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THE PSYCHROMETRIC CHART AND ITS USE

Psychrometry is an impressive word which is defined as the measurement of the moisture content of air. In broader terms it
is the science and practices associated with atmospheric air mixtures, their control, and the effect on materials and human
comfort. This can be accomplished through use of psychrometric tables or a psychrometric chart. The tables are somewhat
more accurate, but the chart is accurate enough for all practical purposes and is much easier to use.
Before we start to explain the psychrometric chart, let us review a few of the principles on which it is based.
First, atmospheric air is a mixture consisting of dry air and water vapor in varying relative amounts. It is best to think of dry
air and water vapor separately, for they behave independently of one another. In this chapter, when dry air is referred to, it
will mean the air part; when water vapor or moisture is referred to, it will mean the water part; and when referring to just air,
it will mean the mixture of dry air and water vapor.
Dry air is itself a mixture of several gases, mainly nitrogen and oxygen, but these do not change in their proportions, and
they behave so much the same, that we can consider dry air as if it were a single gas.
We know dry air only as a gas. It can be liquefied, but at very low temperatures, about 300°F below zero. In our atmosphere
it is superheated three or four hundred degrees, or far above its condensing or boiling temperature.
Thus, when we warm or cool dry air, we add or remove sensible heat only, and are not concerned with latent heat. Dry
air obeys the gas laws of Charles, and Boyle, which state that if a gas, such as air, is heated, it expands and its density
or weight per cubic foot becomes less, provided the pressure remains constant. Conversely, if we cool dry air, it becomes
heavier per cubic foot, again provided that its pressure remains constant. Moreover, the temperatures, densities, volumes,
and pressures all vary proportionately.
Therefore, problems connected with cooling or heating dry air are rather simple, for when we cool it we remove its sensible
heat of about 1/4 of a Btu per pound of dry air per degree, and when we heat dry air, we add that same amount of sensible
heat.
Picture a room at normal temperatures. It is filled with a mixture of dry air and water vapor. Each fill the room, so their
volumes are equal. However, their densities are far different because the water vapor is a very light gas. At ordinary room
temperatures, it constitutes only about 1/2 to 1–1/2 per cent of the total weight of the mixture which we call air.
Air, in addition to having weight, also exerts a pressure, called barometric pressure, which is usually measured in inches of
mercury above a perfect vacuum. Standard barometric pressure at sea level is 29.921 inches of mercury, which is equivalent
to 14.696 pounds per square inch absolute.
The pressure exerted by the air, or barometric pressure, is caused by both the dry air and the water vapor. Most of the total
pressure is from the air, but some is from the water vapor. As is true of the weight, or density, the pressure from the water
vapor is usually only about 1/2 to 1–1/2 per cent of the total pressure.
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It is essential to always keep in mind that air consists of two separate gases, dry air and water vapor, which act independently,
each according to its individual properties, just as if the other were not there. The total density of air is the sum of the
densities of the dry air and water vapor; and the total pressure is the sum of the partial pressure of the dry air and the partial
pressure of the water vapor.
Although the water vapor is a very small part of air, as far as density and pressure are concerned, it is the part which
complicates the psychrometric processes and calculations. For example, the amount of water vapor in the air varies widely
from time to time according to temperature, and the proportion of water vapor in the air must be regulated in order to provide
comfortable conditions.
It would not be necessary to regulate the amount of water vapor in the air if it remained as a superheated gas, and providing
comfortable conditions would not be difficult, for we would only have to control the dry bulb temperature of the air. It’s not
that simple, however, because at the temperatures at which we normally work, the water vapor sometimes condenses into
water. When this occurs, a large amount of latent heat must be removed, and as you know, the latent heat per pound of
water is extremely large compared to the sensible heat. Consequently, when water vapor is condensed out of the air, a large
amount of cooling capacity is required.
In cooling air, such as in summer air conditioning, we are chiefly concerned with:
1. Cooling the dry air, which is comparatively simple and involves sensible cooling only. (The water vapor is such a
small part of the air that we usually ignore its sensible heat.)
2. Controlling the amount of water vapor in the air. This involves condensing out some of the water vapor, thus bringing
its large latent heat into the problem.
3. Circulating and distributing the air, which involves changes in density and volume.
4. Mixing together air from two different sources, at different temperatures, and different percents of water vapor.
These four processes, along with others, involved in the controlling of atmospheric conditions for human comfort, are commonly
referred to as psychrometric processes. In order to arrive at the proper amounts of humidification or dehumidification and
heating or cooling necessary to effect these changes, we make use of the psychrometric tables or charts.

THE USE OF THE PSYCHROMETRIC TABLE
The psychrometric properties in Table 54T03 have been compiled through countless laboratory experiments and mathematical
calculations and are the basis for what we know as the psychrometric chart.
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TABLE 54T03 Thermodynamic Properties of Air based on one pound of air at a total pressure of 29.921 in.hg. (Atmospheric pressure)
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TABLE 54T03 (cont) Thermodynamic Properties of Air based on one pound of air at a total pressure of 29.921 in.hg. (Atmospheric
pressure)
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TABLE 54T03 (cont) Thermodynamic Properties of Air based on one pound of air at a total pressure of 29.921 in.hg. (Atmospheric
pressure)

This table, and in fact the whole psychrometric chart, is based on standard atmospheric pressure, also called barometric
pressure, of 29.921 inches of mercury. This is the total pressure of the mixture of dry air and water vapor, each of which has
its own partial pressure, and these pressures must be added together to get the total pressure. If we were to add water vapor
to a cubic foot of dry air at standard atmospheric pressure, the total pressure would then be greater than 29.921 inches of
mercury. To balance this and keep the same total pressure of 29.921 inches of mercury, we would have to let a little air out
before we add the water vapor.
Since water vapor is very light compared to air, if we let the heavier air out and replace it with the lighter water vapor, the
density of the mixture will be less than that of the dry air alone. If we look at the density of air at 60°F on Table 54T03, we
find that its density at saturation is .0750 lbs/cu ft, while the density of dry air at 60°F is .0763 lbs/cu ft, or .0013 lbs more
than the saturated air.

VAPOR PRESSURE
Water, like any other liquid such as ammonia, sulfur dioxide, or other refrigerants, has different boiling points at different
pressures. These pressures are very low, however, compared to most refrigerants. Table 54T06 shows the pressuretemperature relationship for water. The pressures are in inches of mercury absolute (not vacuum) and the temperatures are
in degrees Fahrenheit.
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TABLE 54T06 Saturated Water Vapor
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TABLE 54T06 (Cont.) Saturated Water Vapor

The water vapor in ordinary air is very light and has a very low pressure. If we start to cool the mixture, the water vapor gets
denser (specific volume decreases) until it finally gets down to the temperature at which moisture starts to condense out of
the air. The temperature at which this happens is called the dew point. We could also call this the condensing temperature
or the boiling temperature, for it is the temperature at which water vapor condenses or water evaporates at its corresponding
pressure.
What is commonly called the saturation pressure or condensing pressure with refrigerants is called vapor pressure when
referring to water vapor. Thus, we can define the vapor pressure of water as the pressure exerted by the water vapor in a
space at its corresponding dew point temperature.
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Dalton’s Law of partial pressures states that the total pressure exerted by a mixture of gases is the sum of the partial
pressures of the gases in the mixture.
The total pressure of air, or standard atmospheric pressure, is 29.921 inches of mercury, so the partial pressure of the dry
air only is 29.921 inches of mercury minus the vapor pressure at the corresponding dew point temperature.

RELATIVE HUMIDITY
These vapor pressure tables are very useful in calculating the relative humidity of air at partially saturated conditions. The
term “relative humidity” refers to the ratio of the actual partial pressure of the water vapor at a given condition to its saturation
pressure at the same temperature.
This can be expressed in the equation:
RH = P1/Ps
Where:
P1 = Partial pressure of the water vapor at the dew point temperature of the mixture of dry air and water vapor,
Ps = Saturation pressure of the water vapor corresponding to the dry bulb temperature.
Relative Humidity should not be confused with Specific Humidity and Absolute Humidity, which are based on the weight of
water vapor per pound of dry air and per cubic foot of dry air, respectively. In other words, the term “Specific Humidity” is
used in referring to the weight of water vapor in pounds or grains contained in the air at a given condition, for each pound of
dry air at that same condition. The term “Absolute Humidity” refers to the pounds or grains of water vapor contained in one
cubic foot of a mixture of dry air and water vapor at a given condition.

SPECIFIC HUMIDITY
The two columns in Table 54T03 headed “Moisture Content (per pound of dry air)” refer to the amount of moisture by weight
that is required to saturate one pound of dry air at the given dew point temperature. This weight of water is expressed
either in pounds of water per pound of dry air or in grains of water per pound of dry air, and is called the Specific Humidity,
or Humidity Ratio. A grain of water is approximately one drop, and there are 7,000 grains of water to one pound of water.
Therefore, to convert grains of water to pounds of water, we simply divide the number of grains by 7,000. The term “Grains
of Moisture” is used in psychrometric calculations because the larger numbers are handled more easily than the six place
decimals necessary to evaluate pounds of moisture per pound of dry air. A table giving pounds of moisture per 100 pounds
of air could be used to simplify these calculations. To do this we would merely move the decimal point two places to the right,
and make all calculations on the basis of 100 pounds of dry air rather than one pound of dry air.

PER CENT OF SATURATION
Another term which is sometimes confused with Relative Humidity is the term “Percent of Saturation” (or percentage
humidity) which is 100 times the ratio of the weight of water vapor actually held, to the weight of the water vapor necessary
to saturate one pound of dry air at that dry bulb temperature. This can be expressed in an equation:
Percent of Saturation = w1/ws
Where:
w1 = Specific Humidity at dew point temperature of mixture of dry air and water vapor,
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ws = Specific Humidity at Saturation (the dew point equals the dry bulb).
If we want to calculate both the relative humidity and percent of saturation at a dry bulb temperature of 95°F and a dew point
temperature of 60°F, we take the vapor pressures from Table 54T06 for the dew point temperature and dry bulb temperature
to obtain the relative humidity and we take the specific humidities from Table 54T06, or the psychrometric chart, for these
same temperatures to obtain the Percent of Saturation, as follows:
R.H. = P1/Ps or .5216/1.6607 = 31.4%
% Saturation = w1/ws or .01105/.03662 = 30.2%
From this we can see there is a difference in values between these two humidities. Since the percent of saturation is based
on the weight which is not affected by temperature changes, and the relative humidity is based on volume (pressure and
volume are dependent upon each other) which is affected by temperature change, the percent of saturation is the more
accurate of the two. However, the difference is slight, so the use of relative humidity is permissible where extreme accuracy
is not of prime importance.

SPECIFIC VOLUME
To find the specific volume and density of this mixture is a little more complicated. In order to do this, we must first go back
to the fundamental gas law which states that the Absolute Pressure in pounds per square foot times the Volume in cubic
feet equals the Weight in pounds times the Temperature in absolute degrees Fahrenheit times the Perfect Gas Constant for
that particular gas. This can be expressed as:
PV = WRT
Since air is considered a perfect gas, and the specific volume is expressed in cu ft per one pound of air, we can transform
this equation to fit all conditions at 29.921 inches Hg. The resulting equation is then:

Where:
va = Specific volume of the air,
t = Dry bulb temperature of the mixture,
P1 = Partial pressure of the water vapor at the dew point of a mixture,
53.3 = R or Gas constant for air,
(460 + t) = Absolute temperature of Air,
70.7 = Factor to convert inches Hg to pounds per square foot. Thus, for our air conditions of 95°F Dry bulb, and 60°F dew
point temperature, the specific volume is:

Copyright © 1959, 2009, By Refrigeration Service Engineers Society.

-9-

The density of the mixture is then:
da = 1/14.22 or .0702 lbs/cu ft

HEAT CONTENT (ENTHALPY)
The energy contained in air is commonly called its heat content. However, the term enthalpy has replaced heat content in
engineering terminology. The enthalpy of air is the sum of the enthalpies of the dry air and its contained moisture. For dry air,
throughout the entire range of psychrometric tables and charts, only sensible heat is involved. For water vapor, its enthalpy
contains two sensible components—enthalpy of superheat and the heat of the liquid—plus the latent heat of vaporization.
However, by common usage, since the latent heat is by far the greatest, and exact usage is extremely complicated, all
energy transfer of the water is considered as latent heat transfer.
The first column in Table 54T03 under Heat Content or Enthalpy is based on a 0°F reference point, that is, the heat content
or the sensible heat of dry air at 0°F is considered 0. Some tables use other base temperatures as the zero point for the
enthalpy or total heat content, but since all air conditioning calculations are based on a change in heat, the end result is the
same.
The sensible heat (Btu/lb of dry air) increases from 0°F at the rate of approximately .24 Btu per lb. per degree F. This is held
fairly constant throughout the air conditioning temperature range, so that we can approximate the sensible heat of air by
merely multiplying the dry bulb temperature in degrees Fahrenheit by .24. For example, at 75°F, the approximate sensible
heat of the air is .24 x 75 = 18 Btu per pound of dry air. This compares with the more accurate sensible heat content of 18.11
Btu per pound of dry air at 75°F as read from the tables. While this method is not accurate enough for laboratory calculations,
it is useful for field calculations using the psychrometric chart, where extreme accuracy is not of prime importance.
On most psychrometric charts space is limited so that only the total heat content of the air is shown. If the sensible heat or
the latent heat of the air is required, it is a simple matter to find either, using these formulas:
Sensible heat = .24×°F (dry bulb temperature).
Latent heat = Total heat – (.24×°F dry bulb temperature).
For example, in calculating the desired properties of air from the tables for air with a 95° Dry Bulb temperature, a 71.5° wet
bulb temperature, and a 60° dew point, the tables can only be used for the values which refer to a saturated condition. The
specific humidity will not change as long as the dew point remains unchanged, so we can get this directly from the table
because the term “dew point’’ refers to saturation. The specific humidity at a 60°F dew point is therefore 77.3 grains per
pound of dry air, or .01105 lbs per pound of dry air. The total heat of the air is dependent upon the wet bulb temperature of
the air, so we can pick this from Table 54T03 for the wet bulb temperature of 71.5°F or 34.75 Btu/lb. The sensible heat of
this air is dependent upon the dry bulb temperature, so from the sensible heat column we obtain 22.96 Btu/lb at the 95°F
dry bulb temperature. The latent heat of the mixture is then 34.75 – 22.96, or 11.79 Btu/lb.
From these examples, we can see the large amount of calculating necessary to arrive at the properties of air if we have only
two or three of these properties given. While these calculations will give a better accuracy, using the tables, the use of the
psychrometric chart, which is made from these tables, will greatly simplify our calculations and still give us enough accuracy
in our figures for field testing purposes.
In using these tables it must be remembered that the properties of air are for a saturated condition only, and any condition
other than saturation or 100% relative humility will require correction. Bear in mind that the enthalpy, the specific volume
and moisture content of the air are based on one pound of dry air, while the density is based on one cubic foot of dry air. All
calculations on air conditioning processes in this section will be based upon the weight of air rather than the volume.
Now, let us study a psychrometric chart. There are many types of these, each with its own advantages. Some are made
for low temperatures, some for the medium temperature range, and others for the high temperature range. Some of the
psychrometric charts are stretched in length and shortened in height, while others are higher than they are wide, and others
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are shaped in the form of a triangle. They all serve basically the same function and the chart to be used should be chosen
for the temperature range and the type of application. In this case, we will use a psychrometric chart which covers a dry bulb
range from 20°F to 120°F and a wet bulb range from 20°F to 95°F.
Figure 54F10A shows a skeleton psychrometric chart with the dry bulb temperature scale along the bottom of the chart. The
vertical lines extending from the bottom of the chart to the top are constant dry bulb lines, that is, any and all points on one
given line have the same dry bulb temperature as indicated on the bottom dry bulb scale. If we were to plot only a dry bulb
temperature of 95°F on the chart it could fall on any point on the vertical line extending upward from the 95° on the dry bulb
scale at the bottom of the chart.

Figure 54F10A This diagram illustrates the constant dry bulb lines of a typical psychrometric chart.

Figure 54F10B shows a skeleton psychrometric chart with the wet bulb temperature scale along the outer curved line at
the left of the chart. Wet bulb temperature is defined as that shown by a thermometer whose bulb is covered with a wetted
wick, and with air passing over it at approximately 1000 fpm. The constant wet bulb lines run downward at an angle of
approximately 30° from the Horizontal. They extend from the wet bulb scale at the left, to the right margin of the chart. All
points on one given wet bulb line are at the same wet bulb temperature. If we were to plot a 75°F wet bulb temperature on
the chart it could fall anywhere on the wet bulb line corresponding to the point marked 75°F on the wet bulb scale.

Figure 54F10B This diagram illustrates the constant wet bulb lines of a typical psychrometric chart.

Figure 54F10C shows the skeleton psychrometric chart with the dew point scale along the outer curved line at the left of
the chart. You will notice that both the wet bulb and the dew point scales are the same on this chart. The constant dew point
lines, however, run horizontally from the left curved line to the right. Any point on one given constant dew point line will
correspond to the dew point temperature on the curved line scale. On the right hand margin of the chart is a vertical scale
which is called the specific humidity scale giving the weight in grains of water vapor in one pound of dry air. The constant
specific humidity lines also are horizontal and coincide with the constant dew point lines. Thus we can see that the amount
of water vapor in the air is dependent upon the dew point of the air.
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Figure 54F10C This diagram illustrates the dew point temperatures and specific humidity lines of a typical psychrometric chart.

Figure 54F11A shows the skeleton psychrometric chart with the curved constant relative humidity lines extending upward
and to the right of the chart. We noted previously that the wet bulb temperatures and the dew point temperatures share
the same scale along the outer curved line to the left of the chart. Since the only condition where the wet bulb temperature
and the dew point are the same is at saturation, this outer curved line represents a saturation or 100% relative humidity
condition. The constant relative humidity lines decrease in value as we move away from the saturation line to the right and
downward. The values for these relative humidity lines are given in percentages and are shown near the right end of the
constant lines.

Figure 54F11A This diagram illustrates the constant relative humidity lines of a typical psychrometric chart.

Figure 54F11B shows the skeleton psychrometric chart with the constant specific volume lines. These lines are at an angle
of approximately 60° from the horizontal and will increase in value as we move from left to right. On the chart we will be
using, the spacing between each line represents a change in specific volume of .1 cu ft per lb. The values for these constant
specific volume lines are given every fifth line and any point falling between these lines must naturally be an estimated
figure. If the density of the air at any condition is desired, one merely has to divide the specific volume into (1.0) to arrive
at the answer. Because most of the calculations in air conditioning work are based on the weight of air rather than on the
volume of air, the use of specific volume (cu ft per one lb of air) rather than density (lbs per one cu ft of air) is advisable.

Figure 54F11B This diagram illustrates the constant specific volume lines of a typical psychrometric chart.

Figure 54F11C is a skeleton psychrometric chart showing the constant enthalpy lines. It will be noted that these lines are
merely extensions of the wet bulb lines, since the total heat of the air is dependent upon the wet bulb temperature. The scale
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at the far left of the chart gives the total heat of the air in Btu/lb of dry air and increases from approximately 7.2 Btu/lb at 20°F
wet bulb temperature up to approximately 58.6 Btu/lb at 92°F wet bulb.

Figure 54F11C This diagram illustrates the constant enthalpy lines of a typical psychrometric chart.

Now let us take a look at the psychrometric chart which we will use for our calculations. Figure 54F13 shows the form of
psychrometric chart which we will use. It was devised by the General Electric Company and is reproduced by permission.
Its construction consists of all of the skeleton charts in Figures 54F10A through 54F11C, which have been superimposed on
one chart. That is, all the constant lines which appear in the six skeleton psychrometric charts appear in this one chart and
have the same relative positions on this chart.

This chart shows the condition of air plotted from 95°F dry bulb, 71.5°F wet bulb, and 60°F dew point. Other conditions indicated at this
point are 32% relative humidity, a specific volume of 14.22 cu ft per lb, 78 grains of moisture per lb and a total heat content of 35.25 Btu
per lb.

In describing the construction of the psychrometric chart previously, we defined the constant line as a line which can contain
an infinite number of points, each at the same condition; that is, if we were to plot a single condition of air, such as the dry
bulb temperature on a psychrometric chart, it could fall at any point on the constant line corresponding to that dry bulb
temperature.
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We now have on the composite psychrometric chart a number of lines which cross each other, so if we plot a point on a
constant dry bulb line, that point will also correspond to different values on the constant lines for wet bulb temperature, dew
point, relative humidity, specific volume, and total heat. Since any given two of these constant lines will cross at only one
point on the chart, we can plot this point exactly, if we know any two of the properties of the air. From this point, we can then
move along the respective constant lines for the other properties of air and we can read them from their respective scales
without going to the trouble of calculating them as before. While this method will not be quite as accurate as the calculation
method, it is much faster and our degree of accuracy will be close enough for our purposes.

FINDING THE PROPERTIES OF AIR
In our previous example we calculated the properties of air at a 95°F dry bulb temperature, 71.5° wet bulb temperature and
60°F dew point. We will now apply this same problem to the psychrometric chart.
Figure 54F13 shows the composite chart with the dry bulb temperature of 95°F plotted vertically on the constant dry bulb
temperature line extending from the 95°F on the dry bulb scale. The wet bulb line is then plotted from 71.5°F and runs
parallel to the constant wet bulb lines. The point where these two lines cross is the only point on the chart at which both of
these conditions exist. We need only two air conditions to plot this point, although on the chart the dew point temperature is
also shown. If we did not know the dew point of the air, we could find it by merely moving from the point which represents
our air condition to the left parallel to the constant dew point lines. The point at which this intersects the dew point scale is
the dew point temperature.
We can see by a close examination of this point that it will fall about 1/5 of the distance between the 30% and the 40%
relative humidity lines. We can estimate the relative humidity to be approximately 32%. If we look back at our calculations
for this condition, we find that the relative humidity is actually 31.4%. This is close enough for normal purposes.
The relationship of this point with respect to the constant volume lines indicates that the point lies approximately one-fifth
of the distance between the second and third lines after the 14.0 constant volume line. Since each of these unmarked lines
indicates a change of .1 cu ft per pound, we can again estimate that the specific volume is 14.0, plus 2 times 1, plus about
one-fifth of .1, or 14.22 cu ft per pound. Again checking with our previous calculations, we find that our estimate coincides
exactly with the calculations.
Since our specific humidity constant lines are parallel with the dew point constant lines, we merely extend the constant dew
point line for 60°F to the specific humidity scale at the right of the chart. This is indicated by the dotted line extending to the
right on the chart. This line intersects the scale at a point which represents approximately 78 grains per pound. If we wish to
convert this to pounds of moisture per pound of dry air, we merely divide the 78 grains of moisture per pound of dry air by
7,000. We then have a figure of .01112 pounds of moisture per pound of dry air. This, compared to the corresponding value
in Table 54T03, .01105, shows a discrepancy of only .00007 lbs of moisture per lb of dry air.
By extending the constant wet bulb line of 71.5 straight out to the total heat scale, as indicated by the dotted line, we can read
the total heat content of the air to be 35.25 Btu per pound of dry air. Again, the comparison with the figure from the tables
for that wet bulb temperature is 34.75 Btu per pound, or a discrepancy of .50 Btu per pound. This indicates approximately
the manner in which the wet bulb line departs from being a constant enthalpy line. While this would seem to be considerably
less accurate than the other comparisons with the calculations and the tables, it should be remembered that in the air
conditioning processes we are interested in a change of heat rather than the absolute values of total heat. This difference
between the tables and the chart is consistent throughout the range of temperatures with which we will be working, so that
the changes in total heat values from the chart will be almost identical to those from the tables.

SENSIBLE AND LATENT HEAT
In heating and cooling air from conditions which are undesirable to conditions which are suitable for human comfort, we
must take into consideration the addition or removal of two types of heat: Sensible Heat and Latent Heat.
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The term “Sensible Heat Change’’ refers to a change in heat which will affect the temperature of the air. Quite often, the
cooling of hot dry desert air or the heating of cold air will require only a change in the sensible heat of the air. Since a change
in sensible heat only will not affect the amount of moisture in the air, this change may be plotted on the psychrometric chart,
parallel to the constant dew point lines and coinciding with the constant dew point line for the air at its original condition. This
means that the dew point of the air will not change as long as sensible heat only is removed or added.

SENSIBLE COOLING AND HEATING
Figure 54F15 shows the sensible cooling of air from 110°F dry bulb temperature and 70°F wet bulb temperature to 67°F dry
bulb and 55°F wet bulb. In comparing properties of the initial air condition with those of the final condition, we can see that
we have increased the relative humidity of the air from approximately 12% to approximately 47%, although we have not
changed the moisture content of the air. This is because, in cooling the air, we have reduced the amount of water which it
could hold at saturation, and consequently have increased the ratio of the moisture in the air, to the maximum which could
be held at that dry bulb temperature.

This chart shows the sensible cooling of air plotted from 110°F dry bulb and 70°F wet bulb temperature to 67°F dry bulb and 55°F wet
bulb. Note increase in relative humidity although moisture content remains constant. Arrows show loss of heat content of the air. As the
condition changes, the specific volume decreases.

We can also see that, in cooling the air, we have decreased the specific volume of the air and increased its density. At a
given moisture content, the colder the air, the greater the density.
In plotting the change in enthalpy for this sensible cooling effect, we can see that the initial condition contains 34.0 Btu/lb,
while the final condition contains approximately 23.3 Btu/lb. If we subtract the heat content at the final condition from the
heat content at the initial condition, we arrive at a total change in enthalpy of 10.7 Btu/lb. Therefore, from each pound of air
that we cool from the initial condition to the final condition we must remove 10.7 Btu. This change in sensible heat is shown
in Figure 54F15 by the symbol Δhs.
Although the example used in Figure 54F15 shows a sensible cooling process only, the calculations for the exact opposite
of this process, as in winter heating systems, are the same. That is, each pound of air which is heated from 67°F dry bulb
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and 55°F wet bulb to 110°F dry bulb and 70°F wet bulb will require the addition of 10.7 Btu. Any source of dry heat such as a
furnace heat exchanger, hot water coil, or electric heater, will produce a change in sensible heat only. In the cooling process,
however, the average outside surface of the cooling coil must be above the dew point temperature of the air, or moisture will
condense, resulting in a transfer of its latent heat.

HUMIDIFICATION OF AIR
Figure 54F16 shows a humidification process, which is a change in latent heat only, plotted on a psychrometric chart. If
we take air at the initial condition of 90°F dry bulb and 60°F wet bulb and change the conditions to 90°F dry bulb and 90%
relative humidity, we must add latent heat to the air without changing the sensible heat content (dry bulb temperature). From
the specific humidity scale on the right, we can determine that we must add 167 grains (196-29), or .0238 pounds of water
to each pound of air which we want to humidify.

This chart shows the humidification process. The condition of the air changes from 90°F dry bulb and 60°F wet bulb to 90°F dry bulb at
90% relative humidity. The dotted line represents the by-pass factor. Since the water spray is saturated, its condition falls on the saturation
curve or 100% humidity line.

In order to effect this change of properties in the air, we must introduce spray water into the air at the same temperature
as the dry bulb temperature of the air. We can plot the water temperature on the psychrometric chart on the saturation
line at 90°F dew point. A straight line drawn from the initial condition to the water temperature on the saturation curve will
approximate the changing conditions of the air as it is humidified. Heat must be added to the water to maintain it at 90°F, at
the rate of approximately 1076 Btu per lb of water evaporated to make up for the latent heat of vaporization.
The final condition of the air is determined by the efficiency of the spray, or as it is more commonly called, its HUMIDIFYING
EFFICIENCY, or HUMIDIFYING EFFECTIVENESS. The humidifying effectiveness is expressed as a percentage and may be
found by dividing the Actual total heat change (ΔhL) by the Maximum possible total heat change (ΔhMax). In this example:
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While the humidifying effectiveness is very useful in the understanding of the spray process, the term “By-pass Factor”,
which is merely the Humidifying Effectiveness expressed as a decimal, subtracted from one (1.0), is of much more use. This
can be expressed as an equation:
By-pass Factor = 1.0 – Humidifying Effectiveness.
Quite often the equipment manufacturer will rate his equipment at various air volumes or air velocities, and will also give the
by-pass factor for the different air velocities.
In general, the higher the air velocity through the equipment, the higher the by-pass factor will be. The use of the by-pass
factor is also very useful for shortcuts in some of the calculations. For example:
A given piece of spray apparatus is to be installed in a city which has design conditions of 105°F dry bulb and 85°F wet
bulb. With an available water supply of a constant 75°F and an apparatus by-pass factor of 20%, what will be the leaving
air conditions?
Figure 54F18 shows the initial conditions and the water temperature plotted with the straight line between them approximating
the air condition as it moves through the spray. Since the constant total heat lines practically coincide with the wet bulb
lines, we can multiply the maximum difference in wet bulb temperatures by the by-pass factor and add this to the saturation
temperature to arrive at the final condition wet bulb temperature. Thus, (85-75)×.2 = 2°F by-pass in wet bulb temperature.
Then, 75°F + 2°F = 77°F final wet bulb temperature.

This chart shows the condition change of the air as it moves through a cold water spray at 75°F. The dotted line represents the difference
in using the wet bulb and dry bulb changes in calculating the percentage, or humidifying efficiency.

If we then find where the 77°F constant wet bulb line crosses the line drawn for the conditioned air change, this is our final
condition at 80.25°F dry bulb and 77°F wet bulb. It is interesting to note that if we were to use the dry bulb temperature as
a basis for by-pass factor instead of wet bulb temperature, the resultant final condition would be 81°F dry bulb and 77.25°F
wet bulb. Since this is very close to our calculations with wet bulb temperature, the use of dry bulb temperature in these
calculations is sometimes used. In fact, if our condition line were to run parallel, or follow the constant wet bulb lines, we
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would have to use the dry bulb temperatures for calculating the by-pass. On the other hand, the example in Figure 54F16
shows the condition line following the constant dry bulb line for 90°F, so we must use the wet bulb temperature to calculate
the final conditions.
Again, our method is the simplified approximate way to find these conditions, and we will lose some accuracy. In determining
which scale is best for these by-pass calculations, it would be well to keep in mind that the maximum accuracy will occur
when our condition line is parallel to the scale, so we can choose our scale accordingly.

COOLING AND DEHUMIDIFICATION
The cooling and dehumidification of air for human comfort is commonly called air conditioning. This is not entirely correct,
for the term “Air Conditioning” refers to any and all phases of cooling, heating, ventilating, filtering, distribution, etc. of air
to meet the requirements of the conditioned space. The cooling and dehumidification of air is the phase of air conditioning
which concerns the refrigeration service engineer, for it normally requires the use of mechanical refrigeration equipment. In
order to produce the required cooling and dehumidification for the conditioned space, the refrigeration equipment must be
working properly and have the correct capacity for the application.
How many times have we heard the unhappy customer say, “Sure, the equipment runs all right, but it just doesn’t seem to
be doing enough cooling.” The calculations for determining the heat load on the space and air distribution requirements
are covered elsewhere in the manual, so we will not attempt to cover those in this chapter, but we can, with the help of the
psychrometric chart, make a quick check to see how much capacity our refrigeration equipment has, under actual working
conditions.
The tools needed for these calculations consist of a sling psychrometer; a device for measuring air velocities (such as an
anemometer or a velometer); a ruler; and a psychrometric chart.
For example, we will check the capacity of an air conditioning system which is rated by the manufacturer at 120,000 Btu/hr
at ASRE Test Conditions. While we will normally not use these test conditions in our capacity test, we can approximate them
by using 100% return air entering the evaporator on a hot summer day, and adjusting the fan speed to give an air velocity
of approximately 500 ft per minute over the face area of the coil.
The first thing we do is to take the wet and dry bulb temperatures of the air entering and leaving the evaporator coil. In
this example, we will use an entering air or initial condition of 80°F dry bulb and a 67°F wet bulb, and a leaving or final
condition of 50°F dry bulb and a 48.5°F wet bulb. The air velocity over the coil is taken by mentally dividing the coil face into
approximately 2 to 3 inch squares, taking a reading at each square, recording the reading, and averaging these readings
by simply adding them up and dividing by the total number of readings. The more readings that are taken, the greater will
be the accuracy. In our example we will use an average air velocity of 517 fpm and a coil which is 36 inches long and 18
inches high.
The first step in calculating the capacity of the system is to plot the air conditions entering and leaving the coil on the
psychrometric chart as in Figure 54F19. Point 1 represents the entering air condition; Point 2 represents the leaving air
condition; and Point 3 represents the approximate effective coil temperature. Point 3 is found by merely extending the
straight line connecting Points 1 and 2 to the saturation curve. This point, also commonly called the apparatus dew point, is
the average temperature of the water which is condensed on the coil surface.
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This chart indicates both sensible and latent heat removal. As the condition moves toward the left on the chart, both heat and moisture are
removed from the air. The heavy line indicates the condition of the air, and Point 3 represents the effective coil surface temperature.

Next, we find the total heat change in one pound of air by subtracting the enthalpy of the leaving condition from the enthalpy
of the entering condition:
Δht = 31.5-19.4 = 12.1 Btu/lb.
Since the volume of air over the coil is controlled by the fan, and since this air will change in density and specific volume as
the temperature is changed through the system, our next step will be to determine the total weight of air circulated by the
fan. The weight of air will not change since matter cannot be created or destroyed.
The coil face area is 36 inches by 18 inches, or 36×18/144 = 4.5 sq ft. If we multiply this by the face velocity of the air over
the coil in ft per minute, we then have a figure of 4.5 × 517 = 2,325 cu ft per minute. Now in order to convert this volume of
air to weight, we will divide the cfm by the specific volume of the air at the conditions entering the coil, for we must always
make our calculations for the point at which our air velocity measurements were taken. A look at the chart shows that our
entering condition lies a little less than halfway between the 13.8 and the 13.9 constant volume line. We can estimate this at
13.84. Thus, we have a total weight of air being circulated of 2,325/13.84 or 168 pounds per minute.
Now, from our previous calculations from the psychrometric chart, we arrived at a change in enthalpy of 12.1 Btu per pound
of air and we have 168 pounds of air being circulated per minute. Multiplying these two figures together will give us the
enthalpy change in the air per minute or 168 × 12.1 = 2,032.8 Btu/min. If we multiply this figure by the number of minutes in
one hour (2,032.8 × 60) we will have the total capacity of the equipment under actual conditions or 121,968 Btu per hour, or
approximately 10.15 tons of refrigeration (121,968)/(12,000).
In order to simplify the calculations, the following formula can be used:
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Where:
A = Face Area of coil in sq ft.
Υ = Air Velocity entering coil in ft. per min.
Δht = Change in heat content from psychrometric chart (Btu/lb)
v = Specific volume of air entering the coil (cu ft/lb)

SENSIBLE AND LATENT HEAT CHANGES
Sometimes it is desirable to calculate the sensible heat and latent heat changes in the air conditions as shown in Figure
54F19. In the previous examples using Figures 54F15 and 54F16, it was shown that when plotting a pure sensible heat
change on the psychrometric chart, the result was a horizontal condition line, and the pure latent heat change resulted in
a vertical condition line. The condition line in Figure 54F19 is neither vertical nor horizontal, but falls somewhere between
these two. If we drop a vertical line, parallel to the constant dry bulb lines, from point one, and draw a horizontal line parallel
to the constant dew point lines, the three lines will then form a right triangle. The lengths of the horizontal and vertical lines
will represent the two components of the total heat; sensible heat and latent heat. If we then draw a line parallel to the
constant wet bulb lines from the intersection of the horizontal and vertical components, to the total heat scale, it can then
be seen that the total heat is broken down into two components. The lower component on the scale is the sensible heat
change and the upper part is the latent heat change. For example, Figure 54F21 again shows the condition line for entering
air temperatures of 80°F dry bulb and 67°F wet bulb and leaving air condition of 50°F dry bulb and 48.5°F wet bulb. The
enthalpy change is 31.5 - 19.4 or 12.1 Btu per pound. If we draw the horizontal and vertical components of the condition
line, and then, from their intersection, draw the line parallel to the constant wet bulb lines to the total heat scale, we find that
it intersects at 27.0 Btu per pound. The sensible heat change of the air is then found by subtracting the heat content at Point
2, 19.4 Btu per pound, from the 27.0 Btu per pound, which gives 7.6 Btu/pound. The latent heat change is then found by
subtracting the 27.0 Btu/lb from the total heat at Point one, 31.5 Btu/lb, which gives 4.5 Btu/lb.

This chart indicates the same conditions as Figure 54F19, with the total heat removed being broken down into its two components,
sensible and latent heat. Sensible heat changes are all shown by a horizontal line, latent changes by a vertical line.
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MOISTURE REMOVAL
Quite often the service engineer will require information on the amount of moisture removed from the air by an air conditioning
system. The consumer or customer who very seldom is familiar with the meaning of technical terms, such as Btu per hour or
tons of refrigeration, will have a better understanding of the equipment if he knows that the equipment can remove so many
gallons of water from the air while it is cooling the air so many degrees Fahrenheit.
To find this amount of water removal, the total weight of air circulated must be calculated, as in the capacity calculations.
The constant dew point lines for both the initial and final air conditions are then traced to the specific humidity scale at the
right margin. For example, the conditions in Figure 54F21 will give a change in specific humidity of 30 grains per pound of air
(78-48). Multiplying the 30 grains per pound by the total weight of air circulated per hour, will give the total moisture removed
in grains. To convert the number of grains to pounds we merely divide by 7,000, or if we want to convert grains directly to
gallons, we divide the number of grains by 58,310 (7,000 x 8.33). In this case, 168 pounds of air per minute times 60 minutes
per hour equals 10,080 pounds per hour times 30 grains of moisture equals 302,400 grains per hour, or 43.2 pounds per
hour, which equals nearly 5.2 gallons of water per hour.

MIXING AIR AT DIFFERENT CONDITIONS
In air conditioning it is quite often necessary to mix air at different wet bulb and dry bulb temperatures to achieve a given
final air condition. Most of the commercial air conditioning applications require a certain volume of fresh, outdoor air to be
introduced into the occupied space. Most state and local codes require anywhere from 7.5 cfm per person to 15 cfm per
person to prevent odors, etc. from being recirculated in the occupied space. Since the introduction of 100% outside air is
not usually practical from a cost of operation standpoint, we therefore will mix the required outdoor air with a percentage of
recirculated air prior to cooling or heating it.
The mixing of two quantities of air at different temperatures and moisture contents is also used extensively in air conditioning
where constant supply air conditions are required regardless of inlet air conditions. In this method, a portion of the incoming air
is bypassed around a cooling coil or heating coil and then re-mixed with the treated air to provide the desired conditions.
In both of these mixing processes, the final or resultant condition will depend upon both the weight and the temperature
of each individual air quantity. Again, for absolute accuracy the weights of the mixtures should be used, although for small
differences in temperatures the ratios of the individual cfm to the total cfm can be used for field calculations.
For example, if 25 cfm of outside air at 95°F dry bulb and 75°F wet bulb is mixed with 75 cfm at 80°F dry bulb and 67°F wet
bulb of recirculated air, the total cfm of air is 100 cfm. This will give a mixture ratio of 25% outside air and 75% re-circulated
air on the basis of volume.
If the weights of these air quantities are calculated, the weight of the outdoor air is (1/14.29) × 25, or 1.75 pounds per minute,
the weight of the re-circulated air is (1/13.84) × 75, or 5.41 pounds per minute, and the total weight of air is 1.75 + 5.41, or
7.16 pounds per minute. This results in percentages of 24.42% of outside air and 75.58% of re-circulated air on the basis
of weight.
The difference in our percentages, using cfm as a basis, is less than 1/2 of one percent, and at a 15° temperature difference
this results in an error of only .075 degrees. Since we cannot read the field thermometer with this accuracy, we are safe to
use the cfm as a basis for mixture calculations for a relatively small temperature difference.
Figure 54F23 shows a psychrometric chart with air conditions of 95°F dry bulb, 75°F wet bulb, and 80°F dry bulb, 67°F wet
bulb connected by a straight line. This line represents the temperature path of the mixture of these two air conditions in any
proportion. Each end point on the line represents 100% of the mixture at that temperature. In other words, if our mixture
contains 99% of air at 95°F dry bulb, 75°F wet bulb, and 1% air at 80°F dry bulb, 67°F wet bulb, the mixture conditions
will fall on the line near 95°F dry bulb and 75°F wet bulb and 99% of the distance between the two points above the lower
condition. If the mixture contains 50% of each of the two conditions, the resultant mixture condition will fall on the line at a
point of 50% or 1/2 of the distance between the two.
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This chart shows the result of mixing air at two different conditions. In this case, the final condition is a mixture of 33-1/3% air at 95°F dry
bulb and 75°F wet bulb, and 66-2/3% air at 80°F dry bulb and 67°F wet bulb. The result is air at 85°F dry bulb and 69.5°F wet bulb. The
dry bulb temperature was used to calculate the percentages.

If, for example, 130 cfm of outside air at 95°F dry bulb, 75°F wet bulb, and 260 cfm of re-circulated air at 80°F dry bulb,
67°F wet bulb are mixed prior to cooling, the resultant condition prior to entering the cooling apparatus will be on the line
connecting the two condition points on the psychrometric chart and 130/390, or 33-1/3% of the total distance between the
two above the lower condition.
Since this distance between the two is also the difference in dry bulb temperatures, the final dry bulb temperature will be
33-1/3% of (95-80), plus the lower dry bulb temperature, or 5°F plus 80°F, giving 85°F as the mixture dry bulb temperature.
Since it is easier to add than subtract, we always use the percentage of the higher temperature air quantity to be mixed,
multiplied by the total dry bulb temperature difference, and add this to the lower temperature value.
To find the resultant wet bulb temperature of the mixture, we merely find where the mixture condition line crosses the 85°F
constant dry bulb line. This point is the condition of our mixture, and we can then follow the other constant lines to their
respective scales to find the wet bulb temperature, dew point, etc.
In this chapter, the basic fundamentals of psychrometry as well as several examples of its use to the Service Engineer
have been covered. There are many more uses of the psychrometric chart other than the examples cited. If the Service
Engineer will take the time and trouble to learn to use this chart, many of the complexities of air conditioning will be greatly
simplified.
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Figure 54F25
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