% or below with distilled water. You may try mixing the product with essences to make robustly flavored spirits, but we feel that the product of a pot still is generally not suitable for delicately flavored liqueurs.

Fractional Distillation

Replacing the connecting tube with a fractionating column significantly improves the separation of ethanol from water and congeners. The procedures are much the same as with the pot still, but a thermometer becomes a very useful tool, giving an indication of the boundaries between the heads, the body of the product, and the tails.

Stage 1

Again, the boiler is brought quickly up to temperature and the power reduced to about 750 - 1000 Watts. This lower power is very important, because the fractionating column exists to create the opportunity for exchange between vapor and refluxing condensate. The tradeoff between speed and quality is much more pronounced in a fractionating still.

The foreshots begin to appear at about 65-70ºC (149-158ºF) and are again discarded. The quantity of heads drops to 250-300 ml because the fractionating column produces purer fractions.

Stage 2

When the temperature of the vapor reaches 78-79ºC (172-174ºF), it is time to start collecting the main product. The temperature will stay stable at this level throughout most of the main run. The product can contain 90% ethanol if a very low heat setting is maintained and the column is well insulated.

Let's take a look at how the fractionating column affects the time taken to process the 20 liters of 40% ethanol. The pot still took just over 5 hours to produce 12 liters of 60% product (35ml/min at 750 watts. With the fractionating still, it takes around 2½ hours to collect just over 8 liters of 90% product. The same heat setting that produced 40 ml/min in the pot still produces 55ml per minute in the fractionating still. Half the time for a stronger and cleaner product! This is because the action in the column transfers heat from water to the more easily vaporized ethanol. Since the energy needed to vaporize water is 2.6 times greater than that for ethanol (540 cal/gm vs. 204), this heat transfer results in the production of more ethanol and less water. Given the two products (12 liters of 60% vs. 8 liters of 90%), the fractionating still is 2.3 times more energy efficient than the pot still! This theoretical calculation ignores the heat losses from the uninsulated pot still, which increases the relative efficiency of the fractionating still.

Stage 3

Toward the end of the run, the vapor temperature begins to rise slightly, and tails begin to appear in the product. Your nose is a better detector of tails than the thermometer, though, and toward the end of the run it is best to start collecting into a bottle and check for the presence of tails every ten minutes or so. If there are no tails, add the contents of the jar to the bulk container each time you check. Once tails appear, collect into a separate container until the temperature begins to rise rapidly, signaling the end of the run. If you desire some of their flavor, you can add small amounts of the heads and tails back to your batch, and the rest can be added to the boiler with the next batch, to recover the ethanol they contain.

Stage 4

You may well find the product satisfactory straight out of the still, but if it needs further purification, you again have the choice between activated carbon treatment or another round of distillation.

Compound Distillation

If you're on the quest for the purest product that can be made by distillation, the compound still is your tool. The price of the distinctly higher purity is a slightly more complex operation and longer operating runs.

The compound still is simply a fractionating still with a condenser on the top and a means of returning controlled amounts of condensed liquid back to the column as induced reflux. The fractionating still achieves reasonable separation through the naturally occurring reflux in its packing, and the longer its packed column the better it works. The compound column accomplishes significantly better separation to occur by recycling the reflux in the upper portion of its column over and over again, until the components of the liquid/vapor mix in the column settle into dynamic equilibrium.

Stage 1

It is extremely important to give the column enough time to equilibrate. When this state is achieved, the composition of this mixture remains the same in each zone of the column, even though molecules are entering and leaving that point constantly. In particular, the liquid/vapor mix at the very top of the column will eventually consist of one, and only one compound. However, this will only be true when all the vapor reaching the top is returned to the column as liquid reflux. As soon as some of the condensed vapor is collected as product, then other components will rise a bit higher in the column. This has been covered in previous chapters, but it is worth repeating here, because understanding this is vital to the correct operation of a compound still.

Once the boiler is at temperature, and the power controller is turned down to around 750 watts, make sure that all the condensed liquid is returned to the column, and that the condenser on top is condensing all the vapor. The column is then left alone for two hours, while it reaches equilibrium and all of the most volatile component has had a chance to make its way to the top.

Many people worry that if the reflux is cooled too much, it will upset the equilibrium in the column, and many ingenious designs have been proposed to minimize this "super-cooling". Fortunately, these fears are groundless. What happens when the reflux is cooled below its condensation temperature (which is very difficult to avoid if you want to condense all the vapor) is that a "buffer zone" is established in the very top layer of packing. Here, the cool reflux is quickly warmed up to its boiling point, and both equilibrium and the overall reflux ratio of the column are maintained. See Chapter 8 for a full discussion of how this works.

Stage 2

After two hours have elapsed at 100% reflux, the system is in equilibrium, and the top section filled with the foreshots. You need to collect this product very slowly, (1-2 drops per second), so you will not disturb the equilibrium. You must proceed cautiously at this stage, because there is only a small quantity of the foreshots and it would be easy to disturb the small zone they inhabit in the top of the column. You will begin collecting them at a temperature as low as 60ºC (140º F), and as they are collected, the temperature will slowly rise. Discard them until the vapor temperature stops rising, and then begin collecting the heads, which may be added to the next batch for ethanol recovery. By this time, the temperature should be stable at about 78º C (173º F). You can expect 100 -150 ml of heads from an average batch. Your nose should be the best judge of when the heads have all been collected, but if you wish to be absolutely sure (or if you have a cold!), collect 250 - 300 ml (about a cup).

Stage 3

From this point on, an almost pure azeotropic mix of ethanol and water will be coming through and may be collected as the main product. The temperature should remain absolutely stable throughout the collection of the main product, and you can increase the rate of collection to around 4 drops per second.

We give guidelines in terms of drops per second, but the size of a drop is affected by many things - its composition, its temperature, and the size of the tube it is dripping from. The real measure is the production rate, remembering that we want to collect the main body of ethanol at 90% reflux. 750 Watts will produce about 50 ml of 95% ethanol per minute, so you want to be collecting between 4 and 5 ml per minute to establish a reflux ratio of 90%.

The best way to measure this is to establish a slow flow, begin collecting it in a small graduated cylinder, and measure the time it takes to collect 10 ml. Keep adjusting the valve until it takes two to two and a half minutes. When you are satisfied with the collection rate, count the number of drops you get in 10 seconds. Do this three or four times, and take the average.

In the future, you can reset the still to the same 90% reflux ratio by adjusting the valve until you have the correct number of drops falling in 10 seconds. This adjustment may be made quite rapidly.

In our experience, the correct rate of collection is found at about 35 drops in 10 seconds - not far off the 4 drops we recommended above! For the best accuracy, though, you should make this measurement yourself and calibrate your system.

Calculating on the basis that the 20 liters put in the boiler contains 8 liters of ethanol, it will take around 14 hours to collect all of it. You could get slightly better purity if you reduced the draw-off rate to 2 drops a second, but the run would take twice as long.

To achieve the highest purity, you will take the slow road, and you probably won't want to watch the still for 16-18 hours, not to mention the extra attention required near the end, checking for the onset of tails. Fortunately, all the toxic compounds and heads have been removed, so it's perfectly safe to stop the run at any time and resume it later. You will have to equilibrate the column again, but since the most volatile component is now ethanol, it will only take an hour at 100% reflux. Once equilibrium is achieved, you can start collecting product immediately.

Stage 4

Since you know how much ethanol was in the boiler, and you know the rate of collection, you can calculate when the end of the run should be. About an hour before this time, you should start collecting in small bottles and checking them for taste and smell before adding them to the main container. Your sense of smell is much more sensitive than the thermometer.

When you detect tails in the product, switch to a tails container. You can raise the collection rate now, and continue until the temperature has risen a few degrees, indicating that all the ethanol has been collected. You can add the collected tails to the boiler of the next batch along with the heads.

Stage 5

The product from a compound still is often much purer than commercially produced vodka, and most people are very satisfied with it as it comes from the still. If you want the ultimate in purity, process the product with activated carbon to remove the last hint of any congeners. We especially recommend carbon treatment if you are planning on making perfumes, essences, or delicately flavored liqueurs. It shouldn't be necessary if you want to make strongly flavored beverages or mixed drinks. The final choice, of course, is up to you, and you should have some fun experimenting with these options. Let your own taste and preference be your guide.

CHAPTER 6

BOTANICALS AND ESSENCES

The Flavors and Scents of Nature

So many excellent essential oils, essences and extracts are readily available that you might ask why we bother with a chapter on how to extract them yourself. Two good reasons come to mind. First, water distillation of essential oils is legal everywhere, so this is a type of distillation anyone can practice, wherever they live. Second, the production of essential oils, essences and extracts is an interesting and challenging hobby in its own right.

The prohibition against distilling ethanol is a very important legal consideration in some countries, and we can't stress too highly that the ethanol extraction techniques described in other chapters may

not be performed where it is illegal. Other hydrocarbon solvents may be used, such as acetone and hexane but they are toxic, and since incomplete separation of the solvent would ruin the flavor of essential oils, we prefer the simplicity of steam distillation. Indeed, water is often better than ethanol for this purpose as its boiling point is higher. Where ethanol is used in this book, it's solely for its passive solvent properties to extract or carry oils and aromatic compounds in the form of an essence, tincture or extract. These can be legally made with purchased ethanol.

What are essential oils, and where are they found? Technically, an essential oil is a water-insoluble aromatic substance that can be extracted from botanical materials with heat or solvents. In practice, the term "essential oil" is sometimes loosely applied to all flavoring or aromatic compounds, when in fact many of these compounds are not oils at all. A familiar example of a non-oil aromatic is vanilla. The vanilla bean pod is green when harvested and must be cured by fermentation and drying, which can take up to 6 months. The principal flavoring compound is vanillin, which may crystallize on the dark brown pods as they dry. Over 150 other flavored compounds are found in the pods, and they contribute to the depth, flavor and aroma of the real vanilla. Vanillin is not an oil, but a substance called a "resinoid" or "oleoresin", and is extracted from the pods together with many other compounds by soaking them in a solvent (usually ethanol) to make an essence or extract. One of the first projects we suggest you try is making your own vanilla extract. Once you've experienced the true flavor and aroma of real vanilla, you'll never want to use anything else!

There are many terms used for plant extracts, and the techniques for making them. We have assembled a list terms you are likely to encounter as you become familiar with extracts, essences and oils. Since making extracts and oils is an ancient art, often different terms are used for the same process or product.

Definitions

Alcohol extract: Herbal materials are soaked in alcohol and then filtered out. The alcohol retains essential oils, resins and other compounds. Extracts are equivalent to essences and tinctures.

Absolute: A solvent extract of fragrant materials from botanicals, producing an alcohol-soluble liquid or semi-liquid oil. Common solvents include, among others, ethanol and hexane, which are then removed.

Attar: A traditional term for the steam-distilled essential oil of rose petals. This term is also used in India for the material obtained by distilling rose petals and sandalwood together.

Balsam: A resinous, semi-solid mass or viscous liquid exuded from a plant. A "true" balsam is characterized by its high content of benzoic or cinnamic acid or their salts. They are often associated with pathological or physiological products.

Cold pressed: a pressing process of extraction for citrus and fixed oils with minimized heat and deterioration, usually under 49ºC (120º F). The same thing as expression.

Concrete: a concentrate, waxy, solid or semi-solid perfume material prepared from previously alive plant matter, usually using a hydrocarbon solvent, which is then removed.

Distillate water: Otherwise known as floral water or hydrosol, produced during steam distillation.

Enfleurage: A process for making perfumes in which odorless fats or oils absorb the fragrance of fresh flowers (from French: enfleurer, to saturate with the perfume of flowers).

Essence: An alcoholic extract (see Tincture). This term is also used commercially for prepared mixtures of flavorings used to prepare beverages and liquors.

Essential oil: Volatile oils, typically fragrant, which are extracted from botanicals using steam distillation or expression. Essential oils are normally liquid, but some cases, like anise, may be solid at low temperatures.

