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Real Time Process Determination

Introduction to Real Time Process

Determination

by Kim Walter

any processes in the pharmaceuti-

cal industry require mixing of ac-

tive pharmaceutical ingredients

with inactive powders to transform
the mixture into useful solid dosage material.
Frequently, the process incorporates the use of
water or organic solvents, the so-called wet
processes such as drying of granules from a
mechanical mixer, spray granulation of the
product in a fluid bed, pellet coating for taste
masking, pellet coating to modify drug release
characteristics, and powder laying of the active
drug on an inactive powder.

To produce to specification, wet processes
generally require control of the humidity in the
process chamber, although in some cases, con-
trol of temperature or partial pressure is criti-
cal. For organic solvents, instruments cannot
measure the relative humidity inside the pro-
cess vessel. Common practice is to use a trial
and error procedure, changing process condi-
tions until all parameters are within toler-
ances. This procedureis both difficult and waste-
ful, depending mostly on the insight and deci-
sions of process developers and experienced
operators.

Real time process determination™is a state-
of-the-art method to track conditions for wet
processes that provides continuous operating
guidance through a combination of measured
and calculated values. It may be used to control
a continuous or a batch process through all of
its steps and transitions, regardless of varia-
tions in ambient or process conditions. It gives
the skilled process developer easy-to-interpret
information in the form of a chart that guides
the decision process.

Process Variables
Pharmaceutical production demands consis-
tent results, which are very difficult to achieve
with batch processes since each batchis slightly
different. To apply real time process determi-

nation, the target conditions must be defined -
endpoint humidity for drying, solvent encapsu-
lation and applied membrane characteristics
for pellet coating, residual moisture in tablet
pressing, etc. Theoretically, if the process vari-
ables are consistently on target, the specifica-
tions of each batch will be identical.

However, running a process in precisely the
same way time after time is impossible, and
even very small deviations can have a signifi-
cant influence on the end result. Different re-
sponse times for the process variables also may
be a factor when adjustments are made during
production - a change in the spray rate affects
the process nearly instantly, while a change in
the inlet temperature has a much longer re-
sponse time.

A preferred thermodynamic condition exists
in the process chamber in order to achieve
consistent results. Using coating and spray
granulation as an example, variables are feed
rate, inlet temperature, and spray rate of sol-
vent. The thermodynamic condition can be given
as a particular combination of relative humid-
ity and temperature - the target condition. In
this case, only two process variables must be
controlled during the process instead of all
three. In some processes, one of these condi-
tions, relative humidity or temperature, may
be more critical than the other. Therefore, the
critical variable becomes the primary target
condition and the not-so-critical variable be-
comes the secondary target condition, enabling
the critical target condition to be reached faster.
Ifthereis a deviation in the target temperature
in the process chamber - the process variable
with the longest response time - the spray rate
can be adjusted, which has the shortest re-
sponse time, which will change the tempera-
ture nearly instantly. The process gas flow rate
can be changed, which has a median response
time, if we want the target temperature to react
over a short time interval.
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Figure 1. Thermodynamic model for real time process determination.

Usually, only the process variables are controlled, without
knowing the thermodynamic target. However, if thermody-
namic laws are applied to the equipment, the thermodynamic
condition in the process chamber can be determined, and by
experimenting with different conditions, the critical thermo-
dynamic condition can be determined. With the critical thermo-
dynamic condition specified, the scale-up and transfer from
equipment to equipment become easier. Choosing the ther-
modynamic condition for controlling the process, instead of
using only the single loop recipe control, will ensure more
reproducibility of both batch and continuous processes. This
is the basic objective of real time process determination.

The Thermodynamic Approach

The thermodynamic approach is built on two fundamental
laws, conservation of mass and conservation of enthalpy. The
law of conservation of mass says that the change of mass
inside a closed system in time is equal to the flux of mass
entering the closed system minus the flux of mass exiting.
The law of conservation of enthalpy says that the change of
enthalpy inside a closed system in time is equal to the flux of
enthalpy entering the closed system minus the flux of en-
thalpy exiting.
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Figure 1 shows the heat and mass balance of the thermo-
dynamic system used on the process equipment. The control
surface represents the equipment walls. Through the inlet
enters some mass flow of process gas, atomizing gas, spray
liquid (which may consist of several solvents), solvent vapor
in the process gas, and solids suspended or dissolved in the
spray liquid. Through the outlet flows the process and atom-
izing gases, which will contain some solvent vapor. The
difference in the mass flow of solvents from the inlet to the
outletis whatis added or removed from the product over time.
The amount of solvent inside the equipment, which is not
evaporated, is depicted as an area on the drawing.

The enthalpy balance consists of the enthalpy flowing out
minus the enthalpy flowing into the equipment. The diver-
gence in the enthalpy flow is the change in the enthalpy level
inside the equipment and the heat flow “Q” through the
equipment wall. The term “W” depicted on the drawing is the
work done on the system.

The last thermodynamic term we need to understand is
adiabatic. A process is adiabatic when the heat change inside
the closed system happens without exchange of heat with the
surroundings. When the process is adiabatic, the enthalpy is
constant. So if the heat loss from the equipment is identified,
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the exchange of the enthalpy inside the equipment walls can
be calculated.

Equations to Determine Physical Values
Five physical values are important to the process:

1. The temperature, which can be measured.

2. The pressures, including ambient pressure, total pres-
sure, and partial pressures of each component. The total
pressure is the sum of the partial pressures of each
individual gas and the partial vapor pressure of the sol-
vents. The partial solvent pressure (vapor pressure) is the
amount of the particular solvent present in the gas. The
saturated vapor pressure is the maximum pressure the
particular solvent can have at a given temperature.

3. The concentration of solvent, also called the specific hu-
midity — the mass of the particular solvent dissolved per
mass unit of gas.

4. The dewpoint temperature, at which, for a given solvent
concentration (specific humidity) and total pressure, the
gas/solvent mixture is saturated.

5. Specific heat capacity - the amount of heat necessary to
increase a mass unit of the product, the particular solvent
as vapor or liquid, and the gas, one degree.

To connect the thermodynamic laws, the equations of the five
physical values must be used. The relative humidity is
calculated as the ratio between the actual specific humidity
and the saturated specific humidity in percent for a given gas
temperature. The relative humidity also is the ratio between
the actual vapor pressure and the saturated vapor pressure
in percent for a given gas temperature. The relative humidity
for the solvent {i} is expressed by the equation:

p(partial - pressure) e

jsolvent(i) =
p(saturated - pressure)sopenti)

For water, there are instruments that measure the electric
resistance of the air, which depends on the concentration of
water vapor. This measurement, in combination with the air
temperature, enables the calculation of the relative humidity
for water vapor. Since instruments cannot measure the
relative humidity of an organic solvent; it must be calculated.

The relation between the relative and the specific humid-
ity can be calculated:

Msuluent j sulventp(saturated)suluent

Xsolvent =

Mgas [I)total - ] solvent P (Saturated)solvent]

where M,,,... is the molecular weight for the particular
solvent and M, is the molecular weight of the process gas.

The enthalpy, the heat content of a mass unit of gas, is
calculated as the specific heat capacity of the gas plus the sum
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M = sum of mass (product, equipment, coat,
solvent, and gas) inside the control volume [kg]

t = time [sec]

My = mass flow into the control volume [kg/sec]

Meous = mass flow out of the control volume [kg/sec]

u = inner energy [Joule/kg]

h = enthalpy [Joule/kg]

Vv = velocity [m/sec]

s = entropy [Joule/kg]

Q - heat [Joule/sec]

L4 = work [Joule/sec]

G, = entropy production [Joule/Kelvin*sec]

J solventti) = relative humidity for the solvent {i}
[%{saturated}]

ppartial)ensiy = partial pressure of solvent {i} [Pascall

p(saturated) e | = saturated pressure of solvent {i} [Pascall

DProtal = sum of the gases and solvents partial pressure
[Pascall

KXsolvent = general mass ratio between particular solvent
and the gas [kg/kgl

M, en: = molecular weight of the solvent [kg/kmol]

M, = molecular weight of the process gas [kg/kmol]

h = enthalpy, heat content per mass unit of gas
[Joule/kg]

T = temperature [Celsius] or [Kelvin]. If Kelvin is
used in the enthalpy equation, all values have
to be expressed in Kelvin

T = chosen reference temperature, normally 0°C

Cpgas = specific heat capacity of the process gas
[joule/kg*8C]

CPsol = specific heat capacity of the solvent vapor
[joule/kg*8C]

${t}soment = mass flux of the solvent {i} entering the
control volume as liquid into the control volume
[kg{solvent}/sec]

it = specific humidity on product surface in a
coating process

Xombiont = ambient specific humidity [kg{solvent}/
kg{gas}]

M process.gas = flux of process gas mass flow rate entering or
leaving the control volume [kg{gas}/sec]

Tootvent = heat of evaporation for the solvent at the
reference temperature [Joule/kg{solvent}]

Table A. Nomenclature.

of the specific humidities of the solvents times their specific
heat capacities, taking the entire sum times the temperature
plus the specific humidity of the solvents times their heats of
evaporation.

T

&) i=n i=n
h=56 [Cpgm- (T) + S x{i}sulvent Cpu (T)]dT + S x{i}soluentrsulvent(Tref)
Sy, i=1 i=1

The term x{i} is the mass ratio of the particular solvent {i}
dissolved as vaporin the process gas. The total pressure of the
gas plus the sum of the partial pressures of the solvents,
which is the ambient pressure, is constant. When the solvents
are dissolved in the gas, the gas volume will expand, lowering
the density of the gas. If the solvent is water, the change in
density of the gas is negligible since the amount of water
vapor that can be dissolved before the mixture becomes
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Figure 2. Automation control screen for typical multi-purpose process equipment.

saturated is small. When a mixture of solvents is present
during the process and some of the solvents are volatile, the
change in gas density has to be taken into consideration. The
enthalpy gives the value of the gas and the vapor heat
content, calculated from a chosen reference temperature, 7',
which normally is the triple point of water 0°C. The term
Toonent IN the equation for the enthalpy is the evaporation heat
for the particular solvent {i} at the reference temperature.

All the values in these three equations are physical mate-
rial properties and are a function of the temperature. The
values have been measured by many people over the last
hundred years, published in tables, and organized as a
physical-chemical database. Over time, many have converted
the physical-chemical data table into mathematic formulae
with the use of different approximations. The equations that
approximate the physical-chemical data seem at first glance
complicated. However, with current computer capacity, the
task is possible.

With a further analysis of the three equations, it can be
concluded that if two of the four values are known, the two
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other values can be calculated. However, if all four values are
known and two values are enough to determine the thermody-
namic condition, it produces six different ways to solve the
equations. This sounds strange, because if the values are
known, why calculate them? The answer is: there is more
information from the normal control system than is needed to
determine the thermodynamic condition. This allows us to
determine the unknown values in the thermodynamic models,
such as heat loss, heat exchange, measuring errors, and so on.

Determining the Thermodynamic Condition
For a given process, the inlet, product, and outlet tempera-
tures from the control system can be obtained. The flow rate
of process gas is known, as is the concentration of solvent in
the inlet gas (known from the inlet gas dewpoint tempera-
ture). Again, using spray granulation or coating as an ex-
ample, the amount of solvent added to the process is known.
The ambient pressure is either measured or can be assumed
to be normal atmospheric pressure, 1013 hPa.

The first calculated value is the enthalpy of the inlet gas.
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The equipment is started empty, with a given inlet tempera-
ture and process gas flow rate, and observed. In an adiabatic
process, the product and outlet temperatures should rise to
the inlet temperature as the equipment warms up. This is not
the case; the system or the equipment is non-adiabatic for two
reasons: the heat loss through the equipment wall and the
heat transfer from the process gas to the equipment, both of
which change the temperatures. The product and outlet
temperatures will start out lower than the inlet temperature
and gradually increase as the system reaches a steady state.
After some time has elapsed, the product and outlet tempera-
tures will approach fixed values. At this point, the outlet
temperature will normally be lower than the product tem-
perature. Two important inherent features of the particular
equipment being tested has been observed: the time response
and the effect of the heat loss through the equipment wall,
both unique for this equipment. By repeating this procedure
with different process gas flow rates and inlet temperatures,
the heat loss of the particular installation can be determined.
Ifthe same procedure is executed with different products and
product loads, information is determined about the total
system’s heat loss and time response. The heat loss can then
be calculated, so with both the equipment running empty and
with product being processed, the real inlet temperature can
be determined.

The next investigation should be the accuracy of the
process gas measurement. Measuring the flow rate is difficult
and frequently inaccurate. The best example to use in an
investigation of the gas flow measurement is coating. In the
coating process, processing time is normally long enough for
the equipment to reach steady state. With the knowledge
about the heat loss, the real inlet enthalpy is known. In
coating, a small amount of residual solvent is encapsulated in
the coat; therefore, the processis close to adiabatic. Assuming
an adiabatic process, the enthalpy of the inlet and the en-
thalpy on the surface of the product must be the same. Using
the equation for the inlet condition with the modified inlet
temperature, the specific humidity of the inlet gas, and the
rate of process gas, the inlet enthalpy is known. Measuring
the product temperature and the spray rate, the relative and
specific humidity on the product surface can be determined.
The specific humidity on the product surface is the ambient
specific humidity and the added solvents from the spray
divided by the process gas mass flow rate:

i=n
S s {i}solvent
i=1

xproduct = Xambient +
M process-gas

Performing this procedure with different process gas flow
rates and spray rates will reveal the deviation between the
measured process flow and the actual flow rate. With the two
corrections, the heat loss and the deviation between the
measured and calculated process gas rate, the relative hu-
midity in the process chamber can now be calculated at any
given time.

The customary control procedure in coating is to adjust the
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spray rate according to the product temperature. The product
temperature is governed by the spray rate and the time
response due to the thermal heat exchange between the
process gas and the equipment and product mass. The prod-
uct temperature is measurable and real and the calculation
of the specific humidity, based on the equation, will give the
actual relative humidity on the product surface. Combining
the “two” relative humidities, one based on constant enthalpy
and one on spray rate/process gas mass flow, will provide the
adiabatic ratio, or how far the processis from adiabatic. When
the steady state is reached, the adiabatic ratio equals one.

Using the Thermodynamic Calculation

to Guide the Process
The thermodynamic calculations utilize the information from
the control system. Determining the numerical values from
the equations is complex and time consuming, so the obvious
choice is to use a computer program. When this is written and
data are input from the control system, the logical step is to
bring the computer program and the control system together
as one unit and calculate the thermodynamic conditions in
real time. With the real time calculation, the program also
can calculate how much each of the process values has to be
changed to bring the process to the target conditions. The
program calculates all possible changes and the consequence
of each single change. There are a total of 12 changes and
eight consequences to choose among, depending on which
final thermodynamic condition the process demands. The
final challenge is to display the possible choices in a compre-
hensive way.

Instruments make available information visible, putting
the operator in the best possible position for making an
optimal decision. Figure 2 shows a control screen for a typical
multi-purpose process scheme. This familiar configuration
uses a combination of flow diagram and equipment schematic
to display measured physical conditions such as tempera-
ture, pressure, and flow rates, as well as setpoints for process
variables.

To display calculated conditions in addition to measured,
areal time process determination screen may be added to the
control panel - Figure 3. In the case of bottom spray coating,
where the relative humidity in the process chamber has the
highest priority, the value can be calculated and displayed.
Because the change in the relative humidity is a result of
changes in three other process variables (inlet temperature,
solution spray rate, and process gas flow rate) the deviation
meter shows the results from the calculation and displays the
proper action to take. The operator can, in a single glance at
the meter, take in all three values which can be changed (the
gold-colored lines), and how much each of the values has to be
changed to reach the desired condition.

Experience dictates that the combination of analog and
digital displays is the best way to notify the operator about
current and desired conditions. On the deviation meter, the
three set points are shown both graphically and digitally.
Because bottom spray coating is a dynamic process with a
long response time for one of the observed values (the process
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chamber temperature), the operator also has to be informed
about the time development of the process. This also is a
combination of analog and digital information. The digital
information is given by the adiabatic ratio. This is calculated
as a ratio between the evaporation rate (based on a combina-
tion of the spray and process gas rates) and the measured
temperature difference between the inlet and process cham-
ber temperature. This number provides information on the
current adiabatic ratio, but to make the dynamics of the
adiabatic ratio visible, a new method had to be developed.

The Adiabatic Ratio Instrument
The layout of the adiabatic ratio instrument has been influ-

enced by the opinion that few persons can comprehend values
that are not given in a linear form. Some observers even go as
far as to say that no person can comprehend magnitude. We
seem all better equipped to comprehend linear changes than
changes in magnitude.

Relative humidity is based on the saturated vapor pres-
sure as a function of temperature. The saturated vapor
pressure increases with around the sixth power of tempera-
ture; therefore, a small increase in temperature creates a
large change in relative humidity. The aim has been to find
a way to display the relative humidity in linear form. The
solution is a dynamic psychrometric chart or the dynamic
specific humidity diagram - Figure 3.

p

Figure 1 represents the basic thermodynamic system for
a control volume. The three equations are conservation of
mass, conservation of enthalpy, and increase in entropy.

The control surface is an imaginary boundary, chosen
so that the fluxes crossing the boundary are known values
or can be determined. The fluxes are the mass flow, am,
the sum of all gases, vapors, liquids, and solids flowing in
and out of the control volume. The term W is the work
applied to the control volume. In this specific case of real
time process determination, the work applied is the
movement of the process gas and the product inside the
control volume, in short: the pressure loss experienced by
the fan. The term Q is the heat passing over the boundary
of the control volume. In the case of real time process
determination, the heat is the heat loss through the
equipment wall.

The first equation, conservation of mass, expresses the
change of mass in time inside the control volume plus the
flux of mass out minus the flux of mass in. This is equal
to zero. The mass inside the control volume is represented
by M, where M is the sum of the equipment wall, the
product, the solid delivered to the product as coat or
layering material, and the solvent retained in the product,
coat, or applied material (all the solvent that has not
evaporated).

The second equation, conservation of enthalpy or the
first law of thermodynamics, expresses that the change of
enthalpy in time inside the control volume plus the flux of
enthalpy out minus the flux of enthalpy in, is equal to the
delivered heat and work flux to the control volume. The
term (u+ % V2+n) is the energy. The u is the internal
energy of all the material inside the control volume except
the kinetic energy and potential energy. The numerical
value of u is assumed to be zero at the temperature scale
zero point. The term % V2is the kinetic energy of the
material inside the control volume, where V is the velocity.
The n is the chemical potential of the material inside the
control volume. The term (u+ % V2+n) is expressed in
joules. In the term representing the mass flow in and out
of the control volume, the internal energy u is replaced by

o

The Thermodynamic Equations

~

h, (h+%V?+n), where h is the heat content of the
material entering and leaving the control volume.

The third equation, increase in entropy or the second
law of thermodynamics, expresses that the change of
entropy in time inside the control volume plus the flux of
entropy out minus the flux of entropy in, is larger than the
heat conveyed over the boundary of the control volume
divided by the control volume’s absolute temperature.

Ms) + S (ms)y - S (s, > i
dt T

In order to balance the equation, the production of entropy
inside the control volume must be added. The term és
expresses this production of entropy inside the control
volume in joule/KelvinBsec. The M, m and Q are the same
as in the first and second equations. The s is the entropy
from Gibbs equation. For the determination of the entropy
difference between the entering and exiting flow, we look
at an example. For a simple compressible substance s =
s(u,v), the entropy s is a function of the inner energy u and
the volume per unit of mass v. Differentiate the function
and we obtain:

®qs O ®qs O
ds=c¢c—=+ du + c—= dv
e qu 2, e qu ¢,

Using the thermodynamic definitions of temperature and
pressure, we find:

1 P
ds=——du+ —dv
T T

Therefore the difference between the entropy s{out} and
s{in} is:

& Uout du S Vo P
Sout - Sin =0 — 40 ——dv

8w, T &, T

The entropy s is expressed as joule/Kelvin.

%
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Along an adiabatic line, the temperature and the specific
humidity are nearly linear. So if the values of the ambient
condition, inlet, process chamber, and outlet conditions are
represented as the specific humidity and used as ordinate,
the relations of these conditions are linear. Now the specific
humidity of each relative humidity value along the inlet
enthalpy line can be calculated. The 100 percent relative
humidity, or saturated condition, gives the maximum ordi-
nate value. The abscissa value is time. From testing it is
known that the time response is from 20 to 45 minutes so this
is the length of the chart. The background of the chart is the
relative humidity expressed as specific humidity.

The process conditions - ambient condition, inlet, process
chamber, and outlet condition - are shown in relation to the
relative humidity. As the inlet temperature increases, the
saturated value of the specific humidity increases also, so the
dynamic psychrometric chart grows. When the inlet tempera-
ture decreases, the saturated value of the specific humidity
also will decrease, so the chart shrinks. When the process is
adiabatic, the specific humidity based on the spray/process
gas flow rate and the specific humidity of the process chamber

Real Time Process Determination

temperature will be equal, so the two curves will overlap.
When the process is non-adiabatic, the specific humidity of
the combined spray/process gas flow rate and the specific
humidity of process chamber temperature will be two differ-
ent values, so the two curves will be separated.

With one glance at the dynamic psychrometric chart, the
operator can evaluate if the process is adiabatic or non-
adiabatic, and how far from adiabatic the process is in the
current situation. Thus, the operator sees information in a
linear form indicating how much the spray rate can be in-
creased by evaluating the distance from the ambient condition
to the curve showing the specific humidity of the spray/process
gas flow rate with the specific humidity line representing the
target relative humidity. People who have worked with the
system find the dynamic psychrometric chart easy to under-
stand and say that it makes the decision process fast and easy.

An Example of Real Time Process
Determination
Using the example of a bottom spray coating process, the
thermodynamics process screen contains both actual and

Walter Diagram

Location Temperature  Specific Humidity Relative Humidity
egC g{solvent}/kg{gas} %RH
Inlet Condition 70.2 9.5 47
Temperature 46.1 2041 159
Spray/gas rate 416 224 24.1
Outlet Condition  39.2 20.1 22.9
Target 423 21.8 225
Saturated 24.8 29.8 100.0
Total time elapsed 1237.0 Sec.
Total amount of solution applied 81.2 grams
Solution spray rate 25.0 gfmin
Process gas volume flow rate 202.0 CMH
Temperature gradient {inlet} 0.000 Deg C

Product transport pressure 200.0 mmWC
Adiabatic ratio {solventtemperature} 11.830 (11

Volume

RTPDData

Deviation Meter

Inlet
temperature

Solution
spray
rate

Target setpoint {relative humidity}

Inlet temperature = T4 [§
Solution sprayrate = 243  [g{solution}imin
Volume flowrate = 2076 [mh]

Target setpoint {product temperature}

Inlet temperature = 690 (9
Solution sprayrate = 219  [g{solutionymin
Volume flow rate = 2304 [mh)

@ ‘ Start RTPD I Stop RTPD I Print Screenl

Figure 3. Thermodynamics process screen.
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target process variables in both graphical and digital form -
Figure 3. The deviation meter at the right shows that the inlet
temperature (gold line) should be increased 15% to achieve
the desired thermodynamic condition. Alternatively, the so-
lution spray rate could be decreased less than five percent or
the volume flow rate could be increased by less than five
percent. Below the deviation meter are the calculated nu-
merical target setpoints for inlet temperature, solution spray
rate, and volume flow rate.

The current process values are given at the left side of the
screen, below the graph. The inlet temperature is 70.2°C, and
the deviation meter shows that a change of the inlet tempera-
ture to 71.4°C will give the desired relative humidity. Like-
wise a change in solution spray rate from the actual 25.0
g{solution}/min to the target 24.3 g{solution}/min will pro-
duce the desired condition. A third possibility is to change the
volume flow rate from the current 202 m?h to 207.6 m%h.

The graph on the left side is the dynamic specific humidity
diagram (Walter diagram). All the process values are calcu-
lated as the specific humidity along the adiabat that goes
through the inlet condition. The violet line is the ambient
condition, less than 10 g{water}/kg{air}, which is a dewpoint
temperature of 14°C. The green line is the addition of water
or solvent from the solution spray rate. Until 12 minutes ago,
the green line was overlapping the violet line, which indicates
that no spraying was occurring.

The black lines represent where the relative humidity
values cross the constant enthalpy line or adiabat. The upper
black line is the saturated humidity. The left side of the graph
shows the specific humidity of the saturated line, which is
approximately 16 g{water}/kg{air}. This indicates that 6
g{water)/kglair} adiabatic could be added to the ambient gas
before the gas would become saturated. The saturated line
grows over the next four minutes to a specific humidity of 31
g{water}/kgf{air} as the inlet temperature increases. The satu-
rated line decreases when the inlet temperature passes the
setpoint as the temperature controller begins to take over. The
temperature under-shoots and reaches the final inlet tempera-
ture in less than four minutes. The other constant relative
humidity lines parallel the saturated specific humidity line.

The red line represents the product temperature. The line
has the same initial value as the violet line, which is the
ambient condition. The inlet gas flow is cooled by the inlet
duct and equipment plenum and delivers heat to the product.
This is a non-adiabatic situation, because there is heat
exchange with the surroundings. Initially, the product tem-
perature is between the fourth and the fifth relative humidity
line. As the heat is delivered to the equipment and product,
the product temperature line decreases to the level of the
ninth relative humidity line. If the relative humidity could be
measured inside the process chamber, it would show a simi-
lar decrease during the elapsed time, real physical behavior.

The blue line represents a modified outlet temperature.
Since the specific humidity of the outlet temperature is the
same as the specific humidity of the product temperature, the
two lines should overlap. So the outlet temperature line is
modified by calculating the relative humidity of the outlet
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temperature based on the cooling with constant specific
humidity (the product specific humidity), providing informa-
tion on the relative humidity in the outlet of the process
chamber where the filter is located. In top spray granulation,
the outlet temperature line indicates when the relative hu-
midity is high at the filter, which can produce tacky product
that will begin to block the filter. In bottom spray coating, the
blue line can cross the red line, which means that the product
temperature is lower than the outlet temperature. This
occurs when the solvent is not totally evaporated from the
coat during the free flight of the product, causing an increase
of the solvent content in the product. The coat will become
tacky and the product load will start to lump together,
bringing the coating process to a standstill.

The graph shows that the spray pump was initiated eight
minutes ago, because the specific humidity value increased,
as shown by the increase of the green line. The difference
between the violet line and the green line is the addition in
specific humidity due to the spraying. It was observed that
the red line (the product temperature) stops decreasing after
the green line has reached the same specific humidity as the
specific humidity of the product temperature.

The numerical values at the current condition are below
the graph. The target relative humidity is 22.5%{saturated},
which will, together with the inlet temperature and the
ambient specific humidity, give a product temperature of
42.3°C. We also can see the product temperature that will
give a saturated condition, 24.8°C. The relative humidity
based on the product temperature is 15.9%{saturated} and
the outlet relative humidity is 22.9%({saturated}. The relative
humidity created by the spraying is 24.1%{saturated}.

Finally, the lower left corner shows general process infor-
mation, such as the time that has elapsed, the amount of
solution delivered to the process and the current rate of
spraying and process gas volume flow rate.

The product transport pressure is measured as the pres-
sure difference between the empty equipment at the given
volume flow rate and the current pressure loss over the
equipment. With this value, it is possible to calculate how
much product is moving around in the equipment, using the
first law of thermodynamics, the conservation of enthalpy.
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